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I. INTRODUCTION

The behavior of composite materials is a complex phenomena of immense

scientific and engineering importance. Since many aircraft and missile

structures are currently being fabricated from these materials, it is most

advantageous to fully understand and appreciate their behavior under a wide

variety of conditions. [1, 2] It is a relatively simple task to obtain

material behavior data for the case of static loading. It is harder to apply

this data to engineering design. When the loading case becomes one of dynamic

loading, the problems associated with obtaining useful data are many orders

of magnitude greater.

The study presented in this report was conducted to observe how composite

tensile specimens deform when subjected to simple tension and torsion loading. [2]

The interesting twist to this problem is the fact that the specimens suffered

damage prior to loading. The damage was due to fiber breakage and resin

crazing from dynamic impact loading.

The dynamic impact loads were introduced in tensile specimens using a

drop weight which struck an impacter dart. The impact dart transferred the

energy from the drop weight to the specimen in a prescribed manner. This

particular type of load configuration might be found in any situation where a

composite component is subjected to a blow from another object.

The amount of deformation of the specimen when loaded in tension and

torsion was compared with the flaw geometry and ultimate strength data obtained

from tensile testing to failure to determine the sensitivity of the structure

to the particular flaw type. In the tests, the amount of impact energy, impact

dart geometry, specimen wrap angle, and torsion load were all varied for a

fixed uniaxial tensile load. The amount of deformation in going from a loaded

to an unloaded tensile state was determined for these variables. Since the

tensile specimens were damaged in most of the cases, a noncontact method for

determining surface deformation had to be utilized. Laser speckle interferometry

was chosen since it allowed for variable sensitivity and provided the necessary

resolution.

Laser speckle interferograms are most commonly used to make deformation

measurements of deformable bodies. Figure I illustrates the basic method for

3
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making a laser speckle interferogram. 131 When a diffuse surface of a

structure is illuminated with coherent radiation, a grainy speckle effect is

imaged by thle eye or film plane of a camera due to the interference of light

from the structure. This speckle effect is enhanced when the structure has

microscopic surface irregularities. If thle optical configuration remains fixed,

the speckle pattern of the test object may be recorded on the film plane of a

camera. Further, if the structure is deformed, ttic -peckle points shift with

the deformation and a second exposure of the deformed speckle pattern can be

made.

Using a technique of double exposure, speckle interferograms of aI

structure are normally made by photographing the speckle pattern in a deformed

and undeformed configuration. A beam of laser light is then passed through a

region of the double exposure where the local deformation is desired. As the

beam passes through the film, the deformed and undeformed speckle recorded

there diffract the laser light and cause an interference effect on a viewing

screen. A diffraction halo modulated by light and dark bars of light is pro-

duced where the distance 2d between bars is inversely proportional to the

distance between the undeformed and deformed speckle on the film plane. A

normal to the light and dark bar pattern indicates the axis of deformation of

the speckle.

The work conducted and presented in this report is not intended to be

conclusive data for all composites in general. Rather, it is presented to

illustrate the methodology of testing composites under a unique load configura-

tion and using an optical non-contact method of measuring surface deformation

in going from a loaded to an unloaded state. The results should not be used

to generalize composite material behavior when the material properties and

geometry differ significantly from those of the host material.

II. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS

This section documents the experimental apparatus used in the experiments,

the composite tensile specimens, their method of manufacture, and the optical

method of analysis.

A. Experimental Apparatus

Figure 2 illustrates the basic apparatus used in the experiment.

A combined tension/torsion load machine shown in Figures 3 through 7 was
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fabricated to the drawings shown in Appendix A. This machine was used to

introduce a tensile load T into the specimen which was pre-twisted an amount

0 over its overall length. The pre-twist angle is a qualitative measure of

the degree of torsion loading in the specimen. In a typical test, a specimen

(flawed due to impact dynamic loading) was placed between the grips shown in

Figure 1. An amount of 0 pre-twist was applied through the rotator and then

the rotator was locked in place. This rotator was capable of rotating a

specimen to 90.0 in 5.0° increments. A tensile load T was then applied to

the specimen resulting in a combined tension and torsion load condition. The

tensile load was generated using air supplied to a 400 psi rated air cylinder.

The air pressure was regulated using a Matheson 0-60 psig model 40-L pressure

regulator. Fine control of the air pressure was performed using a Whitey

micrometer air valve and the pressure was monitored on a 100 cm Hg manometer.

Figures 8 and 9 illustrate the gas supply system.

Once the specimen was loaded, the beam from a Spectra-Physics Model

125 He-Ne gas laser was expanded onto its surface. A Spectra-Physics Model 332

Spatial Filter was used to filter and expand the laser beam. A Uniblitz

Model 310B shutter timer control unit was used to control the laser beam

exposure time. While in the loaded state, a photograph of the specimen was

made. The load was then removed and a second exposure was made. The resulting

interferogram was then analyzed and surface displacement data was obtained.

Results from the interferograms were then compared to ultimate strength tests

obtained from Instron testing the specimens to failure under simple tension

loading. Figures 10 and 11 illustrate the experimental lab geometry.

B. Composite Tensile Specimens

The uniaxial tensile test specimens were fabricated according to

these instructions. One hundred and forty uniaxial composite tensile specimens

were prepared.

1. Specific Instructions

a. Material - 3M Scotchply SP250 (also referred to as XP250)

prepeg comoosite sheets in the wrap angles listed in Table 1.

12
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TABLE 1. COMPOSITE SHEET MATERIAL FOR TENSILE SPECIMENS

8 Ply + 15's 8 Ply ± 60's

0 14Py0/08Ply + 20s 8 Ply 00

8 Piy + 30O0s 14 Ply 0°0/90° s

8 Ply + 45°s 8 Ply 00/+ 45°/90's

These materials were used to form the composite uniaxial tension specimens.

Eight (8) ply + 60°s material is equivalent to 8 ply + 30°s rotated 900.

b. Endtabs were bonded to the ends of the tensile specimens for

gripping in uniaxial tension. Figure 12 shows how each of the four endtabs

was placed on a single tensile specimen. The endtab material was 14 Ply 00/900s

symmetrical 3M Company Scotchply SP250 prepreg composite sheet.

c. Endtabs were bonded to the composite uniaxial tensile

specimens using the Eastman 910 adhesive system. Manufacturer's instructions

were followed for adhesive bonding of the composite materials.

d. Dimensions for the specimens are given in Table 2 and

Figure 13.

e. When bonding endtabs to the uniaxial tensile specimens, all

plys adjacent to the adhesive glue-bond joint had the same filament orientation.

f. Endtabs were bonded to each uniaxial tensile specimen before

final machining took place.

g. All uniaxial tension specimens and endtabs were cut at

least 3 mm oversize and final dimensions were obtained by milling or grinding,

or both with water flow.

h. All uniaxial tensile specimens had their respective plys

oriented symmetric to the primary axis as given in Figure 1. All ply angles

are measured from the primary axis.

i. Specimens did not have any visible delaminations present in

either the endtabs or tensile specimens.

17
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TABLE 2. UNIAXTAL TENSILE SPECIMEN DATA

nhT'WNSIONS ("171)

I----------------------R -
WV,,A ,' .. . . . .. [ . ....... ........ . ....... ..------ ---7 ... 'v'- R,, E 7 I-' . . . ..

P + 15, 304.8 38.1

18P + 205° 304.8 38.1 25.4 20

8P + 30' 304.8 38.1 25.4 20

8P + 30 304.8 38.1 25.4 20

81 + 6 304.8 38.1 25.4 20

8P 900 * 304.8- 38.1 25.4 20

8P 00  304.8 38.1 25.4 20

*8P 900 specimens were too fragile to test.

All specimens were fabricated according to the "Standard Test Method for

Tensile Properties of Oriented Fiber Composites" ASTN American Nationn' St:iu.-r.

ANSI/ASTM D 3039-76.

where,

S = film scale factor (magnification ratio).

X= wavelength of laser illumination source.

f = distance from interferogram to analyzer screen.

d = distance from central bright spot to first minima.

Ue -= displacement of the point illuminated by the laser on the object

in the 6 direction.

The vertical, UV and horizontal, UH components of displacement may be obtained

from U0 [6] as:

[rH = Ue cose = 2df cose (2)

Uv = Ue sinO = 2- sinO (3)

2d

20



and from the geometry,

dd = Coso 
(4)

dH

d = sinO 
(5)d\7

therefore,

1! 2dH (6)

2dv  (7)

To speed up the analysis of interferograms, a technique of reading the

number of the fringe order at some distance D (shown in Figure 13) was

utilized. In this project, flaws were placed at the centers of the tension/

torsion specimens. Displacements at eight locations along the primary axis

(through the center of the specimen) and symmetrically centered about the

flaw, were taken for each interferogram. This was accomplished by reading

the fringe order occurring at some location D in the analyzer screen plane

and along the direction of the primary axis. Thus, deformation around the

flawed region and along the primary axis was determined. Figure 14 illustrates

a segment of a diffraction halo and how data is obtained from it. In this

figure the distance D is fixed and lies in the analyzer plane along the

primary axis direction. The order of the fringe at distance D from the

central bright spot is recorded as n.

For the general case,

s~f
u _ -- (8)zx

and from Figure 14,

X D- (9)

therefore,

u SXf (2n-l) (10)
2D

21
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Now the strain u= -- is determined from
dx

u du 2sA f dn SA f ni (11)
dx 21) dx D

Define a series of N locations equally spaced on the interferogram plate

(i.e., N 0, 1, 2,. .... 6, 7) and let

dn
= - (12)

dN

thtUn

n 1 = _..nn d__N( 13 )
dN dx

S~f n = dN Sxf (14)
D dx D

Therefore, if the fringe order gradient is known for some location N

on an interferogram and if the gradient of N with respect to X is known,

then the absolute strain F can be determined from Equation 14. In order

to accurately predict at the center of the specimen and in the flawed

region of the specimen, a least squares analysis was used.

Suppose N data samples (i.e., Nmax = 8) of fringe order n versus

plate location N are taken. No corresponds to Xo on the interferogram,

NI to XI and so forth. AX is the distance on the interferogram between the

evenly spaced Xi. Using a quadratic least squares polynomial,

y = ux 2 + VX + w (15)

In Equation 15, X corresponds to Ni and y to the fringe order n at location

Ni.

Forming the difference function yields:

N

S Yi - (Uxi2 + VXi + W) 2 (16)

i=l1

Differentiating 6 with respect to u, v, w to obtain a minima, yields:

2
= 0 = -2 [Yi - (uxi + vxi + w)] xi = 0

u

23



- N2

0 -2[yi - (uxi 2+ vxi + w)] Xi =0

3W-2t[i -(uxi + uxi w)) (1.7)

Let, N

1=1

Lxi = X

Exi0  = X2

L yiXi2  Y

ILyaxi' Y
Lv' = y'o (18)

Then Equation 17 may be written as

Lyixi 2  uXi 4 + v~xi 3 + W~Xj 2

Lyix uzi 3+ VZXI2 + Wzxi

X2 + ~i+(19)

or,

Y2 -uX4+ VX 3 +wX 2

Yi= uX 3 +vX 2 +wXl

YO= UX 2 + VXI+ WX (20)

24



Now let

Y2 = A X4 = D

vi = B X = E

YO = C X2 = F

Xo = H XI = C (21)

Then,

F G HC (22)

Using Crammer's Rule:

Q = D [F'H - G'G] - E [E'H - C'F] + F [E.G - F'F]

R = A [F.H - C.C] - E [B-H - G-C] + F [B'G - F'C]

S = D [B'H - G-C] - A [E'H G'F] + F [F.C - B'F]

T = D [F'C - B'GJ - E [E.C - B'F] + A [E.G - F.F] (23)

and,

U R

Q
S

V S

Q

W T
Q (24)

Finally, differentiating Equation 15 yields,

Y= 12UX+VI = Y (25)

Appendix B contains a computer program used to compute 3 at x = 3.5 for

N 8 samples of n fringe orders.

25



III. EXPERIMENTATION

This section documents the experimentation conducted on the dynamically

impacted composite specimens.

A. Specimens

In the testing program, 13 specimens at each of the following

wrap angles were used:

TABLE 3. SPECIMEN WRAP ANGLES

Specimen Wrap No. of
Category Angle Specimens

1 8P 00  13

2 8P + 150  13- S

3 8P + 200  13
-S

4 8P + 300  13
- S

5 8P + 450  13- s

6 8P + 600 13

General data for each specimen includes:

Nominal total length = 12.0 in = 304.8mm

Nominal left-hand tab length = 1.50 in = 38.1mm

Nominal right-hand tab length = 1.50 in = 38.1mm

Nominal specimen length = 9.0 in = 228.6mm

Nominal specimen width = 1.0 in = 25.4mm

B. Dynamic Impact Apparatus

For each wrap angle in the test program, eight of the thirteen

specimens were dynamically impacted and five remained unflawed. Figures 15

through 18 illustrate the dynamic impact apparatus modified from a previous

project 17] to accommodate the new specimens. In the machine, a 4.76 lb

Weight is raised to a predetermined height and released. At the bottom of the

26
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Fiqure 16. Side view of dynamic implact annaratus.
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fixture a dart shown in Figure 17, rests on top of a specimen. When the

falling weight strikes the dart it transfers its energy to the specimen

through the dart. Figure 19 illustrates the operation of the machine. A

set of four dynamic impact darts was used in the experiment. These are

tabulated in Table 4.

TABLE 4. EXPERIMENTAL DYNAMIC IMPACT DARTS

Impact Nominal Measured
Dart Size Dart Radius Dart Radius

A .25 in. .2497 in.

B .1875 in. .1879 in.

C .125 in. .1246 in.

D .09 in. .0911 in.

In the testing program, thirteen specimens were selected for each wrap angle.

Specimens 1 through 8 had flaws created by dynamic impact according to Table 5.

Specimens A, B, C, D, and E were unflawed and were used for comparison purposes.

C. Specimen Preparation

Before the specimens were dynamically impacted, one side of each

specimen was painted with the following material to improve the laser speckle

resolution:

Pacific 8010-00-584-3150 Lacquer,

Nitrocellulose, Type I, TT-L-50G &

Amend. III, Flat White, No. 37875

Contract GS-10S-40992, flash point

-56.6°C (-70°F).

Before the specimens were painted and impacted, their thickness in the pre-flaw

region was measured. This information is presented in Appendix C.

Appendix D contains pictures of both sides of each dynamically

impacted specimen.

31
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D. Specimen Properties

The specific material properties of SP250 composite material are

included for reference purposes [8]:

T
E1 = 5.64 X 106 psi

T 6
E2 = 1.74 X 10 psi

T
v1 2  = 0.299

G12 = 0.680 X 106 psi
C

Ell = 5.87 X 10
6 psi

C

E22 C= 2.12 X 106 psi

C
v12 = 0.317

T
XI  = 134 KSI

C
XI  = 112 KSI

T
X2  = 7.55 KSI

C
X2  = 25.0 KSI

S12 = 7.23 KSI

E. Specimen Loading

To make the laser speckle interferograms, a 61.20 cm Hg gage air

pressure was supplied to the tension generating air cylinder of the tension/

torsion apparatus. In order to move the piston in this cylinder, 11.88 cm Hg

gage air pressure had to be supplied. Therefore, the actual cylinder air

pressure used to supply tension to the specimen was AP = 61.20 cm Hg - 11.88

cm Hg = 49.32 cm Hg which is the equivalent of 9.5385 psi. The area of the

cylinder used to supply tension to the specimen was 11.8672 in2 . Therefore,

the tensile load was

L = APA = 9.5385 psi (11.8672 in2)

L = 113.1953 lb.

33



FT
When a specimen was clamped in the grips of the tension/torsion apparatus,

the grip holder separation was 9.33 inches to allow for end-tab slope require-

ments. Appendix C indicates the average load stress over an unflawed section

of each specimen for the load L = 113.1953 lb. It was computed by dividing

the load 1, by the cross sectional area of each specimen in tension.

F. Optical Specifications

The following optical specifications were used in the testing

program:

1. The double exposure interferograms were made using two

18 second exposures on AGFA-GEVAERT lOE75 Holotest

4" x 5" glass plate film.

2. 50 milliwatts of output laser beam power was used.

3. The nominal lense to specimen distance was 15.0 inch.

4. A Sinar Camera at F5.6 was used.

5. The nominal spatial filter to specimen distance was 19.0 inchs.

G. Specimen Rotation Angles

For each of the six wrap angles tested, a set of nine specimens

from each was tested interferometrically. These tests included specimens

1 through 8 which were flawed and specimen A which had no flaw present. For

each specimen tested at each wrap angle a set of four interferograms was made.

Each specimen had one of four pre-rotation angles shown in Table 6 introduced

into it. The specimen was then loaded and a laser exposure was made. The

load was removed and a second exposure was made. Each of the interferograms

in the test program was coded as in the following example.

30°  1 - 1

Specimen Angle of

Wrap SRotation CodeWrap Specimen

Angle Number

34
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A total of 216 interferograms was analyzed.

TABLE 6. SPECIMEN TORSION ANGLES

Angle of Total Rotation in degrees Rotation in Rad.
Rotation Rotation Per inch of specimen Per inch of

Code Angle (over 9.0 inch) specimen
(over 9.0 inch)

1 00 0.0000 °/in 0.0000 rad/in.

2 100 1.1111 0 /in 0.0387 rad/in.

3 200 2.2222 °/in 0.0775 rad/in.

4 300 3.3333 0 /in 0.1163 rad/in.

IV. EXPERIMENTAL RESULTS

After the experimental apparatus was constructed and assembled onto an

optical vibration-isolation table, the experimental work was ready to begin.

First, all the specimens were checked for delaminations and rejected if any

proved of any significance. They were then cleaned using

and air dried. Next, each specimen was individually measured for thickness

values in their center. In flawed specimens, this was the pre-flaw region.

Based on the tensile load T in Section F, the working stress levels for the

specimens were computed. The thickness measurements and stress levels are

tabulated in Appendix C.

Upon completion of all thickness measurements and stress calculations,

the specimens were painted according to Section C and allowed to air dry.

Dynamic impact flaws were then placed in Specimens 1 through 8 for each of

the six wrap angles according to Section B and Table 5. Appendix D contains

the results of this particular effort.

The next step was to make laser speckle interferograms of Specimens 1

through 8 and A for each of the six wrap angles. A total of four interferograms

was made of each specimen according to Table 6 and Section G. For each specimen,

the rotator was set at one of the angles: 00, 100, 200, or 300. The specimen

was then loaded to 113 lbs, a laser photograph was taken, the load removed

and a second (double exposure) photograph taken according to Section E. The

interferograms were processed in Kodak HRP Developer, Stop Bath and Rapid

Fixer. They were then dried and stores for analysis.
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TABLE 5. FLA14ED SPECIMEN BREAK-OUT

SPECIMEN INDENTER IMPACT IMPACT IMPACT

NUMBER DART SIZE WEIGHT HEIGHT ENERGY

1 A 5.76 lb 7.15 in. 41.184 in-Ib

2 A 5.76 lb 15.15 in. 87.264 in-lb

3 8 5.71 lb 7.15iin. 41 .184 in-lb

4 B 5.76 lb 15.15 in. 87.264 in-lb

5 C 5.76 lb 7.15 in. 41.184 in-lb

6 C 5.76 lb 15.15 in. 87.264 in-lb

7 D 5.761b 7.15 in. 41.184 in~lb

8 D 5.76 lb 1 5.15 in. 87.264 in-lb
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Analvsis of the interferograms was as follows:

1. The scale factor S = (1.14) - 1 in Equation 14. Also

X = 2.4913 x 10- 5 in, f = 64.25 in., D = 2.90 in.,

and AX = .5 inch. dN/dX = 2.0.

2. Figure 20 illustrates the locations on each interferogram

where the fringe order n was obtained as a function of r.

For this case r is the equivalent to N.

Appendix F. contains tables of n values versus r for all thp interferograms.

The data was obtained according to Section 2.3. The next step was to use the

information contained in Appendix E and Section 2.3 to generate the P values

for each interferogram given in Appendix F. 3 was computed for r = 3.5 for

each interferogram. This corresponded to the center of each specimen flaw

region.

Now from Equation 14:

E = SXf a dN

D dX

For a flawed specimen i:

Ei = SAf Pi dN (26)
D X

And for the unflawed specimen A:

EA = Sf BA dN (27)
D dX

To compute the percent change in strain in a flawed specimen i as compared

to the unflawed specimen A in the region r - 3.5 yields

PCS = Percent Change in Strain = Ei I Xl00% = i - A X1O0%
EA BA (28)

This information is shown tabulared in Appendix G.

After the interferometric data was analyzed, the specimens were placed

in a 10.000 pound capacity Instron Machine and tested to failure. The

specimens were loaded at .1 inch/mmn load rate. Appendix H contains photo-

graphs of the specimens tested to failure. Appendix I contains tables giving

the ultimate load for each specimen and at each wrap angle. The five unflawed

37

1



z

LL L

0. CL

CAE

U,--

- CA

E0.

UL. a)

7 - wlz

Lu.

a I.- L) .-

wL C

4j 0 S
0J m

CL 0

0

CY 0

- U-

38



speimnswere used at each wrap angle to obtain an average unflawed ultimate

load value and to check the variation in the ultimate failure load for the

unflawed specimens. Appendix J contains a summary of the ultimate failure

load data for the test specimens. Appendix K contains a complete summary of

all the experimental results.

V. CONCLUSIONS

Figures D-1 through D-48 of Appendix D illustrate the flawed regions of

each specimen following impact loading. As observed from these figures, fiber-

matrix delamination occurs parallel to the wrap angle and the amount of delamin-

ation increases with the impact energy. Wrap angle specimens of 00 and 600

are particularly susceptible to impact damage. 15 0to 300 specimens appear

to resist impact damage the best. These results are further substantiated

in Appendices I and J which contain the ultimate load strength data for each

specimen. Figure J-1 illustrates that as the wrap angle increases the

ultimate load strength of the unflawed specimens decreases. Tables J-3 and

J-4 of Appendix J illustrate that the ultimate load strength of a tensile

specimen is particularly "flaw sensitive" at 0 0 and above 45 0 wrap angle.

15 0to 300 wrap angle specimens show the least flaw sensitivity. Table J-5

illustrates that 0 0specimens and 45 0and above wrap angle specimens are

particularly sensitive to an increase in dynamic impact energy.

Tables G-I through G-6 in Appendix G illustrate the percent change in

strain over the flawed region of a specimen as compared to an unflawed

specimen. The results tend to have a rather random nature independent of

flaw site and geometry. However, at 60 0 wrap angles, Table 0-6 illustrates

that the probability of detecting a flaw significantly increases. The detect-

ibility of a flawed region appears to be largely independent of the specimen

rotation angle (torsional angle). Tables G-1 through G-6 were individually

averaged together to obtain an average percent change in strain at each wrap

angle. This number takes into account all loading energies, specimen rotation

angles and possible indenter dart sites. This information is listed at the

bottom of each table. From these results it is seen that 0 0 and 60 0 specimens

are ideally detectable and for some reason the 300 specimens show unusual

sensitivity. Again, as Indicated by the tensile testing program, thle 15 0 and

20 0 specimens show the least detectability and have the least decrease in

ultimate failure load.
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Appendix K contains a summary of the laser speckle interferometry data.

Table K-1 was computed by averaging 8 for all the flawed specimen conditions

at each wrap and rotation angle. These values are referred to as I. Note

that l increases with wrap angle and generally has a minimum value between

100 and 200 rotation angle. Table K-2 is identical to Table K-1 except that

only specimen A is recorded at each wrap and rotation angle. Values in Table

K-1 are referred to as 82 values. Figure K-1 is a graph of 2 versus wrap

angle. The data at 450 wrap angle is suspicious and is shown for reference.

Curves both including and not including data at 450 were graphed. From this

figure the correct value of 82 is believed to be about .272 but is very

questionable. It is possible that there is some unusual material behavior

around 450 wrap angle. Table K-3 contains a summary of the ultimate failure

loads of the specimens. L1 is the average failure load for specimens 1-8 at

each wrap angle. L2 is the average failure load for the unflawed specimens

A-E.

Table K-4 contains a summary of all the data in Appendix K. M3 is the

ration of the average strain in the flawed region of the specimens to that of

an unflawed specimens. I is a measure of the sensitivity of the interferometric

analysis process and is the ratio of U8 to AL. Figure K-2 illustrates the

variation of i with wrap angle. Above 450 wrap angle the sensitivity becomes

very large. Ideally A4 indicates the sensitivity of the laser speckle inter-

ferometric flaw detection process. The more that A deviates from 1.0 the

greater the sensitivity. AL indicates how critical the set of flaw conditions

was to the specimens. The smaller values of AL (<1.0) indicate greater dynamic

impact sensitivity. From this information, 60 wrap angle specimen flaws are

the easiest to detect and exert the greatest influence on the strength of the

specimens. However, 200 wrap angle specimen flaws are the hardest to detect

and exert the least influence on the strength of the specimens.

In conclusion, the results of the tensile test program agree fairly well

with those of the interferometric testing program. Results indicate that,

although some scatter exists in the interferometric data, it proves to be a

viable solution to flaw detection.
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APPENDIX A

These drawings were used to build the combined tension and

torsion loading machine used in this experiment.
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APPENDIX B

Computer code used to compute the variable quantities of

Section 2.3.
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TABLE B-I

Si: R N IV V 0L

0001 DI ME.NSON 0(8)
0002 1 C0,8C 1NU E: 8
0003 O.fl()
000I. :: )

0C~u~0
0006 B=O0
0007 E=O.

0008 =1: .
0009 G=O,
0010 1=O
0011 REAI ( 5., 2) 0.(1),0 2 ,( )t]4 ,0 5 L 6). (7 , (8

0012 2 FORitAT (SF5.0)
001 3 DO 3 S p J.
0014 I F (0(1)o *EU *0 o) (301TO 3
0016 P0(1)
0017 X::FLOAT (I-1)
0018 l=FlA+ ( PI*-j1.

0019 B-:BF (PT.,*)
0020 C=C4F
00::N 2 J.It 1.+ (X*x*X*X)"
0022 1E::81.(X*X*X)I
0023 FF L. X*X)

0024 G::2G+X
0025 lH+I.

0026 3 CONTINUE
0027 Q=D* ( D * -Go ) -* ( EH-tGtF ) E-*; F. * IA b
0028 R=A* ( F*H- G* I -E, ( B* - . ) - +A ( 1
0029 -A*:* ( IAi*H-'(*C I -- * iE* H- i;"F I tF "( .C. :
0030 f=D* F*C-B*G ) -E* ( E*C-BIF ) *f::+ ( E. G-f )
003:1. U: Ric
0032 V=S/(U

0 0 34 Y;.A f!S(7 .14.V)

0 03 In., 6I. 4 1:**IZ A * U -: V F EX.

1'.)X, Y ' F12,6)
,037 (1OT0 1
, ,3t3 EiNt'

i

*1

I
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APPENDIX C

This appendix contains thickness data and working stress levels

for the flawed and unflawed specimens when loaded in the tension/

torsion fixture.

% D E caw(inax) - aw(min) X 100%
cjw(avg)

arw(max) - aw(min)
%D*E=2. aw(max) + aw(min) X 100%

EF Specimen Stress Level
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TABLE C-7 00 WRAP ANGLE UNFLAWED SPECIMEN THICKNESS MEASUIREM ENTS

SPECIMEN NUMBER SPECIMEN THICKNESS

A .0660 in.

B .0668 in.

C .0668 in.

0 .0663 in.

E .0672 in.

TABLE~ C-8 . 15 0 WRAP ANGLE UNFLAWED SPECIMEN THICKNESS MEASUREMENTS

SPECIMEN NUMBER SPECIMEN THICKNESS

A .0652 in.

B .0650 in.

C .0649 in.

D .0651 in.

E .0653 in.
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TABLE C-9 + 20 W 1RAP ANGLE UNFLAWED SPECIM EN THICKNESS MEASUJREMENTS

SPECIMEN NUMBER SPECIMEN THICKNESS

A .0668 in.

B .0645 in.

C .0666 in.

D .0655 in.
E .0651 in.

TABLE C-TO + 30 0 WRAP ANGLE UNFLAWED SPECIMIEN THICKNESS MEASUREMIENTS

SPECIMEN NUMBER SPECIMEN THICKNESS

A .0640 in.

B .0653 in.

C .0643 in.

D .0644 in.

E .0640 in.
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TABLE C-fl + 450 WRAP ANGLE UNFLAWED SPECIMEN THICKNESS MEASUREMENTS

SPECIMEN NUMBER SPECIMEN THICKNESS

A .0652 in.

B .0668 in.

C .0658 in.

D .0643 in.

E .0649 in.

TABLE C-12 + 600 WRAP ANGLE UNFLAWED SPECIMEN THICKNESS MEASUREMENTS

SPECIMEN NUMBER SPECIMEN THICKNESS

A .0632 in.

B .0619 in.

C .0648 in.

D .0609 in.

E .0633 in.
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APPENDIX D

This appendix contains photographs of the flawed regions of

all the dynamically impacted specimens used in this effort.

Both the painted and unpainted sides of each specimen are

shown.
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APPENDIX E
This appendix contains tables of n values versus r for all

the laser speckle interferograms made in this report.
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TABLE E-1 n VALtES VERSHS r FOR 0° SPECIMENS

SPECIMEN r=0  r~l r=2 r=3 r=4 r-5 r=6 r=7

1-1 5.70 5.45 5.11 4.69 4.42 4.08 3.72 3.45

1-2 4.55 4.67 4.70 4.65 i4.65 _ _4.45 4.40 4.35

1-3 4.35 4.45 4 .52  4.65 4.52 4.62 4.71 4.69

4.35 4.42 4.48 4.49 4.48 4.49 4.49 4.49

2-1 7.25 6.81 6.62 6.30 5.81 5.65 5.32 4.81

2-2 6.71 6.62 6.38 6.25 5.71 5.70 5.56 5.36_

2-3 6.70 6.65 6.45 6.31 6.12 5.95 5.72 5.61

2-4 6.70 6.65 6.39 6.41 6.25 6.09 5.81 5.65

3-1 4.39 4.11 3.65 3.37 3.02 2.65 2.39 2.15

3-2 4.35 4.26 3.77 3.55 3.26 2.86 2.65 2.38

3-3 3.85 3.71 3.64 3.43 3.23 3.15 2.75 2.68

3.91 3.82 3.64 3.48 3.35 3.25 2.95 2.76
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TABLE E-2 n VALUES VERSUS r FflR o SPECIMENS

SPECIMEN r=O r~l r=2 r=3 r=4 r-5 r=6 r=7

4-1 6.82 6.43 5.88 5.69 5.25 4.76 4.50 4.25

4-2 6.68 6.35 5.83 5.56 5.26 i4.81 I4.62 4.26

4-3 6.68 6.25 5.93 5.62 5.38 5.08 4.70 I4.46

4-4 6.72_ 6.33 5.9 5.6 5.35 4.95 4.75 4.50

5-1 6.23 5.82 5.51 5.27 4.82 4.68 4 42 4.25

5-2 6.35 6.05 5.75 5.41 5.25 4.95 4.62 4.52

5-3 6.25 r6.01 5.71 5.45 I5.31 1 5.12 4.75 462

5-4 6.35 6.02 5.82 5.45 5.35 5.12 4.76 :4.61

6-1 4.55 4.23 3.78 3.32 3.06 2.71 2.42 1 .95

6-2 3.81 3.65 3.35 3.05 2.85 2.65 2.46  2.23

6-3 13.45 3.31 13.16 2.81 2.75 2.53 2.6 .1

6-4 3.31 2.98 2.69 2.52 2.41 2.36 2.1 .3
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TABLE E-3 n VALUES VERSUS r FnR 00 SPECIMENS

SPECIMEN r=O r=l r=2 r 3 r=4 r=5 r=6 r=7

7-1 7.15 6.68 6.21 5.83 5.38 5.03 4.71 4.33

7-2 5.41 5.45 5.48 5.48 5.44 5.44 5.35 1 5.25

7-3 4.75 4.99 5.21 5.41 5.61 5.71 5.78 5.85

7-4 4.51 4.72 4.81 4.85 4.91 4.99 5.08 4 5.10

8-1 4.75 4.63 4.37 4.11 3.78 3.38 3.23 2.83

8-2 3.85 3.82 3.91 3.94 3.75 3.81 3.75 3.65

8-3 3.52 3.68 3.73 3.82 3.82 3.82 3.82 3.84

8-4 3.68 3.68 3.75 3.82 3.82 3.83 3.81 3.80

A-1 6.25 5.89 5.62 5.38 5.08 4.81 4.65 4.48

A-2 5.81 5.69 5.48 5.35 5.11 4.95 4.81 4.71

A-3 5.82 5.71 5.52 5.37 5.18 1 5.01 4.91 4.65

A-4 6.35 6.01 5.81 5.69 5.48 5.28 5.03 4.81
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TABLE E-4 n VALUES VERSIIS r FOR + 15o SPECIMENS

SPECIMEN r=0 r r=2 r=3 r 4 r=5 r=6 r 7

1-1 6.95 6.65 6.35 5.95 5.61 5.30 4.80 4.69
1-2 5.65 5.70 5.75 5.70 5.65 5.65 5.75

1-3 4.75 5.35 5.40 5.45 . 5.35 5.35 5.50

1-4 5.40 5.55 5.35 .35 5.35 5.25 4.85 -

2-1 5.75 5.45 4.90 465 4.35 3.80 3.55 3.25

2-2 6.32 5.82 5.38 4.82 4.42 3.95 3.65 3.00

2-3 6.60 5.75 5.35 4.82 4.35 1 3.78 3.38 ""

2-4 6.95 6.30 5.65 4.85 4.35 3.95 3.35 2.95

3-1 7.35 7.10 6.52 6.35 5.80 5.35 530 4.85

3-2 7.25 6.75 6.55 6.31 5.98 1 5.69 5.33 5.25

3-3 7.25 6.75 6.55 6.35 16.10 575 5.52 5.35

3-4 7.35 6.77 6.65 6.35 6.10 5.70 5.41 5.35
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TABLE E-5 n VALUES VERSUS r FOR + 15o SPECIMENS

SPECIMEN r=0 rl r=2 r=3 r=4 r=5 r=6 r=7

4-1 7.30 6.85 6.68 6.45 6.35 5.85 5.69 5.45

4-2 7.32 7.10 6.81 6.72 6.38 6.11 5.88 5.68

4-3 7.35 7.08 6.75 6.69 .6.45 6.22 5.82 5.71

4-4 7.36 7.07 6.83 6.63 6.38 5.98 5.82 5.70

5-1 5.16 4.65 4.28 3.79 3.47 3.24 12.97 2.48

5-2 4.65 4.35 4.32 3.82 3.68 3.49 3.31 3.08

5-3 4.36 4.26 3.99 3.85 3.69 3.65 3.51 3.38

5-4 4.25 4.19 4.08 3.99 3.71 3.68 3.62 3.58

6-1 7.06 6.75 6.55 6.23 5.71 5.39 5.08 4.69

6-2 6.65 6.48 6.32 6.19 5.81 5.69 5.52

6-3 6.55 6.45 6.35 6.20 5.91 5.69 5.60

6-4 6.82 6.62 6.41 6.32 6.08 5.70 5.62
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TABLE E-6 nVALUES VERSUS rFOlR + 150 SPECIMENS

SPECIMEN r=0 r=1 r=2 r=3 r=4 r= r= r=7

7-2 5.82 5592 525 69 0 3 43 3.79 3.654
7-2 5.62_ 5.32 5.28 4.95 4.4.3 4.63 4.31 4.02 3.69

7- 5.72 15.37 4.82 4.71 4.38 38 .5 33

7-4 5.81 i5.62 5.08 4.70 4.35 3.81 3.71 3.32

8-1 7.38 7.07 6.73 6.49 6.04 5.72 5.38 5.11

8-2 7.01 6.72 6.65 6.43 6.07 5.92 5.68 5.32

8-3 6.95 6.71 6.59 6.41 5.98 5.71 5.62 5.50

8-4 7.01 6.71 6.58 6.37 5.95 5.70 5.58 5.21

A-1 7.35 7.18 6.81 6.52 6.29 5.58 5.65 5 ,32

A-2 7.21 7.01 6.73 6.60 6.31 I6.16 5.81 f5.68
A-3 7.35 7.00 6.81 6.49 6.25 5.95 5.75 5.45
A-4 6.71 6.61 6.30 6.15 5.72 54 .5 52
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TABLE E-7 n VALUES VERSUS FOR + 200 SPECIMENS

SPECIMEN r=0 r=l r=2 r=3 r=4 r=5 r=6 r=7

A-1 5.80 5.35 4.82 4.42 3.81 3.45 3.10 2.68

A-2 5.32 4.92 4.55 4.31 3.70 3.58 3.24 2.76

A-3 5.35 4.82 4.72 4.35 3.85 3.45 3.32 2.75

A-4 4.75 4.45 4.12 3.68 3.40 3.18 2.81 2.68

1-1 5.68 5.31 4.95 4.61 4.25 3.75 3.60 3.30

1-2 5.25 4.81 4.70 4.52 4.35 3.85 3.70 3.45

1-3 5.30 4.85 4.75 4.58 4.30 3.85 3.75 3.60

1-4 5.38 5.25 4.75 4.55 4.35 3.85 3.75 3.58

2-1 5.62 5.08 4.52 4.00 3.45 2.95 2.45 2.08

2-2 6.65 5.15 4.51 4.08 3.45 3.05 2.68 2.21

2-3 5.51 4.95 4.55 4.18 3.40 3.28 2.70 2.35

2-4 5.56 5.15 4.55 4.15 3.70 3.35 2.70 2.35
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TABLL E-8 n VALUES VERSUS r FOR + 20o SPECIMENS

SPECIMEN r=0 r=l r=2 r=3 r=4 r=5 r=6 r=7

3-1 6.80 6.55 6.19 5.68 5.35 4.81 4.65 I 4.23

3-2 6.85 6.55 6.28 5.75 5.35 5.08 4.65 4.35

3-3 6.70 6.35 6.01 5.58 5.30 5.12 4.68 I 4.38

~t3-4 6.78 6.52 6.18 5.70 5.32 5.15 4.70 4.35

4-1 8.01 7.61 7.35 6.80 6.35 5.81 5.62 5.28

4-2 7.75 7.62 7.25 6.75 !6.55 6.25 5.70 5.60
4-3 8.30 7.72 7.35 6.98 662 35 5.75 5.50

4-4 8.25 7.68 7.35 6.75 6.40 6.20 5.65 5.35

5-1 5.38 4.75 4.65 4.35 3.70 3.38 2.80 2.68

5-2 4.38 4.25 4.15 3.95 3.70 3.68 3.65 3.50

5-3 4.01 3.82 3.75 3.68 3.65 3.60 3.55 3.45

5-4 4.61 4.45 4.30 3.75 3.70 3.62 3.35 2.75
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TABLE E-9 n VALUES VERSUS r FOR + 200 SPECIMENS

SPECIMEN r0 r1l r=2 r=3 r=4 r -- r6 r=7

6-1 5.76 5.48 5.25 4.70 4.50 4.30 3.70 3.65

6-2 6.30 5.70 5.35 4.75 4.50 3.78 3.70 3.45

6-3 6.75 6.30 5.62 5.00 4.45 4.01 3.35 2.68

6-4 7.35 6.38 5.70 15.01 4.65 3.70 3.01 2.45

7-1 5.35 5.12 4.72 4.57 4.25 3.70 3.65 3.35

7-2 5.82 5.55 5.35 4.75 4.35 3.80 3.65 3.35

7-3 6.70 6.25 5.45 4.82 4.38 3.82 3.45 2.78

7-4 6.35 5.65 5.20 4.55 4.20 3.65 3.20 2.35

8-1 8.30 8.01 7.65 7.35 6.80 6.35 6.32 5.80

8-2 8.35 8.20 7.75 7.40 7.30 6.82 6.65 6.35

8-3 8.20 7.75 7.50 7.30 7.20 6.70 6.50 6.35

8-4 9.06 8.45 8.30 7.65 7.35 7.18 6.55 6.40
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TABLE E-10 n VALUES VERSUS r FOR +- 300 SPECIMENS

SPECIMEN r0O =1r= r=4 r= r=6 r-7

1-1 5.5 4.80 4.55 i4.05 3.65 12.70 2.42
1-2 4.75 4.40 4.30 3.90 3.75 3.45 -3.28 2.85

1-3 4.28 4.25 3.85 3.68 3.60 3.40 3.25 2.85

1-4 4.68 4.45 4.35 I3.98 I3.70 3.55 3.20 I2.70
2-1 6.68 6.20 5.70 5.5 5.20 14.70 4.30 3.85

2-2 6.75 6.40 5.95 5.70 5.25 4.75 4.40 4.05

2-3 6.70 6.25 5.70 5.35 4.95 4.60 4.20 3.70

2-4 6.85 6.45 5.95 5.40 4.95 4.50 4.25 I3.75

3-1 6.50 6.05 5.65 5.20 4.75 4.35 3.75 j3.45
3-2 7.30 6.70 5.82 5.45 4.75 4.35 3.80 2.95

3-3 7.40 6.70 6.05 5.55 4.95 4.35 3.75 2.95

3-4 7.35 6.70 6.00 5.45 4.85 4.5 3170 13.10
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TABLE E-11 n VALUES VERSUS r FOR +- 300 SPECIMENS

SPECIMEN r0O r1l r=2 r=3 =4 r=5 r=6 r=7

4-1 6.60 6.05 5.68 5.25 4.70 4.35 3.80 3.60

4-2 6.70 6.30 5.70 5.38 4.85 4.55 14.05 13.65

4-3 6.80 6.35 5.80 5.35 4.82 4.38 3.5 3.68

4-4 7.01 6.45 I5.78 5.38 t4.70 4.50 3.85 3.70
5-1 6.35 5.75 5.60 4.98 4.70 4.3 3.80 3.60_

5-2 6.35 5.75 5.60 4.98 4.70 4.35 3.80 3.60

5-3 6.68 6.30 5.70 5.30 4.70 4.35 3.82 3.70

5-4 6.95 6.38 5.80 5.32 4.75 4.30 3.75 3.30

6-1 6.95 6.65 6.25 5.68 5.25 4.7'5 4.30 13.95

6-2 6.70 6.35 5.85 5.75 5.35 4.88 4.68 4.30

6-3 6.75 6.42 6.10 5.75 5.50 5.21 4.75 4.30

6-4 7.01 6.52 6.30 5.82 5.45 5.20 4.65 4.32
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TABLE E-12 n VALUES VERSUS r FOR + 30 0 SPECIMENS

SPECIMEN r='0 r=1 ~r=2I r=~3 r=4 r=5 r=6 r=7

A-1 7.0 I .7 a.35 I5.80 5.60 15.25 4.75 4.45

A-2_____ 6.06__ 6.30 6.05 5.75 5.70 15.30 5.25 5.05

A-3 6.50 6.25 5.95 5.70 5.60 i5.35 5.20 4.75

A-4 6.0 600 5.75 5.60 5.35 5.10 4.70 14.60
7-1 9.10 8.70 8.25 I7.75 7.25 6.60 6.35 E 5.75
7-2 8.0 8.30 7.95 7.75 7.35 6175 6.65 I6.40

7-3 8.15 7.82 7.65 7.35 7.25 6.75 6.55 6.45

7-4 8.35 7.95 7.70 7.25 6.75 6.55 6.40 5.75

8-1 5.25 5.00 4.75 4.45 4.10 3.75 3.60 3.25

8-2 4.75 4.65 4.55 4.45 4.05 3.80 3.60 3.50__

8-3 5.30 4.96 4.70 4.30 3.95 3.70 3.35 3.10

8-4 5.40 5.10 4.75 4.45 3.85 3.50 3.25 2.75
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TABLE E-13 n VALUES VERSUS r FOR + 450 SPECIMENS

SPECIMEN r=0 r=l r=2 = r3 I r=4 r=5 r=6 r=7

1-1 8.85 8.35 7.80 7.32 6.85 6.25 5.79 5.18

1-2 8.20 7.88 7.45 7.25 6.83 6.68 6.08 1 5.70

1-3 8.95 8.38 7.83 7.35 6.95 6.72 6.25 i 5.75

1-4 9.18 8.45 7.92 7.37 6.98 6.42 5.75 5.25

2-1 9.75 8.75 7.82 7.02 6.35 5.68 5.00 4.35

2-2 9.10 8.45 7.72 6.85 6.32 5.61 4.95 4.33

2-3 9.08 8.20 7.41 6.85 6.15 5.60 4.88 4.49

2-4 8.65 7.80 7.10 6.65 5.93 5.26 4.68 4.11

3-1 9.52 8.88 8.15 7.35 6.83 6.11 5.52 4.82

3-2 8.75 8.21 7.83 7.36 6.82 1 6.38 5.87 5.32

3-3 8.72 8.15 7.72 7.37 6.81 6.35 5.82 5.33

3-4 8.32 7.83 7.36 6.83 6.38 5.83 5.42 4.85
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TABLE E-14 n VALUES VERSUS r FOR + 45 0 SPECIMENS

SPECIMEN r0 r1l r r=3 r=4 !r=5 r=6 Ir=7

4-1 11.8 .05, 9.38 8.55 7.61 6.75 5.75 5.25

4-2 8.63 8.42 8.33 83 7.8 7.7 7.65 7.35

4-3 7.85 7.88 7.78 I7.78 17.78 7.91 7.91
4- .2 7.92 7.92 7.90 17.85 7.75 7.65 7.65

5-1 8.83 8.20 7.65 6.86 6.33 5.65 5.03 4.39

5-2 7.65 7.38 7.12 6.8716.63 6.35 5.85 _ _

5-3 7.20 7.22 7.22 6.81 6.68 6.35 6.28 5.95

5-4 7.62 7.37 7.25 6.83 6.70 6.37 5.86 5.76

6-1 9.37 8.53 7.82 7.32. 6.68 5.81 5.26 4.75

6-2 8.15 7.81 7.36 6.88 6.61 6.20 5.85 5.32

6-3 8.33 8.01 7.55 7.15 6.81 6.38 6.05 5.61

6-4 8.62 8.08 7.65 7.1 1 6.81 6.19 5.82 5.57
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TABLE E-15 n VALUES VERSUS r FOP + 450 SPECIMENS

SPECIMEN r=0 r=1 r=2 I r=3 r=~ r=5 r=6 r=7

7-1 9.82 9.06 8.16 7.61 6.80 5.97 5.30 475

7-2 8.71 8.30 7.85 7.32 6.89 6.18 5.89 5.30

7-3 8.12 7.89 7.62 7.13 6.89 I6.33 5.70 ~

7-4 8.70 8.11 7.81 r 7.27 6.81 6.23 5.85 5.45

8-1 10.15 9.23 8.55 7.82 6.82 6.09 5.48

8-2 10.62 9.82 8.65 7.83 6.92 5.97 5.27 ,

8-3 11.26 9.78 8.88 7.99 6.85 6.30 5.30 -.

8-4 11.02 9.88 8.72 7.81 6.92 6.02 5.35

A-I 9.15 8.23 7.68 6.87 6.18 5.43 4.82 4.18

A-2 9.75 8.72 7.86 6.89 6.21 5.41 4.61 3.78

A-3 10.38 8.88 7.79 6.97 6.18 5.32 4.62 " ,

A-4 10.11 8.82 7.80 6.85 6.16 5.41 4.32
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TABLE E-16 n VALIUES VERSUS r FOR + 60o SPECIMENS

SPECIMEN r=0 r=l r=2 r=3 r=4 r=5 Y=6 r=7

1-1 11.75 11.25 10.31 9.45 7.69 6.83 6.31 5.55

1-2 11.33 10.82 10.15 1 9.45 7.77 7.31 6.38 5.81
1-3 11.31 110.75 10.18 9.43 7.81 7.23 6.74 5.88

1310.75 .74 5.8

1-4 11.62 10.75 10.35 9.62 7.83 7.25 6.56 5.76

2-1 - , 22.75 - 7.58 6.76 6.18 5.52

2-2 -- ! -_ 7.69 7.26 6.52 6.00

2-3 - "- 7.71 7.62 6.75 6.35

2-4 - - 7.75 7.63 6.83 6.48
3-1 14.25 13.10 12.26 11.26 9.83 8.01 7.35 6.68

3-2 - 12.15 11.75 11.32 10.21 9.67 9.35 9.00

3-3 11.45 11.70 11.31 11.01 10.32 9.70 9.60

3-4 12.01 12.21 11.65 11.15 10.38 L 9.85 9.50
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TABLE E-17 n VALUES VERSUS r FOR + 600 SPECIMENS

SPECIMEN r=0 r=l r-2 r=3 r=4 r=5 r=6 r=7

4-1 - TO MANY FRINGES.... 8.68 7.70 6.90 6.25

4-2 - LSTQ43F INGE~S I 8.62 t 7.82 7.51 -

4-3 - 8.51 8.18 8.18 -

4-4 . 8.55 8.31 7.85 -

5-1 10.70 9.75 9.10 8.35 7.19 6.39 5.68 4.82

5-2 8.55 8.35 8.08 7.82 7.35 7.06 6.75 -

5-3 7.65 7.92 7.82 7.68 7.35 6.93 6.75 -

5-4 8.35 8.25 8.10 7.69 7.52 6.77 6.25 "

6-1 . . . . 9.32 8.74 7.82 7.25

6-2 - , -, 9.71 9.32 8.75 8.35

6-3 "" ____ ' " 9.65 9.31 9.05 8.75

6-4 ,- , - , 9.52 8.75 8.55 8.01
EST 42F INGES
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TABLE E-jn3 n VALUES VERSUS r FOR + 60 SPECIMENS

SPECIMEN r0O r=1 r=2 r=~3 r=4 r=5 r6 r

7-1 1325 1238 1155 1070 9 68 8.76 7.95 6.35

7-2 11.82 11.43 10.92 10.50 9.81 9.30 8.70 8.01

7-3 11.62 11.25 10.81 10.49 19.92 9.45 9.82 -

7-4 12.05 11.68 11.19 10.77 10.15 9.69 9.06 8.75
8-1 - 1475 1368 1275 7.92 7.31__ 6.32__ 5.68_

8-2 15.45 14.68 13.48 12.79 8.25 7.62 6.93 6.35

8-3 14.68 13.71 13.21 12.70 8.25 7.74 7.18 6.65

8-4 14.35 13.62 12.95 12.48 8.33 7.91 7.26 6.68

A-1 112.75 12.15 11.38 10.81 10.07 9.31 8.61 7.75
A-2 11.53 11.25 10.83 10.67 10.37 9.72 9.56 9.25

A-3 11.35 11.23 10.81 10.62 110.35 9.70 9.62 9.18
A-4 11.72 11.35 10.78 10.63 10.22 9.68 8.98 8.70
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APPENDIX F

This appendix contains tables of values for each interferogram

used in this project. was computed at r = 3.5 in all cases.
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TABLE F-i1 VALHES FOR 0 0 SPECIM1ENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE A 1 2 3 4 5 6 7 8

00 .253 .330 .332 .328 .374 .283 .365 .399 .282

100 .165 .041 .206 .295 .344 .268 .229 .021 .026

200 .165 .045 .166 .174 .310 .233 .189 .18 .038

300 .208 .016 .150 .163 .317 .246 .185 .077 .020

TABLE F-2 13 VALUES FOR + 150o SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE A 1 2 13 4 5 6 7 8

00 .297 .340 .364 1.363 .254 .364 .344 .287 .331

100 .222 .003 .461 .285 .238 .224 .199 .306 .233

200 .266 .045 .503 .263 .233 .140 .181 .339 .222

300 .232 .107 .575 .284 .246 .107 .212 .370 .253
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TABLE F-3 P, VALUiES FOR +20 0 SPECIMENS

SPECIMEN SPECIMEN NUMBER

ROATION A 1 2 3 4 15 6 7

00.450 .347 .514 .380 .406 .394 .318 .294 .361

100D .355 .248 .493 .369 .331 .128 .415 .385 .293

200 .357 .242 .451 .327 .390 .068 .578 .556 .258

300 307 .273 .461 .352 .407 .245 .684 .538 .3711

TABLE F-4 VALUES FOR +- 300 SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE A 1 2 13 4 15 6 1 7 8I

-00 - - -
00.371 .436 .389 442 .437 .393 .448 .483 .289

100 .174 .257 .392 .595 .435 .419 .338 .320 .198

200 .230 .195 .416 .614 .459 .451 .338 .250 .318

300 .245 .271 .446 .602 .484 .521 .379 .35 .2
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-:TABLE F-5. R VALUES FOR + 450 SPECIMENS

SPECIMENSPCMNUBE
ROTATIONSPCMNUBE

ANGLE A 1 2 3 4 5 6 7 8
-70 -51 -757-

00 .75 . F9.5 .670 .855 .636 .659 .734 .777

100 .837 -347 .687 .483 .178 .298 .397 .492 .893

200 .866 .437 .653 A476 .020 .192 .389 .431 .916

300 .888 .546 ."638 .492 .045 .277 .444 .467 .903

TABLE F-6 . B VALUES FOR + 60 0 SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE A 1 2 13 4 15 6 7 8

0 0 .710 .955 3.73 1.141 6.880 .842 6.697 .950 11.814

100 .333 .845 3.0941 .590 8.427 .323 6.525 .546 1.482

200 .319 .815 3.038 .420 8.290 .234 6.475 .483 1.306

300 .436 .869 3.022 .520 8.336 .406 6.588 .491 1.247
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APPENDIX G

This appendix contains tables of the PCS (Percent Change in

Strain) in the flawed regions of specimens 1 through 8 as

compared to Specimen A for each of the six wrap angles.
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TABLE G-1. PERCENT CHANGE IN STRAIN FOR 0 0 FLAWED) SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE 1 2 3 4 5 6 7 8

00 30.43 31.23 29.64 47.83 11.86 44.27 57.71 11.46

100 75.15 24.85 78.79 108.48 62.42 38.79 87.27 84.24

200 72.73 0.61 5.45 87.88 41.21 14.55 4.24 76.97

30 92.31 127.88 21.63 152.40 18 .27 11.'06 62.*98 90 '38

TABLE G-2. PERCENT CHANGE IN STRAIN FOR + 15 0 FLAWED SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE 1 2 3 4 5 6 7 8

00 14.48 22.56 22.22 14.48 22.56 15.82 3.37 11.45

100 98.65 107.66 28.38 7.21 0.90 10.36 37.84 4.95

200 83.08 89.10 1.13 12.41 47.37 31.96 27.44 16.54

300 53.88 147.84 22.41 6.03 53.88 8.62 59.48 9.05
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TABLE G-3. PERCENT CHANGE IN STRAIN FOR + 200 FLAWED SPECIMENS

SPECIMEN SPECIEN NUMBER
ROTATION
ANGLE 1 2 3 4 5 6 7 8

00 22.89 14.22 15.56 9.78 12.44 29.33 34.67 19.78

10o 30.14 38.87 3.94 6.76 63.94 16.90 8.45 17.48

200 32.21 26.33 8.40 9.24 80.95 61.90 55.74 27.73

300 11.07 50.16 14.66 32.57 20.20 122.80 75.24 20.85

TABLE G-4. PERCENT CHANGE IN STRAIN FOR + 300 FLAWED SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION

ANGLE 1 2 3 4 15 6 7 8

00 17.52 4.85 19.14 17.79 5.93 20.75 30.19 22.10

100 47.70 125.29 241.95 150.00 140.80 94.25 83.91 13.79

200 15.22 80.87 166.96 99.57 96.09 46.96 8.70 38.26

300 10.61 82.04 145.71 97.55 112.65 54.69 44.90 55.92
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TABLE G-5. PERCENT CHANGE IN STRAIN FOR + 450 FLAWED SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION
ANGLE 1 2 3 4 5 6 7 8 .

00 26.38 7.38 4.96 21.28 9.79 6.52 4.11 10.21

100 58.54 17.92 42.29 78.73 64.40 52.57 41.22 6.69

200 49.54 24.60 45.03 97.69 77.83 55.08 50.23 5.77

300 38.51 28.15 44.59 94.93 68.81 50.00 47.41 1.69

AVERAGE % CHANGE = 38.52%

TABLE G-6. PERCENT CHANGE IN STRAIN FOR + 600 FLAWED SPECIMENS

SPECIMEN SPECIMEN NUMBER
ROTATION
ANGLE 1 2 3 4 5 6 7 8

00 34.51 346.90 50.70 869.01 18.59 843.24 33.80 155.49

100 153.75 829.13 77.18 2430.63 3.00 1859.46 63.96 345.05

200 155.49 852.35 31.66 2498.75 26.65 1929.78 51.41 309.40

300 99.31 593.12 19.27 1811.93 6.88 1411.01 12.61 186.01

AVERAGE % CHANGE = 566.25%
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APPENDIX H

Composite tensile specimens tested to their ultimate

strength are shown in this appendix.
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Figure H-i 0 0-1i specimen.
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Figure H-5 n 0_5 soDecimlen.
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Figure Hl-7 fl 7 specimen.
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Figure HI-9 -A siuecimnlei



Figure H-11 00-C specimen.



Figure H-13 0 0 -E specimen.



Figure H-14 5 ]sp- mn
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Figure H-l6. 150 3 Specimen.
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Figure H-18. 15O 5 specimen.
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Figure H-20. 15 0-7 soecimen.
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Figure H-22 15 0 specimenl.
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Figure H-24. 15 0-C specimen.
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Figure H-26 15 O-E soecimefl.



Figure H-27 20O 1 specimen.
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Figure H-31. 2f0 -5 specimen.

Figure H- 32. 20 6 suncimon.
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Fi qurp H-33. 2 O L~Clnr



Figure H-35 20 0-9 specimen.
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Figure H-37. 2)-C snecirnen.
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Figure H-39. 20 0 -E snecinell.
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Figure H-40. 30 0-1 soecimen.
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Figure 11-42 3O0 3 soiecinen.
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Figure H-44. 300- 5 specimen.
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Figure H-46. 300-7 pecipien.
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Figure H-50 30-c snecimen.
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Figure H-53. 45 0-1 srjecimen.
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Figure H-57. 45O 5 specimen.
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Figure H-n 45

70



Fiqure 11-61 4 50 A suecimlen.
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Figure 1-65 Frt snecirwen.



Figure H-66 ,.
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Figure H-68. 60 -3 specimen.
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Figure H-72. 60 0-7 specimen.
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Figure H1-74. 600-A sDecimen.



Figure H-76. 600-C specimen.I
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APPENDIX I

This appendix contains the ultimate load data for each specimen

obtained by testing to failure.
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TABLE 1-1 00 WRAP ANGLE ULTIMATE STRENGTH TEST DATA

SPECIMEN NUMBER ULTIMATE LOAD

1 5530 LB

2 4880 LB
3 7505 LB

4 6545 LB

5 6225 LB

6 6805 LB

7 6715 LB

8 5225 LB

A 8935 LB

B 8380 LB

C 9805 LB

D 9230 LB

E 9325 LB

AVERAGE ULTIMATE LOAD
OF UNFLAWED SPECIMENS =9135 LB

MAXIMUM PERCENT DIFFERENCE
OF UNFLAWED SPECIMENS'
ULTIMATE LOAD 15.59%
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TABLE 1-2. +150 WRAP ANGLE ULTIMATE STRENGTH TEST DATA

SPECIMEN NUMBER ULTIMATE LOAD

510 LB

2 510 LB

__3 _____5400 LB '
4 4640 LB

5 5285 LB

6 4630 LB

7 5490 LB

8 4725 LB

A 5545 LB
B 5320 LB -

C 52901 LB

D 5445 LB

E 5225 LB

AVERAGE ULTIMATE LOAD
OF UNFLAWED SPECIMENS =5365 LB

MAXIMUM PERCENT DIFFERENCE
OF UNFLAWED SPECIMENS'
ULTIMATE LOAD -5.96%
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TABLE 1-3. + 200 WRAP ANGLE ULTIMATE STRENGTH TEST DATA

SPECIMEN NUMBER ULTIMATE LOAD

1 4780 LB

2 4285 LB

3 4605 LB

4 4295 LB

5 4665 LB

6 4365 LB

7 4680 LB

8 4075 LB

A 4790 LB

B 4885 LB

C 4715 LB

D 4305 LB

E 4610 LB

AVERAGE ULTIMATE LOAD
OF UNFLAWED SPECIMENS = 4661 LB

MAXIMUM PERCENT DIFFERENCE
OF UNFLAWED SPECIMENS'
ULTIMATE LOAD = 5.90%
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TABLE 1-4. + 300 WRAP ANGLE ULTIMATE STRENGTH TEST DATA

SPECIMEN NUMBER ULTIMATE LOAD

1 3735 LB

2 3310 LB

3 3475 LB

4 2960 LB

5 3545 LB

6 3270 LB

7 3435 LB

8 3120 LB

A 3560 LB

B 3785 LB

C 3755 LB

D 3765 LB

E 3720 LB

AVERAGE ULTIMATE LOAD
OF UNFLAWED SPECIMENS = 3717 LB

MAXIMUM PERCENT DIFFERENCE
OF UNFLAWED SPECIMENS'
ULTIMATE LOAD = 6.05%
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TABLE 1-5 + 450 WRAP ANGLE ULTIMATE STRENGTH TEST DATA

SPECIMEN NUMBER ULTIMATE LOAD

1 1382 LB

2 1068 LB

3 1284 LB

4 980 LB

5 1382 LB

6 958 LB

7 1382 LB

8 1095 LB

A 1538 LB

B 1616 LB

C 1635 LB

D 1566 LB

E 1570 LB

AVERAGE ULTIMATE LOAD
OF UNFLAWED SPECIMENS = 1585 LB

MAXIMUM PERCENT DIFFERENCE
OF UNFLAWED SPECIMENS'
ULTIMATE LOAD = 6.11%

196
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TABLE 1-6. + 60 0 WRAP ANGLE ULTIMATE STRENGTH TEST DATA

SPECIMEN NUMBER ULTIMATE LOAD

B 287 LB

D 530LB

AVRG ULTMAT LOA

OF UNL1E4PCIES75. LB

8 219 LS
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APPENDIX J

This appendix contains a summary of the ultimate failure load

for the test specimens.

rr
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UNFLAWED SPECIMENS ULTIMATE LOAD STRENGTH

% DIFF.
8000- WRAP ANGLE AVG. FAILURE LOAD IN FAILURE LOAD

OF FIVE SPECIMENS (5) FOR 5 SPECIFMENS

70-00 9135 LB 15.59%

150 5365 LB5.6

200 4661 LB5.0
300 3,"1? LB 6.05%

60-450 1585 LB 6.11%

6030 556.6 LB 19.04%

-J0
0

000

2000

1 000-

0

00



IABLE J-1 . ULTIMATE FAILURE LOADS OF TENSILE SPECIMENS DYNAMICALLY
IMPACTED WITH 41.184 IN-LB OF ENERGY

SPECIMEN NO.
WRAP UNFLAWED

ANGLE 1 JASJ 3 5 7 AVG. LOAD 8%

00 5530 7505 6225 6715 9135 15.59%

150 5190 5400 5285 5490 5365 5.96

200 4780 4605 4665 4680 4661 5.90

300 3735 3475 3545 3435 3717 6.05

450 1382 1284 1382 1382 1585 6.11

600 287 340 228 378 556.6 14.04

TABLE J-2 . ULTIMATE FAILURE LOADS OF TENSILE SPECIMENS DYNAMICALLY
IMPACTED WITH 87.264 IN-LB OF ENERGY

WRAP SPECIMEN NO.WRAPUN FLAWED
ANGLE 1 JASJ 3 5 7 AVG.LOAD 8%

00 4880 6545 6805 5225 9135 15.59

150 5055 4640 4630 4725 5365 5.96

20 4285 4295 4365 4075 4661 5.90
300 3310 2960 3270 3120 3717 6.05

450 1068 980 958 1095 1585 6.11

600 165 137 147 219 556.6 14.04

Z07
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TABLE J-3 PERCENT DECREASE IN ULTIMATE FAILURE LOAD FOR TENSILE
SPECIMENS DYNAMICALLY IMPACTED WITH 41.184 IN-LB OF ENERGY

WRAP SPECIMEN NUMBER

ANGLE 1 3 5 7

00 39.46 17.84 31.85 26.49

150 3.26 - .65 1.49 - 2.32

200 - 2.55 1.20 - .0858 - .407

300 4.84 6.51 4.62 7.58

450 12.80 18.99 12.80 12.80

600 48.43 38.91 59.03 32.08

TABLE J-4 PERCENT DECREASE IN ULTIMATE FAILURE LOAD) FOR TENSILE
SPECIMENS DYNAMICALLY IMPACTED WITH 87.264 IN-LB OF ENERGY

WRAP SPECIMEN NUMBER
ANGLE 2 4 6 8

00 46.57 28.35 25.50 42.80

150 5.77 13.51 13.69 11.92

200 8.06 7.85 6.35 12.57

300 10.94 20.36 12.02 16.06

450 32.61 38.17 39.55 30.91

600 70.35 75.38 73.58 60.65

Z 08



wL -- __

Of~ co) O q c
of U- C) N4 C1

C> LL-

-j LL- atII c

aJ-

>- IL o C) w 0 L

*-D I oCt c

L. cr N U

*- C) - N I

I-0

L1J >- - N N 0 N U) M
UijC~f cm V)-F N ID

(n LLJLIJ>-

~LLJ =

OF- LL L/) 0 0 0

LJ
-j

F-

209



APPENDIX K

This appendix contains a summary of the laser speckle inter-

ferometry data.
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TABLE K-2 VALUES OF B FOR ALL THE UNFLAWED SPECIMEN CONDITIONS

EXAMINED 0~2)

SPECIMEN WRAP ANGLE__.
ROTATION
ANGLE 00 150 200 30 450 60

00 .253 .297 .450 .371 .705 .710

10°  .165 .222 .355 .174 .837 .333

200 .165 .266 .357 .230 .866 .319

309 .208 .232 .307 .245 .888 .436

AVERAGES= .791 .452 .367 .255 .824 .449

TABLE K-3. AVERAGE ULTIMATE FAILURE LOADS OF SPECIMENS

AVERAGE FAILURE LOAD AVERAGE FAILURE LOAD
OF FLAWED SPECIMENS OF UNFLAWED SPECIMENS

WRAP L1  L2  L1
ANGLE (LBS) (LBS) L2

0 6178 9135 .676

IO 5051 5365 .941

200 4468 4661 .958

300 3356 3717 .902

450 1191 1585 .751

600 237 556 .426
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LIST OF SYMBOLS
Symbol Definition

A Cross-sectional area of tensile specimen

2d Fringe spacing

2dH Horizontal fringe spacing

2dv Vertical fringe spacing

Ejj Compressive stiffness

ET. Tensile stiffness1J

Gij Shear stiffness

D Analyzer screen coordinate

f Interferogram to analyzer screen spacing

L Specimen load

n Fringe Order

N Interferogram plate locations

NNumber of interferogram data samples

AP Net gage pressure change

r Interferogram plate location

S Film scale factor

Sij Ultimate shear strength

T Tensile Load

u Quadratic term of least squares curve fit

U0  Displacement in the 0 direction

UH Horizontal displacement

Uv Vertical displacement

V Linear term of least squares curve fit

w Constant term of least squares curve fit

x Interferogram coordinate
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SYMBOLS (Concluded)

Symbol Definition

x Compressive ultimate strength
1
XiT Tensile ultimate strength

Y Least squares curve fit for 6

6 Interferogram fringe order gradient

6 Least squares difference

E Absolute strain

6 Rotator angle

xWavelength of light from laser
c

V C Poisson's ratio in compression

V T Poisson's ratio in tension
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