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PROJECT SUMMARY
AIR FORCE SBIR- PHASE I FINAL REPORT
TOPIC Number AF01-240 Contract No.: F33615-01-M-3127
PROJECT TITLE: Development of Validated Crack Measurement System for Vibrating Structures

COMPANY: R-Tec
ADDRESS: 28441 Highridge Road. Suite 530
Rolling Hills Estates, California 90274

SUMMARY:

Maintaining the airworthiness of aircraft is of prime concern to manufacturers, operators and regulatory
authorities. In-service failure prevention is an integral part of an aircraft structural integrity program.
Thin-skinned aircraft structures in high-intensity acoustic environments are prone to develop cracks in the
skins. often at joints to substructure. Such cracks are referred to as acoustic fatigue cracks. It is desirable
to know the rate of acoustic fatigue crack growth until the crack reaches a critical length and poses a
realistic threat to aircraft safety. A knowledge of the crack growth rate and the critical length is useful
information in establishing inspection requirements for the cracks and determining whether or not an
aircraft can safelv make additional flights in a warfare emergency before a repair is performed. Although
generally acceptable methods exist for predicting the onset of fatigue cracks caused by acoustic loading,
there are no acceptable methods for predicting the growth of such cracks (and their critical lengths) which
may cause the catastrophic loss of the aircraft under certain flight conditions.

The Wright-Patterson Air Force Base has generated a comprehensive fatigue test database on aluminum
panels subjected to shaker excitation. A Visual Crack Measurement System (VCMS) was used to monitor
cracks in the tests. These data were provided by the Air Force to R-Tec for analysis verification. A
svstematic step-by-step approach was used to develop analvses and then verify with the test data.
Analyses were developed to obtain resonant frequencies of panels with and without cracks and subjected
to vibratory loads. These techniques were extended to panels with bonded composite patches. Techniques
were also developed to obtain dynamic stresses in panels tested under vibratory loads produced by shaker
excitation. Analvtically predicted resonant frequencies and stresses compared well with test results.

A careful review of crack growth data indicated that present stress intensity factors (SIFs) solutions in
AFGROW or other crack growth codes could not be used due to the absence of methodology accounting
for dvnamic stresses and frequency effects. The SIFs solutions in AFGROW were modified to account for
the dvnamic effects. Using the modified SIFs in AFGROW. crack growth predictions were made for the
Air Force provided data. A good correlation was obtained between analytical predictions and test data.

New functions to be performed by an integrated VCMS were established. The integrated VCMS
will perform crack measurement as well as structural integrity evaluation functions. In addition
to these functions, the system will design repair patches for dynamic loading. Requirements of
the integrated VCMS and modules have been established.
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SECTION 1

INTRODUCTION

1.1 General Background

Maintaining the airworthiness of aircraft is of prime concern to manufacturers. operators and regulatory
authorities. In-service failure prevention is an integral part of an aircraft structural integrity program. In
spite of conservatism in design and verification testing. in-service failures are known to occur in aircraft
structural components due to vibratory loads. In the context of present studies, a vibratorv load on an
aircraft structure or on a test specimen may be due to acoustic excitation. rotating equipment mounted on
a structure, shaker excitation, etc. Structural design and test engineers are constantly striving to develop
techniques to 1) measure damage growth due to vibratory loads. 2) predict the growth of damage in a
structure under vibratory loads. 3) predict subsequent life of structural components. and 4) prevent the
initiation and propagation of damage. Recent advances in crack growth measurement techniques (e.g..
References 1-3) such as Visual Crack Measurement System (VCMS) has provided opportunity to develop
a unified system for measuring crack growth in complex structures under harmonic and random vibratory
loads.

Analvtical prediction of crack initiation and growth due to vibratory loads has always been a problem due
to the complex nature of the loads and state of stress produced by the loads at the damage initiation sites.
Past emphasis has been primarily on tests. This is often time-consuming and expensive. Recent advances
in crack initiation and growth prediction methodology and software (e.g.. AFGROW, NASGROW
computer programs) have provided opportunities for analytical prediction of damage initiation and growth
under vibratory loads. While the analytical techniques incorporated in AFGROW or NASGROW may not
be directly applicable to life prediction under vibratory loads. they provide an excellent basis for
developing analvtical techniques for predicting damage initiation and growth under vibratory loads.

Recent advances in the concept of repairing cracked metallic structures with composites (References 4-
10) have provided new opportunities to apply this concept to: 1) Prevent acoustic fatigue failures from
initiating during the life of an aircraft. and 2) Retard the growth of the cracks that have already initiated.
Some of the recent studies have shown that bonding of a fiberglass reinforcement (Reference 4) can
enhance the fatigue life of metallic components subjected to vibratory loads. The enhancement in fatigue
life due to bonding of composite reinforcements could occur due to two reasons namely- 1) an increase in
stiffness and thereby decrease in stress response and increase in fatigue life. and 2) a retardation in crack
initiation and growth of cracks due to load transfer to composite patch at crack initiation sites.

Thus. there is a need to: 1) Evaluate the capability of current analytical techniques to reliably predict the
initiation and growth of cracks due to vibratory loads in structurcs with and without composite patches. 2)
Develop reliable experimental techniques to measure crack initiation and growth in structures due to
vibratory loads. 3) Develop a systematic approach that needs to be followed for analytical prediction of
damage initiation and growth due to vibratory loads. and 4) Develop and verify techniques to
prevent/retard initiation and growth of damage due to vibratory loads.

1.2 Program Objective

The overall objective of the proposed program is to develop analytical and test procedures for reliable
prediction of fatigue behavior of aircraft structures subjected to vibratory loads. The Phase I objectives of
the proposed program are to: 1) Develop an integrated Visual Crack Measurement System (VCMS) for
structures subjected to vibratory loads. 2) Evaluate the capabilities of present analyses and software to
predict crack initiation and growth in structures subjected to vibratory loads. and 3) Evaluate the




application of current bonded repair analytical techniques to predict crack growth in structures with
bonded repairs and subjected to vibratory loads.

1.3 Program Approach

Phase I program is to evaluate the capabilities of current experimental and analytical techniques to
reliably predict crack initiation and growth in structures subjected to acoustic and other vibratory loads.
Overall program approach is shown in Figure 1.1. Phase I effort consisted of the following five Tasks-
Task 1- Analvze Existing Test Data

Task 2- Perform Life Predictions of Available Test Data with AFGROW

Task 3- Develop Integrated Visual Crack Measurement System (VCMS)

Task 4- Suggest Modifications/Improvements to Analysis

Task 5- Prepare Final Report

A detailed literature search was conducted to find fatigue crack growth test data under vibratory and
acoustic loads. It was found that while significant data is available on fatigue life, very little information
is available on crack growth data. The only meaningful test data for correlation with crack growth
analysis was generated at AFRL, Wright Patterson Air Force Base (References 1-4). These data have
been generated on test specimens with and without composite patches under vibratory loads produced by
shaker excitation. Details of the test data were provided by the Air Force to R-Tec for evaluation. Phase I
effort was concentrated on developing dynamic stress and crack growth analyses for available test data
configurations. In addition, the requirements and various modules of VCMS were identified.

Task 1. Analyze Existing Test Data Task 4. Suggest Modifications/
. Review Current Test Data Improvements to Analysis
- Without Composite Repairs — . Crack Initiation Prediction
- With Composite Repairs . Crack Growth Prediction Model
. Perform Stress Analysis . Stress Intensity Factor Computation
i /ﬁ . Retardation Models
Task 2. Perform Life Predictions of
Available Test Data with AFGROW Task 3. Develop Integrated Visual
. Without Composite Repairs Crack Measurement System
- Inttiation Life (VCMS)
- Crack Growth Life . Digital Camera with Filter and LED
. With ComPOSite Repairs . Laptop COmputer
- Crack Growth Life . Transducers

v v v

Task 5. Prepare Final Report
. Draft Final Report
. Final Report

Figure 1.1 Overall Program Approach




SECTION 2
ANALYTICAL DEVELOPMENT AND CORRELATION WITH TEST DATA

Fatigue and crack growth behavior prediction of structures subjected to acoustic and vibratory loads
requires computation of stresses produced by the structural loading conditions. Static stress analysis does
not give correct information regarding the stresses that can be used in existing fatigue and crack growth
methodology. In addition, the high frequencies encountered in acoustic and vibratory loads affect the
fatigue life and crack growth. Thus. a first step in developing any life prediction methodology is to have
proper dvnamic stress analysis. Analyses to predict resonant frequencies and stresses in structures
subjected to vibratory loads are developed and correlated with available test data. The details of analyses
and correlation with tests are discussed in the following paragraphs.

2.1 Analytical Predictions of Resonant Frequencies

Analvtical techniques have been developed to predict resonant frequencies of panels with and without
bonded patches. tested at WPAFB under vibratory loads (References 1-4). Specimen configuration shown
in Figure 2.1a was tested under vibratory loads in a shaker at resonant frequencies. It was observed that
resonant frequencies decreased as cracks initiated and propagated (Figure 2.1b). After cracks were grown
to certain lengths. the test specimens were bonded with composite patches and testing continued. The
tests indicated that the resonant frequencies of test specimens increased after bonding patches. As testing
of bonded panels continued, resonant frequencies decreased with crack growth. Thus, it is necessary to
predict resonant frequencies of panels with and without cracks before and after patch bonding.

A
Cracks i vy

( @_, Bolt-Hole
Washer 2B
Hole Diameter dy

< 2L ; > Washer Diameter dw—>| «—

Rectangular Plate Free on All Four Edgesg Rectangular Plate Free on All Four Edges Z \

X

Plate Thickness h

Shaker — P Shaker —+—-

Figure 2.1a Test Specimen Geometry Figure 2.1b Crack Initiation Locations

1

2.1.1 Resonant Frequencies of Panels Without Bonded Patches
Analytical Prediction of Frequencies Before Crack Initiation

Analvtical prediction of resonant frequencies for the test specimen configuration shown in Figure 2.1a
was carried out for the case before cracks initiate in the specimens. The test data have shown that cracks
do not initiate at the holes but away from the holes close to the washer as shown in Figure 2.1b. The
vibratory motion of the plate and initiation of cracks indicates that the plate vibrates with fixity along y-
axis like a cantilever beam. For analysis. the vibratory motion of the plate may be considered as bending
of a cantilever beam. Bending vibrations of cantilever beams are discussed in Reference 11 based on
linear theory. The first mode resonance frequency is given by:




0o = (1.875)° (EVmL*)"* (D
Where.
@o = First mode resonant frequency (in radians per second)
E = Young's Modulus
I = Moment of inertia of the beam
L = Span of the beam
m = Mass per unit length
Equation 1 was used to obtain the fundamental mode frequencies for the specimens tested in References
1-4. The specimen dimensions given in the references were used in Equation 1 and are shown in Figure
2.2. The value of L in Equation 1 was taken as the distance between free edge and midway between hole-
edge and washer edge as the exact fixity location in the specimens is not known. Thus, in Figure 2.1b the
effective Lemecive for computing frequency is [L - (dy+d.)/4]. The values of first mode resonant frequency
f, computed from Equation 1 for various test specimens are shown in Figure 2.2 along with the effective
length used in the computations. The figure also shows test resonant frequencies. The figure shows
excellent agreement between test results and analytical predictions. The excellent agreement between
linear theorv and test resuits implies that linear theory is good for predicting resonance frequencies.

Specimen Width  Length Thickness Effective Predicted Test Percentage
Series (mm) (mm) (mm) Length(mm) Frequency(Hz) Frequency(Hz) Difference
(Average Based)
1 85 180 1 85.7 111.6 110-112 0.5
2 85 180 3.2 85.7 348.0 330-336 43
3 170 360 1 175.6 26.6 27-28 33
4 170 360 3.2 175.6 83.0 82-83 0.6
Figure 2.2 Predicted and Observed Resonant Frequencies Before Crack Initiation

Analytical Prediction of Frequencies After Crack Initiation

It was observed in Reference 1-4 tests that resonant frequencies dropped as the cracks propagated in the
test specimens. The results are not surprising as the stiffness of plate changes with crack growth. A
simplified analysis was developed to account for the changes in resonant frequencies due to the presence
of cracks. Consider the plate shown in Figure 2.3 with cracks and subjected to vibratory loads. The
effective width of the plate resisting bending at support locations about which bending occurs is taken as
the width of the plate minus crack length. It is assumed that the cracked portion of the plate is not
effective in resisting bending and the load of the plate is taken by the effective width. In test specimens,
the crack lengths will not be the same on both sides of the bolt-hole as shown in Figure 2.3. For the
purposes of analysis. average crack length (a;+a,) is assumed. Thus the effective width of the plate
resisting bending is-
2B - (a;*ay) 2

Equation 1 is used to compute resonant frequencies. However. in Equation 1 effective width of (2B - a, -
a-) is used for computing moment of inertia. In the equation. the mass m is taken for the entire width of
the plate. Equation 1 for a cracked plate reduces to

woc = (1.875)° {Eh*[2B - (a,+a2)]/(2ByL™)) '~ (3)
where.
©q. = Resonant frequency with crack _
¥ = mass per unit volume of plate material
2B =Plate width
h = Plate thickness
L= Effective span of the beam
The ratio between frequencies for cracked plate and uncracked plate is given by-




@0/ @0 = [(2B - a; - a2)/2B]'"" (4)
B fa: + B -a
¥
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Lo

» e

Shaker
S

Figure 2. 3 Bending of Plate With Cracks

Equation 3 was used to compute resonant frequencies for various specimens tested at WPAFB
(References 1-4). The resonant frequencies changed as cracks initiated and propagated. Predicted and
observed frequencies for 85x180 x1 mm specimens without bonded repairs are shown in Figures 2.4. The
figure shows a good agreement (within 6%) between predictions and test frequencies up to 40-mm crack
lengths. For larger crack lengths the agreement is not good because the net section resisting bending in the
85-mm wide plate is small and the load in the cracked region causes transverse bending. The transverse
bending will not result in pure one-degree-of-freedom vibrations.

Specimen Test Frequency Crack 1 Crack 2 Average Crack Predicted Test Frequency Percentage

ID No Crack (mm) (mm) Length(mm) Frequency With Crack  Difference

TSP1 (1 mm Thickness)

01 111 249 258 25.35 93.5 96 -2.6

1A 110 26.6 214 24.00 945 98 -3.6

1B 110 65.6 64.7 65.15 54.0 64 -15.6

1C 110 273 23.6 2545 933 98 -4.8

1D 108 31.2 303 30.75 89.1 93 -4.2

1D 108 359 355 35.70 85.0 90 -55

1D 108 418 392 40.50 80.7 85 -5.0

1D . 108 56.7 55.8 56.25 64.9 72 -9.8

1D 108 61.0 63.0 62.0 38.0 65 -10.7

1D 108 63.6 70.6 67.1 512 60 -14.6

1D 108 66.9 74.2 70.55 46.0 56 -17.8

1E 111 249 247 248 93.9 99 -5.2

1E 111 26.3 26.5 26.4 92.6 97 4.5
Figure 2.4 Predicted and Observed Resonant Frequencies at Various Crack Lengths in

85x180x1 mm Specimens Without Bonded Patches




Predicted and observed frequencies for 85x180 mm specimens having 3.2-mm thickness without' bonded
repairs are shown in Figures 2.5. The predicted frequencies are within 10% of test frequencies. The
percentage differences between predicted and test frequencies increase as crack length increases.

Specimen Test Frequency Crack ! Crack 2 Average Crack Predicted Test Frequency Percentage
ID No Crack (mm) (mm) Length(mm) Frequency With Crack Difference
TSP2 (3 mm Thickness)
20 333 14.7 8.0 11.35 324 319 +1.5
20 333 19.7 8.7 14.20 318 314 +1.2
20 333 26.8 12.3 19.55 305 310 -1.6
2A 330 17.0 10.4 13.70 319 310 +2.9
2A 330 19.2 10.4 14.8 316 307 +3.0
2A 330 22.0 10.4 16.2 313 302 +3.6
2A 330 26.1 10.4 18.25 308 291 +5.8
2B 334 14.9 9.1 12.0 322 322 0
2B 334 15.8 9.1 12.45 321 319 +0.6
2B 334 242 9.1 16.65 312 316 -1.3
2B 334 26.6 9.1 17.85 309 312 -1.0
2B 334 32.0 12.3 22.15 299 306 =23
2B 334 35.3 12.8 24.05 295 298 -1.0
2B 334 383 12.8 25.55 291 294 -1.0
2B 334 46.1 13.0 31.38 276 288 -4.2
2C 336 12.5 12.7 12.60 321 324 -0.9
2C 336 12.5 14.2 13.35 320 320 0
2C 336 13.8 27.0 20.40 304 316 -3.8
2C 336 14.0 303 22.15 299 312 -4.2
2C 336 15.0 37.2 26.10 290 305 -4.9
2C 336 18.3 52.0 35.15 267 289 -7.6
2C 336 20.9 58.1 39.50 255 278 -8.3
2C 336 222 69.7 4595 236 257 -8.2
2D 336 11.8 14.2 13.0 320 317 +0.9
2D 336 14.2 255 19.85 305 312 -2.2
2D 336 15.9 30.3 23.10 297 306 -29
2D - 336 22.8 37.1 29.95 280 301 -6.9
2D 336 264 39.7 33.03 272 296 - -8.1
2D 336 27.7 429 353 266 290 -8.3
2D 336 277 442 3595 264 282 -6.4
2D 336 277 594 43.55 243 270 -10.0
2D 336 279 63.5 45.70 237 254 -6.7
Figure 2.5 Predicted and Observed Resonant Frequencies at Various Crack Lengths in
85x180x3.2 mm Specimens Without Bonded Patches

Predicted and observed frequencies for 170x360 mm specimens having | and 3.2-mm thickness without
bonded repairs are shown in Figures 2.6. The agreement between predictions and observed frequencies is
within 10 percent except for specimen 3D in which the difference is over 10 percent for four crack
lengths. For 3.2-mm thick specimens. the agreement between predictions and test results is within 10
percent even for large crack lengths (average crack length of 113.85 mm (4.5inch)).




Specimen Test Frequency Crack | Crack 2 Average Crack Predicted Test Frequency Percentage

ID No Crack (mm) (mm) Length(mm) Frequency With Crack Difference
TSP3 (1 mm thickness) :

30 28 2934 2654 27.94 243 26 -6.3
30 28 42.07 3538 38.712 233 26 . -10.0
3A 28 19.20 18.56 18.88 25 27 -73
3A 28 33.06 28.58 30.82 24 26 -1.5
3B 28 38.0 50.9 44 .45 22.8 24 -4.9
3B 28 41.0 109.9 75.45 19.8 22 99
3C 27 16.7 21.0 18.85 25.0 26 3.7
3C 27 328 29.5 31.15 24.0 26 1.7
3D 27 35.1 42.6 38.85 233 26 -10.2
3D 27 455 55.4 5045 223 25 -10.9
3D 27 60.9 67.8 64 .35 209 24 -12.7
3D 27 75.2 76.8 76.00 19.8 22 -10.2
3D 27 79.5 875 83.50 18.9 20 -53
3D 27 82.5 106.9 94.70 17.7 18 -1.8
TSP4 (3.2 mm thickness)

40 82 23.0 142 18.60 78.3 81 3.3
40 82 40.5 16.8 28.65 75.7 79 -4.2
4A 82 16.6 35.1 2585 76.4 80 -4.5
4A 82 236 ) 33.55 74.4 78 -4.4
4A 82 243 46.1 35.20 73.9 76 -2.8
4B 82 00 36.8 18.40 78.4 80 2.0
4B 82 0.0 441 22.05 77.4 79 2.0
4C 82 299 10.8 20.35 77.9 80 2.7
4C 82 40.7 114 26.05 76.4 78 -2.1
4C 82 42.6 13.3 2795 75.9 77 -1.5
4C 82 445 13.3 28.90 75.6 76 -0.5
4D 82 311 11.6 21.35 77.6 80 -2.9
4D ' 82 524 14.7 33.55 74.4 78 4.7
4D 82 73.4 28.3 50.85 69.5 74 6]
4D 82 92.1 47.7 69.90 63.7 68 -6.3
4D 82 97.3 548 76.15 61.7 66 -6.5
4D 82 104.8 68.2 86.50 58.2 62 -6.2
4D 82 109.2 705 89.85 57.0 62 -8.1
4D 82 115.2 80.9 98.05 54.0 58 -6.9
4D 82 1234 - 86.9 10515 513 56 -8.4
4D 82 129.7 90.6 110.15 492 54 9.7
4D 82 134.0 91.5 112.75 48.2 52 -7.4
4D 82 135.1 92.6 113.85 47.7 52 -8.3

Figure 2.6 Predicted and Observed Resonant Frequencies at Various Crack Lengths in 170x360
mm Specimens (1 mm and 3.2 mm Thickness) Without Bonded Patches




Above results indicate that the simplified method proposed here gives good agreement with test results
excepting for cases where crack lengths are large as compared to test specimen widths. This is perhaps
due to the transverse local bending which results in significant displacement in transverse direction. Also.
the assumption of effective panel width equal to actual panel width minus crack length may need
modification for large crack lengths.

2.1.2 Resonant Frequencies of Panels With Bonded Patches

Analvtical techniques were developed to predict resonant frequencies of panels with bonded patches.
Ravleigh's method (Reference 11) was used to develop equations for resonant frequencies of bonded
panels shown in Figure 2.7a. One-dimensional analysis was considered and the panel of Figure 2.7a was
represented by a beam shown in Figure 2.7b. In the generalized formulation, developed here, the width
and length of patch need not be the same as those of the panel.

%pair Patch etal Panel Fixed End
Moment of Inertia I,
™ \5 Moment of Inertia I

" i / .
2B| ZB /: L] _’{
—
Figure 2.7b. Equivalent Beam for Analysis

Repair Patch Thickness h Panel Thickness h
/] A Rep l | i

/1

4= Fixed End
Figure 2.7a. Panel with Bonded Composite Patch

The resonant frequency is given by (Reference 11)-

L L
o= { T ET 1 (orde ) 7 { ] m(9 059 d) )
0 0

where.
©, = Resonant Frequency
E = Young's Modulus
1(x) = Moment of Inertia
m(x) = Mass per unit length of the beam
¢(x) = Function representing deflection curve of the beam
¢1,"(x) = Second derivative of the deflection curve

The function ¢,(x) i.e. deflection curve is determined from the strength of materials type beam bending
analysis. The deflection curve is give by-

d*v/dx® = MEY[EIX)] = ¢ (x) (6)
where.

v(x) = ¢.(x) = the deflection at distance x from the fixed end of the beam
M(x) = Bending moment at distance x from fixed end of the beam
I(x) = Moment of Inertia

10




In the present analysis. modulus E 1s assumed to be constant throughout the length of the beam. Although
in most general case E can be function of distance X. The beam of Figure 2.7b is subjected to the loading
due to the self weight of the panel and bonded patch as shown in Figure 2.8a. The deflection at any point
C on the beam distance x from fixed end A is give by the moment of M/EI diagram between points A and
C about C. The bending moment diagram for the beam is shown in Figure 2.8b and M/EI diagram s
shown in Figure 2.8c.

Weight wi+w- per unit length. Moment of inertia I
L, 3 Weight w, per unit length. Moment of Inertia I,

<+
A S m— a}?

<

S - >
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Figure 2.8. Procedure for Computing Beam Deflections

The deflection at a point C distance x from the fixed end 1s given by
Forx <L,

v = {wa[(Li-x)* + 4L’ x - L,*] / 24EL} + fwi[(L-x)* + 4L" x - L*)/24EL} (7)
Forx>1L,

v = {w: L (dx - L)] / 24EL} + {w,[(L - L)’GL, + L - 4x)+Li(4x - L)) / 24EL}

+{wi[(L - x)* + (L-L,Y(dx - L - 3L,)] / 24EL} (8)
The expressions for bending moment M(x) are given by-
Forx <L,
M(x) = - wi(L=x)"/2-w:(Li-x)7/2 %)

Forx>1L,




M(x)=-w, (L-x)*/2 (10)
Substituting Equations 7-10 in Equation 5 and integrating, expression for resonant frequency is obtained.
The integration becomes rather cumbersome and to simplify the algebra involved. the effect of weight w.
of the patch on bending moment is neglected. As the total weight of patch is small as compared to the
total weight of the panel and the fact that the weight is located near the support it’s effect on bending
moment, hence. resonant frequency will be small. This assumption simplifies algebra significantly. A
FORTRAN computer program is written to obtain resonant frequencies. The computer program has
following inputs-

1) Panel- width. length. thickness. modulus. density.

2) Repair Patch- width. length, thickness, modulus, density.

It mav be noted that the panels bonded with composite patches have cracks present and to account for the
presence of cracks in panels. moment of inertia of uncracked panel section is used in computations. The
computer program was used to obtain resonant frequencies for various patched panels tested in
References 3-4. A patch thickness of 0.09-inch and patch modulus of 7x10° psi were used in computing
the resonant frequencies. A comparison of predicted and observed resonant frequencies is shown in
Figure 2.9. As shown in the figure, agreement between test results and analytical predictions is good
except for one thick small panel. It may be noted that each panel has two cracks and average crack length

is used to predict resonant frequencies.

Specimen Width Length Thickness Crack Lengths Predicted Test Percentage
Series (mm) (mm) (mm) Lengths(mm) Frequencv(Hz) Frequency(Hz) Difference
(Average Based)

! 85 180 1 249,258 155.5 166 +6.7

] 85 180 1 273,214 156.7 158 +0.8

1 85 180 1 27.3.23.6 155.3 158 +1.7

2 85 180 32 26.1.104 443.0 385 -13.0

2 85 180 32 268123 439.8 396 -9.9

2 85 180 32 46.1.13.0 410.3 402 -2.0

3 170 360 1 42.07.35.38 29.4 32 +8.8

3 170 360 1 28.58. 33.06 303 32 +5.6

3 170 360 1 32.8.295 30.2 31 +2.6

4 170 360 32 405.168 87.9 86 -2.2

4 170 360 32 243.46.1 86.1 88 +2.3

4 170 360 32 0.44.1 89.7 87 -3.0

Figure 2.9 Predicted and Observed Resonance Frequencies In
Panels With Bonded Composite Patches

2.2 Dynamic Stress Analysis of Vibrating Panels and Verification With Test Data

Dyvnamic stress analysis was developed for the panels tested by WPAFB under vibratory loads with base
excitation. The analvsis was used to predict strains in the panels and compare with test results.

2.2.1 Dynamic Stress Analysis

The panel geometry shown in Figure 2.1a was considered. Duc to symmetry of the panel and deflection
curve. only one half of the panel is considered. Thus. the solution to problem reduces to that of vibrating
panel shown in Figure 2.10. The base is excited and vibrates with displacement given bv: z =z, e
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Figure 2.10 Vibrating Panel with Support Excitation

v * Mass m per unit length. Mo:c/n\ of Inertia I

The differential Equation of the vibrating panel is given by:

D &'w/éx* = q = -(ybh/g) &w/ér’

Where.

w = Deflection of the panel in z direction

h = Panel thickness

b = Panel width

v =Weight density of panel material

g = Acceleration due to gravity

D = Flexural Rigidity of the Panel = bh*/[12(1-v")]

The deflection of the panel as a function of time may be written as
w(x.t) = ¢(Bx) n(t)

For a clamped panel with vibrating fixed end. the displacement w 1S given by
w = z(t) + @(Bx) n(t)

Substituting Equation (13) in Equation (11). gives

DB @(Bx) n(t) = ~(ybh/g) z(t) - (ybh/g) n(t)

Multiplving both sides by ¢(Bx) and integrating from O to L.

L L L

| DB* ¢3(Bx) n(t) + (bhvg) | @*(Bx) n(t) = (ybhvg) | @(Bx) z(1)
0 0 0

Note the following integrals for the case of a cantilever of span L (Reference 12)
L L

J.QP:(BX) dx = L. J @(Bx) dx = 2a / B.
0 0

For fundamental mode 1. o = 0.734. p = 1.875

Note that

Z=Zy eIQ.t . '7: =-2Zy Q:C‘Q( .

Using integrals given by Equation (16)in Equation (15).
DB L n(t) + (ybh/g) L'n(t) = (ybh/g) Qa/B) z, O &
Define. DB'L =K

(ybh/g) L=M

Equation (17) reduces to:

K n(t) + M%(t) = (ybh/g) (20/B) z0 2 ™

() + (KM) n(t) = [ybh/(gM)] 2o/B) 2 o e

Define K/M = -~ . Equation (19) reduces to:

=
98}

(I

(12)
(13)

(14)

(15)

(16)

(17)

(13)
(19)




) + 0 n(o) = [ybh/(eM)] 2o/B) zo Q€ (20)
If damping of the panel is considered. Equation (20) becomes

() + 2LeR(t) +o° n(t) = [Ybh/(gM)] 2a/B) 20 @ D
Where.

£ = Damping ratio = ¢/ [2 (KM)'"3
¢ = Viscous damping coefficient

The solution to Equation (21) is given by:

n® = {[ybh/(eM)] Qa/B) 20 @ ™ } / {[(0” - Q) +4 & Q') 2)
n®) = {[ybh/(eK)] (KM)Qa/B) zo ' €™ } / {[(0* - Q) +4 T Q71" (23)
n@) = {[ybh/(gK)] Qa/B) zo Q' ™ } / {[1 - (Vo) I+ 4 & (Vo)’}** (24)

The displacement w of the panel is given by Equation (12). Maximum deflection occurs at free end at x =
L. For a cantilever panel at x = L, ¢(BL) = 2. and deflection is given by:
w(L.t) =2 n(b) (25)

Strain in the panel is given by €, =z (d*w/dx") and maximum strain occurs at z = +h/2.
Under harmonic excitation at fundamental vibrating frequency © = Q. the maximum strain is:
e = (WAQ)[ybh/(gK)] Qa/B) za 7 € (dd/dx7) (26)

At x = 0 (fixed end of the panel). (d*¢/dx?) = 2B* (Reference 12)

Equation (26) reduces to:

e = [ybha/(gDP’LE)] z0 O (27
Note- z, Q° ¢ = z(t) = Input acceleration to the vibrating panel

2.2.2 Comparison Between Predictions and Test Data

Test data provided by WPAFB (References 1-4) was used to verify dynamic analysis discussed above. In
the tests conducted at WPAFB. test panels with various dimensions were vibrated by a shaker. Tip
displacements were measured for various specimens. Using these tip displacements. and simple beam
theory maximum strains were obtained for various test spccimens. These tip displacements were provided
bv Mr. David Banaszak of WPAFB and are shown in Figure 2.11 along with dimensions of the test
specimens. The figure also shows the input g loading for each specimen.

Test Series Number of Specimen Size  Specimen Thickness Inputg Tip Displacement

Specimens  inch (mm) inch (mm) Loading inch(mm)
1 3 7.1x3.3(180x85)  0.04(1mm) 6 0.5(12.7)
2 3 7.1x3.3(180x85) 0.125(3mm) 6 0.175(4.45)
3 3 14.2x6.7(360x170) 0.04(1mm) 3 2.00(50.8)
4 3 14.2x6.7(360x170) 0.125(3mm) 3 0.675(17.15)

Figure 2.11 Details of Specimen Configurations Tested by WPAFB

The displacement for each of specimen series were used in Equation (25) to compute damping ratio C and
viscous damping coefficient ¢ for each of the specimen scries. Thesc values are shown in Figure 2.12. -
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These values of damping coefficient factor were used in strain Equation (27) to obtain maximum strains
in the beam. The values of zo Q° ¢ = z(t) are the input ¢ values given in Figure 2.11. The predicted
strain values are shown in Figure 2.12. The figure also shows the strain values obtained by the Air Force
using simple beam theory and experimentally obtained deflections. Predicted strains obtained by dynamic
analysis agree well with those obtained by the Air Force from tip deflections.

Specimen Resonance Inputg Damping Damping Strains(pin/in)  Difference

Size (in) Frequency Loading Ratio(C) Coefficient (c) Predicted  Test %

7.1x3.3x0.04 112 6 0.0093 0.00024 3.088 3.187 +3.1

7.1x3.3x0.125 348 6 0.0028 0.000707 3.377 3.346 -0.9

14.2x6.7x0.04 27 3 0.0205 0.00026 2.94] 3.187 +7.7

14.2x6.7x0.125 83 3 0.0056 0.000707 3.101 3.226 +3.8
Figure 2.12 Comparison of Predicted and Test Strains

2.2.3 Comparison Between Dynamic and Static Deflection Curves

Static analysis of the vibrating panel shown in Figure 2.11 was carried out and deflection curve obtained
assuming uniform load on the panel. A comparison of deflections obtained from dynamic analvsis
(Equation 12) and static analysis. using uniform loading corresponding to maximum experimental tip
deflections. is shown in Figure 2.13. The figure shows a very good agreement. This good correlation
between deflection curves is the reason for good correlation between strains shown in Figure 2.12.
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+- @ - Dyvnamic Analvsis Deficchon ‘
-0.8 : \\
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| \
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Figure 2.13 Comparison of Static and Dynamic Deflection Curves

Normalized Deflection (5/5tip )

2.3 Damping Ratio { Computations from Magnification Factor
Reference 13 has shown that the relationship between damping ratio £ and dyvnamic magnification factor

Q as:
Q=1/72¢ (28)
Or C=1/2Q 29)

(92}




A typical frequency response curve for a single degree of freedom system with viscous damping is shown
in Figure 2.14. The displacement increases sharply and reaches maximum value when resonance occurs.
The maximum displacement is Q times static displacement w;, where Q is known as the dynamic
magnification factor. The value of Q is given by Equation 28.

W,

L2
x

Figure 2.14 Frequency Response Curve for a Single Degree of
Freedom System with Viscous Damping

Test data provided by WPAFB on specimen configuration of Figure 2.1 was used to verify the validity of
Equation 29. The maximum tip deflections at resonance frequencies were measured in the specimens and
are shown in Figure 2.11. The maximum tip deflection for a cantilever with uniform load is given by:

w, = w L*/(8El) 30)
where.

w; = maximum tip deflection

w = Uniformly distribute load per unit length of the beam

L = Span of the beam

E = Young's Modulus

[ = Moment of inertia

For the panels tested in References 1-4.

1=bh*/[12(1-v)]

w = pbhg/g)

where.

p = Mass density of the beam matenal

g = Acceleration due to gravity

g, = Maximum input excitation acceleration in the vibrating panel

Equation (30) was used to compute static deflection for cach of the four panel configurations shown in
Figure 2.11. Using the computed static deflections and the dynamic test deflections data provided by the
Air Force. the values of magnification factor Q were computed. These values of Q were used in Equation
29 to compute damping ratios £ and are shown in Figure 2.15. The figure also shows the values of
damping ratio { computed from dynamic analysis discusscd carlier (Figure 2.12). The agreement between
the values. obtained by two methods. 1s very good.

Test Specimen Resonance Input Static Tip Dynamic Tip Q Damping Damping Ratio

Series Size (in)  Frequency rmsg Deflection Deflection Ratio(§) ({(Figure 2.12)
I 7.1x3.3x0.04 112 6 . 0.0094 0.5 53.19 0.0094 0.0093

2 7.x33x0.125 348 6 0.00096 0.175 182.29 0.0027 0.0028

3 14.2x6.7x0.04 27 3 0.0826 2.0 2421 0.0206 0.0205

4 14.2x6.7x0.125 83 3 0.00829 0.675 8§1.42 0.0061 0.0056

Figure 2.15 Comparison of Damping Ratios
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SECTION 3
CRACK GROWTH UNDER VIBRATORY LOADS

3.1 Review of Fatigue Crack Growth Test Data

Raw data generated by Mr. David Banaszak at Wright Pattcrson Air Force Base (References 1-4) was
provided to R-Tec by the Air Force. Fatigue crack growth test data on specimens with and without
bonded patches. provided to R-Tec. were reviewed to get a better understanding of the influence of
various parameters such as panel length and thickness on crack growth. The test data provided by the Air
force are on four series of specimens with dimensions and load levels shown in Figure 2.11. All the
testing was done with sinusoidal excitation under constant amplitude loading. These data are discussed in

the following subsections.
3.1.1 Fatigue Crack Growth Behavior Including Crack Initiation

The fatigue crack growth of Test Series 1 specimens is shown in Figure 3.1. The number of fatigue cveles
shown in the figure includes initiation cycles. The test data shows a large scatter in number of cycles to
first crack detection. The numbers of cvcles vary form 40.000 to 120.000 at the first observed crack
length of about 0.4-inch (10-mm). This scatter in data is not unusual when crack initiation is included in

crack growth life.
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Figure 3.1 Crack Growth in Test 1 Specimens (Initiation Included)

The fatigue behavior of Test Series 2 specimens is shown in Figure 3.2. The test data from this series of
specimens show less scatter. Numbers of cycles to first crack detection are not much different for 3
specimens. An interesting thing to notc is that growth of one crack in cach specimen increases with
number of cvcles. however. the second crack in each specimen is retarded and shows very little growth.
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Figure 3.2 Crack Growth in Test Series 2 Specimens (Initiation Included)

The fatigue behavior of Series 3 specimens is shown in Figure 3.3. The test data show much less scatter.
Number of cycles to first crack detection is not much different for 3 specimens. An interesting thing to
note is that the fatigue cvcles to 0.4-inch (10-mm) crack in Series 1 specimen are much more as compared
to those for Series 3 specimens. even though both the specimen series have same thickness and same
maximum strain at the root (crack initiation site) as indicated in Figure 2.12. The maximum strain in both
the specimens. corresponding to maximum tip deflection for each specimen. is 3,187 micro inch/inch. The
difference in crack growth life is attributed to dvnamic effects. The test resonant frequencies for series 1
specimens are between 110 to 112 Hz and for Series 3 specimens between 27 to 28. Thus. the resonant
frequencies for Series | specimens are 4 four times those for Series 3 specimens. These results indicate
that effect of dvnamic loading frequencies has to be considered in any prediction methodology.
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Figure 3.3 Crack Growth in Test Series 3 Specimens (Initiation Included)
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The fatigue behavior of Series 4 specimens is shown in Figure 3.4. The test data show a large scatter. A
comparison of Series 2 (Figure 3.2) and Series 4 (Figurc 3.4) test data shows that cvcles to 0.4-inch (10-
mm) crack for Series 4 specimens are less as compared to thosc for Series 2 specimens. even though both
the specimen series have same thickness and about the same maximum strain at the root (crack initiation
site) as shown in Figure 2.12. The maximum strain in Serics 2 specimens is 3.346 micro inch/inch and in
Series 4 specimens 3.226 micro inch/inch. The test resonant frequencies for Series 2 specimens are
between 330 to 336 Hz and for Series 4 specimens between 82 to 83.
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Figure 3.4 Crack Growth in Test Series 4 Specimens (Initiation Included)
3.1.2 Fatigue Crack Growth Behavior After First Crack Detection

In view of significant scatter in observed fatigue test data that included crack initiation. the test data
provided by WPAFB were analyzed to investigate only crack growth behavior under vibratory loading.
For each specimen of data series shown in Figure 3.1. the crack growth was plotted as a function of
number of cycles after the first crack was detected in each specimen. Thus. for each specimen the time at
which first crack was observed was considered as starting point with zero cyvcles and cycles were counted
from this point onwards for comparing crack growth behavior.

The crack growth behavior of Series | specimens after first crack was detected is shown in Figure 3.5. As
seen in the figure. the crack growth data show less scatter as compared to when initiation life was
included (Figure 3.1). The crack growth rate increases uniformly as crack length increases, however, after
about 15.000 cvcles. rate of increase in crack growth rate slows down. The slowing down in crack growth
rate is attributed to interaction between parallel cracks. As shown in Figure 2.3 two cracks initiate in each
specimen. on either side of specimen centerline. The parallel cracks shicld cach other and reduce stress
intensity factors. hence. crack growth rate.

The crack growth data for Test Series 2-4 specimens arc shown in Figures. 3.6-3.8. The crack growth data

for specimen Series 2 in Figure 3.6 show a large difference in crack growth rates for crack 1 and crack 2
in each specimen. One crack in each of Series 2 specimens is retarded and grows at very slow rate.
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Figure 3.5 Crack Growth in Test Series 1 Specimens (After First Crack Detection)
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Figure 3.6 Crack Growth in Test Series 2 Specimens (After First Crack Detection)

Test Series 3 specimens in Figure 3.7 show less scatter in crack growth data. The crack growth rate
increases uniformly up to about 6.000 cycles and then slows down as for test Series | specimens. The
crack growth data for Series 4 specimens in Figure 3.8 show large scatter. Figures 3.5-3.8 test data show
that 0.04-inch (1-mm) thick specimens show less scatter in crack growth data compared to 0.125-inch
(3.2-mm) thick specimens.
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Figure 3.7 Crack Growth in Test Series 3 Specimens (After First Crack Detection)
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Figure 3.8 Crack Growth in Test Series 4 Specimens (After First Crack Detection)

The WPAFB test specimens were examined to understand the reason for large scatter in thick test
specimens. It was found that in the thick specimen cracks on two surfaces of the specimens did not
initiate in the same through-the thickness plane under vibratory loads. The test specimens were subjected
to fullv reversed bending loads (R= —1. where R is ratio of minimum to maximum stress in fatigue). In
the thick specimens. cracks initiate as surface cracks in different plancs on two surfaces. Some thick test
specimens showed three cracks. two on onc side of specimen centerline and one on the other side.




3.1.3 Comparison of Fatigue Crack Growth Behavior in Test Specimens

A comparison of crack growth behavior in Test Series 1 and 2 is shown in Figure 3.9. The specimens in
the tests are made from same material and have the same size (Length and Width). However, the
thickness of Test Series 2 specimens is three times that of Test Series 1. The maximum strains in both the
specimen series are almost the same. Hence. crack growth behavior is expected to be similar. However,
Figure 3.9 indicates the crack growth in Test Series | to be faster compared to Test Series 2. The resonant
frequency of Test Series 2 specimens (330-336 Hz) is 3 times that for Test Series 1 specimens (110-112
Hz). It is shown in Reference 14 that higher frequency causes reduction in stress intensity factors. hence,
slower crack growth. Also. cracks do not initiate in the same plane in thicker specimens under fully
reversed bending. Hence. instead of one crack on each side of specimen centerline there may be two
parallel cracks that try to shield each other. This will reduce stress intensity factors and crack growth rate.
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Figure 3.9 Comparison of Crack Growth in Test Series 1 and 2 Specimens (After First Crack
Detection)

A comparison of crack growth in Test Series 1 and 3 is shown in Figure 3.10. Test specimen Series 1 and
3 are of same material and thickness with almost same maximum strains as indicated in Figure 2.12.
However. size of specimens (length and width) in Test Series 3 is twice that in Test Series 1. In view of
similar strains in two specimen series. crack growth behavior is expected to be same. However, Figure
3.10 indicates the crack growth in Test Series 3 to be much faster as compared to Test Series 1. This is
attributed to different test frequencies (resonant frequencies) of the test scries. The resonant frequency of
specimens in Test Series 1 (110-112Hz) is 4 times that for Test Series 3 (27-28 Hz).

A comparison of crack growth behavior in Test Series 2 and 4 is shown in Figure 3.11. The specimens in
these test series are made from same material and have same thickness. However, size of specimens
(Length and Width) in Test Series 4 is twice that of Test Series 2. The maximum strain in both the
specimen series is almost the same. Hence. crack growth behavior is expected to be similar. However,
Figure 3.10 indicates the crack growth in Test Series 4 to be much faster as compared to Test Series 2.
The test frequencies (resonant frequencies) of two specimen series are different. The resonant frequency
of Test Series 2 specimens (330-336 Hz) is 4 times that for Test Series 4 specimens (82-83 Hz). It is
shown in Reference 14 that higher frequency causes reduction in SIFs. hence. slower crack growth.
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Figure 3.10 Comparison of Crack Growth in Test Series 1 and 3 Specimens (After First Crack

Detection)
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Figure 3.11 Comparison of Crack Growth in Test Series 2 and 4 Specimens (After First Crack
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A comparison of crack growth behavior in Test Series 3 and 4 is shown in Figure 3.12. The specimens in
these test series are made from same material and have the same size (Length and Width). However, the
thickness of Test Series 4 is three times that of Test Series 3 specimens. The maximum strains in both the
specimen series are almost the same. Hence, crack growth behavior is expected to be similar. However.
Figure 3.12 indicates the crack growth in Test Series 3 to be much faster as compared to Test Series 4.
The test frequencies (resonant frequencies) of two specimen series are different. The resonant frequency
of Test Series 4 specimens (82-83 Hz) is 3 times that of Test Series 3 specimens (27-28 Hz). It is pointed
out in Reference 14 that higher frequency causes reduction in stress intensity factors, hence, slower crack
growth. Also, in thicker specimens under fully reversed bending the cracks may not initiate in the same
through-the-thickness plane. Hence. instead of one crack there may be two parallel cracks on each side of
specimen centerline shielding each other. This will significantly reduce crack growth rate.
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Figure 3.12 Comparison of Crack Growth in Test Series 3 and 4 Specimens (After First Crack
Detection)
3.2 Crack Growth Prediction

The review of crack growth data. discussed in Subsection 3.1. indicates that a number of factors need to
be considered in making crack growth predictions. The strains and corresponding stresses produced due
to vibratory loading (Figure 2.13) are an order of magnitude higher than one would expect from static
analysis. Also. the bending moment in the panel varies from zero at free end to maximum value at the
support as shown in Figure 2.8b. Current solutions for stress intensity factors. available in literature, are
for the case of a constant moment applied to a panel. The use of such a solution to variable applied
moment shall be an approximation. Based on literature review of available analyses and test data, the
following factors need to be considered for crack growth predictions under acoustic and vibratory loads-
1) Dynamic stresses

2) Influence of vibratorv loads on stress intensity factors

3) Interaction between cracks

4) Stress intensity factors due to bending loads
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5) Effect of support conditions

6) Influence of dvnamic loads on crack initiation

7) Crack initiation under bending loads

8) Influence of dvnamic loads on fracture toughness

Analyvtical crack growth predictions were made for Test Series 1. 3 and 4. Test Series 2 data could not be

analvzed as test data indicated cracks to grow in different through-the-thickness planes on each side of the

thick (0.125-inch (3.2-mm)) test specimens. Test Series 4 specimens are also 0.125-inch (3.2-mm) thick

specimens. however. one of the specimens showed only one crack growing. hence. data from this

specimen was considered valid. AFGROW computer program was used to predict crack growth in test

specimens before bonding of repair patches and after bonding of repair patches. In making crack growth

predictions with AFGROW, the following analysis cases were considered.

1) Use AFGROW computer code with present analytical capabilities.

2) Modifiy AFGROW stress intensity factors (SIFs) to account for the dvnamic effects on SIFs. The
dynamic effects on SIFs were considered based on the analysis reported in Reference 14.

3) Account for the effect of parallel cracks in the test spccimens based on analysis of Reference 15. The
test data have shown two cracks to grow one on each side of the central load application point (Figure
2.3). Parallel cracks tend to shield each other and there by reduce SIFs.

3.2.1 Crack Growth Prediction in Panels Without Composite Patch

Comparison of observed and AFGROW predicted crack growth in Test Series 1 specimens is shown in
Figure 3.13. The AFGROW predictions are shown for the three analytical cases discussed above. The
AFGROW predictions accounting for the dynamic and parallel crack effects agree well with test data
initially up to 20-mm crack length. For larger crack lengths. observed crack growth is significantly
slower. This is due to the fact that the bending SIF in AFGROW are for the case of plate with a constant
far field applied moment. The present case of vibrating plate under consideration is subjected to zero
moment at free end and maximum at the fixed end where cracks initiate. The SIF from AFGROW library
will give higher value than for actual loading case. The crror is likely to be higher for short span panels.
The AFGROW analvsis needs to be modified for the present bending case.
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Figure 3.13 Observed and Predicted Crack Growth in Test Series 1 (185x85 mm) 1-mm Thick
Specimens (After First Crack Detection)
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A comparison of observed and AFGROW predicted crack growth in Test Series 3 specimens is shown in
Figure 3.14. The AFGROW predictions are shown for the three analytical cases discussed above. The
AFGROW predictions accounting for the dynamic effects agree well with test data initially up to about
30-mm crack length. However, for larger crack lengths observed crack growth is significantly slower. The
modified AFGROW predictions accounting for dynamic and parallel crack effects agree well with test
data. However, the slowing of crack growth exhibited by the test data is not predicted by analysis. This
may be due to the fact that the bending stress intensity factors in AFGROW are for case of plate with
constant far field applied moment. In the present case. the vibrating type plate under consideration 1s
subjected to zero moment at free end and maximum moment at fixed end where cracks initiate.
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Figure 3.14 Observed and Predicted Crack Growth in Test Series 3 (360x170 mm) 1-mm Thick
Specimens (After First Crack Detection)
A comparison of observed crack growth and AFGROW predicted crack growth in Series 4 specimens is
shown in Figure 3.15. The AFGROW predictions are shown for the three analytical cases. The AFGROW
predictions accounting for dynamic and parallel crack effects under-predict crack growth life. Specimen 3
had only one crack growing and crack growth in this specimen is significantly faster as compared to other
specimens. AFGROW predictions show good correlation with test data from this specimen.

3.2.2 Crack Growth Prediction in Panels With Bonded Composite Patch

Crack growth data provided by WPAFB (References 1-4) on test specimens. obtained after bonding of
composite patches. were analvzed using AFGROW code. Test data from Test Series 1 and 2 could not be
analvzed as the testing was conducted at a variety of stress levels. In these test series, it was not possible
to grow cracks after a few million cycles and stress levels were increased to grow the cracks. The input
load levels were gradually increased to 10g. 13g and 20g. The initial input load levels prior to bonding of
composite patches were 6g. The damage occurred in test specimens at different stress levels and the patch
experienced stiffness reduction and strength degradation under the high number of cycles. Hence,
AFGROW analysis could not be directly applied to these test series. Test series 3 and 4 specimens were
cvcled at initial input load level of 3g after bonding of composite patchcs. AFGROW code was used to
predict crack growth in these specimens after composite patches were bonded. The cycles were counted
from the time testing was started after bonding of the patches.
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anure 3.15 Observed and Predicted Crack Growth in Test Series 4 (360x170 mm) 3.2-mm Thick
Specimens (After First Crack Detection)

AFGROW code bonded composite patch analvsis was used for crack growth predictions,. The composite
patch stress intensity factors obtained from AFGROW code were modified to account for frequency
effects based on Reference 14 analvsis. and parallel crack effects based on Reference 15 analysis. Crack

growth in Test Series 3 specimens is shown in Figure

3.16 along with AFGROW predictions. AFGROW

predictions were made accounting for the effect of dvnamic loads. parallel cracks and composite patches

on SIFs. The test data shows a large scatter. One specimen shows very short crack growth life.

crack growth life of other two specimens agrees well with modifiecd AFGROW predictions.
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Figure 3.16 Observed and Predicted Crack Growth in Test Series 3 Patched 0.04-inch (1-mm)
Thick Specimen (Cycled at 3g)
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Crack growth in Test Series 4 specimens is shown in Figure 3.17 along with AFGROW predictions.
AFGROW predictions were made accounting for the effect of dvnamic loads, parallel cracks, and repair
patches. Crack growth test data from one crack of Specimen I agrees well with AFGROW predictions.
Other cracks show longer crack growth life as compared to AFGROW predictions.
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Figure 3.17 Observed and Predicted Crack Growth in Test Series 4 Patched 0.125-inch (3.2-mm)
Thick Specimen (Cycled at 3g)

3.3 Assessment of AFGROW Code Capabilities

The correlation between crack growth predictions with AFGROW code and test data on panels tested
under vibratorv loads indicates that AFGROW code has very good potential to make reliable crack
growth predictions for structures subjected to vibratory and acoustic loads. In addition, AFGROW code
can be used to design composite patch repairs for structures subjected to vibratory loads. However, the
following modifications/developments are required-

. Dyvnamic stress analysis of structures

2. Influence of vibratoryv loads on stress intensity factors

3. Stress intensity factors for panels subjected to variable bending moment along span
4. Effect of support conditions

5. Influence of dynamic loads on fracture toughness

6. Interaction between cracks

The application of current retardation models (e.g.. crack closure. Willenborg, etc.) was not investigated
in present studies. The effect of dynamic loads on retardation models is not known. The application of
thesc models to dvnamic loading needs to be investigated to make predictions under realistic loading
conditions.
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VISUAL CRACK MEASUREMENT SYSTEM

A Visual Crack Measurement Svstem (VCMS) using Temperature Sensitive Paint (TSP) has been
developed in References 1-2 and is shown in Figure 4.1. The svstem was used to measure crack growth in
specimens with and without bonded composite reinforcement. tested under vibratory loads. However. the
| crack growth measurements were taken at regular intervals by stopping the test. This VCMS provides an
! excellent basis for developing an integrated VCMS system that will perform the following functions-
| 1. Continuously monitor and analyze the crack initiation and growth data in laboratory and field
| environments. '
| 2. Evaluate structural integrity of structural components subjected to vibratory and acoustic loads
3. Design composite patch repairs for structural component for acoustic and vibratory loading
4. Identifv inspection requirements for structures

SECTION 4
|
|

Digital LED Array
Camerg

Data Recorder

AN g
- s
T e e —

Signal Filter & ,
Generator Power Amp Electrodynamic Shaker

| Figure 4.1 Visual Crack Measurement System (VCMS)

Considering the requirements of integrated VCMS. various modules of integrated VCMS have been
developed. These modules are shown in Figure 4.2 In its most complete form the system will control the
introduction of dynamic loads. simultancously track multiple transducer outputs (strain gauges,
displacement transducers. ctc.). and collect and analvze crack images. The system would automatically
generate transducer output and cvcles versus crack length for the operator. The VCMS design consists of
the following basic components:



1. Temperature Sensitive Paint (TSP)

TSP is a luminescent paint providing an opportunity to determine surface temperatures. TSP is excited by
the ultraviolet light of 280 to 390 nm spectral range and emits red light of 580 to 630 nm spectral range.
Intensity of emitted light decreases with temperature increase. TSP is destroyed at temperatures above
120°C. TSP may be applied by a sprayer to the surfaces of steel. aluminum. wood. composites, and
certain types of plastics. In Reference 2. TSP developed by Innovative Scientific Solutions Inc. (ISSI) was
successfully used to detect cracks. Hence, ISSI developed TSP is recommended for integrated VCMS.

Data Measurement Module Processing/Storage Module
. Digital Camera- Crack length measurements —»  Image Processing
. Accelerometer- Input g . Data Storage
. Displacement Gage- Deflections il
. Sound Level Meter- dB Levels
. Cycle Counting- Input cvcles
- Resonant Frequency —  Dynamic Analysis Module
. Strains _ Stresses and Strains
 Shaker Input . Resonant Frequencies

+ . Displacements

Structural Integrity Evaluation/Repair ¢
Design Module Repair Degradation Module
. Component Life 4——» _ Patch Degradation Module
. Residual Strength . Patch Strength Degradation
. Composite Patch Design < . Patch Disbonding
. Repair Patch Integrity
. Repair Patch Stiffness Reduction
. Inspection Requirements

Figure 4.2 Integrated Visual Crack Growth Measurement System (VCMS) Modules

The TSP technology requires extremely sophisticated image processing techniques. The ISSI developed

software called OMS package that is applicable to TSP as well as pressure sensitive paints is suggested.

This software program has the following attributes-

a) Field- Pressure and temperature field reconstruction. including image resection, filtering, and
enhancement.

b) Calibration- Temperature and pressure sensitive paint calibration.

¢) View- Image filtering and restoration

2. Digital Camera with filter and Light Emitting Diode (LED) illumination source with support fixtures.
In References 1-4. a Charged Coupled Device (CCD) Photometric Series 300 digital camera has been
used with TSP to detect cracks. The camera is a 16-bit camera. A similar camera as well as a conventional
digital camera are recommended. CCD 16-bit cameras are rather expensive. making an integrated VCMS
using this tvpe of camera less affordable. In order to reduce the cost of the VCMS. it is desirable to
investigate the possibility of using an inexpensive camera such as Sony Mavica Digital. The camera has
3.34 Megapixel CCD image sensor. The cost of the Sony camera is less than one tenth of that for
Photometric camera. It is suggested that the pictures shall be taken every 2 seconds with the camera.

An illumination source is required for a VCMS. It is suggested to use ISSI manufactured LM-Series LED
source including P2-464 LED Pod. Optical Filter. Diffuser. and Power Supply.
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3. A laptop computer and software for hardware control. data collection. analysis and storage

It is envisioned that all the data collected from the camera and from transducers will be stored in a laptop
computer. In addition, the VCMS on laptop computer will have analyses modules including a crack
growth prediction code such as AFGROW. The computer shall perform the analyses once testing 1s
completed.

4. Multiple channel analog to digital and digital to analog module
This module plugs directly into the laptop PC.

5. Transducers (strain gauges. integrated circuit piezoelectric and non-contacting displacement
transducers, and accelerometers) and wiring network
Accelerometers shall be a part of VCMS for on-the-aircraft use at depot level inspections.

6. Shaker and shaker controller

A portable shaker shall be a part of VCMS. The shaker is primarily for on-the-aircraft applications i.e. for
exciting panels when inspections for cracks are being made at depot level. For on-the-aircraft depot level
inspections. it is necessary to excite aircraft panels after the paint has been applied to the surface to be
inspected. A portable shaker will be used to excite the aircraft panels. A portable fixture of the tvpe
shown in Figure 4.3 shall be fabricated for mounting the shaker.
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Figure 4.3 Portable Shaker Mounted Assembly

The fixture can be designed to have extension capability to the required height and may be rotated on its
trunnion base. A small (0.3- to 0.75-inch diameter) adjustable length tube will connect the shaker collet to
a suction cup. The suction cup will be used to excite aircraft panel. A small portable vacuum pump shall




be used to provide vacuum for the suction cup. The shaker can also be used for laboratory testing of
specimens. The shaker shall have capability for sinusoidal as well as random excitation.

An operators manual shall be required for VCMS. The projected output parameters of an integrated
VCMS are shown in Figure 4.4

Component Life
Component Residual Strength
Resonant Frequencies
Repair Patch Design
- Material (composite. adhesive. damping)
- Size
- Repair Patch Lay-up
Repair Patch Stiffness Loss
Repair Patch Disbonding
Recommended Testing
- Equipment
- Test Procedures
- Temperature Sensitive Paint Applications
* Inspection Requirements

Figure 4.4 VCMS Output Parameters

32




SECTON 5

SUMMARY AND ASSESSMENT OF TECHNICAL MERIT

5.1 Summary

Analyses techniques have been developed to compute resonant frequencies of metallic panels subjected to
vibratory loads produced by shaker excitation. The analyses have been developed for the following cases-
1. Panels with no cracks

2. Panels with cracks

3. Panels with cracks and bonded composite patches

For cases | and 2 closed form solutions were obtained. For case 3 a FORTRAN software program is
written to compute resonant frequencies of cracked panels with bonded repair patches. The computer
program is operational on a PC and computer run time is a few seconds.

The analyses were verified with available test data generated at AFRL. Wright Patterson Air Force Base
(WPAFB), Ohio. A good agreement was obtained between predicted and test resonant frequencies.

Mathematical stress analvsis techniques were developed for panels subjected to vibratory loads produced
by shaker excitation. Closed form solutions were obtained. The analysis method was verified with the test
data provided by AFRL/WPAFB. The results of predicted strains agreed well with strains obtained by the
Air Force from measured deflections and beam theory.

Crack growth data generated by AFRL/WPAFB on aluminum panels with and without bonded repair
patches under vibratory loads in a shaker were reviewed. The trends in crack growth data were identified.
The application of the crack growth computer code AFGROW to predict crack growth in panels subjected
to vibratory loads was evaluated. It was determined that the stress intensity factor library in AFGROW
code needs to be modified to account for the following factors-

Dynamic stresses

Influence of vibratory loads on stress intensity factors

Interaction between cracks

Stress intensity factors duc to bending loads

Effect of support conditions

Influence of dynamic loads on crack initiation

Crack initiation under bending loads

Influence of dvnamic loads on fracture toughness

B LI

® N oW

The stress intensity factors in AFGROW code were modified to account for dynamic stresses. frequency
effects. and crack interaction effects. AFGROW code with modified stress intensity factors was used to
predict crack growth lives of panels with and without bonded patches. The predicted crack growth lives
showed good agreement with test data. Stress intensity factors (SIFs) due to bending loads in AFGROW
librarv need to be modified for variable applied moment loading cases. None of the existing crack growth
codes have stress intensity factors for such loading conditions. Also. literature search did not show any
solutions for such loading cases. The finite element technique may have to be used to obtain SIFs.

Design requirements and various functions to be performed by an integrated Visual Crack Measurement
Svstem (VCMS) have been defined. Various modules and their functions were also identified. Various
components of the system werce established. The integrated VCMS design is modular to perform the
following functions-
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1. Continuously monitor and analyze the crack initiation and growth data in laboratory and field
environments.

2. Evaluate structural integrity of structural components subjected to vibratory and acoustic loads.

3. Design composite repairs for structural components subjected to acoustic and vibratory loading.

4. Identify inspection requirements for structures. :

The possibility of using the system on an actual aircraft for crack detection was explored. The design of a
portable shaker system to excite aircraft panels in the field was developed.

5.2 Assessment of Technical Merit

Phase I objectives have been fully achieved. Analytical tools have been developed to predict resonant
frequencies of panels with and without cracks. Analytical techniques to predict resonant frequencies and
stresses have also been developed for panels with cracks and bonded patches. In addition, a PC based
FORTRAN code was written to obtain rescnant frequencies of panels with bonded patches in fixed-free
mode vibration conditions. The analvtical predictions have shown good agreement with available test
data. Dynamic stress analysis was developed for panels with base excitation. Predicted strains agreed well
with test data.

Potential application of AFGROW code to predict crack growth in panels with and without bonded
patches under vibratory loads was evaluated. It was shown that AFGROW code has a very good potential
to predict crack growth under vibratory loads. However. some modifications need to be made in the stress
intensity factors library in AFGROW code. It was shown that composite patch analysis in AFGROW
code could be extended to vibratory loads with some modifications. The modifications required in
AFGROW were identified.

The functions to be performed by an integrated Visual Crack Measurement System (VCMS) were
identified. Various requirements and modules of VCMS were established. Elements of VCMS and their
functions were defined.

The analvtical techniques to obtain resonant frequencies. developed in Phase I, can be extended to other
panel geometries. AFGROW computer code with suggested modifications could be used to evaluate
structural integrity of aircraft structures subjected to acoustic and vibratory loads. The code can also be
extended to design composite patch repairs for structures subjected to dynamic loading conditions. These
modifications to AFGROW code are planned for Phase II program. Phase II program when completed
shall develop an integrated VCMS capable of the following functions-

1. Detect cracks in specimens being tested under vibratory loading in laboratory.

2. Detect cracks in aircraft structures subjected to in-scrvice vibratory loads. The inspection of aircraft
will be done at depot level with a portable unit.

The software in the system shall have capability to evaluate structural integrity of components
subjected to acoustic or vibratory loading. The structural integrity can be evaluated in real time when
the damage is detected if the information on loads spectrum experienced by a component is
previously stored in the computer. The loads information on various aircraft can be stored in the
VCMS system.

4. The knowledge-based software in the system can design composite patch repairs for components
subjected to acoustic or vibratory loads. The software shall recommend repair materials, processes,
and repair design. In addition. the software shall predict repair design life, and inspection
requirements.

Engineers in design offices as well as repair centers can use the software part of the VCMS, thereby
expediting a rapid design and installation of patch repairs.
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