UNCLASSIFIED

AD NUMBER

ADB893427

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
only; Test and Evaluation; JUL 1971. O her
requests shall be referred to Air Force Flight

Dynam cs Laboratory, AFFDL/FY, Wi ght-Patterson
AFB, OH 45433.

AUTHORITY
AFFDL Itr, 6 Nov 1973

THISPAGE ISUNCLASSIFIED




\ AFFDL-TR-71-107 d
S ',
ACOUSTIC FATIGUE OF AIRCRAFT
STRUCTURAL COMPONENT ASSEMBLIES {
!
\ |

FRED F. RUDDER, JR.
LOCKHEED-GEORGIA COMPANY

S

a.

S

S
: E:l TECHNICAL REPORT AFFDL-TR-71-107 1

e
=ca ‘DD C~ |
= 62 ECEm I (
_ e APR 18 1972 |

FEBRUARY 1972

Distribution limited to U.S. Government agencies only; test and evaluation; state-
ment applied July 1971, Other requests for this document must be referred to
Air Force Flight Dynamics Laboratory, AFFDL/FY, Wright-Patterson Air Force
Base, Ohio.
o

AIR FORCE FLIGHT DYNAMICS LABORATORY
AIR PORCE SYSTEMS COMMAND {
WRIGHT-PATTERSON AIR FORCE BASE, OHIO




NOTICE

"\w_—;

When Government drawings, specifications, or other data are used for any purpose
other than in connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government inay have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in 2ny manner licensing the holder or any other person
or corporation, or conveying any rights or permissionto manufacture, use, or sell any
patented invention that may in any way be related thereto.

4 S A

ACCESSION fur ﬁ

] WHITE SECTION nl

00C SUFF SETTION
UNANNOUNCED 0
JUSTIFIGRTION .ccoevermmmemrsnrer

( v é

ISTRISUTION/AVALABILITY CODES

TIST. | AVAIL. and/w SPECIAL

Copies of this report should not be returned unless return is required by security
considerations, oontractual obligations, or notice on a specific document.

AIR FORCE: 22-3-72/150




b ACOUSTIC FATIGUE OF AIRCRAFT
STRUCTURAL COMPONENT ASSEMBLIES

T
o

FRED F. RUDDER, JR.
LOCKHEED-GEORGIA COMPANY

Details of illustrations in T
this document may be better

~wptudied on microfichg

)
L

Distribution limited to U.S. Government agencies only; test and evaluation; state-
ment applied July 1971. Other requests for this document must be referred to
Air Force Flight Dynamics Laboratory, AFFDL/FY, Wright-Patterson Air Force
Base, Ohio 45433.

PR




# FOREWORD

This report was prepared by the Lockheed-Georgia Company, Marietta, Georgia,
for the Aero-Acoustics Branch, Vehicle Dynamics Division, Air Force Flight Dynamics
Loboratory, Wright-Patterson Air Force Base, Ohio, under Contract F33615-70-C-1274. ‘
The work described herein is a continuing part of the Air Force Systems Command's
exploratory development program to establish tolerance levels and design criteria for
acoustic fatigue prevention for flight vehicles. The work was directed under Project !
1471, "Aero-Acoustic Problems in Air Force Flight Vehicles," Task 147101, "Sonic 1
Fatigue of Structures in Air Force Flight Vehicles.”" Mr. R. C. W. van der Heyde
(AFFDL/FYA) was the Task Engineer.

S .

This report concludes the work on Contract F33615-70-C-1274, which covered o
period from March 1970 to September 1971.

The author gratefully acknowledges the assistance rendered by J. R. Bay and
L. V. Mazzarella in performing the experimental work, data collection, and data
reduction; N. N. Reddy for his frequency analysis of wedge structure; R. H. Burrin for
preparation of the computer programs; D. D. Register for preparation of the figures; and
J. R. Ballentine and H. E. Plumblee for their voluable consultation. The Lockheed-
Georgia Company report identification number is ER-11143.

The report was submitted by the author 1 July 1971,

This technicol report has been reviewed and is approved.

1
AV A
WALTERJ . r;ZKJTOW

Asst. for Research and Technology
Vehicle Dynamics Division

Air Force Flight Dynamics Laboratory

£ s
i
R e N TR TN TSNS~ Y ad L ianl e o i




ABSTRACT

Analytical results for estimating natural frequencies and stress response for conventional
stiffened flat parels, two-sided box structure, wedge structure, and unstiffened cylin-
drical panels are presented. Acoustic fatigue tests of 12 stiffened flat panel and six box
structure designs, two specimens for each design, were used to develop design equations
for estimating acoustic fatigue resistance of skin, stringer, and rib structure. Computer
programs are presented for estimating frequencies of stiffened flat panels, box structure,
and wedge structure. Nomographs are presented for skin design and cur-ed panel stress
response.
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Note on Subscripts

The use of subscripts to denote mode numbers, components of structure, and types of

structure is rather free. In each instance, the context of the usage should be clear.
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| ~ INTRODUCTION

Previous investigations directed toward eliminating or reducirg ocoustic fatigue effects
from intense noise on flight vehicle structure have established design criteria and nomo-
graphs. The original development program was conducted by McGowan (ASD-TDR-
63-820, 1963). Nomographs were empirically derived from acoustic fatigue tests of
certain popular structural designs. The fatigue tests were conducted generally using
discrete frequency excitation, and the resulting fatigue data were converted to ‘random
fatigue data' through the use of Mile's single degree-of-freedom theory and the Miner-
Paimgren cumulative damage rule. These nomographs have been helpful in designing
acoustic -fatigue-resistant structure for present-day and near-future aircroft.

For high-performance aircraft, lightweight, acoustic -fatigue-resistant structure is
essential. To meet these critical demands for weight reduction and increased resistance to
acoustic fatigue, McGowan's work was refined by Ballentine (AFFDL-TR-67-156, 1968)
with the objective of removing conservatism and extending the range of application of the
existing design methods. Ballentine conducted additional acoustic fatigue tests using
random noise excitation. The structural configurations considered by Ballentine consisted

of flat stiffened panels and flat honeycomb sandwich panels.

McGowan's original work conceming acoustic fatigue resistance of intemal airframe
structure (stringers, ribs, and frames) has proved, in practice, to be conservative from a
weight standpoint. Ballentine based the design of his stiffened panel specimens on
McGowan's design techniques. Of the sixty stiffened panel specimens tested by
Ballentine, no failure of the intemal structure was observed. Hence, an exploratory
program to define more accurately the acoustic fatigue resistance of intemal structure was
required in order to remove the weight penalty incurred by using available design

techniques.

Bailentine's work was the first step in the acoustic fatigue refinement program. The
research study described here is a continuation of this refinement program. A description
of the analytical investigation is presented in Section Il; the experimental program is
described in Section llI; Section IV presents the correlation of test dato and analytical
results; and the development of design equations and nomographs is presented in Section V.
Appendices are included that describe the data collection and reduction system, detailed
specimen mode shapes, and computer programs for calculating frequencies and mode shapes
of stiffened flat panel structure, two-sided structure, and wedge structure.




Il - ANALYTICAL

A. Introduction

The main emphasis of this program was to provide experimental data for the acoustic fatigue
resistance of intemal airframe structure. The analytical effort was conducted to suggest
the significant parometers and mathematical expressions goveming orthogonally stiffened
flat panels, box structure (typical of flaps), wedge structure (typical of control surfaces),
and simple cylindrical panels. The structural configurations considered analytically were
selected based upon the experimental specimen designs. In order to develop simple
expressions suitable for design application, several approximations have been made in
formulating the analytical models. These approximations allow the development of design
equations for estimating the significant parameters in a form suitable for design studies.

B. General Theory

1. Response of Linear Single-Degree-of-Freedom Ciscillator
to Random Acoustic Excitation

In Reference 1, Clarkson presents a summary of the: general theory of response of a linear
oscillator to random acoustic excitation. The basic assumptions in the development are
that only one mode is predominant in the frequency range of interest, that the excitation
spectrum chonges slowly with frequency near the predominant mode, and that the excita-
tion pressure is completely in phase over the portion of structure of interest. For these
assumptions, the mean square displacement resporise for the rth mode at the point X on the
structure is given by the equation

1 cp()
2wnM

wl(@)= —-

/ @ (0dA ep«»,) "

In terms of the static displacement W (x) due to a uniform pressure of unit magnitude, the
mean square displacement can be written as

wz(;)=%rmr G (u) wi) @
where
(
w (—) —2-—/ cp(x)dA
“ rA

For a linear single-degree-of -freedom system, Miles has shown in Reference 2 that the
mean square stress at the point of interest can be expressed as
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where the viscous damping ratio, {_, and the response frequency, f (Hz), for the r'h mode
have been introduced. The term o, is the dimension less stress at the point of interest due to
a uniform static pressure of unit mogmtude The emphasis of the analytical program is to
develop expressions for the natural frequency, f , of the rth structural mode and the dimen-
sion less stress, 0, o8 indicated in Equation 3 .

2. Frequency Analysis

Single mode response of a structure can be estimated using the Rayleigh method provided
that reasonably accurate mode shapes are used in the analysis. For the structural configu-
rations considered, the Rayleigh energy method has been used exclusively. The main

emphasis was to develop suitable mode functions for the structure. Letting W, denote the
amplitude of the rth mode of the structure, the kinetic energy and the po'enhol energy can
be expressed as

(4)
where Mr is the modal mass.
Kr is the modal stiffness.

For simple harmonic motion, the kinetic energy can be expressed in terms of the radian
frequency, u:r, as

M W (5)

r r

T= w2 2
r

N —

Equating the maximum values of the kinetic and potential energy one oktains for simple
harmonic motion the expression

W, =4/(K /M) (6)

The definitions in Equations 4 and 6 will be used to estimate the natural frequency,
f =w /211 for the structure and mode under consideration. Expressions for the dimen-
sionless stress, O - will be developed subsequently for each structure considered.

C. Flat Stiffened Panels

The structural configuration under consideration is illustrated in Figure 1. The nine-bay
panel is typical of configurations adopted for acoustic fatigue testing. The portion of the
structure of interest is the center bay denoted by the coordinate w.,, in Figure 1 ~d the
supporting structure surrounding the center bay. The dynamic characteristics of such
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structure are extremely comolex. Analytically, several methods of analysis have been
applied to such structure. The finite element approach has attracted much attention
(References 3, 4, and 5); however, this approach is not very suitable for rapid design
application, since extensive computer facilities are required. Clarkson has pointed out
that an elementary approach can provide estimates at least within the scatter of fatigue

data (Reference 1).

1. Supporting Structure

The common stiffening members used in aircraft construction can be broadly classified as
thin-walled open-section beams. The difference between this type of structure and the
elementary beam usually encountered in practice is that warping of the cross-section
normal to its plane must be considered in addition to the axial strains introduced in the
elementary bending theory. The discussion here shall focus on the torsional restraint
offered by such stiffeners, since this is the basic mode of deformation. Strictly speaking,
the bending and torsion motion of such structure are coupled, but for the stiffeners con-
sidered here, the bending stiffness is several orders of magnitude greater than the torsional
rigidity. Vlasov, Reference 6, and Oden, Reference 7, give very complete developments
for the analysis of thin-walled open-section beams.

Figure 2 illustrates the stiffener geometry under consideration. The attach point is taken
as the point ot which the stiffener is connected to the panel. It is assumed that the stif-
fener is free only to rotate about the attach point so thar it is necessary to present
expressions for the warping constant and polar moment of inertia referenced to the axis
system at the attach point. It can be shown that (References 6 and 7) the effective
warping constants I‘; and I‘; are given by the expressions (see Figure 2)

F*=T +54 -2551 +S2 (7a)
x ‘e “zzz yzyz “xyy

for stiffeners parallel to the x-axis and

P*=T +$%4 -2551 +s4 (7)
y e

i
zzz X ZXz XXX

for stiffeners parallel to the y-axis.

The polar moment of inertia, referenced to rotations about the attach point, are

o= +|zz+(c +C:)A (8a)

px yy

x N XN

I =1 +1 +(C
zZ

ol + Ci)A (8b)

These expressions will be used subsequently for developing expressions for the potential
and the kinetic energy for the frequency analysis of the stiffened panel.
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The development here assumes that the cover sheet is supported at the stiffener attach line
so that the only motion of the structure consists of transverse displacement of each panel
bay and rotation about the stiffener attach line. Adjacent panel bays are constrained so
that slope continuity across the stiffener attach line is preserved. Energy methods are used
to obtain expressions for the modal stiffness, modal mass, and the generalized force.

r?‘*—"_g:—- —
P / ’ ——— Bamd T - w W pae———- e
’ 2. Frequen-y Analysis ;

2.1_Cover Sheet - For the rectangular panel illustrated in Figure 1, the transverse dis-
k placement function for a bay with dimensions aj and b; is denoted by wij (x,y) where

(x,y) denotes a local axis system for each ponel bay. The cover sheet is assumed to be
of constant thickness and uniform material properties.

Assuming a mode for each panel bay of the form

r—

W) = Cyusin (T) sin () (9)

4 b.

C |

it is seen that there are nine amplitude parameters, Ci" to be determined. For bay motion
described by Equation 9 there are eight independent 'slope continuity conditions across
the stiffener attach line between adjacent bays. Selecting the center bay amplitude as

the reference amplitude, the parometers, C i given in Equation 9 are expressed in terms
of the center bay amplitude as indicated i in'l Table |. The center bay motion is given as

= ¢ lﬂl
w22(x,y) = a, ( b2 ) 2Wmn (10)
TABLE |
# VALUES OF Cii/2wmn FOR A NINE BAY STIFFENED PANEL 5
i= 1 2 3

P= (-N™"(a b, /ab) (-1)"(b) /by (-l)m+n(a]b]/02b2)

| =2 (-)"(a /o) 1 (-)"(a, /a)

i=3]  N™Maybyahy) | (Db [ DT eby/agb)) ‘

For a thin rectangular plate of dimensions a x b undergoing bending deformations, the
L expression for the kinetic energy is )

T=%vt S o)t (1)
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an' 'he potential energy is

a b
1 r 2 + 2 + Lo 2 .
U—infLw,xx w'yy+2vw’xxw,yy 21 v)w’xy]dydx (12)
00

rted plate with dimensions a x b vibrating in the (m,n)th mode, the

For a simply sup
ﬁz kinetic and potential energy become

expressions for t

_1 .2
T= gVt ab Wmn (13)

4
_1InD 22 2
U=g<sp mn Falbad W

. 2
Fran9) (7)) * (R3]
and the mode shape is given by

wix,y) = sin(-q%z) sin(%z) w (15

mn

(14)

where

Substituting the mode functions given by Equation 9 with amplitudes given in Table | into
Equations 13 and 14 and summing the terms from each bay, one obtains the expression

for the kinetic energy of the cover sheet as

B .2
Ty =gytog* 20))(by+ 20)) W (16}
and the potential energy as
1nD 22
Y “8ap," " (Fn(Brog) + 2by /b)) F by a)) + 2ay /a)) F(by,a))
2
+ 4oy /o) (by/bg) Fronlbyia)d Ve, (17

Equations 16 and 17 will be used to formulote the modal mass and stiffness of the structure.

Structure ~ The substructure geometry and nomenc lature are illustrated in

2.2 Supportin
Figure 1. Figure 2 illustrates the cross-section geometry for the stiffeners indicating the

relative location of the shear center, attach point, and centroid for the stringers parallel
to both the x-axis and the y-axis. The stiffener rotation is defined as

TR gy “
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J _ . [mTX
’ eii(x) = sin ( a ) ®ii (18a)
_ e ntm
Gii(y) =sin (—b—|x> ®ii (18b)

where i is the stiffener number and j is the bay index number.

Assuming that each stiffener is uniform along its length, the kinetic energy for stiffeners

b parallel to the x-axis is f
3 ci ﬁ
1 N Y
== 1= 1
. T =L J), ] Gii(x) dx i=3,4 (19a)
3 i=| 0 1
and for stiffeners parallel to the y-axis W
3 b
1=l )T [ ek i=1,2 (19
si 2V pyi L | o dy i=l b)
=10
b where Ipx and Ipy ure given by Equation 8 .
The potential energy of stiffeners parallel to the x-axis is given by
3 a, a. B )
0, -13 ern, [ edas+ 1), [ ol (200
si~ 2 i Al Cutal eV IR )
i=1 o 'l 0
: and for the stiffeners parallel to the y-axis *
3 bi bi
= I * f ll2 |2
U -52 (Ery)i { eii (y)dy + (GJy)i _ eii(Y)dyl (20b)
Y i= 0 0
where I‘; and I‘; are given by Equation 7 .
3
The stringer twist amplitudes, ®.., normalized to the center bay plate amplitude, 2W , )
£ i mn
are given in Table Il.
)
)
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TABLE Il
VALUES OF e, i/ 2Wmn

i= i 2 3
i=1 (-l)nmrrl:’]/azb2 mﬂ/02 (-l)nmﬁb]/c:xzb2
i1=2 (-l)m+nmnb]/a2b2 (-1)"‘mn/<,2 (-I)m+"mnb]/a2b2
_ m M
i=3 (-1) nno]/azbz n‘r‘r/b2 (-1 n1'1'<:|/c12b2
_ m+n _\n _pymtn
i=4 (-1)" “nme /02 2 (-1) nTT/b2 (-1) nm:]/czzb2

Substituting Equation 18a into Equations 192 and 20a and Equation 18b into Equa-
tions 19b and 20b , performing the integrations, and substituting the amplitude
coefficients given in Table |, the expressions for the kinetic and potential energy become

2 2 3
LT @26 ] EENCE
Usi =T_Lf'(‘;;;;im4n2 [] ¥ k:iz (a (] + k >] 2 mn i34 (2”3)
272

for stringers parallel to the x-axis, and

2
_TT 12
Tsi"z-(Y yaa 2)[]+2(b)] fi=h.2 - (2%)
€ 242 B 2 2 .
-2 7 nt[1+k 2 2(b—12)(1 +ky”)] Wi i=1,2 (22b)
92°2
for sfrmgers parallel to the Y'OXIS
where k = (GJ/EF*) (b /nﬂ) =(GJ /EI‘*) (o /mn)

For simplicity, it will be assumed that the stiffeners parallel to the x-axis are identical

and that the stiffeners perallel to the y-axis are identical. Then Equations 21a and 21b
become
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Tg(:T'It— b2>[]+2 _) J2 mn B55)
usx——”ﬁr:’ AL a0l o

9272

and Equations 22a and 22b become

nz 2 b .
Tsyz-“»—( Ipy 02( 2[]+2(b)]2 mn (&) J
1

6 (ET*)
T LA (R A ﬂ'

wherek = (GI/ET), (o /mn), =(GJ/EI‘*)Y(bi/nn)2.

2.3 Modal Stiffness and Modal Mass - With reference to Equations 4 and 5, the modal
sti ffness and modal mass for the {m,n)th mode of the structure are obtained by summing
the contributions of each component. From Equations 16 and 17 and Equations 21 and

22 the expression for the modal stiffness is

(=T D 22 by ua (e (b0
mn 4 bmn{J:mn 2’02) (0_2'> mn 2’91

2R b2 * 4 D) Py ] -

o ETY)

+4nn- [l+k +2(b2)(1+k

ch

2 2 €T

i b 71 " (_)(' "l ol (25) ‘

The expression for the modal mass is




20 a, 3

} | 2
LI =I]{{Y'(°2+ 2a))(by + 2b,) + 4mly | Wi p' B, \B (—2) L2 (a;) ]

. 2 b b, 3
+ 4ty ) am; (a_:)[l +2 (Fl;) 1} (26)

The frequency for the (m,n)'h mode is given by

b o ™ 75 ® Mo
2.4 Generalized Force - For a time-dependent pressure distributed over the surface of the ﬁ
h panel, the expression for the generalized force is
B 1
= |
Pmn(t) fp(x,y,f) w(x,y) dA (27)
A

Assuming that the pressure is uniformly distributed over the surface of the structure, sub-
stituting the mode functions for each bay and integrating over the surface of the structure,

the expression for the generalized force is
b P (1 =°2b2t<-1>’“ SN - TR P () (28)
mn TT2mn - mn o
hereR =1+ 2(-1)" ID‘2+21 +41"‘+""2b'2
where R on = (5,) +2-" (—) ") ()

u v |

3. Stiffener Response to Uniform Static Pressure

For a simply supported panel looded by a uniform pressure, 9y the pressure can be
? resolved into a Fourier series as

16q
} r)"z 3 2 sin (m )sm /nnx (29) ‘

T mn

For a displacement function of the form

“") sin (EEZ) w (30) ‘

w(x,y) = sin (mo

the static response of the panel to the load q, in the (m,n)fh mode is

12
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16q 02b2
W = 2 (31)

mn 6 33DF (b,a)
mn

The stress response to the static loading must consider stresses in the cover sheet and
stresses in the supporting ribs. Ballentine's design method for establishing skin thicknesses
of acoustically loaded panels (Figure 73, Reference 8) is sufficiently accurate so that
additional effort on this aspect of the problem is not required for stiffened panels.

The stress response of the substructure is of primary interest. The static loading of the
panel is assumed to be transferred to the stiffener by a shear force. The intensity of the
load transmitted can be estimated from thin plate theory by computing the shear louding
along the edge of the panel. For a panel deforming as given in Equation 30, the distri-
buted shear loading along the edge x = 0 is given by the expression

16q bl_F]/z(b a) + (1 ‘V)( )(b)] nmy (32)
nzmn F (b a) ( )

vV(0,y) =

for a uniform loading - The resultant of this shear loading is ubtained by integrating
Equation (32) over the ~length of the edge and subtracting the two corner reactions of the
plate (Reference 9, pp. 105,107). The resultant shear load is given as

_ 16q bPL(-D" 1] (
V= 33)
3 2

Considering the stringer to be clamped on both ends (for bending) and loaded by a uniform
load of intensity V/b, the bending moment at the support has magnitude (setting 9 = 1)

w2 [-)" - 1] o

M =
° 3n w3 £/ 2b.q)
mn

The bending stress in the flange of the stiffener is given in Reference 7, p. 193, as
lzz Mo h Mo h
o = — = (35)

© 20 1_-1%) 2 |

XX ZZ Xz

>

where h = height of the stiffener cross-section.

The area moments of inertia given in Equation 35 are referenced to the centroidal axes.
Expressions for the area moments, St. Venant's torsion constant, and the warping constant

13
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' are given in Appendix | for constant thickness zee, channel, and hat cross-section %
shapes .

D. Box Structure

The broad definition of a box type structure is taken to be two parallel plates stiffened by
deep shear ribs. Such structure can be taken as a model for flap, fin, or pylon type struc-
ture encountered on modem aircraft. The box structure shall be classified by the number

ﬁ of cells formed by the intersecting cover sheets and ribs. Two configurations shall be
considered for the frequency analysis: three cell and nine cell box structures. These
structures are illustrated in Figure 3. The three cell configuration has been investigated

by Clarkson and Abrahamson, Reference 10, and by Sen Gupta and Mead, Reference 11.

The presentation here follows that of Reference 10 although the development was independent,

4 4
@ .

1. Derivation of Mode Shapes

The detailed derivation of the mode shapes for the Rayleigh frequency analysis of the
three cell box structure is presented in this section. Consider the structure illustrated in
Figure 3o with the coordinate nomenc lature for each component. The mode functions for
. each component are taken as (local x-y cnordinates are implied for each component):

Iw](x,y) = sin (n:r_x) sin (L(b_:l) ]W] .

‘wz(x,y) = sin (?—) sin ({-'gzx) ]W2
b lw3(x,y) = sin (-'-Lﬁ) sin (T%Z) ]W3 *

v bc,2) = sin (=2F) sin (225) V,
’ ‘ vgs) =sin (%) sin (BR2)
Py 0y) = sin (122) s (S&Z) 2
Mabery) = sin (£5%) sin (m2 ) M 'L

pgloy) = sin (12%) sin (s"3 ) Vs

where i, k, 4, m, n, p, q, r, and s are integer mode numbers.

(36)
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(b) NINE CELL CONFIGURATION (EXPLODED)

FIGURE 3. BOX STRUCTURE CONFIGURATIONS
o
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Assuming that each joint is allowed only to rotate and that all components intersecting at a
joint have the same slope (zero shear condition), one obtains the constraint conditions:

",y B0 Ty 020wy (o) *y, L0 =0
g,y 0 +v 00wy (O v, (0)=0 -
21,y vy =0 gy By Fvy (W) =0
%2,/ @ tv; (=0 Hwg (O +v, (h)=0

The eight homogeneous equations given above have a non-zero solution (i.e., the ampli-
tudes W W,, etc., are non-zero) only if the determinant of the coefficient matrix
vomshes Subs?tuhng from Equation 36 into Equations 37 and evaluating the determinant
of the coefficient matrix, one obtains the condition on the mode numbers that

(-1)n*r = (<1L*P for the determinant to vanish. That is, the mode numbers, n, ¢, ¢, and
p must be selected such that (n+r) and (L+p) are either both odd or both even (n=1, r=1,
1=2, p=1 would not be a valid mode number set, for example).

The above derivation is too general to be of design value and has been presented only to
illustrate the general technique for establishing valid modes for the Rayleigh energy

analysis.

2. Three Cell Box Structure

The derivation of expressions for the modal stiffness and modal mass is rather straight-
forward once the mode shapes for the structure are established. For design purposes, it
will be assumed that the rib spacing is uniform (b, = b, = b, = b in Figure 3a), that the
material properties of the cover sheets and ribs are 1dentical and that the only modes
considered are described by the set (p,m,r) for the (x,y, z) coordinate directions.

For the cbove assumptions, one makes the following substitution for mode number s as
given in Equation 36

i:p; k=L=q=r=s=m; n=p=r,
With this assignment the determinant of the coefficient matrix vanishes identically.

Expressing the eigenvector of component amplitudes in terms of the amplitude ]W (center
bayof the cover sheet in the plane (x,y,0)), one obtains:

- m N mtr
Wy =07, M =N W,
— (.M B r
Wy = (D™ W, M, = () W, 8
_ (hy/m +
Vi=-(5) (F) ¥, Ma= ("W,
16
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V= (-n™! (E) () W, (38 cont'd)

Figure 4 illustrates six possible mode shapes for the structure for the indicated modes for

a section through the structure in the plane (a/2,y,z). Figures 4a, 4b, 4c illustrate the
fact that for fundamental modes in the cover sheet (p =m = 1) all rib modes (r=1,2,3...)
can be excited. Also, if r is odd, the two cover sheets are out-of -phase and, if r is even,
the cover sheets are in-phase. Since the excitation pressures are on the cover sheets and
the generalized force will be maximum for the fundamental mode in the cover sheet, it
should be possible to excite any rib mode. This effect has been observed experimentally.

2.1 Frequency Analysis - The kinetic energy and potential energy expressions are obtained
by substituting the mode shapes for each component (as defined by Equations 36 and 38)
into Equations 11 and 12. The expression for the modal stiffness is

K AT 203 (a,b) + (B f'\3F (a,h)
pmr  ab P M pm (E)(C) po! }

(39)

and for the modal mass
2

M=, 503+ (1) (9(2) }

where it hos been assumed that b] = b2 = b3 =b.

The frequency of the (p,m,r)th mode is

_ 1
fpmr a ﬁ“/(Kpml/Mpmr)’ bl

2.2 Generalized Force - The expression for the generalized force for the three-cell
box structure will be derived assuming uniform pressures of different intensities over the
two cover sheets. Denoting the pressure on the upper cover sheet, (x,y,0) plane, as
p](t) and the pressures on the lower cover sheet, (x,y,h) plane, as p2(t) and assuming
that the pressure is positive if directed toward the interior of the structure, the expres-
sion for the generalized force is

3 ab 3 ab

Pou®=p)® ) [ [ wibeyidydxtpy) ) [ [ pwilxiyddyde  (40)
i=10 0 i=10 0

Substituting for the modes shapes Iw.(x,y) and 2w.(x,y) and noting the relations given by
Equations 36 and 38, one obtains = ' '

P el == [P0 = (0" p 0 1 - 20" 0™ 0P -1]

™ mn
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FIGURE 4 MODE SHAPES FOR A THREE CELL BOX STRUCTURE
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Equation 41 clearly illustrates that only modes for p and m odd will be excited, as would
be expected.

3. Nine Cell Box Structure

The configuration of the nine cell box structure is illustrated in Figure 3b. This configu-
ration was adopted for the experimental program described subsequently . The displacement
functions for each component are denoted in Figure 3b where cover sheet displacement is
given by the functions Iwii and 2wii (positive in the positive z direction) and rib displace-

ment functions 1Y 2% and VAR (positive in the positive x and y directions, respec-

tively). As described for the three cell box structure, the application of a zero shear
condition at each joint of a rib and cover sheet allows one to describe a mode in terms of
a mode number set and a single amplitude. Also, the analysis presented here assumes that
a mode is described by the mode numbers (m,n,q) so that the assumed modes for each
component have the form

l(wii(x,y) = sin (

ma?) an (ﬂl%z) AT

KWVily,2) = sin (Q.;ll) sin (S-I}:—z) Y (42)
i

KVilx,2) =sin (n;_ﬂ_x) sin (S-TI_:—Z) Vi

for the kth component of the cover sheet or rib. Selecting the center bay of the upper
cover sheet as the arbitrary amplitude, ]W22, the amplitudes of the components in terms
of the mode number and geometry are given as:

= = = = (=~ mtn .
Wi2= Wa = Wiz = W = (07 ey/a)) (o) /b)) (W

Wop = Wag = (0" (o) W, il

_ — (o™
W12= Wap = (D7 (oy/a) (Wi
for the upper cover sheet amplitudes;

Uy =U3= D" (h/a) (b /) (W

mnq

Uy = - (h/a)(m/a) \W ~ (43b)

mnq

Y = -n" 1Y;

19
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V1= V3= = (D7 (bl fag) (W

mnq

1Vp = = (h/b)(n/q) {Wmnq

—(\D
2V =D
for the rib amplitudes; and
= (N9

2wii -1 lwii

for the lower cover sheet amplitudes and ]W = W,_,.
mng 1 22

3.1 Frequency Analysis - For the frequency analysis, it will be assumed that the material

properties of all components are identical and that the thickness of the componenfs are as
illustrated in Figure 3b. The modal stiffness and modal mass for the (m,n,q)th mode are
obtained by substituting the component mode shape as given in Equation 42 with amplitudes

given by Equations 43 into Equations 11 and 12 and summing for all components. Neglecting

the detailed algebra, the expression for the modal mass is given by

t 3 _ 2
- ( I'rnv/h " /n
anq AL °2b2 JL(] ¥ 2’5/1 1’s)Ms *2 (2_tr)(b—2) (E) Mr} &
where 1P = Y]t

H

M= 1+ 2(01/02)3 + 2b )+ 4(01/093 (b]/b2)3

1 e+ (D (@) 11+ 26y

The expression for the modal stiffness is given as

4 t 3

Kmnqzn 10, 22{U+( )]K +2( s) Kr} (45)

_ 3
where le =E .lfs/IZ(l -vz)

Ks = FranlPpra9) + 2Lay /adF | (by,0)) + by /b)F | (b, .0,
+ 2(01/02)(b‘/b2)an(b].01)]
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Kr = (h/b2) [qu(h'°2) + 2(0'/02qu(h,o])]
* (h/a )t /11)° TF, (b)) + 2oy /b)F (h,b))]

The frequency of the (m,n,q)th mode is given by the expression

1
foein -HJ(KM Mung M2

3.2 Generalized Force - The relationship for the generalized force for the nine—ell box
structure is obtained in a manner identical to that described for the three cell box struc-
ture. Assuming that a pressure is positive if it is directed towards the interior of the
structure and denoting the pressure on the upper surface as p, (1) ((x,y,C)-plane) and on the
lower surface as pz(t) ((x,y,h)-plane), the generalized force for the (m,n,q)"h mode is

%252
-, - (D pr_ (46)

P (0=
mq() .

- i m - — n -
where Ton ™ (=07 =1]0(-n" -1] Rmn
R__is defined in Equation 28.
mn

Equation 46 clearly illustrates that only modes for m and n odd will be excited, as would
be expected.

4. Stress Response

As indicated by Equation 3, the stress response of the skin and ribs for box structure due to
a uniform static pressure of unit magnitude is required to estimate the mean square or
R.M.S. stress response of the structure. The opproach taken here is dependent upon the
flexibility of box-type structure as described in Reference 1 and is essentially different
from the approach taken by Ballentine, Reference 8. The approximate method for com-
puting stresses in continuous slabs as described by Timoshenko (Reference 9, pp. 236-245)
is presented here -- modified to account for the rib supporting the cover sheet. This
modification was first described by Clarkson, Reference 1.

Timonshenko's approximate method relies upon the synthesis of elementary solutions for
uniformly loaded thin rectangular plates to obtain estimates of stresses in continuous slabs.
The basic procedure is to divide the bays of the structure into components such that
boundaries between adjacent bays are considered to be clamped. Considering the plan-
form of the cover sheet for three cell and nine.cell box structure as illustrated in Figure 3,
the bays of structure are taken with the boundary conditions as illustrated in Figure 5.
Timoshenko presenis tabulated data for estimating the bending moments at the panel center
and the center of a clamped edge for uniformly loaded plates with various boundary con-
ditions. At a point on the boundary between two plates, the resultant bending moment is
approximated by the averoge value of the component bending moments. As illustrated in
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’ Figure 5, four different sets of boundary conditions are to be considered. Case 1 repre-
sents a rectangular plate with three edges supported and one edge clamped. Case 2 |
represents a rectangular plate with two opposite edges supported and two opposite edges d
f clomped. Case 3 represents a rectangular plate with one edge supported and three edges ;
clamped. Finally, Case 4 represents a rectangular plate with all edges clomped. The '
bending moments at the center of a clamped edge for a rectangular plate with dimensions :
a x b uniformly loaded by o pressure of magnitude 9, is given by Timoshenko as: I*
<
!
l
i

_ 2 )
Case 1 MY =6,9,% at (x,y) = (a/2,0)
Case 2 My = 63 9, L2 at (x,y) = (0/2,0) & (a/2,b) :
1
Case 3 Mx =Y54, 4,2 at (x,y) =(0,b/2) & (0,b/2)
= Y _ 4
MY—65 qOL at (XIY) "(0/210) ‘
Case 4 A_Ax =Yg 9, {,2 at (x,y) =(0,b/2) & (a,b/2)
= 2 _
M o=6g,t" ot ()= /2,0 & (/2,5
where 4 is the smaller of the dimensions a and b and the subscripts on the y's and 8's (the

bending moment factors) follow Timoshenko's notation. Plotted values of the bending

moment factors versus panel aspect ratio b/a are present in Figures 6, 7, and 8. For more 1
accurate values of the bending moment factor, the referenced tabulated values can be .
used. The asymptotic values for the bending moment factors are listed in Table III. 1

TABLE 111 1
ASYMPTOTIC VALUES OF THE BENDING MOMENT.-FACTORS
b/a 5, 85 Ys 85 Ye %
0.0 .1250 .0833 - - .0571 .0833 }
@ .1250 .1250 .0833 .0566 ,0833 .0571

NOTE: All values for the bending moment factors as presented here are
positive instead of negative as presented by Timoshenko.

The use of the plotted or referenced tabulated data for computing bending moments in the
cover sheet or rib of the panel arrays shown in Figure 5 is best illustrated by an example. .

Example: (a) Three Cell Box Structure - Considering the panel array illustrated in Figure
5a, the values for 6, and &, are obtained for the particular value of panel
aspect ratio, b/a (Figure 6)"and the expression for the bending moment at
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} point A (Figure 50) is simply

= 2

MY =(6,%85)q1 N (47)
where 4 is the smaller of the two dimensions a and b

N = 2 for a stiffened panel array

R ———

N = 3 for a box type structure, Ref. 1.

5b, the value of & is obtained for the two panels with dimensions a,, x b

and a, x b, and the values of Yg and 66 are obtained for the center “bay so

L (b) Nine Cell Box Structure ~ Considering the panel array illustrated in Figure
that ﬂlr ponznr A
h

= 2
B o= (640 +s49q N (48)
and for point8 7 =S O

1

i

J.

\4

A

|
D

B =6ty + 1 DN (486)
where L] is the smaller of the two dimensions a, and bI
{’2 is the smaller of the two dimensions a, and b2
L3 is the smaller of the tvo dimensions o, and b2

Stress is obtained from Equations 47 and 48 by use of the simple expression

o= 6h7\/t2 (49)

where t is the thickness of the cover sheet or rib.

* E. Frequency Analysis of a Three Cell Wedge Structure *

1. Basic Considerations

Wedge structure is typical of aircraft control surfaces such as ailerons, trailing edge of
flaps, elevators and rudders. The presentation here is a very simplified approach to a
complicated structural dynamics problem. The objective will be to obtain an estimate of

the natural frequencies of such structure. Due to the very simple mode shape assumed for

the rib in the radial direction, any attempt to obtain stress estimates would be of dubious y

value. However, the frequency estimates do seem reasonable.

2. Frequency Analysis

Consider the three cell wedge structure illustrated in Figure 9. For structural modes
symmetric about the x-y plane, mode shapes for a component of the cover sheet are
assumed to be of the form
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)
b = <! m ., fNnTy
wii(xi,y) sm( - X.l) sm(——xb. ) Wii (50a)
i 'l
: v, (r,8) = sin(mnr\ cos(qne) \" (50b) ’1
kY’ a ) 2/ 'k J
‘
where i=1,2;1=1,2,3; k=1,2,3,4,9=1,3,5,... The mode functions w,. represent y
displacements normal to the x;-y plane and v, represents the rib mode functiods. For a ;
} zero shear condition at a joint of a rib and a cover sheet, one obtains the relations *
| e LM
L Fa0 gog 0¥ y=0,b.
X (51
l.a_\l(- + -a-lvﬁ =0
P39 g=_g ¥ y=0,b

Substituting Equations 50 into 51, the rib amplitudes, Vk’ are expressed in terms of the
cover sheet amplitudes, Wii' as

2n-1)/2 /ny/ 1
V, =20 (-p(ar -1/ G)(ErE) W=V,

. (@=10/2/myi ey o
Vs = =) \a)(b—z) "127 Yy (52)

b
(] -
Lr W=D (lg) Wi2= W3
Wai "W
where the amplitudes have been normalized to le.

# The geometry of the sector plate is illustrated in Figure 10.

The expression for the potential energy of a sector plate (rib) is

a a
2
_1 o ] ] ] |
LA R (IS SRR R T USSP

-a 0
+2(1 -v) [(} Y o) r]z} rdr do (53) '4

Substituting for the mode shopes given in Equation 50b, the expression for the potential
energy becomes
d
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a i
m . 2 . 2 du
+4[(§E -1] | F W, (54) :
"
where S =2a0. !
° ?
| = 2 -‘-sm2 <m1‘rr) dr )
m (mn)2 a
0 .
The integral, | me €an be evaluated in terms of an infinite series. Values of lm form=1,2,
3,4,5 are guven in Table IV.
TABLE IV {
VALUES OF THE INTEGRAL 'm
m = ] 2 3 4 5
lm = 0.24699 0.07888 0.03958 0.02408 0.01632
The kinetic energy of a sector plate is given by the expression
aa ) )
| [ ¥¥c.0) raras (55
-2 0
Substituting for the mode shapes given in Equation 50b, the expression for the kinetic ‘
energy is
pab 2
N Lai) S - :
R D%, 2 '
The expressions for the kinetic energy and the potential energy of the flat rectangular
cover sheets are obtained by substituting Equation 50a into Equations 11 and 12. For the ‘
normalized values of amplitude given in Equations 52, the expressions for the kinetic and :
potential energy are expressed in the form of Equation 39.
c
Assuming that the cover sheets and ribs are made of the same material and that the ribs all !
have the same thickness, the expressions for the modal stiffness and mo..:| mass are &
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where le =E ]ts/12(l -V
S =2aa

The frequency of the (m,n,q)fh mode is given as

O
= — (K q/anq) . Hz.

Typical mode shapes for the rib modes (1,1,1), (2,1,1), and (3,1,1) are illustrated in
Figure 11.

F. Approximate Frequencies of Cylindrical Panels

1. Szechenyi's Approximate Formulae

Szechenyi, Reference 12, presents an approximation technique for estimating the natural
frequencies of curved panels. Szechenyi's result has been checked against analytical
and experimental data presented by Petyt, Reference 13, with good agreement. The
following formulae are taken directly from Reference 12.

For either simply supported or clomped boundaries of the rectangular cylindrical shell
illustrated in Figure 12, Szechenyi obtains the expression for the frequency of the (m,n)

mode as
2 2
tk tk 1/2
_ 1 D 2 22 m n, 12G
fmn T 2m «/M [(km ¥ kn) oDt c’y 5 " t?Rz (59) L

where D = Et3/12(l - vz)
M =yt
m = mode number in the longitudinal direction

n = mode number in the circumferential direction
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FIGURE 12 CYLINDRICALLY CURVED RECTANGULAR PANEL




o, = longitudinal panel edge stress

oy = 'hoop' stress

The terms k ,k " and G depend upon the type of boundary conditions of the panel. For
simply supported edges:

km = (mn/a)
kn = (nm/b) (60)
G=0 -vz)ki/(ki - k:‘:)2

For clamped edges:

km = mﬂ/cma
(61a)
kn = nﬁ/{,nb

values of G are given in Figure 13 and values of g ond g as a function of edge stress
parameter are presented in Figure 14,

For zero edge stress,

Cm~ ]/(] + .]5/m)

(61b)
C, ™ 1/(1 + .15/n)
In terms of an intemal pressure,p, the hoop stress is given by
cy = pR/t (62

2. Plumblee's Approximate Formulae

Plumblee, Reference 8, has developed expressions for the frequency ratio and bending
stress ratio for a thin cylindrical panel compared to a flat panel. The boundary conditions
are considered to be clomped. For the (m,n)th panel mode, the frequency ratio is given

as

0.006 b /R J'/2 =

[+
-— = '|+
w, [ Ad i 0.61a% 41

3

and the stress ratio for a point on the middle of the straight edge is given as

T e S —_‘x

{
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T 0.0066" /1R -3/4 AZ+0.004 \b2
Z=|1+— g 1+0.453(—3 || (64)
% At +0.61A% ] At r9.62a 41/

where A = b/a, the panel aspect ratio. The constants in the above equations have been
determined empirically.

The Rayleigh-Ritz analysis used by plumblee requires that restrictions must be placed upon
the parameters appearing in Equations 63 and 64. These restrictions are ¢ €0.35,

a/t 2 100, and 0.3 S A <3.0.




i - EXPERIMENTAL

A . Introduction

The objective of the experimental program was to establish more accurate methods for the
design of acoustic fatigue resistant intemal airframe structure. The analytical effort

described in Section |l was used as a guide for the specimen design and interpretation of
the observed experimental results.

To accomplish the intent of the investigation, high-intensity, randum-noise acoustic
fatigue tests of 36 specimens were conducted. The specimen configurations consisted of 12
stiffened panel designs and 6 box specimen designs with 2 specimens of each design to

check repeatability. The parameter range covered by the specimen designs was as
follows:

(o) Stiffened panel specimens:

skin thickness 0.032 to 0.050 inch

rib thickness 0.025 to 0.040 inch

rib spacing 6.0 to 9.0 inches

aspect ratio 2.0t0 3.0

rib shape zee, channel, and hat cross-section -

(b) Box specimens:

skin thickness 0.040 to 0.063 inch

rib thickness 0.020 to 0.063 inch i
rib spacing 7.0 to 10.0 inches

height 7.0 and 10.0 inches

panel aspect ratio 2.0t0 4.0

Due to the limited number of test specimens, the above parameter range was not com-

pletely covered. A description of the test specimens, test procedure, and test results is )
given in the following sections.

B. Test Specimen Design

The test specimen design wasaccomplished in two phases. For each phase, 6 stiffened
panel and 3 box specimen designs were considered. -The first group of specimens was
designed using the applicablc design nomographs of Reference 8. The second group was
designed using the same nomograms and data from the first phase experimental program. J
Fastener edge distances and other design details were selected in accordance with accepted

aircraft stondards. Standard manufacturing techniques ond processes were used in test
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specimen fabrication. All ribs and stringers were formed from flat sheet material and heat
treated as necessary. All heat treatment was checked against process standards. Quality
control procedures were used at all times. The material of all parts for the test specimens
described here was 7075-Té6.

Each specimen was assembled using the test frame as a jig to insure a minimum of specimen
prestress in the test configuration. The specimen fabrication sequence was such that the

acoustic fatigue testing was continued without interruption.

1. Stiffened Panel Specimens

The configuration of the stiffened panel specimens is illustrated in Figure 15. The basic
details of the structure are given in Table V. The stringer dash number given in Table V
refers to the stringer detail dimensions given in Table VI. For all specimens, the stringers
were parallel to the length of the specimen. The channel section rib details are also
presented in Table VI. Figure 16 illustrates the overall specimen test configuration and
the method used for mounting the specimens in the test fixture. Both the skin side and the
rib-stringer side are illustrated. The specimen designation follows the numerical sequence
established in Reference 8.

TABLE V
STIFFENED PANEL DESIGN DETAILS

; Stringer
Designation Qty. a b s Rib  Stringer shape

STR-31 2 6.0 12.0 0.040 -1* -1* zee
STR-32 2 6.0 18.0 0.040 -1 -1 zee
STR-33 2 6.0 12.0 0.040 -1 -2 channel
STR-34 2 6.0 18.0 0.040 -1 -2 channel
STR-35 2 6.0 12.0 0.040 -1 -3 hat
STR-36 2 6.0 18.0 0.040 -1 -3 hat
STR-37 2 9.0 18.0  0.040 -2 -4 zee
STR-38 2 9.0 18.0 0.040 -2 =5 channel
STR-39 2 6.0 18.0 0.050 -2 -4 zee
STR-40 2 9.0 18.0 0.032 -2 -1 zee
STR-41 2 6.0 12.0 0.032 -2 -6 zee
STR-42 2 6.0 12.0 0.032 -2 -7 channel

NOTE: All dimensions in inches.
*See Table VI.
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CLIP DETAIL: CHANNEL SECTION STRINGER

CLIP DETAIL: HAT SECTION STRINGER ¢H
FIGURE 15 STIFFENED PANEL SPECIMEN CONFIGURATION (CONCLUDED)
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TABLE VI
STIFFENED PANEL STRINGER DESIGN DETAILS

T T
zee 0.032 1.25 0.75 -
channel 0.032 1.25 0.75 -
hat 0.032 1.00 0.50 0.75
zee 0.040 1.25 0.75 -
channel 0.040 1.25 0.75 -
zee 0.025 1.25 0.75 -
channel 0.025 1.25 0.75 -
Shape il h )
channel 0.080 2.90 0.75
channel 0.050 2.90 0.75

NOTE: All dimensions in inches

0.09
0.09
0.09
0.09
0.09
0.09
0.09

0.22
0.25




FIGURE 16 STIFFENED PANEL SPECIMEN MOUNTED IN TEST FIXTURE




2. Nine Cell Box Structure

The configuration of the box specimen structure is illustrated in Figure 17. The details of
b the structure are given in Table VII. For purpose of discussion, the intemal structure shall
be classified as either a frame or a rib. For all specimen designs, the frame was continuous
across the width of the specimen. The ribs were divided into a center rib (test rib) and an
end rib. The center rib and the end rib were attached to the frames with angle clips along
the height of the specimen (dimension h). An angle clip was attached to the end of each
frame and rib for attaching the specimen to the test fixture. The frames and the ribs were
k oriented so that the flanges faced the edge of the specimen. The test fixture, also used as
an assembly jig, was designed to allow for voriation of frame and rib spacing and specimen
height. The cover sheets and ribs were firmly bolted to the test frame along all edges.
This fixture design allowed visual inspecition of all structure surfaces in the test configura-
tion. Figure 18 illustrates the details of the test frame as viewed from the rear with test
specimen BX6B installed.

rgy—

C. General Test Procedure

The various tests were conducted using the following procedure:

1. Modal Frequency Studies

1.1 Stiffened Panel Specimens - The pair of stiffened panel specimens, mounted in the
test frame as illustrated in Figure 16, were placed over an enclosure containing two
electromechanical speakers as illustrated in Figure 19 with the stiffeners exposed for
observation. Cork particles were sprinkled on the test specimen and a frequency sweep
conducted. The Chladni pattems formed by the cork particles were observed and sketched.
For the most predominant modes, accelerometer measurements were conducted to determine
panel and stiffener motion.

1.2 Box Specimens - The modal frequency studies for the box specimens were conducted

in a different monner than that desc:ibed for the stiffened panel specimens. With the
specimen mounted in the test frame as illustrated in Figure 18, two speaker enclosures
were placed on either side of the specimen as illustrated in Figure 20. Accelerometers
were placed on the center of each panel between the fromes ond the test rib. A frequency
sweep was conducted and the accelerometer output recorded on an x-y plot. Three
speaker phase conditions were used in this study. For purposes of discussion, the side of
the structure to be exposed to random acoustic excitation will be called the front. The
speaker excitation conditions used in the modal frequency studies were: one sided excita-
tion speakers on the front side only; two sided excitation speakers on both sides, in phase
and out-of-phase. Cork particles were sprinkled on the test ribs, and the Chladni pattems
formed for each mode were sketched. Using accelerometers, the phase relations between
the panel bays and the ribs were determined. The speaker excitation conditions ensured
that all possible modes were excited. To determine the panel modes on the front surface
of the structure, the specimen/test frame were placed with the front face up and a speaker
enclosure placed at an angle to the specimen to allow visual observation of the specimen
surface. Cork particles were sprinkled over the surface of the structure and Chladni
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: . ’
) S TABLE Vil i
: BOX SPECIMEN DESIGN DETAILS |i
| d
! |
| Intermnal Structure !
Cover Sheet rib frame !
Designation  Qty. o b 5 Y S A i

} BX-1 2 10.0 20.0 0.063 10.0 0.063 0.16 0.080 0.22

BX-2 2 8.0 24.0 0.050 10.0 0.063 0.16 0.080 0.22

b BX-3 2 7.0 28.0 0.040 10.0 0.050 0.12 0.080 0.22
3 BX-4 2 10.0 20.0 0.063 10.0 0.032 0.16 0.040 0.22 {
BX-5 2 8.0 24.0 0.040 10.0 0.020 ©.12 0.040 0.22 W

BX-6 2 8.0 24.0 0.040 7.0 0.020 0.12 0.040 0.22

NOTE: All dimensions in inches.




FIGURE 19 STIFFENED PANEL SPECIMEN MOUNTED FOR
MODAL FREQUENCY STUDY
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pattems for each predominant mode were sketched. With the response plots, phase infor-
mation, and Chladni pattems, it was possible to define each responding mode.

2. Test Specimen Instrumentation

2.1 Stiffened Panel Specimens - After a thorough study of the test specimen response
characteristics, strain gage locations were selected. Figure 21 shows typical uniaxial
strain gage locations for the stiffened panel specimens.

2.2 Box Specimens - Uniaxial strain gage installation on the box specimens varied;
however, typical installations for the front surface and ribs is indicated in Figure 22. For
the speaker excitation conditions described in Section 1.2, frequency sweeps for selected
strain gages were conducted with the strain gage response recorded on an x-y plot.

3. Damping Studies

Frequency sweeps using the electromechanical speakers previously described were con-
ducted with the strain gage response displayed on an oscilloscope. At frequencies with
predominant strain gage response, the excitation was suddenly chopped, and the decaying
strain signal on the oscilloscope photographed. The decaying strain signals so obtained
were used to determine the logarithmic decrement, &, or the damping ratio, {, Reference
14. For the box specimens, only excitation on the front side was used for the damping
studies.

4. High Intensity Sinusoidal Frequency Sweeps

The test specimens, instrumented as described in Section 2, were placed on the progressive
wave test section of the high intensity acoustic fatigue facility at the Aerospace Sciences
Research Laboratory. Typical installotion details are described in Reference 8.

Grazing incidence sinusoidal frequency sweeps in the range of 50-1000 Hz were conducted
at the selected specimen test level. Strains for all gages were recorded on x~y plots. The
strain response was studied and used to shape the broad-band acoustical excitation for the
fatigue tests.

5. Broad-Band Acoustical Noise Tesr Spectra

The test specimen/frame assembly was removed from the progressive wave test section
and replaced by a one-inch thicz plywood panel. The test sound pressure spectrum was
then shaped out of the presence of the vibrating test specimen. The width of the exci-
tation spectrum was at least three times the width of the strain response of the panel
obtained during the high intensity sinusoidal sweeps. "Spectrum shaping was required to
concentrate the acoustical energy in the desired frequency range. The plywood panel
was removed when the desired spectrum had been obtained.

6. Acoustic Fot'&;ue Tests

The test specimen /frame assembly was re-installed in the progressive wave test section
ready for fatigue testing to take ploce. Test specimen inspection was made in the following
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sequence: every five minutes for the first hour; every fifteen minutes for the next two
hours; every half hour for the next seven hours; and every hour until test termination.

When o fatigue failure was first observed, the time, location, and a brief description
was recorded in a laboratory record book. The time of failure and crack length were

marked on the specimen. Cracks were allowed to propagate until complete modes of

failure had been observed. A complete description of the data recording and analysis
systems used for mode studies and fatigue tests are presented in Appendix Il.

D. Test Results

Results of the stiffened panel and box specimen experiments are presented in the follow-
ing sections.

1. Stiffened Panel Test Results

Each stiffened panel design consisted of two specimens. Following the notation used by
Ballentine, the specimen nomenclature is given by the panel design with the suffix A
and B to denote the two specimens. For all fatigue tests, the stiffened panel specimens
A and B were tested simultaneously.

1.1 Modal E[g.gggngx Studies - As discussed in Reference 5, the types of modes to be

expected for nine bay panels would consist of various phase relations between adjacent
bays for each mode number (m,n) of a panel. The Chladni patterns observed during the
mode studies described in Section C.1.1 are presented in Appendix lil. The similarity
of the predominant modes for each pane! desigr: is apparent. The predominant mode for
stiffener response was a fundamental mode for each panel bay between ribs with adjacent
bays across the stringers out of phase. The predominant mode for skin response was adja-
cent bays across ribs out of phase (reversed bending). Since the ribs were much stiffer
than the stringers, the strain response on the skin was generally maximum at the center
of the short side of the center bay. This was to be expected due to the torsionally flex-
ibl; sg;ingersl used in these experiments. A summary of the modal frequencies is given

in Table VIII.

1.2 Darr_bflgg Ratios - The decaying strain signals as described in Section 111.C.3 were

used fo obtain average values for the damping ratio. An arithmetic average of the damp-
ing ratio for each design was obtained. Table IX is a listing of these average damping
ratios as determined by the logarithmic decrement method. There were no significant
differences between damping for the skin or the internal structure. Figure 23 presents a
plot of damping ratio versus frequency for all responding strain gages and all specimens.

] % High Intensity Freﬁuencz Sweeps - Figures 24 and 25 are plots of strain response to

igh intensity sinusoidal excitation at the indicated sound pressure level. The frequency
sweep plots are typical for the strain responses for all stiffened panel specimens at skin
and stringer locations.

Ll




Specimen
STR-31A
STR-31A
STR-31B
STR-31B
STR-32A
STR-32B
STR-33A
STR-33B
STR-34A
STR-34A
STR-34B
STR-34B
STR-35A
STR-35B
STR-36A
STR-36A
STR-368B
STR-368
STR-37A
STR-378
STR-38A
STR-388
STR-39A
STR-398
STR-40A
STR-408
STR-41A
STR-418
STR-42A
STR-42B

TABLE Vil

MODAL FREQUENCIES FOR STIFFENED PANELS*
(Low Intensity Sinusoidal Excitation)

160
209,264
165
213,262
166
168
194
186
159
183
158
170
205
195
166
212
180
217
75
87
96
81
177
169
52,92
71
123,164
128,185
180
199

*Only predominont frequencies are |isted here,

Stringer Motion

Torsion
Bending-torsion
Torsion
Bending-torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Bending-torsion
Torsion
Bending~torsion
Torsion
Torsion
Torsion
Bending~-torsion
Torsion
Bending-torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion
Torsion

see Appendix Il for Chladni patterns.




AVERAGE DAMPING RATIOS FO

Specimen
STR-31A
STR-318
STR-32A
STR-328
STR-33A
STR-338
STR-34A
STR-348
STR-35A
STR-358
STR-36A
STR-J68
STR-37A
STR-378
STR-38A
STR-388
STR-39A
STR-398
STR-40A
STR-408B
STR-41A
STR-418
STR-42A
STR-428

TABLE IX

R STIFFENED PANELS

E\_rtrug-u Damping Ratio, %
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1.4 Broad-Band Acoustical Noise Test Spectra - The acoustical noise test spectra were
shaped such that the bandwidth of the excitation was at least three times the bandwidth of
the test specimen sinusoidal response. If more than one mode was deemed significant, the
test spectrum was shaped so as to include all responding modes. Figures 26 and 27 are
typical broadband test spectra for the stiffened panel designs. All narrow band analyses
for the broadband acoustical noise were accomplished using a 10Hz bandwidth filter. The
test spectrum level was determined using the simple relation Spectrum Level = Sound
Pressure Level - 10 log(af), dB, where Af is the filter bandwidth. For Af = 10,

Spectrum Level = Sound Pressure Level - 10 dB. The test spectrum level is indicated in
each figure.

1.5 Fatigue Tests - Twenty-four stiffened panel specimens, twelve designs with two
replicates each, were exposed to broadband random acoustical excitation until one or
more cracks developed in the skin or stringer. Table X is a summary of the test results.

\ognetic tape recordings were made of the signals from the strain gages positioned on
the skin and the stringers. These strain data were analyzed using a narrow band filter
(nominal 10 Hz) to determine the characteristics of the strain response to the acoustical
excitation. Figures 28 through 35 are the narrow band analyses of typical single mode
and multi-mode response.

In addition to the narrow band analysis, the recorded strain data was analyzed to deter-
mine the probability density of instantaneous strain. Figures 36 through 43 are typical
results of these statistical analyses. For reference, a Gaussian distribution is plotted in
each figure.

Figure 44 shows the relationship between overall nominal rms stress and the number of
cycles to failure for the failure data. The number of cycles to failure was established
from the number of zero crossings with negative slope (obtained as described in Appendix
I1) for each recorded strain signal and the time failure was observed. The regression line
and 95% confidence limits given in Figure 44 were computed as described in Appendix II,
Reference 8. The highest correlation coefficient for these data was obtained using failure
data for strain goges located on the stiffener flange at the attach clip to the frame with
the strain goge axis aligned with the stringer length. The regression line and confidence
limits illustrated in Figure 44 are established for these data points only although all failure
data is plotted.

2. Box Specimen Test Results

Due to the physical size of the box structure, these specimens were fatigue tested indi-
vidually. The specimen nomenclature is given by the specimen design with the suffix A
and B to denote the duplicate specimens.

2.1 Modal Frequency Studies - Mode shapes for each box specimen structure were
determined as described in Section |11.C.1. The experimentally observed modal frequencies
are given in Table XI for each specimen. The notation for a specific mode is given by the
mode numbers (m,n,q) as described in Section Il. Figures 45 through 53 illustrate the
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: TABLE X
: SUMMARY OF STIFFENED PANEL FATIGUE TESTS ‘N
; Test Resp--:e _ '.(
) Spectrum Frequency N x 10-6 o "
Specimen  Level, dB Hz c ksi Remarks I‘
STR-31A 124 160 2.2 5.2 (FT)* ,
B 124 170 - 5 No failure at gage '
* STR-32A 124 180 5.5 2.0 (FT)
A 124 180 6.8 3.2 (FT)
) A 124 180 5.2 4.2 (FA) |
‘ A 124 180 5.1 2.0 (WA) q“
B 124 170 - - No failure ot gage
STR-33A 124 160,350 8.1 2.2 (FA)
B 124 140,330 6.8 2.3 (FA)
B 124 140,330 7.8 5.6 (FT)
b STR-34A 124 160, 350 5.2 3.4 (WA)
A 124 140,330 8.9 6.8 (FT)
B 124 - - No failure ot gage
STR-35A 124 240 - - No failure at gage
B 124 220 16.1 1.4 (FA)
b B 124 220 16.7 0.8 (FA) 1
STR-36A 124 160 - - No failure ot gage
B 124 185 8.3 2.8 (FA)
B 124 185 7.0 3.6 (FA)
y STR-37A 132 145 4.2 1.6 (WA)
} B 132 140 1.4 1.2 (WA) ‘
B 132 140 2.2 2.3 (WA)
STR-38A 128 175 2.2 5.2 (WA)
A 128 175 0.7 3.5 (FA) ;
A 128 175 1.03 4.9 (FA)
B 128 140 2.5 4.2 (FA) |
d

v — i




TABLE X (Continued)

; Test Response _
: Spectrum Frequency N x I 0-6 o
, Specimen  Level, dB Hz e ksi Remarks
STR-3%9A 132 200,370 1.4 4.4 (WA)
A 132 200, 370 0.7 4.5 (WA)
P B 132 200,400 1.0 4.2 (WA)
B 132 200,400 1.8 3.7 (WA)
STR-40A 132 140,300 1.22 16.0 Skin @ Frame
) A 132 140, 300 0.44 8.7 (FA)
A 132 140, 300 0.37 6.7 (FA)
A 132 140, 300 0.41 12.9 (FA)
A 132 140, 300 0.43 8.8 (FA)
B 132 140, 300 1.5 3.6 (FA)
B 132 140, 300 0.36 4.3 (FA)
’ B 132 140, 300 1.6 4.3 (FA)
B 132 140,300 0.40 4.6 (FA)
STR-41A 124 220 6.6 2.1 (FA)
A 124 220 10.9 2.6 (FA)
B 124 220 9.7 2.3 (FA)
) STR-42A 124 200-230 - 2.1 (FA) No failure at gage
A 124 200-230 - 2.6 (FA) No failure at gage
A 124 200-230 - 3.4 (FA) No failure at gage
A 124 200-230 - 2.4 (FA) No failure at gage
’ B 124 200-230 0.89 3.2 (FA)
! B 124 200-230 - 3.8 (FA) No failure at goge
B 124 200-230 - 2.5 (FA) No failure at gage
B 124 200-230 - 2.1 (FA) No failure ot goge
o
*(FT) - Flange transverse gage at stiffener center
(FA) - Flange oxial goge at clip
(WA) - Web axial goge at clip
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TABLE XI
4 MODAL FREQUENCIES FOR BOX SPECIMENS

{ (Low Intensity Sinusoidal Excitation)

Mode

Specimen (1,1,1) (1,2,1) (1,3,1) (1,3,2)
BX-1A 94 191 222 -
BX-1B 78 144 235 —_
BX-2A 90 136 193 —
BX-2B 92 135 220 -
BX-3A 82 - 137 —
BX-3B 8 106 133 -
BX-4A 139 181 228 -
BX-48 135 - 209 —
BX-5A 78 9”2 164 134
BX-58 88 91 - 136
BX-6A 62 77 —_ 124 -
BX-6B 62 —_ - 16
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FIGURE 50 CENTER RIB RESPONSE: OUT OF PHASE EXCITATION BOTH SIDES, BX4B
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acceleration response of the front center panel bay, the center rib, and the rear center
panel bay for the three excitation conditions of the low intensity sine sweeps. The
accelerometer location was the center of the bay and rib. These results are typical of the
low intensity sine sweeps conducted during the modal frequency studies.

2.2 Damping Ratios - The decaying strain signals as described in Section 111.C.3 were
used to obtain average values for the damping ratio. An arithmetic average for each
design was obtained. Table XIl is a listing of these average damping ratios as determined
by the logarithmic decrement method. A plot of domping ratio versus frequency for the
box specimens is given in Figure 23.

2.3 High Intensity Frequency Sweeps - Figures 54 through 57 are plots of strain response
to high intensity sinusoidal excitation at the indicated sound pressure level. The strain
gages illustrated are for specimen BX4B. Strain goge 1 is located across the rivet line at
the middle of the long side of the center bay on the side exposed to acoustical excitation.
Strain gage 7 is located across the rib flange directly under gage 1. Strain gage 8 is
located in the center of the rib with the gage axis in the direction of the rib height.
Strain gage 9 is located across the rib flange directly opposite to strain gage 7. These
figures illustrate the discrete frequency strain response across the height of the structure
with excitation on one side.

2.4 Broadband Acoustical Noise Test Spectra = The acoustical noise test spectra were
shaped such that the bandwidth of the excitation was at least three times the bandwidth of
the test specimen sinusoidal response. If more than one mode appeared to be significant,
the test spectrum was shaped so as to include all responding modes. Figures 58 through 60
illustrate typical broadband test spectra for the box specimens. Figure 60 illustrates the
test spectrum for specimen BX4B.

2.5 Fatigue Tests - Twelve box structure specimens, six designs with two replicates each,
were exposed to broadband random acoustical excitation until one or more cracks developed
in the skin or ribs. Table XIIl is a summary of the test results.

Magnetic tape recordings were made of the signals from the strain goges positioned in the
skin and the ribs. These strain data were analyzed using a narrow band filter (nominal

10 Hz) to determine the characteristics of the strain response to the acoustical excitation.
Figures 61 through 64 are narrow band analyses of the strain response for strain gages 1, 7,
8, and 9 of specimen BX4B. (See Figures 54 through 57 for the high intensity sinusoidal
response of these strain goges.)

In addition to the narrow band analysis, the recorded strain data were analyzed to deter-
mine the probability density of instantaneous strain. Figures 65 through 68 are plots of
amplitude distribution for strain goges 1, 7, 8, and 9 of specimen BX4B. These results are
typical of the statistical analyses. For reference, a Gaussian distribution is plotted on
each figure.

Figure 69 shows the relationship between overall nominal ms stress and the number of
cycles to failure for all failure data. The number of cycles to failure was established from
the number of zero crossings with negative slope (obtained as described in Appendix Il) for

P
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TABLE XI!

AVERAGE DAMPING RATIOS FOR BOX SPECIMENS

Specimen Average Damping Ratio, %

BX-1A 1.7

BX-1B 2.5
) BX-2A 2.2

BX-28 2.0

BX-3A 2.4

BX-38 2.2
’ BX-4A 1.3 - -

BX-48 1.4

BX-5A 2.2, $
)

BX-58 3.0

BX-6A 1.5
’ BX-6B 2.0 {
}
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FIGURE 54 HIGH INTENSITY SINE SWEEP: STRAIN GAGE 1, BX-48
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TABLE XllI
SUMMARY OF BOX SPECIMEN FATIGUE TESTS
Test
Spectrum Response _
BX-1A 124 140-150* 6.2 6.0 (SF)*
BX-1A 124 140-150 6.3 6.8 (SF)
BX-1B 124 140-160 11.5 5.0 (SR)
BX-2A 121 140-180 9.25 5.2 (SF)
BX-28 121 100-160 43.5 6.6 (SR)
BX-3A 119 130/160 No Failures At Gages
BX-3B 119 115-145 No Failures At Gages
BX-4A 124 140-160 4.3 6.6 (UF)
’ BX-4A 124 140-160 3.5 7.0 (UF)
BX-4A 124 140-160 4.2 7.2 (UF)
BX-4A 124 140-160 3.7 5.7 (UF)
BX-4B 125 150 0.68 13.9 (UF)
BX-48 125 150 0.94 10.8 (UF)
| BX-4B 125 150 1.22 10.3 (UF)
BX-4B 125 150 1.07 11.3 (UF)
BX-5A 124 83/175 0.22 22.2 (UF)
BX-5A 124 83/175 0.25 21.1 (UF)
) BX-5A 124 83/175 0.25 18.6 (UF)
BX-5A 124 83/175 0.23 22.6 (UF)
* BX-58 125 90/135 0.25 24.8 (UF)
BX-58 125 90/135 0.77 15.5 (LF)
BX-58 125 90/135 0.28 21.6 (UF)
BX-58 125 90/135 0.74 16.5 (LF)
BX-58 125 90/135 0.27 17.6 (UF)
BX-58 125 90/135 0.29 19.6 (UF)
90

Mode
Responding
(1,10
(1,1,
a1,y
a,1,1)&(Q,3,1)
ai1,n&@1,3,1)
(t,1,1) &(,3,1)
(1,1,)&(Q,3,1)
(1,1,1)
a1,
(1,1,1)
Q(,1,1)
(,in
AN))
(1,1,1)
(,1,n
(n,1,1)&0,3,2
0,1,1)4&(01,3,2
a,1,n4&0Q,3,2
a,n&Q,s,2
(1,1,1) &(1,3,2
1,n&(,3,2
a,,1n&(,3,2
(1,1 &(Q,3,2
a,,n&(1,3,2
(,1,1)&(1,3,2)




TABLE XIiI (Continued)

Test
Spectrum Response -
Level Frequency N x 10-6 o Mode

Specimen dB Hz c ksi Responding
BX-58 125 90/135* 0.34 19.6 (UR* (1,1,1) &(1,3,2)
BX-58 125 90/135 0.32 18.6 (LF)  (1,1,1) &(1,3,2)
BX-6A 124 90/135 0.47 15.5(UUF) (1,1,1) &(1,3,1)
BX-6A 124 90/135 0.3%6 16.5 (UF)  (1,1,1) &(1,3,1)
BX-6A 124 90/135 0.55 13.9(UF)  (1,1,1)&(1,3,1)
BX-6A 124 90/135 1.78 7.4 (LF) (a,,n&(,3,1)
BX-6A 124 90/135 2.50 9.8 (LF) (1,1,1)&(@1,3,1)
BX-6A 124 90/135 2.30 9.1 (LF) (1,1,1&(,3,1)
BX-6A 124 90/135 0.84 1.3 (1,1,)&(0,3,0)
BX-6A 124 90/135 0.95 124 (UF) (,1,1)8&(0,3,1
BX-6A 124 90,135 1.14 nN.9(UF  (1,1,1)&(1,3,1)
BX-6A 124 90/135 2.24 8.5 (LF) (a,1,mn&(Q0,3,1)
BX-6A 124 90,135 2.10 7.0 (LF) (a,1,mn&0,3,1)
BX-68 124 95/125 0.16 18.5(UF) (1,1,1) &(1,3,1)
BX-68 124 95/125 0.34 13.9(UF)  (1,1,1) &(1,3,1)
BX-68 124 95/125 0.31 16.0 (UF) (1,1,1) &(1,3,1)
BX-68 124 95/125 0.79 16.5 (LF) a,1,n&Q0,3,1
BX-6B 124 95/125 1.02 12.9 (LF) (,1,1&(0,3,0
BX-68 124 95/125 0.89 13.4 (LF) (,,mn&0,3,)
BX-68 124 95/125 0.50 18.0(UF) (1,1, &(1,3,1)
BX-68 124 95/125 0.58 16.0(UF) (1,1, &(1,3,1)
BX-68 124 95/125 0.84 14.9(UF (1,1,1)&(,3,0)
BX-68 124 95/125 0.50 20.6(UF) (1,1,1) &(1,3,))
BX-68 124 95/125 0.52 15.0 (LF) (1,n&0,30
BX-68 124 95/125 1.07 10.2 (LF) a.,n&(Q0,3,0)

*Notes: 140-150 denotes a broad response SF -strain goge on skin across frame

in frequency range.
83/175 denotes a multimcde

response at indic.'ed

frequencies.

SR - strain gage on skin across rib
UF-straingogeon rib flange, excited surface
LF - strain goge on rib flonge, unexcited surface
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each recorded strain signal and the time failure was observed. The regression line and
95% confidence limits given in Figure 69 were computed as described in Appendix Il,
Reference 8. The highest correlation coefficient for these data was obtained by consid-
ering only failure data for strain gages located on the rib flange across the rivet line.
The regression line and confidence limits illustrated in Figure 69 are established for
these data only, although all failure data is plotted.

E. Discussion of Test Results

1. Stiffened Panel Results

1.1_Modal Freguency Studies - For nine bay stiffened panels with the stringers much
more flexible in Eenjing and torsion than the ribs, it was expected that the center panel
row between ribs {test area) would be the most responsive. This was, generally, the case.
The predominant mode was a fundamental in each panel bay with adjacent bays out-of-
phase (stringer torsion). The stringer bending mode (adjocent bays in phase) was observed
as indicated in Table VIII; however, these modes were not so predominant as the stringer
torsion modes. The reason for similar modes at different frequencies is due to the degree
of coupling between adjacent bays influenced by the stringer bending - torsion charac-
teristics. Acceleration measurements confirmed that the stringer deformation was basic-
ally a twist for all cross=section shapes considered.

A comparison of the frequencies determined in the mode study and the response frequen-
cies determined from the high intensity size sweeps (Table X{show significant increases
in modal frequency for the fatigue test configuration. This increase in frequency is at-
tributed to temperature decrease (as much as 40°F) between the room in which the mode
studies were conducted and the acoustic fatigue facility.

_]F,]_Emnw - The high intensity sine sweeps were conducted to determine
the specimen response in the fatigue test configuration. For all specimens the frequency
range used to establish the excitation spectrum was based upon maximum strain response
for strain gages located on the stringers. Strain gages on the skin generally had a sim-
ilar frequency response as gages on the stringer (see Figure 24). However, if the mode
study indicated that the panel bays across a frame exhi%ifed appreciable out-of-phase
response (reversed bending) a strain gage was located on the frame rivet line at the cen-
ter of the span. These strain gages experienced a multi-mode response. High strain
levels ot the frame rivet line (short side of the center panel row) were experienced for
both the fundamental mode of the center panel row and the mode for reversed bending
of the skin across the frame.

i - Two types of skin failure were commonly experienced during the
fatigue testing of the stiffened panel specimens: the formation of fatigue cracks along
a skin rivet line and fatigue failure of the fasteners (popped rivet heads). These types
of failure occurred only along the frame rivet line for tﬁs specimens tested.

The fallure experienced by design STR-31 influenced all subsequent panel designs. Fig-
ure 70 illustrates the fatigue failure mode of specimen STR-31A. For this design, the
outer bays of the center panel row were of greater span than the center bay. The first
observed failure occurred at the center of the rivet line on the short side (frame). The
ends of the crack were drilled and a cold bonded metal patch was applied to the skin
side. During subsequent testing, the cracks continued to propagate and the patch de-
laminated. The crack propogated very quickly along the edge of the panel and into the




a) STIFFENER SIDE

b) SKIN SIDE

FIGURE 70 FATIGUE FAILURES FOR SPECIMEN STR-31A
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center bay as illustrated. When the crack passed through the stringier, the flange failed
as indicated in Figure 70. This failure was not considered to be va'id since the failure
did not originate in the center bay test area. To avoid this type of (ailure, it was de-
cided that the center bay of the structure should be equal fo or greater in area than the
other bays. Since the total specimen size was determined by the test fixture, the cen-
ter bay aspect ratio was a primary variable, and the nine bay configuration was desired,
an angle brace was installed along the length of the outer bays of the center panel row.
The brace comprised of an aluminum angle attached to the ecLe pan and riveted to the
skin. This design change decreased the span of the outer bays so that the center panel
bay had the greatest surface area. The brace is illustrated in Figure 15, It was in-
stalled on al? designs except STR-37, -38, and -40 (see dimension 'a' Table V).

Two types of stringer failures were experienced for the specimens tested in this program:
failure at the clip attachment to the frame and failure at the flange rivet line along the
center of the stringer span. All designs tested experienced failures at the clip attach-
ment to the frame. Only channel section stiffeners experienced fatigue failures at the
mid-span of the flange rivet line. Figure 71 illustrates a typical clip attachment for
zee section stringers: two rivets along the web height aﬂacﬁing the stringer to the clip.
Channel section clip attachments were similar. The clip attachments for the hat section
stiffeners used a rigﬁf angle clip as illustrated in Figure 15.

Typical stiffener failures at the clip attachment are illustrated in Figure 72. Figure 72a
is an overall view of the frame-stringer intersection from the skin side (skin removed)
illustrating the failure mode. Typically, a crack would initiate at the rivet near the
upper flange and propagate down the bend radius and across the upper flange. Figures
72b and 72c¢ show closeup views of such failures for a channel section. The slight bow
in the upper flange, as irlustrated in Figure 72¢c, was apparently coused by local buck~
ling of the flange ofter fatigue failure was complete. For this specimen, strain gages
were installed on the web of the stringer aligned with the upper clip rivet. The strain goge
axis is mounted parallel to the stringer axis on the side opposite to that illustrated (web
axial gage (WAfS see Figure 21 ond Table X). The center of the strain gage axis was
approximately 0.5" in from the point ot which the crack initiated. Figure 72d illus-
trates a typical stringer failure g: a zee section for which the crack was allowed to
propogate down the stringer web and flange rivet line. The strain gage installation at
this failure was on the web axis between the rivet heads (overall rms stress 2.0 ksi). A
strain gage mounted on the upper flange centered on the clip rivet line measured an
overal? rms stress of 4.0 ksi . g:th of these strain gages were within 0.25" of the initial
crack location. In Figure 72d, a portion of the flange has broken off (duriig testing)
allowing the complete stringer failure to be viewed. Figures 71 and 72 illustrate the
physic:? impossibility of locating a strain gage at the initial failure point; however, as
indicated in Figure 44, the failure data for strain gages located on tﬁz flange and aligned
with the stringer axis yielded the most significant data correlation. The measurement of
the very steep strain gradients in the localized area of the stringer clip is a physically
difficult problem that can only be resolved by additional testing.

The stringer flange failures at mid-span for the channel section are illustrated in Fig-
ure 73. This failure occurred independently of the failures illustrated in Figure 72a
through 72c. Figure 73a is an overall view of the rib/frame assembly from the stiffener
sideu?skin removed) and Figure 73b is a closeup view of the failure. In Figure 73b it is
interesting to note that cracks initiated ot the edge of the bucked rivet head rather than
the rivet hole. The diagonal failure pattern is evidence of the complex strain field at
this location on the stringer. The strain gage location is evident. It is believed that
this type of failure was due to stiffener cross-section distortion in the plane of the stif-
fener cross-section. This type of failure was also observed on the flanges of the box-
specimen structure.
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lsolated stringer/frame clip fatigue failures were also observed during testing; however,
these failures occurred after failure of the stringer. No fatigue failures of the ribs were
recorded.

A——

2. Box Specimen Structure

2.1_Modal Frequency Studies - The box specimen structure exhibited complex dynamic
behavior. The analytical results described in Section Il were én aid in the experimental
investigation in that a uniform mode classification was developed. As indicated in
Table X, only a few modes could be excited and identified explicitly as coupled skin-
rib modes. The degree of coupling between the skin and rib is proportional to the cube
of the ratio of rib to skin thictness (see Equations 39 and 45). From Table VIl, it can
be seen that designs BX-1, -2, and -3 represent relatively thick ribs whereas designs
BX-4, -5, and -6 represent relatively thin ribs (as compared to the skin thickness). De-
signs BX-1, -2, and -3 exhibited a higher degree of coupling between the skin and ribs
than did designs BX-4, -5, and -6. The acceleration response of the cover sheet (front
and rear) and ribs for designs BX-1, BX-2, and BX-3 was more highly coupled than that
illustrated in Figures 45 through 53. Although the theory predicts that only odd number
rib modes (across the structure height) would be excited gy the out-of-phase condition
(Equation 46), all modes were excited to some extent for all speaker conditions. The
on?y significant difference in response was observed for the rear cover sheet with exci-
tation on the front side. As wourg be expected, the rear surface response was signifi-
cantly less (one half to one third) than that measured on the front cover sheet for one-
sided excitation (see Figure 51).

2.2 Frequency Sweeps - For each specimen,high intensity sine sweeps were conducted
to determine tﬁe specimen response in the fatigue test condition. For all specimens, the
frequency range used to establish the excitation spectrum was based upon maximum strain
response for strain gages located on the rib. For designs BX-1, -2, and =3 maximum rib
strain response occurred at the center of the rib (strain gage 8, Figure 22). For designs
BX-4, -5, and -6 maximum rib strain response occurred at the rib flange next to the
front surface (exposed to excitation). Strain goges located across the frame rivet line
exhibited very high response due to reversed bending of the skin across the frame (see
Table VII). All strain goges exhibited predominant response in the frequency intervals
listed in Table X11l. Comparing the modal frequencies listed in Table XI with the re-

| sponse frequencies given in Table XllI, the general increase in modal frequencies indi-
cated is ottributed to the temperature difference between the two rooms in which the
tests were conducted os described for the stiffened panel specimens.

r—

- For acoustic fatigue testing the box specimen structure was mounted
in the test section side wall so that only one side (front) was exposed directly to the ran-
dom noise. For all specimens skin failures were observed only on the front surface. Two
{ types of skin failure were commonly experienced during the fatigue testing of box struc-
ture: the formation of fotigue cracks along a skin rivet line and fatigue failure of the
] fasteners (cracked and/or popped rivet heads). The skin failures occurred only for the
designs BX-1, =2, and -3. Figure 74 illustrates typical skin failures for specimens
BX-1A, BX-1B, BX-2A, and BX-3B. The location and extent of the skin failure is out-
lined for each specimen. No rib failures were observed for designs BX-1, -2, and -3.

Rib fotigue failures were observed for designs BX-4, BX-5, and BX-6. No skin fafigue
failures for these designs were observed. The 7 of rib failure observed is illustrated
in Figure 75 for specimen BX-58. Figure 75a i n:trates the complete specimen with the
front skin removed. The fatigue failure of the ribs was complete along the entire rib
length. Figure 75b is a closeup view of a center rib illustrating the failure of both rib
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a) SKIN FAILURES: SPECIMEN BX-1A

b) SKIN FAILURES: SPECIMEN BX-18

FIGURE 74 TYPICAL SKIN FATIGUE FAILURES FOR
BOX STRUCTURE
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c) SKIN FAILURES: SPECIMEN BX-2A

d) SKIN FAILURES: SPECIMEN BX-38

FIGURE 74 TYPICAL SKIN FATIGUE FAILURES FOR
8OX STRUCTURE (CONCLUDED)
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a) TYPICAL RIB FLANGE FAILURE:
SPECIMEN BX-58 (SKIN REMOVED)

b) CENTER RB ILLUSTRATING FLANGE FAILURE:
SPECIMEN BX-58

FIGURE 75 TYPICAL RIB FLANGE FATIGUE FAILURES: SPECIMEN BX-58
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c) RIB/FRAME INTERSECTION: SPECIMEN BX-5B

FIGURE 75 TYPICAL RIB FLANGE FATIGUE FAILURES:
SPECIMEN BX-5B (CONCLUDED)
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flanges. This failure is typical of designs BX-4, -5, and -6 in that rib flange fatigue
was experienced on flanges next to the front and rear skins. Figure 75¢ is a closeup of
the rib/frame intersection. No fatigue failures of the rib were observed at locations
other than the flange and no frame fatigue failures were observed for all box specimen
structure tested.

The obvious conclusion to be made from the box structure fatigue tests is the importance
of designing the structure so that the rib and skin are highly coupled dynamically. This
will be achieved by selecting rib and frame thickness identical to the skin thickness.

To emphasize this point, Table XIV represents a summary of overall rms strain response
for the box structure designs tested. It is seen that the strain response of designs BX-1,
-2, and -3 is more uniformly distributed than for designs BX-4, -5, and -6.

Seec imen
BX-1A

BX-1B
BX-2A
BX-28
BX-3A
BX-38
BX-4A
BX-48
BX-5A
BX-58

BX-6A

BX-6B

TABLE XIV y

OVERALL STRAIN DISTRIBUTION FOR BOX STRUCTURE
(See Figure 22)

5 .

Overall RMS Strain, Micro-inch/inch
Strain Gage Number

1 2 4 7 10 8 19 12

580 550 _ 480 500 500 500 — -

I b

900 610 530 —_— - — 515 — —_— -
495 — 530 - —_— - - -— N —
595 560 600 - — 490 500 _— —_— - 4
420 505 500 500 470 — 430 475 —_ -
480 495 490 -— — 140 — —_— — 490
520 360 580 640 680 240 350 220 320 1lio
840 600 750 1350 1050 450 400 720 800 500
— 700 1200 2150 2050 — — 1800 1550 800
— 620 800 1200 1050 920 — 1500 1300 460 4
1150 520 520 1500 1100 — 700 720 580 460

1050 560 950 1800 1750 — — 1600 2000 580 .
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IV - TEST DATA CORRELATION

A. Introduction

The analysis presented in Section Il suggests ways of correlating the test data presented
in Section Ill for the stiffened panel stringer specimens and the nine-cell box structure
specimens. The first mode response was in general the most predominant mode for each
type of structure. For the stiffened panel specimens, stringer fatigue failures occurred
at the clip attachment and skin fatigue failures occurred at the frame rivet line. Fa-
tigue failures for box structure occurred at the frame and rib rivet lines for the skin and
along the flange rivet line for the ribs. All skin fatigue failures for both types of struc-
ture fell within the 95% confidence limits established by Ballentine for aluminum plate
fatigue failure (Reference 8, Figure 34, p. 91) indicating the validity of Ballentine's ‘
design nomograph (Reference 8, Figure 73, p. 151) for establishing skin thickness for
the types of structure considered here. *

e _aman

The data correlation presented here is concerned with stringer fatigue failure at the clip 1
attachment and flange fatigue failure for the dee, plate-liﬂe ribs of the box structure.

The approach taken for data correiation is somewﬁaf different than that described by w
Ballentine in that overall rms stress is calculated using Equation 3 where the frequency
and static stress estimate are calculated using the appropriate expressions from the anal-
ysis and the spectrum level of the excitation and damping values are taken from the ex-
perimental data. The resulting values of overall rms stress are then correlated with the
measured overall rms stress (strain) to obtain an empirical expression for overall rms
stress. This approach is open to question since scatter exists for the fatigue data (which
is assumed to be error free for this correlation).

B. Stiffened Panel Stringer Fatigue Correlation

Average overall rms stress levels for the stringers were calculated using the experimental
data presented in Table X. These values, denoted by T o, are assumed to be error free.
Values for the response frequency of the (1,1) mode (stringer-torsion) were calculated
using Equations 25 and 26 and values for the stringer stress due to a uniform static pres-
sure of unit magnitude were calculated using Equation 35 for each panel design. Using

the experimental values for damping (Table IX) and rms sound pressure spectrum level ﬂ

(Table X), overall rms stress levels were calculated using Equation 3. These values,

denoted by T ., are assumed to be inaccurate due to discrepancies in estimating the

frequency and static stress response. Table XV lists the two variables T . and G, for
the various specimen designs. These data are plotted in Figure 76.
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FIGURE 76 CALCULATED VERSUS MEASURED OVERALL RMS
STRESS: STIFFENED PANEL STRINGERS
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TABLE XV J
DATA FOR STRESS CORRELATION: STIFFENED PANEL STRINGERS J
il
— -2 s -2 4
Specimen Zex 10 S x 19 3
STR-31 4.582 52.0 '1
STR-32 8.420 31.0
STR-33 1.942 22.5
STR-34 4.597 34.0
/
STR-35 1.498 11.0 1
STR-36 3.820 32.0
STR-37 23.330 25.5
STR-38 6.050 42.0 ﬁ
STR-39 22.450 42.0
STR-40 28.440 58.0
STR-41 6.790 25.0
STR-42 2.900 32.0
From the data listed in Table XV, the correlation coefficient was established as 0.5754
for the twelve degrees-of-freedom. This level of data correlation is not very significant
(one chance out of fifty that there is no correlation). The equation for the regression
line is established as - -
3_=0.9(5)"5, ki (65)
The regression line and 95% confidence limits are presented in Figure 76. !
C. Box Structure Flanﬁ Faﬂgue Correlation

Average overall rms stress levels for the rib flange were calculated using the experi-
menfo? data presented in Table XIV. These values, denoted by T, are assumed to be
error free. Values for the frequency of the (1,1, 1) mode was calculated using Equations
44 ond 45 and the static stress response to a uniform pressure of unit magnitude at the
mid span of the flange was calculated using Equations 48b and 49. With these data,
modal damping data (Table XI1) and rms sound pressure spectrum level (T-ble XIll), the
overall rms stress levels were colculated using Equation 3. These values, denoted by

T ., are assumed to be inaccurate due to discrepancies in estimating the frequency ond
static stress response. Table XV! lists the two variables T and T for the various spe-
cimen designs. These Jata are plotted in Figure 77.
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FIGURE 77 CALCULATED VERSUS MEASURED OVERALL RMS
STRESS: BOX STRUCTURE RIB FLANGES
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TABLE XVI

DATA FOR STRESS CORRELATION: BOX STRUCTURE FLANGES
(FLANGES ON THE EXCITATION SIDE)

SEecimen 7% 10 3 Ee 410 ’
BX-1A 2.2897 5.974
BX-1B 2.2897 7.365
BX-2A 1.5692 5.279
BX-2B 1.5692 6.154
BX-3A 2.8650 4.738
BX-38 2.8650 5.996
BX-4A 13.5056 6.625
BX-4B 15.2012 11.580
BX-5A 20.2210 21.130
BX-5B 22.7599 20.300
BX-6A 24.8750 13.583
BX-6B 24.8750 16.840

From the data listed in Table XVI, the correlation coefficient was established as 0.862 T
for the twelve degrees-of-freedom. This level of correlation is significant (better than
one chance out of one thousand that there is no data correlation). The equation for the
regression line is established as

5= 0.245(3) LA (66) ﬂ

The regression line and 95% confidence limits are presented in Figure 77.
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V - DEVELOPMENT OF DESIGN EQUATIONS AND NOMOGRAPHS

A. Iniroduction

The information required to preduce a design nomograph for a specific type of structure
is an analytical expression for the stress which is caused by the random acoustical exci-
tation onJ the allowable fatigue stress and life relationship. The analytical expressions
developed in Section Il for frequency and stress at a point on the structure were modi-
fied empirically by the data correlation in Section IV.

To be useful and practical, a design nomograph also must be as free as possible of com-
plexities, easy to use, and give an accurate representation of the test results from which
it was derived. The expressions for estimating the natural frequency of the fundamental
mode for the stiffened flat panel and box structure configuration are too complex fo be
presented in the form of a nomograph. Estimates for the modal stiffness and the modal
mass can be readily obtained using the appropriate equations in Section 1l for any mode
desired. For extensive parameter studies, computer programs have been developed,
based upon the theory presented in Section Il, for estimating the frequencies for stif-
fened flat panels, box structure, and a three-cell wedge structure. These computer
programs and a description of the data input format are presented in Appendix IV.

g B. Flat Stiffened Panels

1. Skin Design

The geometry and nomenclature for o bay of stiffened panel structure is presented in
Figure 78. All skin failures were observed to fall within the confidence limits estab-
lished by Ballentine for aluminum skin (Reference 8, Figure 73, p. 151). Ballentine's
design nomograpli is reproduced as Figure 79. An example problem is included.

2, i

The random acoustic pressures on the surface of a bay of stiffened panel structure are

transferred to the supporiing structure predominantly by a transverse shear loading. This

loading causes the m-wolled open-section stiffeners to bend and twist. The stringer

loading is reacted along the skin=stringer rivet line and the clip attachments of the frame

and stringer. The siringer stress AT THE CLIP ATTACHMENT is estimated by the equation \

J/ € )hbS '
% " T/ + @ S0 2 ’

= 1 =12

XX 2T Xz° z2

for the fundamental mode, fy, of the panel. The frequency of the fundamental mode,
f), is obtained by using Equations 22 and 23 for m = n = 1. The damping ratio, ¢ 1,
can be estimated as 0.01 to 0.02 in the absence of experimental dcta.
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STRINGER

FIGURE 78 STIFFENED PANEL BAY AND STRINGER NOMENCLATURE
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JFIGURE 79 SKIN-STRINGER PLATING DESIGN NOMOGRAPH
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The sound pressure spectrum level, Sp(f]), for the fundamental mode is expressed in units
of pressure as

$,() = 2.91 x 106P1/20-9) o sin2/ Ha (68)

- - ‘¢_— a_fean

where spl is the spectrum level in dB

From the empirically derived expression for stress, Equation 65, the estimated stress in
the stringer flange at the clip attachment is obtained.

EXAMPLE: Consider a stiffened panel with the following data ~

a = 9.0in b = 18.0in t = 0.040
h = 1.25in I* = 0.01255inT  (~4 zee section, Table VI) w
f] = 148 Hz (from Equations 22 and 23) w
s, = 0.01158 (from Equation 68, spl = 132 dB.)

¢, = 0.015 (estimated)

®/a) + (o/b) = 2.50
Then, T, 5.16 (from Equation 67)

4.64 ksi (from Equation 65).

and T
e

From, Figure 44, the cycles to failure, N., estimated to be 1.22 x 106. From Figure
79, and the above data the number of cycfes to failure are estimated to be 2.2 x 10
cycles.

The above procedure should be repeated until the desired fatigue life for the skin and 1
the stringers is achieved.

GC. Box Stryctyre
1. Box Structure Skin and Rib Flange Stresses

To calculate the stresses in the skin and rib flanges for a box structure, the design pro- )
cedure utilizes Timoshenko's approximate technique for computing stresses in continuous
supported panels (Section 11.D.4), the frequency estimate for the (1,1,1) mode (Equa-

tions 44 and 45), and the empirically determined expression for stress given by Equation

66. The method is best illustrated by an example.

EXAMPLE: Consider the data for specimen BX-1 (Tab!e VIl). From Equations 48a and
48b, the bending moment at the middle of the short side of the center bay is given by

My = ((0.0575)(100) + (0.0575)100)y/3 = 3.84
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and at the middle of the long side of the center bay
M = ((0.065)(121) + (0.082)(100))/3 = 5.35
for a uniform pressure of unit magnitude over the surface of the structure.

To obtain stress in the skin, frame flange, and rib flange, one uses Equation 49. For
the skin at the middle of the short side (frame line) of the center bay the skin stress

response is

T, = (6.0)(3.84)/(0.0637 = 5800 psi,
and the frame flange stress response is

T, = (6.0)(3.84//(0.080)° = 3600 psi.
For the slsin at the middle of the long side (rib line) of the center bay the skin stress
response Is

T, = (6.0)(5.35)/(0.063° = 8080 psi,
and the rib flangve stress response is

3, = (6.0)(5.35)/(0.063)" = 8080 psi.

From Equations 44 and 45 the frequency of the fundamental, (1,1,1), mode is estimated
to be 79.0 Hz. For this example, the damping ratio is estimated to be 0.020 for the
entire structure, and a sound pressure spectrum level of 124 dB/y/Hz.is assumed. From
Equation 3, one obtains the expression (ignoring the constant)

3, = /00 S 0)F ) '
Then, for the above data ‘ I
fy = 79.0, Hz. ¢, = 0.020 S,(F}) = 0.00462 ]
so that
Fc] = (62.8)(.00462)(5800) = 1682 psi,
T, = (62.8)(.00462)(3600) = 1045 psi,
5 5 = (62.8)(.00462)(8080) = 2340 psi,
3., = (62.8)(.00462)8080) = 2340 psi-.
From Equation 66, the estimated averall rms stress is given by
3., = 0.245(1682)" 4" = 5.20 ksi, ‘
T, = 0.245 1045) 4" = 4.25 ki,
T 3 = 0.245 (2340 4" = 6.30 ksi,
5, = 0.245 (2340 4" = 6.30 ksi. 4:
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) For the skin stresses T, and T,3 the number of cycles to failure are obtained from
Figure 80 as 1.2 x 107ecycles and 5 x 106 cycles, respectively. For the frame_and rib |
stresses the number of cycles to failure are obtained from Figure 69 as 2.3 x 107 cycles,

respectively. ¢

The above method can be repeated until the desired fatigue life is obtained.

D. Frequencies of a Three-Cell Wedge Strycture

1
|
The vibration analysis of a three-cell wedge structure is presented in Section 11.E. An
example will be presented here for a specific data case. The results given here were
obtained using the computer program given in Appendix IV (WDGVIB); however, Equa- {
tions 57 and 58 can be used if desired. }

EXAMPLE: With reference to Figure 9, consider the data case:
it = ot = t = 0.050in. 1

a = b] =b2 = b3 = 10.0in.

-

@ = 11.46 degrees (0.2 radian)
Y = 0.101 Ibs/in? .
E=1.03x 107 psi

v = 0.302 4
1D, = 114.46 in - Ib. o
Then, the first few modal frequencies are

mode number g Hizk -

(m.‘nlq) mnq 1

(1, 1,1) 134.0

(]I 113) 29800

(1,2,1) 298.0

(1,2,3) 611.0

(1,3,1) 530.0 )

(1,3,3) 964.0 !

21,1 261.0 |
Typical rib mode shapes are illustrated in Figure 11 for this data. A
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E. Curved Nanel Frequencies

1. Szechenyi's Approximate Formuloe

Application of Szechenyi's approximate formulae for estimating the natural frequencies
of cylindrical panels will be illustrated by an example. The data used is obtained from
experimental values quoted by Petyt, Reference 13.

EXAMPLE: Using the frequency expression give: by Equation 59, and Figures 13 and 14
one can compute frequencies for the various lower order panel modes of a cylindrical
panel. Consider the data case (see Figure 12)

3.0in, b = 4.0in, t = 0.013in, R = 30.0in
10 psi, Y= 0.096 Ib/in®, V= 0.33

E

The comparison between Szechenyi's approximate formula (Equation 59) and the experi-
mental results quoted by Petyt are

Equation §9 Experiment
f” = 1053., Hz. — , Hz.
le = 968., Hz. 814., Hz.
flg = 1192, Hz. 940., Hz.
flq = 1730., Hz. 1735/1770, Hz.

Considering the simplicity of Szechenyi's method the results are considered to be good.

2. Plumblee's Aggroximate Formu!

The expressions for the frequency ratio and stress ratio for curved to flat panel response
in the fundumental mode presented in Section Il.F.2 can be applied directly for specific
data cases. The nomogram developed by Plumblee (Figure 87, Reference 8, page 174)
is presented as Figure 81. This nomogram is used in conjunction with Figure 79 for esti-
mating curved panel fatigue life for acoustic excitation.
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IV - CONCLUSIONS

Methods have been developed to estimate the acoustic fatigue resistance
of aircraft structural components. These methods apply to flat stiffened
panels, and to box type and wedge-type structures such as flaps and trailing
edges of wings and control surfaces. In the acoustic fatigue anclysis the
response frequencies of these structural components are estimated by the use
of the Rayleigh energy method which accounts for the bending and torsional
flexibilities of the supporting structure. The mean square stress response
of the skin which is subjected to the random acoustic load is computed by
the use of Miles equation for a single-degree-of-freedom system. The life
of the structure is then estimated by using experimentally derived S-N
curves and a Miner's cumulative damage calculation. Acoustic fatigue tests
of twelve stiffened flat panels and six box structure designs were performed
to check the theory and supply the S-N data for the analysis. The resulting
S-N curves are given in two graphs, one for the stiffened plates, the other
for the box structure. Computer programs are also given for estimating
frequencies of the stiffened flat panels, box structures, and wedge
structures. Based upon this program the following conclusions were made:

\*1
1
i
|

-

a. The results of the analytical and experimental investigations
reported here indicate that the overall rms stress induced in stiffened
panel skins and box structure skin and skin-rib connections by broad-band
noise can be estimated with sufficient accuracy for design purposes using 2 E
approximate results from thin plate theory and Miles' response theory.

b. The approach taken to establish stringer flange design data is
considered to be valid within the nature of the data obtained in the experi-
mental program. The difficulties in measuring strain at the failure point
and the extreme strain gradients present at the clip attachment produce an
additional scatter to the fatigue data which is inherent in the type of
structure considered.

i

c. The confidence limits established by the limited fatigue data
obtained in the experimental program are too broad. Additional testing
will be required to better define the acoustic fatigue characteristics for
both stringer flange failures and rib flange failures.

d. The vibration analysis for wedge structure should be reformulated
to provide both frequency and stress response estimates. Even through the
frequency analysis presented here yields reasonable results, the simple
mode shapes used do not allow an estimate of stress to be made. Acoustic
fatigue testing of wedge-type structure will be required to establish

fatigue design criteria. f
e. The design equations developed from the analytical and experimental |

programs will increase acoustic fatigue design capabilities, but these

equations should be considered preliminary until more experimental data is .

available. o
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APPENDIX |

GENERAL EXPRESSIONS FOR STIFFENER GEOMETRIC PARAMETERS

x - .

The geometric parameters defined here are developed in terms of a centroidal (x,y, z)
coordinate system. General expressions for the cross-sectional area, the area moments,

torsion constant, and warping constants are presented for zee, channel, and hat

PG SER—p—

cross-section shapes. The definition of these parameters is as follows:

x, the location of the centroid, as indicated

o .

e, the location of shear center, as indicated

A, the cross-sectional area

_ 2 _ _ 2
lxx = f z dA |xz = f xzdA Izz— j x dA
A A A
J= _[[( - z)2 + ( + x)2 I dA (St. Venant's Torsion Constant)
(Plx m'z .

i =

P N
A A A 1

where (x, z) is the warping function for the cross-section with the pole taken as the !
shear center. |

& — e

*
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A = t(h + 2b)

| = Ch2(6b + h) + 12(3h + 20)]

1= -%‘-(2b+ H(2b - 1)

b3, 2
|u—]2£8b + ht“]

L kbt )
e 12(2b +

FIGURE A-1-1 GEOMETRIC PPOPERTIES - ZEE SECTION
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GENERAL EXPRESSIONS FOR STIFFENER GEOMETRIC PARAMETERS

x=b2/(2b+ h)

e= 3b2/(6b + h)

A =t(h + 2b)

‘ 'xx = 112 [h2(6b +h) + t2(3h + 2b)]

k | =0
XZ

=t =2 3 - - - =2, .3
Izz—ﬁ[nhx +8b" - 24xb(b - x) + 12b(b = 2x)t + é(b - x )t~ + t"] w

J

%&%+m

_ tboh2(3b + 2h)

1-‘e 1216—b + h)

NOTE: For warping constants, the pole is taken at the shear center.

FIGURE A-I-2 GEOMETRIC PROPERTIES - CHANNEL SECTION
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GENERAL EXPRESSIONS FOR STIFFENER GEQMETRIC PARAMETERS
L
h

1

bty 5
X=Hrh+ 2y —\ 1
x
b(3bhZ + 20, (3h” - and) + j|e—
e—[h (6b+h)+2h](;2b+—&\h‘ +4|-.5] l._ I
A=t(h+2b+2h‘) l
F 4

lxx = Tl'i th - t)3 + ‘3 tb + t)(t2 + 3h2) + -‘15 t(2h.| - 1) [(2hl - t)2 +12(h + h‘)2]

=0
Xz

|n=1‘.2,(h -t)(f2+;2) +-§-t(b+t)3+lz-t;(b+ )[x - 2b+ 2t]
+ -2‘2 Hzh, - 1) (2 + 2400 - 4

1

_13
J—st [h+2b+2h]]
R =0
ex
R =0
ez
_t 3.2 2 2 2 2
s 'Ti““‘ + 6bh“e(e - b) + 2b hl(ah -6hh|+4h]

L 4bh]c(3h2 i 4hf) + &2(h + 2h])3]

FIGURE A-1-3 GEOMETRIC PROPERTIES - HAT SECTION

132




APPENDIX 11

TEST DETAILS AND INSTRUMENTATION

A. Introduction

In general, the test details and instrumentation used to conduct the experimental program
are, except for the statistical analysis, identical to the procedures described by Ballentine
(Appendix |, Reference 8). The procedures used for the box specimen mode studies were
slightly different thon that used for the stiffened panel specimens due to the box structure
configuration. These differences are described in Section Ill. The statistical data analysis

will be described here, and the reader can obtain other details as described in Reference 8.

B. Statistical Data Analysis

The data used to obtain the S-N curves presented in this report consisted of R.M.S. values
for strain, zero crossings with negative slope of the strain signal, and the time that

fatigue failure was first observed. All fatigue failure data reported in this report corre-
spond to a failure initiated at or very close to the strain gage. The zero crossing count
was obtained using a B & K Mode! 161 Probability Density Analyzer, a frequency counter,
and the recorded strain signal. The average of the frequency count (zero crossings with
negative slope) for three minutes of strain data was taken as the zero crossing count. The
block diagram for the system is illustrated in Figure A=ll-1,

The amplitude distribution plots illustrated in this report were also obtained using the

B & K Model 161 Probability Density Analyzer. Six minutes of recorded strain data were
used to obtain each plot. The Gaussian distribution referenced in each plot was obtained
by analyzing a 1 volt rms random noise signal from a B & K Model 1024 sine-random noise
generator. The block diogram for the system is illustrated in Figure A-I1-2,
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APPENDIX Il

q EXPERIMENTAL SPECIMEN MODE SHAPES

1. Introduction

The experimental frequencies and mode shapes described here were obtained as described
in Sections 11.C and IIl.D. The specimen plan view is illustrated (no scale). The frame
L and stringer attach lines ore indicated. The frame lines are horizontal and the stringer
attach lines are vertical. The node lines for a given bay are indicated by dashed lines.
Predominant modes for each specimen are indicated by an asterisk.
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APPENDIX IV

COMPUTER PROGRAMS

1. Introduction

The computer programs listed here are based upon the analysis given in Section 1l. All
programs compute frequencies and modal amplitudes. The wedge structure vibration
analysis computes the mode shapes foi the riﬁs as a function of position along the radial
axis at the center line of the rib. These computer rograms have been written for the
UNIVAC 418 computer; however, with very slight modifications, they can be adapted
to any computer. Special functions and suZprograms are listed with the main program.

2, Nine Bay Stiffened Panel Vibration Analysis (PLTVIB)

Purpose: To compute the natural frequencies and modal amplitudes for the panel bays
and ribs as described in Section 11.C. The program is listed in Figure A [V-1. Typical
output format is listed in Figure A [V-2.

Subprograms Required: SGN (K)
Input Data Format (PLTVIB): 5 Cards per Data Case

>

CARD 1 _
COL (FORMAT) 1(14) 5(12) 7(12) 9(12) 5(12)
NAME NDATA Ms MF NS NF
CARD 2

COL (FORMAT) 1(E10.4) 11(€10.4) 21(€10.4) 31(E10.4)
NAME Al A2 BI B2

CARD 3

COL (FORMAT) 1(E10.4) 11{E10.4) 21(€10.4) 31(€10.4)
NAME TS GMS ES PRS
CARD 4/5 (Cont'd)

COL (FORMAT) 1(E10.4) | 11(E10.4) | 21(E10.4) | 31(E10.4)
NAME GX/GY | XJ/YJ EX/EY GMX/GMY

A .

PSRRI : N

-~




CARD 4/5

COL (FORMAT)

41(E10.4) 51(E10.4) 61(E10.4)

NAME AX/AY Xyl WCX/WCY
NDATA four digit data identification number
MS, MF initial and final values for mode number m
NS, NF initial and final values for mode number n
Al, A2 panel bay dimensions in X-direction (see Figure 1)
B1,B2 panel bay dimensions in Y-direction (see Figure 1)
TS skin thickness
GMS weight density of skin material
ES Young's modulus of skin material
PRS Poisson's ratio of skin material
GX/GY shear modulus of stringers parallel to X/Y axis
XJ/YJ St. Venant's torsicn constant for stringers parallel to X/Y axis
EX/EY Young's modulus for stringers parallel to X/Y axis
GMX/GMY  weight density of material for stringers parallel to X/Y oxis
AX/AY cross section area for stringers parallel to X/Y axis
Xyl Ip)/Ax and IP/A (see Equations 8a and 8b)
WCX/WCY warping constant ér cross-section of stringers parallel to X/Y oxis.

. _Nine-Cell Box Structure Vibration Analysis (BOX
Purpose: To compute the notural frequencies and modal amplitudes for. the skin, rib, and
frame of a nine-cell box structure as described in Section I[.D. The program is listed in
Figure A IV-3 and typical output is listed in Figure A V-4,
Subprograms Required: STIFF(SK, I, J,K), MASS(SM, 1, J,K), F(N,1,J), SGN(K).

Input Data Format (BOXVIB): Five Cards per Data Case

CARD 1

COL (FORMAT) 1(14) 5(12)

NAME NDATA I0UT

CARD 2

COL (FORMAT) 1(12) 3(12) 5(12) 6(12) 7(12) 11(12)
NAME MS MF NS NF Qs QF
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rer—

- ' -N_rv/ -
CARD 3
COL (FORMAT) | 1(E11.4) | 12(E11.4) | 23(E11.4) | 34(E11.4) | 45(E11.4)
NAME Al A2 Bl 82 H
CARD 4
COL (FORMAT) | 1(E11.4) | 12(E11.4) | 23(E11.4) | 34(E11.4) | 45(E11.4)
NAME T1S T2S GMS ES PRS
CARD 5
COL (FORMAT) | 1(E11.4) | 12(E11.4) | 23(E11.4) | 34(E11.4) | 45(E11.4)
NAME TIR T2R GMR ER PRR

NDATA
I0UT

MS, MF
NS, NF
QS, QF
Al, A2
81,82

H
TIS/125
GMS

ES

PRS
TIR/T2R
GMR

ER

PRR

four digit data identification number

output option: = 0, frequencies are printed for each mode
=1, frequencies and modal amplitudes are printed for
each mode

initial and final values for mode number m

initial and final values for mo:'2 number n

initial and final values for mode number q

length of panel bays parallel to x-axis (see Figure 3)
length of panel bays parallel to y-axis (see Figure 3)
height of box

upper/lower skin thickness (see Figure 3)

weight density of skin material

Young's modulus for skin material

Poisson's ratio for skin material

rib/frame thickness (see Figure 3)

weight density of rib and frame material

Young's modulus of rib and frame material

Poisson's ratio for rib and frame material

4. Three-Cell Wedge Structure Vibration Analysis (WDGVIB)

Purpose: To compute the natural frequencies and modal amplitudes for the ribs and skin
of a three-cell wedge structure as described in Section 11.E. The computer program is
listed in Figure A IV=5and typical output is listed in Figure A IV-6.
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Subprograms Required: SGN(K)

Input Data Format (WDGVIB): 5 Cards per Data Case

CARD 1

COL (FORMAT)

1(14) 5(12) 1 702) | 9@12) | 1102) | 13(12) | 15(12)

NAME

NDATA | MS MF NS NF Qs QF

CARD 2

COL (FORMAT)

1(E10.4) | 11(E10.4) | 21(E10.4) | 31(E10.4)

NAME Al B1 B2 ALPHA
CARD 3/4

COL (FORMAT) | 1(E10.4) 11(E10.4) 21(E10.4) 31(€10.4)
NAME T1S/12S GMI1S/GM2S E1S/E2S PR1S/PR2S
CARD 5

COL (FORMAT) | 1(E10.4) 11(E10.4) 21(E10.4) 31(€10.4)
NAME TIR GMR ER PRR

NDATA
MS, MF
NS, NF
QS, QF

Al

81/82
ALPHA
T1S/728
GMI15/GM2S
E1S/E2S
PR1S/PR2S
TIR

GMR

ER

PRR

four digit data identification number

initial and final values for mode number m

initial and final values for mode number n

initial and final values for mode number q

NOTE: only odd values of q are considered. QF <35.
radius of rib

rib spacing (B3 = B1: see Figure 9)

TOTAL wedge angle in DEGREES

thickness of upper/lower cover sheet (see Figure 9)
weight density of upper/lower cover sheet material
Young's modulus of upper/lower cover sheet material
Poisson's ratio of upper/lower cover sheet material
thickness of rib

weight density of rib material

Young's modulus of rib material

Poisson's ratio of rib material
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200

Ti4ls PROGRAM EV _LUATEs THE WMODAL MASS AND STIFFNESS,

FREQUENCY AND MODE SHAPES OF A STIFFENED PANEL

?IMENSION A(23) o F(5) pxK(3)rYK(3) oW (Drx) o SX(293)0SY(203)
N=1

Io=2

READ(INIL100INDATA, MG, nFeNSINF

READ(INs101)A1,A2,B1sp2

ReEADCINSI0L)TSeGMSPES,PRS

READ(INV101)GXe XxJoEXogMX o AXe XTI o WCX - e e—
READ(INGL102)GY s YUWEY oMY AY YT WCY
A(l)=AL1/A2

A(2)=B1/8Bz

A(3)=a2/B2

A(4)=A2*B2

A(S)SA(4)xe3/82
A(6)=A(S)xB2/A2

A(T)SA(1)e%3

A(B)=A(2)%*3
A(9)=(u2+z.sA1) s (H2+2,0b1 ) 2GMSETS/4,
A(l10)=9.86959*GMX#AYex /B o%A(3)%(1e42 #A(T7))
A(11)=9,80959%GHY«A sy I/A/ALJ)* (142 %A(8)]) _
A(l12)ES*TS*%3/(12.%(1.~PHS*PRS) ) /A(4)s2uL 35227
A(l3)=coXe,CX/A(S) 951, 38506

A(l4)=cY*4CY/A(b) 961, 3656

A(15)=51/A1

A:le)=ul/A2

A(l7)=ws2/0Y o i o o

Arlg)suoXexJ/ (EX*WTX)

A(19)=GYsVJ/(EYRNWCY)

A(20)=A1#%a2

A(21)=A2%s2

A(22)z=y1%e2

A(23)=c2¢s2 . s L
DG 202 M=MS,MF
SHM=SGR (M)

F4=FLOAT (M)

Fr2z=FMaFiM

FMUSFM28FM2
PIMA223.14159*FM/a2
FirPISG=(FM%3,14159) «»;
Dy 201 N=NS)NF
SINZSON(N)

Fi.SFLOATIN)

Fan2=FNeFN

FruzFr.2eFne o R = S
PINB2Z3+.14159%F /52

F. OFN=FM/FN

FIGURE A-IV-1 PROGRAM PLTVIB
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T F(S)SF(1)4F (2V4F (3)4F (4)

S Yr(1)=A(19)%A(22)

. SY(201)=SNMaSY(101)

F(L)S((FMOFN#A(15)+1./(A(15)%FMOFN) ) #42)04esA(1)%4(2)
F(2)=((FMOFN/A(3)+A(3)/FMOFN))s%2 . ovmm
F(3)S((FMOFNsA(16)+1,/(A(16)*FMOFN})2x2)%2.2A(2)
F(4)S((FMOFNSA(17)+1,/(A(17)*FMOFN) J#n2)®2o0A(L)

FrPISQ=(FN®3,1415q) «s,

Xk (1)=A(18)sA(20)

Xk(2)=A(18)2A(21) )
XK{3)=1e+XK(2) /FMPISQe24/A(1) % (e XK () /FMPISQ)
Yk (2)=A(19)#%A(23)
YR (3)=1e+YK(2) /FNPISGe2e/a(2) % (1. 4YK(1)/FNPISQ)
StMZ(A(9)+A(10)sFN2+A(11)xFM2) /73860

SKM=A(12) «FM2eFN22F (5)+A(13) *FMUSFN2eyK (3) +A(14) SFM22FNYxYK (3)
FREQ=SGRT (SKM/SMM) /6 ,2R8318
Wils1l)=SNMESNNSA(1)ea(2)
W(2¢s1)=SSNNEA(2)

W(dsl)=wW(1r])

W(le2)=SNMEA(1)

wW(2s2)=1,

W(3r2)=W(102)

w(lod)awWw(le}) - ——
W(2e3)z=w(2r}])

W(3e3)zW(1r})
Sx(101)=SHNMsPINB22A (1)
Sx(1r2)=PINB2

Sx(103)=Sx(1,1)
Sx(201)SSNNeSX(L19g) . . . _._ . e
Sx(202)=SNNspPINB2

Sx(203)=Sx(2¢1)

SY(101)=SNNsPIMA2xA(2)

Sy{(1:2)=PIMA2

Sy(1+3)3SY(1,1)

Sy(2¢2)=SNMsPIMA2
SY(203)25Y(2,1) .
WRITE(IO0,215)
wrRITE(I10¢,220)NDATA
WRITE(IO09v225)MenNeFREQ

CWRITE(IOr230)SMMeSKY - ..

WRITE(100235)

WITE(IOr240) ((W(T0J) ,u=1,3)012103)

WKITE(IO0r245)

WRITE(IOe240) C *SX(IyJ)rd=103)01=1,2)

Wi ITE(IO00250)

WaITE(I00240) ((SY(Xeu)svW=103)0e]=122) = e o B e =

201 CONTINUE

FIGURE A-IV-1 PROGRAM PLTVIB (Continued)
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20z CONTINUE
GC TO 200
o FORMAT(IL,412)
101 FcRMAT(7E10,4)
21% FORMAT(1HL»9Xe42HOY tav k¢ ANALYSIS OF ; STIFFENED FLAT PANEL)
220 FURIAT(/Z/7023Xe9HDATA CASE, Is)
2265 FURMAT (/793501300007 ,UMBER (2I201Hre1201H) 9 10Xe 19HFREQUENCY=,EL12,
1De4MriZe)
230 FCRMAT (/Z93Xp11HMOGAL © 4SS=eE12.503X014HMODAL STIFFMESS=0E12,5)
, 238 FCORMAT(//7022X010Hi10-AL AMPLITUDES»///23X0 {4HPANEL = W(Ied)e//)
S0 FORMAT(10XPEL124502X0E12e99200EL205)
b 28 FCRMAT(/ZZ 01040 SOMSTIFFEWERS IN THE X CIRECTION = X (IeJ)ey/)
. 50 FGRAAT(//7 010X 0 3YHSTIFFENERKS IN THE Y ((IRECTION = SY(IvJ)e//)
) S1VP
£ .0

NN Y s —_¢x

P —

-

b .

FUNCTION SGN(R)
C:l .o

Lo 9 1=1¢nr

Cz==C

CoeliTliviE

SEN=C

Re. TURN

b €i.D

[

FIGURE A-IV-1 PROGRAM PLTVIB (Concluded)
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DYNAMIC ANALYSIS OF A STIFFENED FLAT PaNEL
DATA (ASE 37

vODE nUMBER ( 10 1) FREQUENCY= 0,23672E+03¢H2,

ONAL MASS= 0,16264E=02 MODAL STIFFNESS= 0.35979E+04
MODAL AvPLITUDES
PaNEL = W(IyJ)

0.20370€+00 =U.b11115+00 0,20370E+00
=0,33333E+00 0,1r5006+01 =0,33333E+n0
0.,20370E+00 <=0,61111c+00 0,20370E+00

STIFFENERS IN THE x LIRECTION = SX(Ied)

=0,10666E+00 0,17u53c+00 =0,106#6E+00
0.10666E+00 =0,17453i %00 0.,106+6E+00

STIFFENERS IN THF y UIKECTION = SY(IeJ)

=U.11636E+00 0,34907-+00 =0,11626E+00
0.,11636E+00 «=0,34907L+00 0.11636E+00

FIGURE A-IV-2 PROGRAM PLTVIB: TYPICAL OUTPUT




DIMENSION WY (303) ,W2(393)0U(203)0v(203)

READ(ING115) MSeM,NG,(;»@S,0
READ(ININe110) ALlrA2¢R1,H20H 4
REAUCINS110) T1SeT2Ss6MSPESHFRS
REAU(LH»130) T1Ks»T12ReGMRPCR»PRR

1ng  FCRMAT(I4,12)

110 FURMAT(5E11.4)

115 FORMAT(612) 4

{

CoMMON A(16),8(7) \

I+, TEGER QSrQ d

=1 i

4 lo=2 :
1n0 READ(INe10S) NDATA(IOUT y

i

A(1)= Al/A2 4
A(2)= H/A)

A(3)= H/A2 {
A(4)= 51/7A1 ‘
A(H)= dl/Ae

A(6)= dilrspe

A(7)= 1/B}

A(8)= B2/Al

A(9)= pesaR

A(L1Q)=H/8

A(11)=T2S/T1S

A(l2)=T2r/TIR

A(13)=TIR/T1S

A(l14)=GMR/GMS

A(1%)=ER/ES ‘
A{le)z(1:0=PRS*PRS) /(1 ,U=PRKk*PRR) - . 1
CMZGMLT1S8A2%8271544 ,0

Cr=2+0293564ES*T15%¢3/ (A24B2%(1.0=PRS4PRS))

CFZ0.15915493*SURT(CR,/CM) q
Ci1=A(1)*) i
Co=A(e)*s3 !
C352.0%A(10) 2%3

Cyu=A(9) 2}

Cu=A(11) %3

Ca=A(13) %23
B(1)=(1e04A(11))%(1,042,02C142,0%C244,0%C1%C2)
B(2)=C3*A(1ly)*A(13)

B(3)31,042.0%A(1)

bL4)sCue(1.042.0%4(1))0A(12)

B(5)=1,0+C5

B(6)=2,0%C6%A(15)sA (1)

Do 210 K=GS»3d

whITE(100215)

WRITE(IOr220) NDLATA

FIGURE A-IV-3 PROGRAM BXVIB
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116 .
117

120

200
20}
an2

IF(IOUT) 11601160117
WRITE(100260)
SNQ=SGN(K)

FQSFLOAT(K)

Do 205 I=MS,M
SNM=SGN(I)

FMSFLOATI(D)

DQ 205 J=NS»N
SHN=SGN(J)

FNSFLOAT(Y)

CalL STIFF(SKelrJsK)
CALL MASS(SMeIosJdeK)
FREQ=CF *SQRT (SK/SM)
SMM=CM=aSM

SKM=CK#SK

IF(IOUT) 201,2010120
Wi(1e1)=SNMeSNN*A(1) %A (6)
wWil(1e2)= SNM2A(]1)
Wi(103)= wWi(irl)
wi1(20r1)= SNN®A(6)
wi(2+2)= 1.00000
W1(2:3)= Wil(2r1)
Wi(3e1)= wl(1r})
W1(302)= wl(102)
Wi(3e3)= Wl(1rl)
U(le2)==FM®A(3)/F
U(lel)s SNN=A(E)*U(14)
U(le3)= U(l01)

U(2rl)z SNM2U(101)
U(2+2)= SNMsU(1,2)
U(213)= SNM2aU(1s1)
V(le2)==FN®A(10)/FQ
Vilel)= SNMeA(L)®v(1,2)
Vile3)= V(1r}1)

V(2e1)= SNNxV(irl)
V(2e2)= SKNNey(102)
ViRed)ls LaNsV(le])

Do 200 I1=1.,3

0o 200 Ji1=1.,3
wWo(Iled1)=SHNOE*WL(]I1,U1)
CONTINUE

GO TO 202

WRITE(]00265) 1eJoKeSprM)SMM,FREQ
6¢ TO 205

WRITE(I00225) 1¢JyKoFREOQ
WRITE(I0s230) SMM,SKM
WRITE(100235)

FIGURE A-1V-3 PROGRAM BOXV!B (Continued)
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20%
210
215
220
225

230
213%

240
245
250
255
2h0

24%

wWelTE(I002640) ((W1(T1,J1),Jd1S103)011=143)

WRITE(100245)

WRITE(IOw240) ((U(I1eul)eJ1=103)01151,2)

wRITE(100250)

WiITE(I02240) ((V(11,01)9ul=103)01151,2)

WKITE(JO»255)

wWEITE(IOP240) ((W2(11,J1),J1=193)9112103)

CONTINUE

CUNTINUE

FORMAT (iH1» 74045H)YNALIC ANALYSIS OF 4 NINE CELL~10X STRUCTURF)
FORMAT (Z7021Xe9HDATA CLSE15)

FORMAT (/¢ 3X¢ 1 3HMODE NUMBER (eI1201HeoIpeiHyv1201H) ,7Xs
11yHFREQUENCY=1E12,503HHZ e )

FORMAT (/93X 11HMODAL MASS=?E12.5¢3X»16HMODAL STIFFNESSzvE12,5)
FORMAT (//¢22X016Hi<ONDAL AMpPLITUDESy/+16X0»19gHUPPER COVER SHEET =y
17pwi(Ied))

FORMAT (10X0E12e512XsE126502X0EL1245)

FORMAT (/923x013HRIBG = U(IeJ))

FORMAT (/023X 13HRIBS < viIed))

FCRMAT (/01 7X02THLOWER COVER SHEET = wo(1:J))

FCRMAT (/ZroXe TH(MINPY) , 3X» 12HMODAL STIFF.02X,

111HMOCAL  MASS»2X, 14HFREQUEHCY e HZer /)
FCRMAT(6Xs1H(rIloiHo o I1o oo I3 elH) 02X, E12,502X0EL2:502X9E12,5)
6, TC 100

EnD

SUBROUTINE STIFr(sK,I,JeK)

COMMON A(16)B(T)

IoSIslnday

CIJ=FLUAT(IV)

FzezF(3eled)

SRF=2.0%(A(1)*F (B, 1,U)+AlR)sF(SeIpJd)+,,00a(1)%A(6)*F (4,T00))/F22
SkF=1.0+SKF

RRF=(F (3010K)+2.02A(1)wF(20191K))*A(10)+

1R (100JeK)+2,0%A(E) eF (79J,K) ) BA(3) *A(12) %43
SR=ClJUs(B(5) *«F22x5KF+(i (b6) »RKF)

RE TURN

Ey L

FIGURE A-1V-3 PROGRAM BOXVIB (Continued)
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FUNCTION FiNelod)

CoMMON A(16)08(7)
R1=(FLOAT(I)/FLOAT(J))tA(N)
Rz=R1+1,0/R1

F=R=2R

Re TURN

END

SUBROUTINE MASS (Shie TrurK)
COMMON A(16)¢B(7)
C)=FLOAT(I)/FLOAT(J)
Co=FLOAT (J) /FLOAT (K)
RMSB(3)+B(4)+C1eCy
Sh=p(1)+B(2) sRMs(22C2

KR TURN

ti.D

FUNCTION SGN(K)
C:I.O
Do 5 I=1sK
Cz=C
5 CoNTINUE
SuN=C
Re. TURN
EnO

FIGURE A-1V-3 PROGRAM BOXVIB (Concluded)
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1 CYNAMIC ANALYSIS OF a NINE CELL-BOX <TRUCTURE

DATA CASE 1 '
A0DE MUMBER ( 1o 10 1) FREQUENCY= 0,78729E+02HZ, ©
noDAL MASS= U.1l4126e-01 MODAL STIFFNESSz 0.34566E+04 ]

MODAL AMPLITUDES

UPPER COGE? GQHEET =W1(IeJ)

070353400 =uU.113756%C1
«0.61875E+00  U.10000g+01 -0,61895E+00
Ue703R3E4+00 =0,11275C*01 0,70323E+00
RIBS = U(Ied)

0618756400 =0,100u0F+01 0.,61875E+00
‘0061875E§00 001“0005’01 -00618755*00
RiBS « V(1rJ)

UeHHETSEH00 =0 ,50000E +UO 0.,56875E+00
=U.56875E+400 0.5.0u0:+00 =0,56875E+0"
LOWER COVER SHEELT = w2(IrJ)
=0,70313E+00 Ve 1275t %01 =0, 703:3E+n
0.61875E+400 =0.1,000€+01 0.,61875E+0"
-U,70363L+00 0,11375c+01  =0,703¢3E+00
wohe nUMBER ( 1 20 1) FREQUENCY= 0,14371E+4G3HZ,

H0DAL MASSZ 0,15697c=01

00703935*00

LoDAL STIFFNESS: 0.13614E+0<

MOpAL AMPLITUDES
UPPER COykR 4HEET Wi (IeJ)

B - o Sy

«Ue70343E+00 =0,11375e%01 «=0,703,3E+00
U 618756400  0,10u000£+01 0,61875E+00
-0.703n3E400 =0,11375C*01 =0,703p3E+00
RIBS = L(]eY)
=Usol875E400 =0.10000r%01 =-0,61875E+0"
U.61875E+0U  0,1uU00E+OL 0,61875E+00
RIBS = v(]rJ)
0e11375E+401 «0,11:000t+01 0.,11375€E+01 1
Uo11375¢+U1 <=U,10600L+01 0,11375E+0!
LOWER COVFK SHEET = wW2(]rJ)
0,703;,3E400 0,11375c+0l 0,703r3E+00
~0.61875E400 =0.100UDE+01  =0.61875E+00 i
0.70383E400 0.11375:+01  0,703R3E+00
. |
FIGURE A-IV-4 PROGRAM BOXVIB: TYPICAL OUTPUT |
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DIMENSION A(22) oF(6)sw(203)oV(2004)
: . RgAL IM{10)

C THIS PROGRAM EVALUATEs THE MODAL MASS AND STIFFNEGS,
L  FeEQUENCY AND MODF SHAPES OF A WEDGE cTYRUCTURE

INTEGER G,QSQF »GM102 ;
= INSY |

.______}gz§1;¢2u699 T
{
1

Im(2)=,07888
In(3)=,03958
In(g)=,02408
B Im(5)=,01632
200 READ(INs100)NDATA,MS,MFoNSINFrQSeQF
READ(INs101)A1¢8B1,B2, ALPHA
ALPHAZ,0087266%ALPHA
READ(IN?101)T1SeGMISELSPPRLS <
READ(IN?101)T2S¢6M25,E2S ¢ RR2S
READ(INe101)TIR/GMRIER¢PRR
A(1)=2,%ALPHA*AL/B2
A(2)=B1/B2
A(3)3A1/82
___A(4)sSA1e82
A(5)=A1/8)
o A(6)=A(1)es3 o
A(7)SE1S*T1S#*3/(1.~-PR1S*PR1S) /12,
. "_ A(B)=E25#T25%%*3/(1.-PR2S*RR2S) /12,
A(9)=ER*T1R*s3/(1,~PRR*PRR) /12,
A(10)=GM1S*TLS " E
A(l1)=A(10)=A(4) /150y,
A(12)=1.,+GM25*T2S/A(10)
A(13)=A(12)%(2.%A(2)+1,.,)*A(11)
A(14)=GMRsTIR/A(10)sA(6)*A(11)
~ A(I5)=24.35227T¢AT7V/7A(4) f
A(le)=(1.4¢A(8)/A(7))=A(15)
A(17)=(ALPHA/1.570795) *»2
A(18)=A(9)/A(T)*A(1)ea(17)*A(1S)
Aclg¥=2.#AT16)7A(2)
A(20)s2./A017)
R(217=115.¥%58.*PRR) f
.- ALZZ):ZQ‘A(ZO)
p D0 203 M=MS,MF
SNM=SGN (M) ) !
\ FM=FLOAT(M) .
Fr2=FMaFM
PIMOA=3.14159*FM {
Do 202 N=NS.NF
S1iN=SGN(N)
FNSFLOAT(N)

re — T~ T T

o

FIGURE A-IV-5 PROGRAM WDGVIB J
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F. 2=F:.«FN
F.OFnz=FYY/F i
FIL)S((FMUFIi/ZA(D) +A(S)/FMOF L) *xe2)sA (1)
F(2)S((FMOFIIZA(I) +A(3) /FM_Fr) »x2)sA(14,)
F(3)=F(1)+F (2)
UC ¢01 Q=4Se aFe¢
@ lu2=(0=1)/2
S #250ilG)
St UMl=56H(Q1102)
F.2FLUAT (W)
F.2=F.sF&
FIQ)S((A(ZO0)sFuwe=20) e ) s M (M)
F(5)Zu ,8060598F s+ (21)4a(22)2FQ2
Fro)=a(le)®(Flu)+c(5))/Fup
SeMzF2¢F. 26 (F(3)+F (o))
S M=(1e=e303904/F 2) % (L4)#FNZ/FQ2+A(3)
F oEuSS RT (SR VS0 ')/ g0 314
a(lol)=Sti®a(2)
a{le2)=l.
a(led)z=w(1re})
wi2erl)==w(lsl)
‘\(avé):-lo
n(2ed)zulconl)
Ji 2us Ikzle2u
}‘:FLO-A].(I'\)
~zUsUHeR
C.lazcoe sl ®S. 00 1850 /F & 4 ()
L PRAZTLhGPLAJARR)
Vilel)=S LiaClieS F .4
V(Ine2)=C JliaQVPRA - -
Vihie3)=v(lcel) 1
¢4 V(Iren)zv(IRe2)
w, ITC(100rgl5)
w, ITC(I00220) 00T
w AT (L0020 ) nile ot ’ ﬁ
3 A LT ([O0e, 35) 5N ek
w dTC(1D0235)
a [T (iDocwy ) Catloddy =10 3)
A ITC(40r 943)
2 ITECI00, 80 Cu(2ed) o 210 02
w ITC (100 290)
3 v, eVt Izl
hn=FLunl ()
{ r\:ocf:)" 4
Ak ay ITE(I e 1) (e ( (" 2 edzlott))
211 Coeli: ik
212 C Tl .E
~ax Co Wl lin

-

- - -

rww

—at .

FIGURE A-1V-5 ?ROGRAM WDGVIB (Continued)




6¢ TO 200

100 FORMAT(I4,612)

101 FCRMAT(4ELO0,4)

515 FCRMAT(1H1011Xs37ADYNAMIC ANALYSIS OF A WEDGE STRUCTURE)

226 FLRMAT(/22Xe9HDATA CAGE s In)

Aot FCRMAT(/3xs 13HMODE U dER (2 T201Hs 012, 1Hs s 120 1H) 05X 10HFREGUE: €Y=,
1E12¢D04H0HZ,)

230 FCRMAT (/3X+ 11HMODAL M52 ¢E120502X s 161MODAL STIFE LSS2,L12:5)
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