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Io and ¢ are defined by Fig. 1.  Any particular element can be
removed from the point transfer matrix by setting the ap-
propriate stiffness to zero.
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The dynamic behavior of stiffened flat panels is analyzed using the method of finite-ele-

ments.

The panels are stiffened by one or two sets of stiffeners which divide the panel into
rectangular bays simulating a typical aireraft skin-frame-stringer configuration.
sis is designed to investigate the free and the forced vibration behavior.

The analy-
In the case of the

forced vibration, both undamped and damped response is examined where the damping is pro-

vided by viscoelastic dampers attached to the surface of the panel.

The finite-element

method consists of representing the panel by triangular plate elements, and the stiffeners are

represented by beam elements which allow for bending, torsional, and warping effects.

latter effect is found to be very important.

of the analysis to free and forced vibration problems.
viscoelastic damping is examined and compared with experimental data.

The

Examples are given, illustrating the application

In the case of the latter, the effect of
This data were ob-

tained from an experimental investigation that was carried out in support of the theoretical

analysis.
Nomenclature
A = matrix defined in Eq. (2)
A:-Ay = nine unknown coefficients in Eq. (1)
B = matrix defined in Eq. (8)

B\-B; = eight coefficients in Eqs. (15) and (16)

c = matrix defined in Eq. (21)

Clus = warping constant

D’,D" = real and imaginary parts of matrix defined in Eq. (32)
E = Young’s modulus
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[E] = matrix defined in Eq. (10)

E* = complex modulus of viscoelastic damper
E',E" = real and imaginary parts of E*

F = force matrix

F. = external force matrix

Fy,Fs. = parts of matrix F. defined in Eq. (34)
Fy = damping force matrix

F, = force in z direction at ends of finite elements
G = shear modulus

(@] = matrix defined in Eq. (5)

H = matrix defined in Eq. (21)

h = panel thickness

I = effective moment of inertia of stiffeners
J = St. Venant torsional constant

7] = matrix defined in Eq. (2)

K = stiffness matrix

Ki-K: = parts of K

L = length of finite elements for stiffeners
M = mass matrix ’

M-M, = parts of M

M, = damper mass

M,,M, = moments acting on finite elements

m = mass of stiffeners per unit length

q = displacement matrix

g = amplitude of ¢

1,42 = parts of §

qir,quz = real and imaginary parts of ¢

R = matrix defined in Eq. (37)

S = area of triangular panel element

t = time

U, = strain energy

14 = volume

v = displacement of the mass in the damper
w = transverse displacement of panel

X, Y = number of nodes in z and y directions
x,y,2 = Cartesian coordinates

a = warping displacement

€2,€y, Yoy = Strains

€ = matrix defined in Eq. (8)

02,0y = rotations of finite element corners

v = Poisson’s ratio

p = density of panel per unit area

- = matrix defined in Eq. (9)

02,0y, Ty = Stresses

w = frequency

Subscripts

2,9,k = indicate corners in a triangular finite element
1,] = indicate ends of stiffener finite elements

Introduction

HE present analysis will be concerned with the dynamic

behavior of stiffened flat panel structural models. Such
models are of practical interest because they represent actual
aireraft structures. In the present analysis we shall consider
both the free and forced vibration behavior. In the case of
the forced vibration problem, we shall consider both the un-
damped and damped configurations where the damping will be
provided by tuned viscoelastic, discrete dampers attached to
the panel surface. The model to be considered consists of a
flat panel stiffened by two sets of mutually perpendicular,
parallel stiffeners which divide the panel into a set of rectangu-
lar panels.

A number of previous investigations have been concerned
with the dynamic analysis of stiffened panel structures.l—?
One of the more extensively investigated problems in this area
has been the behavior of a simplified model consisting of a rec-
tangular panel stiffened by one set of parallel stiffeners. If
the boundaries of the panel perpendicular to the direction of
the stiffeners are assumed to be simply supported, then the
analysis can be reduced to a one-dimensional problem for
which an exact analytical solution is possible. - This approach
has been successfully applied in conjugation with the transfer
matrix techniques to analyze a number of different problems in
this area.2—48.9 In contrast, the more general problem con-
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sisting of a panel stiffened by orthogonal stiffeners is a much
more difficult mathematical problem for which exact solutions
are not possible. The solution for such a problem, therefore,
has to be obtained by approximate or numerical techniques,
and a number of such methods have been used. These meth-
ods include infinite series solution of equilibrium equations,
assumed mode methods, and numerical techniques based on
finite-element analysis. Perhaps the most versatile of these
methods, and the one which has been used most extensively,
is the finite-element approach.®7.20.11 We shall, therefore,
make use of this method in the present analysis.

Previous investigations in this area have made certain sim-
plifying assumptions as to the behavior of the stiffeners, mainly
that the stiffeners are infinitely rigid in bending,” or that tor-
sional effects can be neglected,® or that warping effects are
negligible.® For certain geometrical configurations, various of
these assumptions are valid; however, this is not always true.
One of the most common assumptions has been in regard to
the warping effects which have either been neglected com-
pletely® or included empirically by defining effective torsional
stiffeners.” It can easily be illustrated, however, that for
stiffeners with open sections, such as are often used in aireraft
construction, the warping is a very important factor in the dy-
namic response. Consequently, in the present analysis, we
shall avoid making any limiting assumptions and will explicitly
include the bending, torsional, and warping effects in the treat-
ment of the stiffeners.

The aim of the present analysis will be to examine the nat-
ural frequency and the corresponding mode shapes of free vi-
bration, and the frequency response. In the case of the forced
vibration analysis we shall consider both undamped and
damped structural models. The damping will be provided by
viscoelastic tuned dampers attached to the surface of the
panel.

In addition to the theoretical investigation of this problem,
an experimental program was undertaken to provide a check
for some of the theoretical results. In this investigation a
stiffened panel model is subject to a sinusoidal foreing function
and the frequency response is measured for undamped and
damped conditions.

Analysis
Finite-Element Analysis of the Panel

The rectangular panel is divided into a set of triangular ele-
ments joined at the nodal points as shown in Fig. 1. The
stiffeners are also shown in this figure; they are divided into a
set of finite beam elements. The triangular grid of panel ele-
ments is chosen in size so as to start and end at the stiffeners,
and both the panel and the beam elements have common end
points which are called the nodes. In this arrangement the
nodal points form a rectangular grid X, Y in size where X and
Y are the number of nodes in the z and y directions, respec-
tively. In this section we will consider the analysis of the
panel elements.

The stiffness and the mass matrix for each individual tri-
angular element are obtained by using the principle of virtual
work. Consider a typical triangular element with nodal co-
ordinates, nodal displacements (meaning both linear and rota-
tional quantities), and forces as defined in Fig. 2. The trans-
verse displacement of the panel is assumed in a polynomial
form as follows?!:

w= Ay + Awx + Asy + Ax® + Asy® + Ay +
Awy? + Agx® + Agy® (1)

where 4,-A ¢ are unknown coefficients.
Equation (1) can be written in a matrix form:

w = [J1{4} @)

where the matrix A contains the unknown coefficients in Eq.
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(1) and J is a row matrix whose elements are functions of x
and y.

Assuming plate theory, the nodal rotations can be related to
the displacement w by the following equations:

8, = — ow/dx
(3
6. = Ow/qy
Using Egs. (1) and (3) it follows that
0, = — (A; + 244 + 2Aery + Azy? + 3452
)

0, = As + 245y + Ax® + 24wy + 34

Equations (1) and (4) are now used to relate the corner dis-
placements of the triangular element in Fig. 2 to the nine un-
known coefficients A;-Ay. This relation is written in a matrix
form:

{g} = [G1{4} (5)
where the column matrix is defined as follows:
{g} = {wi,0y:,000,0;,0,:,00i,0k, 008,00} (6)

In Eq. (6) the subseripts 7, 7, and k are used to indicate the
displacements of the three different corners of the triangular
element in Fig. 2.

In the analysis the panel will be treated on the basis of thin
plate theory and therefore the strain-displacement relations
are

o = — zu/on® (7
o = — Dhw oy )
Yoo = — 220%u/0udy 7o

Using Eqs. (1), (5), and (7), we can express the strains in a
matrix form:

€
{e} = géy § = [BliG]'{q} ®)
Y=y

where minus one superseript indicates a matrix inverse.
Introducing the elastic stress-strain relations, we can write
them,

[ —— ()

Oz v 1 : €
{ o } = N0y =l i_—-—_;’ 1—’:—1}2 0 €y (9)
Tzy 1 Yy

Using Eqgs. (8) and (9), we can write the relation between the
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Fig.1 Finite-element representation of a panel-stringer-
frame structural model.
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corner displacements and the stress in the panel element as
follows:

{o} = [E1IBIG]{q} (10)

where [E] now denotes the produet of the Young’s modulus
and the square matrix in Eq. (9).

The equilibrium equations for the triangular element are
developed by using the principle of virtual work. The details
of this method will be omitted since they are well known and
can be found in previous literature.’® This procedure leads to
the following nine equations of motion:

Mgt + IK)g} = {F} an

The mass and the stiffness matrices in Eq. (11) are
] = o f [6177{7} [71[61-1a8 (12)

and

K] = f 1T B (EBG) Y (13)

The superseript T in Eqgs. (12) and (13) indicates a matrix
transform. The force matrix in Eq. (11) is defined as

P} = {Fo,M i, Moo, F oy, M i, Mo F ot Moy Mok} (14)
The forcesin Eq. (14) are defined in Fig. 2.

Finite-Element Analysis of the Stiffeners

In this section the equilibrium equations for the stiffener
beam elements, shown in Fig. 1, will be developed. This
analysis will be analogous to the one in the last section for the
panel elements. TFigure 3 shows the end displacement and
forces on a representative beam element. The displacements
are composed of one linear displacement in the z direction,
two rotations, and a warping displacement. Corresponding to
these displacements, there are four forces. The beam can
undergo bending and rotational displacements, and the first
step of the analysis is to assume polynomial expressions for
these two displacements. The bending displacement is as-
sumed in the following form:

w = By 4+ Bw + Bgt? 4+ Bu? (15)
and the rotational displacement is represented by

6. = B; + Bex + Bu? + Bgr? (16)



152 YURKOVICH, SCHMIDT, AND ZAK

oxi 9xj
W i i ¥
iy by,
, s
| —
x
END DISPLACEMENTS
y
Mxi Fz] ij
Fi Myl/T 4,4 %S Myl
z "1_ ___________
END FORCES x

Fig. 3 End displacements and forces acting on a beam
element.

The eight quantities B,-B;s defined in Eqs. (15) and (16)
are unknown coefficients. The rotation 8, is used here to de-
note the rotation of the stiffener along the line at which the
stiffener is attached to the panel.

The rotation 6,, shown in Fig. 3, is related to the displace-
ment w by the relation

6, = — ow/ox a7
Using Eqs. (15) and (17), we obtain
#, = —(By + 2B + 3Bax?) 18)

The warping displacement is denoted by «, and it represents
the magnitude of a warping strain which is a normal strain
varying over the cross section of the stiffener. The magnitude
of the strain is proportional to the second derivative of the ro-
tation along the length of the beam, and therefore it is con-
venient to use this derivative as the definition of o

a = 0%0./0x? (19)
Using Eqs. (16) and (19) it follows that
a = 2B; 4+ 6Bgr (20)

It is convenient at this point to consider the physical mean-
ing of the warping force N in the beam element. The warping
strain produces a normal stress over the cross section of the
beam whose magnitude is proportional to the magnitude of
the warping strain. This warping stress varies over the beam
cross section and is self-equilibrating, since it produces zero
axial load and zero bending. The warping force N is used
here as quantity proportional to magnitude of this warping
stress.

Using Eqs. (15), (16), (18), and (20), all the displacements
at both ends of the beam element can be related to the eight
unknown coefficients B,—Bs by the following matrix equation:

{¢} = [C1{H} 1)

where the matrix H is a column matrix of the unknown coeffi-
cients and matrix ¢ is defined as follows:

{0} = {wi,0,0,0:00;,0,5,0:5, 00,0} (22)

'The subscripts ¢ and j in Eq. (22) indicate the quantities be-
longing to ¢ and j ends of the beam shown in Fig. 3. Equation
(21) is inverted to give the coefficients in. terms of the end dis-
placements:

{H} = [C17{q} (23)

Thp total strain energy of the beam element is composed of
bending, torsional, and warping components, and is given by
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the following equation:
1,z o\ ? 1 pL 06, \?2
vo= g fy e (Ge) e 5 f 0 () et

1L 020, \?

5 fo EC,. (%) dr (24)
The strain energy given by Eq. (24) can be expressed by a
quadratic function of the eight coefficients B,—Bs, which in
turn can be converted by using Eq. (23) to a quadratic in the
end displacements given by the matrix ¢. Again applying the
principle of virtual work and equating virtual work to virtual
change in strain energy, we obtain eight equations of equilib-
rium for each stiffener element. These equations have the
same general form as Eq. (11).

Equations of Motion for the Total Structure

From the matrix equations of motion for the individual
panel and beam elements, the corresponding equations for the
total stiffened structure are obtained by satisfying force
equilibrium and displacement compatibility at each nodal
point. The resulting equation has the form

Mg} + [Kig} = {F (25)

In the Eq. 25 F, matrix represents external forces applied at
the nodes. It may be noted that Eq. (25) has the same gen-
eral form as Eq. (11), except the matrices M, K, and ¢ refer
now to the total structure.

Equation (25) will be used in the following sections to inves-
tigate the free and the forced vibration problems.

Application to Free Vibration Analysis

In this section we shall consider the free vibration case and
use the present analysis to determine the natural frequencies
and modes for a stiffened structure. In case of free vibration
the external force matrix in Eq. (25) is zero and the motion
can be represented by an exponential form:

{g} = {ale™ (26)

where w is the natural frequency and ¢ is the corresponding
natural mode. Since q will not appear further in the analysis,
we shall use this symbol in place of ¢ for simplicity. Not all
of the displacements in ¢ have to be unknown and some of
these can be specified as zero by the boundary conditions.
It is convenient to denote the unknown displacements by ¢
and the known by ¢., and rearrange the order of ¢ in Eq. (26)
to put the specified displacements at the end of the matrix.
Using Eq. (26) in Eq. (25) and partitioning the mass and the
stiffness matrices, we obtain a set of algebraic equations:

MM, (h} [K1!K2] {91}
—w? | M = 27
@ |:M37M4] {(h + KK 1 \gs 0 @D

Since the displacements ¢» are zero, Eq. (27) reduces to the fol-
lowing form after inverting K; matrix:

{a} = K11 M) {g:} (28)

The solution of Eq. (28) is obtained on a digital computer by
using the matrix iteration method. The computational pro-
cedure is designed to calculate the three lowest natural fre-
quencies and the corresponding mode shapes. Examples of
the application of this analysis will be given later.

Application to Undamped and Damped Forced
Vibration Analysis

The forced vibration analysis is designed to obtain the ire-
quency response of undamped and damped structures. The
damping is assumed to be provided by a damper attached to
the panel surface and which generates damping force in the z
direction. The damper is composed of a viscoelastic element
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one end of which is attached to the panel and the other end to a
mass M as shown in Fig. 4. Under harmonie load, the visco-
elastic properties of the damper are represented by a dynamic
modulus E* which is a ecomplex function whose real part is
usually called the storage and the imaginary part the loss mod-
ulus. We define these quantities by the relation

E* = ' 4 <E" (29)

Under sinusoidal conditions, the equation of motion for the
viscoelastic damper is given by the relation

—0?Mp = E*@» — w) (30)

where v is the deflection of the damper mass. Using Eq. (32),
the damping force between the damper and the panel can be
written as

Fq = E**M o/ (E* — oM )w (31)

Considering the dampers to be present at an arbitrary number
of nodes, Eq. (31) can be written in a matrix form:

{Fa} = (D" + iD"}{g} 32)

where D’ and D" are real and the imaginary parts of elements
of a diagonal matrix.

In the present analysis the dampers are assumed to be lo-
cated at the nodal points on the structure. This is not a se-
vere restriction since the nodal pattern is quite flexible. The
damping force given by Eq. (32) can be included on the right-
hand side of Eq. (25) as a part of the external force, and the
force F. will now be used to denote any additional loads on
the structure not including damping forces. Assuming har-
monic excitation, Eq. (25) can be written as

—w?M{q} + [Kl{g} = {F} + {Fd} (33)

Again not all the displacements in ¢ are unknown, and there-
fore ¢ will be divided into unknown displacements ¢ and speci-
fied displacements gs.

Using Eq. (32) in (83) and partitioning according to the ¢,
and ¢. displacements, it follows that

o[ o) R o) (R
MS'M4 ['}] Ks.K4 1 Q2 Fs.

D' +:D" 0 o
[ 0 ED'+z‘D"]{qz} 64

The unknown displacements ¢; are divided into real and imag-
inary parts:

= (ir + i(]u (35)

Using the above expression in Eq. (34), we obtain the follow-
ing relation:

{IN] — i[D"1} {ar + tqu} = {R} (36)
where matrices R and N are defined as:
(R =} {F.} + {o?[M,:] — [Kol}{ge}
[N] = —w?[M;] + [Ki] ~ [D']

It may be noted that the matrices D’ and D" in Eqgs. (36)_agd
(387) represent only portion of the original damping matrix in
Eq. (34). Equation (36) can be divided into real and imag-

37

Table 1 Physical properties for free vibration example

Panel properties Stringer properties

h = 0.04 in. = 10.5 X 108 Ib/in.?
v = 0.3 G = 4.03 X 10% Ib/in.?
E =105 X 1061b/in.2 J = 2.263 X 10~4in.*
p = 0.004 Ib/in.2 Cue = 0.01649 in.6

I = 0.254in.t

m = 0.02302 Ib/in.
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Fig. 4 Viscoelastic damper attached to the panel surface.

inary parts and solved for the two unknown matrices ¢;» and
¢qir.  The solutions are

{air} = {[N]+ [D"]IN]7}[D"]}~{R} (38)
{ad = INTD"H{IN] + [D"]INI7[D"]} R} (39)

Once the displacement matrices ¢z and g7 are determined
from Eqs. (38) and (39), the solution for forced vibration prob-
lem is completed since the response at each point is known.
It may be observed that Eqs. (38) and (39) automatically re-
duce to the response of an undamped panel when D’ and D"
matrices are specified as zero. The method of solution de-
seribed here has been programed on a digital computer and
examples of its application will be given later in the next
section.

Numerical Examples
Free Vibration

As an example of the free vibration analysis, a model was
chosen consisting of a rectangular panel stiffened by two
parallel stiffeners that divide the panel into three bays as
shown in Fig. 5. The panel is simply supported on its four
edges. This example has been chosen because an exact solu-
tion is possible and has been obtained elsewhere by the transfer
matrix method.? Having the exact solution permits us to
illustrate the accuracy of the finite-element approach.

The physical properties of the structural model, shown in
Fig. 5, are given in Table 1.

The results obtained by the finite-element analysis depend
on the number of finite elements which are used in modeling
the structure. A more accurate answer should be expected as
the number of elements is increased, since this increases the de-
grees of freedom in approximating the continuous structure.
In the present computer program there is an upper limit on the
number of elements which is dictated by the core storage
capacity of the computer. This limit is represented by the
size of the stiffness and the mass matrices in Eq. (25), and in

STRINGERS——]

AL

T(// I//
jL s

Fig. 5 Panel-stringer model used in the numerical ex-
amples.
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SECOND MODE SHAPE

THIRD MODE SHAPE

Fig. 6 Comparison of mode shapes calculated by transfer
matrix and finite-element methods.

the present program this size is 145 X 145. Further increases
in this size would require the use of external drum or disk stor-
age facility which would appreciably increase the computing
time; however such a modification can easily be carried out in
the present computer programs if it is needed. For this ex-
ample a grid size was chosen consisting of five nodes in the z
and seven in the y direction as shown in Fig. 5. The nodes
were equally spaced in both directions. 'The calculations were
performed using 200 iterations for each of the natural fre-
quencies; this was found to yield very good convergence.
The calculated natural frequencies for this example are
89.1, 91.5, and 118.0 eps. The corresponding values obtained
by the transfer matrix method?® are 85.5, 88.5, and 116.0.
It can be seen that the respective errors for the three fre-
quencies calculated by the finite-element method are 4.2, 3.4,
and 1.25%. The mode shapes corresponding to these three
frequencies are shown in Fig. 6, where the results from the
finite-element method are compared with those from the trans-
fer matrix analysis. In these plots the solid curves corre-
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Fig. 7 Undamped and damped displacement response of

side and center bays calculated by the finite-element
method.
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spond to the transfer matrix method results and the dashed
curves are from the finite-element analysis. In the places
when only a solid curve is shown, the two methods agree
closely and cannot be distinguished on the seale used in Fig. 6.
The agreement between the two methods is seen to be good.

The free vibration model was also used to investigate the
effect of omitting the warping effect from the structural repre-
sentation of the stiffeners. In order to do this, the calcula-
tions were repeated using zero value for the warping constant
Cus. The three lowest natural frequencies for this case were
found to be 74.5, 82.1, and 107.2 ¢ps. Comparing these val-
ues with the previous calculations, ‘where warping effect was
included, it can be seen that this effect does indeed play an im-
portant part in the free vibration characteristics.

Forced Vibration

The forced vibration analysis was applied to an example to
determine its frequency response under undamped and damped
conditions. The structural model chosen for this study con-
sists of a rectangular panel stiffened by two parallel stiffeners,
and it has the over-all dimensions the same as those of the
model shown in Fig. 5 and used previously in the free vibration
analysis. The other physical properties of the panel are given
in Table 2.

The configuration of this model was chosen so as to corre-
spond to the configuration which was used in the experimental
portion of this investigation, and the objective is to compare
the theoretical and the experimental results. The three low-
est natural frequencies were calculated by using the free vi-
bration analysis and they were found to be 70.0, 72.5, and 94
cps. The forced vibration analysis was then used to evaluate
the frequency response of this model for undamped and
damped conditions. The damping was provided by a dis-
crete damper which was tuned to the first natural frequency
and attached to the central point of one of the side bays.
The spring constant, viscous coefficient, and the mass of the
damper had the following numerical values: 11.83 1b/in.,
0.0052 1b/in./sec., and 0.0232 Ib, respectively. The size of
the finite-element grid used in the calculations was X = 5 and
Y = 7. The frequency calculations were performed at ap-
proximately 1 cps intervals. The sinusoidal forcing was ap-
plied by specifying a uniform transverse displacement on the
periphery of the model, and the edge conditions were assumed
to be simply-supported. The results of these caleulations are
shown in Fig. 7 where the displacement ratio, defined as the
displacement divided by edge input displacement, is given as a
function of frequency. The results show the response for the
central points on the side and the center bays of the model.
The results in Fig. 7 compare the response obtained for the
undamped and damped conditions. The undamped condi-
tions result in a response with two sharp peaks which can be
seen to correspond to the first and third natural frequencies.
The second natural frequency did not affect the response, be-
cause it corresponds to an unsymmetric mode shape that did
not respond to the input which was symmetric with respect to
the center panel. The unsymmetry produced by placing a
damper on a side panel did not alter this behavior noticeably.
The top diagram in Fig. 7 shows the effect of the damper on
the side bay to which the damper is attached. Tt can be seen
that the damper is very effective in reducing the displacement
in the neighborhood of the first natural frequency; whereas
much less effect is seen around the third natural frequency

Table 2 Physical properties for forced vibration example

Panel properties
= 0.032 in.

Stringer properties
10.5 X 10° Ib/in.?

h = E =
v = 0. G = 4.03 X 10¢ Ib/in.?
E = 10.5 X 108 Ib/in.? J =2.03 X 107*in.*
p = 0.0032 1b/in.? Cys = 0.0067 in.b

I =0.1441in*

m = 0.016 Ib/in.
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The corresponding results for the central bay are shown in the
bottom diagram of Fig. 7. It can be seen that the effect of
the damper, still attached to the side bay, is much less for this

adjacent bay even in the neighborhood of the first frequeney.

The experimental program was designed to duplicate the
aforementioned theoretical investigation. The test model was
constructed of aluminum, and its dimensions and properties
were chosen as to correspond as closely as possible to the model
used in the numerical calculations. The test model was
mounted on its periphery on thick aluminum plate which
served as a rigid base. The forcing was applied to this plate
by a 1200-lb force sinusoidal, electromagnetic shaker. The
discrete damper was constructed from a silicon rubber ma-
terial RTV 631, and the properties of the damper were chosen
as to correspond to the measured first natural frequency of the
model. It was found that in the frequency range of interest it
was possible to characterize the damping material by a single
spring-dashpot model. The response of the model was mea-
sured by a piezoelectric accelerometer which was attached by
double-back tape to the model. The mass of the accelerom-
eter used was only 0.5 g, and it was found to have a negligible
effect on the panel response. The experimental results are
shown in Fig. 8. These results correspond directly to the
theoretical results given in Fig. 7. By comparing these two
figures one basic difference is immediately obvious. The un-
damped experimental response exhibits three peaks which
correspond to the first three natural frequencies, It wasfound
that, unlike in the theoretical analysis, the experimental model
did respond in the second natural frequency. This is in spite
of the effect that both the model and the forcing input were
symmetric. The explanation for this behavior must lay in
the presence of sufficient amount of eccentricities, both in the
model configuration and the foreing displacements, to produce
the necessary unsymmetry. Of course another basic differ-
ence between Figs. 7 and 8 is the fact that the theoretical
results predict displacements going to infinity at the natural
frequencies when no damping is present. The experimental
results illustrate the effect of the tuned damper, and again we
see that the damping effect is strong on the side bay in the vi-
cinity of the first natural frequency. The third natural fre-
quency peak on the same bay is not affected. The response of
the center panel is not affected even at the first frequency.
These are similar results to those obtained from the theoretical
analysis.

Conclusions

The method of the finite elements has been developed and
shown to be effective in predicting the free and forced vibra-
tion of orthogonally stiffened flat panels. The numerical
examples illustrate the importance of including warping ef-
fects in the open-section stiffeners. In fact, the warping effects
can be shown to provide most of the torsional stiffness for such
sections. The advantage of the finite-element approach is,
of course, in the area of analysis of complicated structural
models and the method can handle much more general con-
figurations than considered in the examples presented here.
The theoretical and experimental analyses of the forced
vibration illustrate the effect of discrete, tuned dampers on
the amplitude of the response. The dampers are very ef-
fective in the frequency range in the vieinity of the tuned fre-
quency and on the particular bay of the panel to which the
damper is attached. This implies that the influence of the
damper is very localized. ’
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Fig.8 Experimentalresults for the undamped and damped
response of side and center bays.
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