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Material Damping of Simple Structures
in a Simulated Space Environment

Donald L. Edberg*
Stanford University, Stanford, California

The need for accurate, quantitative knowledge of the vibration dissipation of large space structures is ex-
plained. The sources of experimental error in vibrational measurements are detailed. A new method for such
testing based on the use of a miniature telemetry system is presented, which allows the testing of structures in
a simulated space environment consisting of free-fall inside of a vacuum chamber. Theoretical relations are
given for the damping ratios of metals and composites. Measured damping ratios for both aluminum and
composite beams and plates, and aluminum planar trusses, are presented. Experimental results are used to
evaluate the theoretical damping relations.
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Nomenclature
beam width
beam drag coefficient
specific heat per unit mass at constant volume
Young's modulus
storage or elastic modulus of elasticity
loss modulus of elasticity
beam bending stiffness
structural damping coefficient
specimen thickness
moment of inertia of section
specimen thermal conductivity
beam length

.
quality factor
absolute temperature
beam velocity through viscous medium
volume fraction of ( )
thermal expansion coefficient
loss angle
logarithmic decrement
critical damping ratio of oscillation
viscous (atmospheric) damping ratio
loss factor

= root of Eq. (1)
~~ ̂ * cone. mass ' ̂  beam
= Poisson ratio
= mass density of beam
= mass density of atmosphere
= damping exponent
= relaxation time, Eq. (5)
= specific damping capacity
= natural frequency
= 1/7, relaxation frequency
= half-power bandwidth endpoints

Subscripts
f
m
m

= composite fiber
= beam/mass system, Eq. (2)
= composite matrix, Eqs. (8-16)
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I. Introduction

T HE study of various forms of damping has been taking
place for nearly as long as vibration itself has been

analyzed. Even though the design of current spacecraft has
become more routine, the study of damping has taken on in-
creased importance. With the planning of large orbiting plat-
forms and space stations, a thorough knowledge of damping
is mandatory. Not only will these structures be larger than
any previously orbited, they will be flimsier than ever before.
Even with the introduction of active controls, at some fre-
quency the effectiveness of these controls is diminished, and
passive damping must be relied upon for vibration dissipa-
tion. Indeed, some active control schemes are known to
transfer vibrational energy to frequencies above their so-
called bandwidth; this phenomenon is known to control
engineers as spillover. With all these considerations, it can-
not be denied that a quantitative knowledge of passive
damping is necessary.

This paper is restricted to the topic of material damping.
A new and unique method for data acquisition from a freely
vibrating structure in free-fall is presented. In addition,
remote-controlled equipment has been designed and con-
structed to manipulate test specimens easily in a vacuum
environment. A fairly large representation of materials and
geometries has been tested in order to broaden the damping
properties and measurements available. A new theory for the
prediction of composite damping is introduced.

II. Experimental Damping Measurement
In many vibration tests, there are often questions about

the exact boundary conditions that occur. For example,
clamped supports may not be truly clamped, as the clamp
itself may vibrate. Similarly, a specimen suspended at its
nodal points is also open to question, where possible inter-
actions between the axial stress due to hanging and the vibra-
tions may exist, as well as uncertainties in the exact nodal
locations. Vibrational measurements employing optical
techniques must be used to avoid further interference with
the specimen. Other difficulties relating to suspended struc-
tures have also been given by Hanks and Pinson.1

One has also to consider the effect of atmospheric damping,
which has been shown by the author to be as large as or larger
than the material damping measured in vacuum in some
cases.2 Its interference may be eliminated by performing the
vibration testing in vacuum.

To eliminate the problems of supports and atmosphere
leaves free-fall in vacuum as a possible means of vibration
testing. Free-fall has been employed previously by ex-
perimenters at the MIT Space Systems Laboratory3"7 in
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measurements of aluminum and graphite/epoxy beam damp-
ing. All these investigations took place in a vacuum
chamber, which had a launcher placed inside. The launcher
lofted the specimens into free-fall and, at the same time, ex-
cited their vibrations. The vibration levels were measured by
a strain gage bonded to the surface of the specimens. The
signals from the strain gages were obtained through wires
that trailed the specimen during its free-fall period. Later in-
vestigations by Sheen and Crawley6'7 employed a com-
plicated "following mechanism" to keep the length of the
trailing wires as small as possible. However, even when the
drag caused by the atmosphere was eliminated, there remained
a question about the wires. In addition, only one-dimensional
structures could be conveniently tested.

This paper presents a new method of vibration testing in
free-fall, which eliminates the questions about damping
caused by supports, atmosphere, and trailing wires. Instead
of attaching wires to relay vibrational signals, our method
employs a lightweight, very compact telemetry system, which
broadcasts the vibrational data to a ground-based receiver.
The effect of the additional mass on the specimens may be
easily accounted for in the calculation of damping.2 The use
of the telemetry system allows the testing of any structure
geometry, provided it can fit inside the vacuum chamber and
can be launched into free-fall. In addition, some unique
hardware was developed in order to reset the experiment by
remote control without breaking the vacuum.

The data analysis performed in this experiment obtained
the damping for all available modes of vibration, unlike the
previous experimenters who used a data reduction scheme
that filtered out all but the fundamental vibration fre-
quency.8 Since there is no reason to expect the damping of
the higher modes to be any less interesting, we employed a
fast Fourier transform method coupled with a "moving
block" analysis,9 which allowed the damping of all modes
(within the bandwidth of the method) to be obtained.

As we have said earlier, one of the main purposes of this
work was to measure the material damping of various
substances by a noriintrusive means. Since we wished to
eliminate as many disturbances caused by the measurement
instrumentation as possible, telemetry was chosen to relay
the vibrational data back for analysis. This choice led to
some interesting design problems and some equally unique
solutions. Details of these solutions are given in the author's
doctoral dissertation.2

Another purpose of our research was to measure the
material of a number of composites whose damping could be
predicted theoretically, in order to try to check their agree-

ment with those theories. Measurements of aluminum and
composite plates were also planned to attempt to verify the
two-dimensional vibrational theory given by Lee.10 Finally,
to demonstrate the versatility of our method, two multiple-
bay planar trusses were tested. The dimensions and prop-
erties of the specimens tested are given in Table 1 and
Fig. 13.

III. Testing Procedure
The heart of the telemetry method is the telemetry system

itself, whose schematic is shown in Fig. 1. The vibrations of
the specimen were detected by a strain gage, then amplified
by a micropower instrumentation operational amplifier and
input to a microminiature FM transmitter. The miniature
transmitter was originally designed for implantation into a
biological specimen, and had a mass of less than 0.5. Four
20-mAH nickel-cadmium batteries powered the strain gage,
amplifier, and transmitter for more than 8 h before recharg-
ing the batteries was necessary. All the components were
mounted on a custom-design printed circuit board for pro-
tection and compactness.

A spring-powered resettable launcher (shown in Fig. 2)
was used both to launch the specimen into free-fall and to
excite its vibrations. (Both the compression in the springs
and the location of the specimen supports could be changed
by the experimenter, to enhance certain modes of vibration
and prevent the specimen from hitting the ceiling of the
vacuum chamber.)

The transmitter signal was then received and amplified,
and tape-recorded for subsequent analysis. In order to save
time, a radio-controlled forklift (shown in Fig. 3) was used
to replace the test specimen back onto the launcher without
breaking the vacuum. The launcher's springs were recom-
pressed by remote control. The procedure was repeated until
the desired number of tests was completed (normally about
15 per specimen). A diagram of the overall equipment setup
is given in Figs. 4a and 4b. The signal generator in Fig. 4a
was used to supply an accurate frequency signal because the
tape recorder in Fig. 4b was operated at a lower speed due to
data reduction system requirements. The vacuum chamber is
located in the Thermal Protection Facility at NASA Ames
Research Center and was capable of vacuum levels of less
than one mm of mercury.

Later, the tape-recorded signal was played back at a lower
speed (see Fig. 4b) and digitized by an analog-to-digital con-
verter in the Army Aeromechanics Laboratory at NASA
Ames. (Note that the damping ratio of a given signal is un-

Table 1 Specimen dimensions arid properties

Sp. No.

102
103
161
311
302
303
702
721
741
761
501
521
541
561
22-bay
5-bay

Type

beam
beam
plate
beam
beam
beam
beam
beam
beam
plate
beam
beam
beam
plate
truss
truss

Mat'1.

Al
Al
Al
Fg/E
Fg/E
Fg/E
Gr/E
Gr/E
Gr/E
Gr/E
K/E
K/E
K/E
K/E
Al
Al

No. ply
_
—
—
6

12
24
10
20
40
20
12
24
48
24
—
—

w
2£, mm

784.5
606.0
609.0 1(
637.0
633.5
630.0
636.0
634.0
632.0
609.0 1
635.0
643.5
636.0
609.0 2<

1378.5 ;
1257.3 1(

/h,
in.

1.867
1.865
>.o
.728
.939
.942
.007
.729
.230
.0
.750
.747

1.257
1.0
2.61
3.10

w/h,
in.

0.0924
0.1222
0.090
0.075
0.148
0.296
0.073
0.161
0.277
0.036
0.072
0.148
0.290
0.090
0.375
0.375

Mass, g

239.6
246.7

1569.4
98.9

215.1
426.4
93.2

163.5
217.6
715.3
66.7

129.9
199.9

1201.6
418.7
647.9

V>

0.126
0.122
0.019
0.305
0.140
0.071
0.324
0.185
0.139
0.042
0.453
0.233
0.151
0.025
0.072
0.047

NOTE: Al = Aluminum; Gr/E = Graphite/Epoxy; Fg/E = Fiberglass/Epoxy; K/E = Kevlar/Epoxy.
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f Strain Gauge Vacuum chamber

FM Transmitter

TELEMETRY SCHEMATIC

Fig. 1 Telemetry system schematic.
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Fig. 2 Specimen launcher.

Fig. 3 Radio-controlled forklift.

changed by a reduced playback speed.) It was then input to a
computer program called FLT, which used the "moving
block" analysis9 to determine the damping ratio. Any mode
appearing on the frequency spectrum of the signal could be
analyzed in this manner. A standard error analysis deter-
mined that the maximum random error in the damping
measurements was about 2.5%. The systematic error in the
damping ratios was an estimated 1%.

Considerable effort was put into the design of the mount-
ing for the telemetry system. Since the main form of vibra-

Fig. 4a Data acquisition.

Playback Tap* Recorder

Fig. 4b Data playback and analysis.

tion was expected to be bending vibration of the specimen,
the mount had to allow bending without restriction. Other
necessary qualities of the mounting system were rigidity,
light weight, sturdiness, and ease of positioning or re-
locating. The telemetry system was placed inside a small
plastic case for its own protection and for ease of mounting.
After some difficulties with the original mounting system
design which may have resulted in damage to the specimen
(see Sec. V C), the geometry shown in Fig. 5 was chosen. An
aluminum trapezoid was bonded to the plastic case with a
screw protruding. The screw was inserted into a small hole
drilled through the specimen. Another trapezoid was secured
onto the screw with a locknut, which completed the
assembly. The telemetry mount allowed bending in one
direction and caused no problems in the subsequent testing.
The total weight of the telemetry system, case, and mounting
hardware was 30 g. The damping ratio is corrected for the
additional mass of the telemetry system in Sec. IV B. The
mass ratios for the different test specimens are given in
Table 1 as the parameter /*.

IV. Theory
A. Damping Variables

Unfortunately, with the large number of studies of damp-
ing, there seem to be nearly as large a number of variables
used to describe its values. In order to present a "standard"
definition of damping, as well as to be able to compare
results easily with recent research from MIT's Space Systems
Laboratory,6'7 we adopt the use of the modal damping ratio
f as the measure of damping. A comparison of all the dif-
ferent damping variables follows. It is assumed that f < ^ l ,
i.e., small damping.

5
17

-sgn(a) (7

CO

1 E"
2co 2Q 2El 2Ef
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Telemetry Case

Aluminum Trapezoid
Fig. 5 Telemetry system
mount.

^——Test Specimen
- Locknut

-Screw

B. Effects of Concentrated Mass on Vibrations
The specimen with the telemetry system attached was

modeled as a beam with a concentrated mass at its center. It
has been shown2 that the symmetric eigenvalues Xw of such a
system can be determined from calculating the roots of

sinX^coshX^ + coshX^sinhX^ + X^l + cosX^coshX^) = 0
(1)

where /*=Mconc.mass/Mbeam and X= (pco2£4/£7)1/4. Here p is
the mass density of the beam, co the vibrational frequency, (
the length of the beam, and El the beam bending stiffness. If
the damping is assumed to be linear and small, it is possible
to show that

(2)

In Eq. (2) the subscripted variables refer to the properties of
the beam/mass system, while the unsubscripted variables
refer to the beam alone. With the eigenvalues shown in
Fig. 6, it is possible to convert the damping ratios obtained
from the vibrating beam/mass to those of the beam alone.

C. Atmospheric Damping
Included in this paper is a description of the measurement

of atmospheric dissipation, or viscous damping. Blevins11

gives a relation that in this case is modified to read

v

Here patm is the atmospheric density, b the beam width, V
the velocity of the beam through the atmosphere, A7ztot/£ the
beam linear density, CD the beam drag coefficient, and co the
vibrational frequency. According to Eq. (3), the viscous
damping ratio is proportional to the atmospheric density and
the drag coefficient. For a given beam, we would expect the
atmospheric damping to be proportional to the density of the
air, which is proportional to the pressure. This conclusion
apparently disagrees with the measurements of Vorlicek,3

who used a free-free aluminum beam in free-fall for similar
measurements obtaining a somewhat parabolic curve. We
will present our own results for this measurement later.

D. Theoretical Damping of Metals
We will now present theoretical damping models for the

materials we tested. Zener12 proposed that a mechanism
causing energy dissipation in metals was heat flow due to
strain-induced temperature gradients. His theory produced
the following result (for a more rigorous derivation, the
reader is referred to the work of Ashley13):

,r = \2pCvJ l + (cor)2

where the relaxation time r is given by

AT7T2

(4)

(5)

First and Second Symmetric Eigenvalues
of Uniform Beam/Concentrated Mass System

as a Function of Mass Ratio
5.6

5.4

5.2

5.0
2.4

eigenvalue

0.2 0.3
Mass Ratio n = M/pAl

Fig. 6 Eigenvalues of beam/mass system.

Here a is the thermal expansion coefficient, E Young's
modulus, T the material absolute temperature, Cv material
specific heat per unit mass, h the specimen thickness, and k
the thermal conductivity. We will refer to Eq. (4) as the
Zener equation. The relaxation frequency is shown to be in-
versely proportional to the square of the specimen thickness.
This fact will be used to correlate tests of different
aluminum specimens.

The previous equation gives no reason to believe that a
change to two-dimensional geometry will produce different
damping. A look at the physical situation, however, suggests
that this is not the case. First, the thermal gradients are now
two-dimensional rather than one-dimensional. In addition,
the effect of Poisson's ratio v was not considered, and this
effect causes a change in dimensions where the thermal gra-
dient due to strain is occurring. Lee10 has considered the
elastothermodynamic analysis of damping in great detail
and, after considering the full elastic-thermodynamic coup-
ling for vibrations, he gives the following result for the
damping ratio of plates:

96 CL2ET\
2pCv

(6)

It is useful to note that Lee's analysis yields a result in the
form of the Zener equation (4), with a new multiplicative
factor. If a plate and a beam are made of the same
substance, the maximum damping ratios may be compared
as follows:

(f) max plate ==: vOmax beam— ^- vO max beam \')

where we have used ^ = 2/7 for the Poisson ratio. Lee further
notes that the damping of a structure is strongly dependent
on the mode shape.

E. Theoretical Damping of Composites
The nature of composite materials makes their analysis

follow a different path than the one used for metallic
materials. The Zener formula predicts values of the damping
ratio that are orders of magnitude smaller than those actu-
ally measured, mainly because of differences in thermal con-
ductivity as compared to metals. Thus, we expect that the
damping of composites is governed by a different
phenomenon.

There are many variables in the fabrication of composites,
including fiber orientation, fiber/matrix weight or volume
ratio, and fiber type. Each of the many analyses available
makes different assumptions as to the mechanics of the
damping process. We shall summarize several different
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models for the analysis of composite damping. Please note
that in all the following derivations, quantities without
subscripts are those quantities associated with the composite.
Quantities related to the fiber or matrix are subscripted / or
m, respectively.

The first model introduced is the rule of mixtures.7 It is
assumed that the composite damping ratio is the sum of the
products of the volume fractions and damping ratios of the
matrix and fiber, that is,

(8)

A second method is a rule of mixtures weighted by the bend-
ing stiffness,14'15 namely,

f = (Em/E) (Im (9)

In Eq. (9) it is assumed that the composite bending stiffness
El is the sum of the bending stiffnesses of the fiber and
matrix, or

EI=EfIf

and

(10)

(11)

Presumably, one may measure Em and fw from static and
dynamic measurements of a matrix-only specimen.

The third model was proposed by Hashin16 and is based
on a complex modulus concept. The composite was assumed
unidirectional; further, it was assumed that the fibers did not
contribute to the damping. This results in

v _ fn,

(EfVf/EmVm)
(12)

With this model there seems to be some question about
neglecting the fiber's contribution to the damping.

The next method presented here was proposed by Adams.
and Bacon17 and includes the effect of shear stress caused by
bending. In the model, the total damping ratio is the sum of
Eq. (12) and a shear damping ratio. We will not be employ-
ing this model for any of our analyses, because results from
it are indistinguishable6 from those obtained from Hashin's
model.

Since there is some doubt about neglecting the damping of
the fibers, we present another method2 called full complex
stiffness. It is an extension of the Hashin model (12), except
that we also include the contribution of the fiber damping.
This changes Eq. (12) to

(Efyf/EmVm) (13)

Once the ply damping characteristics are known, either
from calculations or experiment, there is still a problem in
predicting the damping of a composite whose plies have
general orientations. Ni and Adams18 provide a solution to
this problem.

V. Experimental Results
A. Atmospheric Damping

To measure the effects of atmospheric damping, a large
number of experimental runs were made at various pressures
inside the Heat Transfer vacuum chamber at NASA Ames
Research Center's Thermal Protection Facility. The specimen
used for this investigation was No. 102 (see Table 1), chosen
because of its very prominent first and second modes of
vibration.

Figure 7 shows the data obtained, along with the
theoretical damping from Eq. (3) added to the average zero-
pressure damping and plotted as a continuous line for each
of the two modes. As can be easily seen, the data fit the
theoretical curves very well. One can see that the data show a
linear relationship between damping and atmospheric
pressure, as predicted by Eq. (3). It can be observed that the
atmospheric damping nearly triples the damping ratio of the
first vibrational mode. One can conclude that the at-
mospheric damping should not be neglected, at least for
lightweight specimens.

B. Results for Aluminum Beams
For this series of tests, an additional specimen was

fabricated out of a thicker sheet of 2024-T3 aluminum.
These experiments were carried out to further validate the
test procedure, as there is a large amount of experimental
data concerning the material damping of aluminum, which is
known to follow the Zener equation (4). Data were obtained
at several frequencies, all of which were above the relaxation
frequency cor = 1/r. None were obtained at a frequency lower
than (jor because this required a specimen with such a thin
cross section that it could not be launched on the existing
launcher without causing very large deflections and resulting
high stress levels in the specimen.

Damping ratios were obtained for four different frequen-
cies of vibration, from the first and second modes of each of
the two beams. As shown in Fig. 8, all compare very well
with the value of f predicted by the Zener equation, with the
exception of the highest frequency. The reason for the dis-
agreement of the highest frequency measurement is not clear.
However, taken as a whole, the data agree well with the
theoretical predictions, within experimental error. We thus
had confidence that the method could be applied to all the
testing we had planned and that the results obtained were
equally as good or better than those obtained previously. In
addition, the measurements were quite repeatable, as can be
seen in the standard deviation bars and the extreme value
symbols drawn on Fig. 8.

C. Results for Graphite/Epoxy Beams
For this part of the experiment, three different unidirec-

tional specimens of graphite/epoxy were fabricated with 10,
20, and 40 plies of Fiberite T300 graphite prepreg by the
Boeing Aerospace Company. Data were obtained at four dif-
ferent frequencies of vibration. The 10-ply specimen had two
significant modes, but the data analysis for the low-
frequency mode was abnormally poor and was thus dis-
carded, leaving usable measurements of damping at three
frequencies for the three specimens.

The data show remarkable consistency, all having a coeffi-
cient of variation of less than ±0.07 (the coefficient of
variation is defined as the ratio of the standard deviation to

2 20

•&
I

First Mode (from Eq. 3)

Second Mode

20 40 60 80
Chamber Pressure (kPa)

Fig. 7 Damping ratio vs pressure.
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the mean). The extreme values measured were all within
±12.5% of the mean, a narrow envelope. These results are
plotted in Fig. 9. They compare well with the damping ratios
presented by Sheen and Crawley,6'7 with the exception of the
present data, which have smaller scatter. There seems to be
no damping dependence on the number of plies of the
graphite fibers because the measured values for 10, 20, and
40 plies are all close to each other and close to those values
measured by Sheen and Crawley6'7 for different 8-ply
specimens.

One other aspect of the testing of the graphite specimens is
worth mentioning. During the initial testing of the thinnest
specimen, the measured damping doubled over two suc-
cessive launches. Close examination of the specimen after the
testing indicated that two lengthwise cracks had developed
near the center of the specimen, probably from successive
impacts onto the vacuum chamber floor. A plot of the damp-
ing ratio vs the launch number is shown in Fig. 10. One can
speculate that the damage to the specimen occurred after the
tenth launch, because the damping suddenly rises between
the tenth and eleventh launch. What this apparently means is
that the occurrence of this sort of damage may possibly be
ascertained solely by inspection of the damping ratio time
history. This fact might be very useful to on-orbit evaluation
of the condition of large space structures. (The initial damp-
ing level in Fig. 10 is higher than that in Fig. 9 because the
telemetry mount was redesigned after the damage occurred.
The design used for all the subsequent testing is shown in
Fig. 5.)

Ni and Adams18 also tested several graphite specimens, in-
cluding a unidirectional graphite beam, for which they found
a damping ratio of approximately 2.7x 10~4. There was no
frequency given for the test. In addition, this value is

Damping Ratio For Aluminum beams
As a Function of Frequency

0 - Extreme Values

~ Standard Deviation
-Mean

10° 101

Nondimensional Frequency U/UT

Fig. 8 Damping vs frequency for aluminum beams.

Damping Ratio For Graphite/Epoxy Beams
As a Function of Frequency

a z -

-
- 1
'- I io
f
_
'• l°l» [0]4o [0]10

• . . , , 1 , , , , 1 , , , . 1 , ,
0 100 150 200

Frequency (Hz)

-

-

;
—
:

--
25

significantly less than the damping ratio given for the fibers
alone (3.6x 10~4), so it is possible that some sort of plotting
error may have occurred therein.

D. Results for Fiberglass/Epoxy Beams
Since there is a need for knowledge of the dynamic charac-

teristics of some less expensive composite materials, we ex-
amined the damping of fiberglass/epoxy unidirectional com-
posites. Three beams were fabricated by the Boeing Aero-
space Company with 6, 12, and 24 plies from Ferro
S-2/CE321R prepreg. Data were obtained at five different
frequencies: the 6- and 12-ply specimens had two prominent
modes each, while the 24-ply specimen had only one
measurable mode of vibration. These data also showed very
good consistency, with the maximum coefficient of variation
being 10.36% (all of the others were less than 6.4%). All the
extreme measurements were within two standard deviations
of the mean values. The mean values, standard deviations,
and extreme values are all plotted vs frequency of vibration
in Fig. 11. It is apparent that there is again little or no
dependence of the damping ratio on the number of plies of
the specimen. In this case, however, there does seem to be
slight dependence on the frequency of oscillation.

E. Results for Kevlar/Epoxy Beams
The motivation for the testing of Kevlart was provided by

an advertisement in Astronautics and Aeronautics claiming

Damping Ratio Vs Launch Number
For Graphite/Epoxy [0]10

Beam Specimen

J_ _L
2 3 4 5 1 0

Launch Number

Fig. 10 Damping vs launch number.

Damping Ratio For Fiberglass/Epoxy Beams
As a Function of Frequency

~ [0]6
[OJ.

0 50 100 150 200 2i
Frequency (Hz)

Fig. 11 Damping vs frequency for fiberglass beams.

Fig. 9 Damping vs frequency for graphite beams. tKevlar is a registered trademark of the DuPont Company.
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that Kevlar composites had been measured to give several
times the damping of other composites.19 Since we expect
that designers will have to use as much passive damping as
they can in the design of large space structures, we included
Kevlar in our experiments. Three beams were laminated by
the Boeing Aerospace Company from 12, 24, and 48 plies of
unidirectional preimpregnated fibers obtained from the U.S.
Polymeric Corporation. Damping data were obtained at four
different frequencies—two for the thinnest specimen, and one
each for the other two specimens. These covered a fairly broad
frequency range, from 25 Hz up to 160 Hz. The data had a
very small scatter; the worst coefficient of variation was less
than 0.07. As before, all the mean values, standard deviations,
and extreme values are plotted in Fig. 12.

Examination of Fig. 12 reveals that the damping ratio has
essentially no dependence on the number of plies in the
specimen, or on the vibrational frequency. What is most in-
teresting is that the vertical scale of Fig. 12 has been
multiplied by a factor of ten as compared to the other com-
posite figures. What this means is that the damping ratio of
unidirectional Kevlar composites is an order of magnitude
higher than all the other unidirectional composites tested
here. The large space structure designer should take notice of
this interesting fact.

In a literature search, only two references were found,
both describing the same experimental measurement of
Kevlar damping. Pulgrano and Miner14 and the DuPont
Company15 used the free vibration technique for their
measurements, which tested the Kevlar beams in their can-
tilever modes in air. Average damping ratios obtained were
0.009, about 80% higher than the values that we obtained.
This discrepancy is probably due to a combination of at-
mospheric dissipation and losses at the cantilever support.

The damping data for all the above composites are sum-
marized in Table 2.
F. Evaluation of the Composite Damping Models

Several theories have been presented for the prediction of
composite damping. After rejecting those models that
neglect composite fiber damping, three models remain: rule
of mixtures, Eq. (8); stiffness rule of mixtures, Eq. (9); and
full complex modulus, Eq. (13). Measured damping data
were used to compare the predictions of the three models in
order to attempt to determine which of these models gave
the most realistic damping values. Unfortunately, even with
all the component moduli and volume fractions known,
there remained two unknowns, fm and £y. One further rela-
tion was needed to compare the models. In this experiment,
it was known that several different composite specimens
were fabricated from the same epoxy resin.20 In this case, it
was possible to equate the damping of the resins of the dif-
ferent composites to see which models (if any) led to a con-
tradiction. This operation yielded a relation for the remain-
ing unknowns fy for the two composites.

Equation (8) was solved for fm , and the expression for the
two materials were equated, yielding the relation

tf/) Kevlar/epoxy = 1.14(f/)graphite/epoxy + 64.3 X 10~4 (14)

The manufacturer-supplied properties given in Table 3 were
used in this relation, which seems to indicate that the damp-
ing ratio of the Kevlar fibers is more than the Kevlar com-
posite damping ratio (average value of 55 x 10"4), implying a
negative damping ratio for graphite fibers. Since this is not a
possible situation, Eq. (8) is not considered further. Similar
operations on Eqs. (9) and (13) yielded

Damping Ratio For Kevlar/Epoxy Beams
As a Function of Frequency

) Kevlar/epoxy = 1-71 (f/)graphite/epoxy + 35.8x10 (15)

and
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Fig. 12 Damping vs frequency for Kevlar beams.

Table 2 Experimental results—beams

Material

Aluminum
Graphite/epoxy
Fiberglass/epoxy
Kevlar/epoxy

Mean f (x!0~ 4)

2.8 to 9.9
5.4
7.7
55.0

f Dependence

Very frequency dep.

Slight frequency dep.

Table 3 Composite properties (from manufacturers)

Composite Vf Vm £(GPa) £>(GPa) £w(GPa)

Graphite/epoxy
Kevlar/epoxy

.63

.60
.37
.40

138
77.2

231
124

3.4
3.4

ievlar/epoxy " jraphite/epoxy + 33.6x10- (16)

respectively. One can see that both Eqs. (15) and (16) are ap-
proximately the same, even though they are based on the use
of different material properties. This provides reason to
believe that they may provide meaningful results.

As a means of further evaluating Eqs. (9) and (13), we
need to input an approximate value for fm. A possibly
"good" value for our use is found in Ni and Adams.18

Although the epoxy resin they experimented with is different
from ours, it seems reasonable to believe that its properties
will be nearly the same as our resin. In their work, a value of
1̂  = 6.54% was given, corresponding to fw = 5 .2x lO~ 3 . Us-
ing this value in Eqs. (9) and (13) gave identical values for
Kevlar fiber damping ratio of 4.4x 10 "3 and nearly identical
values for the graphite fibers of 5.02 and 5.07 x 10~4. We
repeat, however, that these calculations were based on the
matrix properties of a different epoxy resin from the one we
used. We believe that those properties are nearly the same as
the ones describing our own resin. Based on those assump-
tions, we feel that Eqs. (9) and (13) give the best estimate of
the damping ratio of unidirectional composites at this time.
In practice, we feel that the method given by Ni and
Adams18 is likely to be the most useful because it may be used
for any ply orientations.

G. Plates—Experimental Results
In order to attempt to verify Lee's theory10 of plates by

experiment and to show the versatility of the telemetry
method for the experimental measurement of vibration,
several plates of uniform thickness were made from
aluminum, graphite/epoxy, and Kevlar/epoxy. Details of the
plate testing are given in the author's Ph.D. dissertation,2

and results are presented in Table 4. For aluminum, the ex-
pected value given for f was calculated from Eq. (6) using
the appropriate material constants and frequency. Subse-
quent analysis has indicated that the aluminum plate was
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vibrating below its relaxation frequency (co/co^ -0.3). Sheen
and Crawley7 have shown that the damping ratio of
aluminum is not independent of stress level at such frequen-
cies. Since the stress level was not regulated in the current
work, this phenomenon may have contributed to the dis-
agreement in the first line of Table 4. "Oilcanning" is also
believed to have affected the results for aluminum. The com-
posite plate damping ratios are believed to be higher than the
unidirectional values given earlier simply because the com-
posite plates were laminated from alternating 0 and 90°
plies. This construction is known to have higher damping
than unidirectional layups.

H. Planar Lattices—Experimental Results
As a final use of the telemetry method to determine ex-

perimentally the damping of simple structures, two multibay
planar trusses were borrowed from MIT and tested. Each
was machined from a single piece of aluminum; one had 5
repeating substructures (bays), while the other had 22 bays.
These planar trusses are shown in Fig. 13. As might be ex-
pected, with structures of this complexity, the frequency
spectrum was ''mode-rich." Within the bandwidth of the
analysis program, there were at least five or six recognizable
modes. The damping of the modes of the 22-bay truss may
be seen in Fig. 14. The solid line is the Zener damping [Eq.

Material

Table 4 Experimental results—plates

Measured f (x 10"4) Expected f (x 10~4)

Aluminum
Graphite/epoxy
Kevlar/epoxy

36.1
51.8
75.5

18.3
—
—
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Fig. 13 5- and 22-bay planar trusses.

(4)] based on the thickness of the longer members. It is clear
that this simple law does not properly describe the energy
dissipation for any of the modes we measured. Clearly, a
complicated system like the truss must be analyzed by a
more realistic model. We know of no such model, finite ele-
ment or otherwise, which permits the damping to be
calculated from the motion of the structure.

VI. Conclusions
Several new ideas have been introduced in this paper.

From the data collected, the following conclusions are made:
1) The telemetry method has been shown to be useful and

practical for the free-fall testing of arbitrary structures, in-
cluding beams, plates, and trusses.

2) More work is needed to accurately determine the effect
of Poisson's ratio on the thermoelastic damping of
materials. It may be that this effect is overshadowed by more
dominant effects.

3) The rule of mixtures based on volume fractions theory
for composite damping leads to impossible results. The other
two theories seem to be much better, as they yield com-
parable results even though they are based on the use of dif-
ferent material properties.

4) The damping caused by the atmosphere may not be
negligible and should be accounted for in the measurement
of damping.

5) The damping values of aluminum may be used as a
means of determining the accuracy of damping measure-
ments, as they have repeatedly been shown to follow the
Zener relation.
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