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Higher levels of performance are being demanded from many new systems, and
more stringent design requirements are being imposed at the same time. Further,
some new systems will be expected to survive or function properly in more de-
manding dynamic environments, other systems will be constrained to limited
amounts of motion to satisfy the performance requirements of on-board equip-
ment,

These trends will continue and they may require new materials or possibly new
fabrication techniques. Therefore, effective system design in the future will require
integrating the dynamics and the materials technologies. Because the overall design
process might be tailored to the properties of the materials, and possibly even the
fabrication methods, it will be essential for all who are so involved to thoroughly
understand materials behavior and how they affect a system’s dynamic perfor-
mance.

Controlling a system’s dynamic response is @ major consideration in any dynamics
design and analysis effort, and damping, or the dissipation of energy, is an impor-
tant consideration. Many forms of damping exist and all materials exhibit damping
to some extent. Most built-up structures combine several forms of damping, e.g.,
inherent damping in materials, damping in joints and the like. At the present time,
this structural damping can only be determined experimentally, and a few have
wondered if the measured values represent those encountered in service, This
question remains to be answered, but it is virtually impossible to predict the value
of structural damping in most systems because many damping mechanisms exist.
Another complicating factor is the wide scatter in the value of damping in nomi-
nally identically fabricated structures. Nevertheless some applications may arise in
the future where it will be necessary to rely on structural damping alone to control
a system’s dynamic response, therefore, accurate methods for predicting structural
damping values are needed. Further research into the phenomena of structural
damping will be required before valid prediction methods can be developed.

An early effort to integrate the materials and the dynamics technologies was to
use constrained or free layers of polymeric materials to add damping to structures
and control their resonant response. This mode of response control will be more
important than structural damping in the foreseeable future for several reasons.
The added damping technology base is well established, and polymeric materials
subjected to cyclic strain dissipate energy more readily than some of the more
commonly used structural materials, In the past, these added damping treatments
could only be considered as "‘design fixes,”” and they were successful because they
were properly engineered. The damping technology has advanced. The recent shock
and vibration technical literature contains an increasing number of papers on the
dynamic behavior of viscoelastically damped structures; thus, it will be passible to
design viscoelastic damping treatments into structures at an early stage to prevent
noise and vibration problems from occurring, The possibility of more demanding
design and performance requirements, coupled with the potentially more adverse
dynamic environments, will dictate that added damping treatments should be de-
signed into future systems at an early stage if they are to be effective.

R.H.V.
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EDITORS RATTLE SPACE

53rd SHOCK AND VIBRATION SYMPOSIUM

This issue of the DIGEST contains the preliminary program for the 53rd Shock
and Vibration Symposium. It will be held at Danvers, Massachusetts (near Boston),
from October 26 through 28. As in past years the Symposium program contains
papers on a variety of technical subjects. This is the only meeting in the shock and
vibration community that contains a mixture of papers on theory and practice in
which both mathematical and e) perimental techniques are used for problem solu-
tion. In addition to the unique ‘*echnical program are other advantages for those
attending the Symposium.

The plenary talks provide state-of-the-art reviews and surveys of the technology in
specialized topic areas. These talks, given by emminent scientists, are often used as
a forum for new ideas and challenges. | am sure that Dr. Ungar, who is this year's
Elias Kiein Memorial lecturer, will present a stimulating lecture; his topic is micro-
electronics manufacturing.

The panel sessions and short paper sessions add the informality of open discussion
and exchange of ideas necessary for a successful meeting. A panel session on the
important MIL STD 810D is scheduled for Tuesday evening.

| Only individuals who have consistently attended opening sessions at past Symposia
realize its value in providing information on the most recent developments in
military and public sectors. Through the years these sessions have been consistently
interesting; they contain factual information that is not assembled anywhere else

at one meeting,

Finally as in any meeting or symposium the interchange of the attendees, whether
they are observers or participants, is of inestimable value. Although attendance at
such a meeting is often considered a luxury by management, it is true that the
technical leaders in any field reinforce their positions by regular attendance at such

meetings as the Symposium,
R.L.E.
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SHOCK AND VIBRATION INSTRUMENTATION

R. Plunkett®

Abstract, This article reviews the current state of the
art of transducers, signal processing methods, and
novel methods.

(This is the fourth article in this Journal on shock

and vibration instrumentation. The first in April,
1969, was a discussion of general measurement
methods with no bibliography. The second in Decem-
ber, 1976, was an annotated listing of 87 references
on signal processing, instrumentation, measurement
of material properties, and diagnostics. The third in
June, 1979, briefly discussed recent development in
transducers and digital signal processing.

Because of the extensive series of specialist articles
that now appear in the Shock and Vibration Digest,
the author thinks it appropriate to confine his atten-
tion to comments on the current state of the art in
transducers, modern signal processing methods, and
references containing detailed information. First let
us consider a few references to novel methods that
have appeared in the past three years. T

CURRENT LITERATURE

Optical methods continue to be developed. Fluid
mechanicians have developed laser doppler tech-
niques to a useful level. This methorl has been adapt-
ed to a non-contacting torsional probe [1}; Cookson
and Bandyopadhyay provide details [2]. Bedore
describes an optical system for measuring relative
motion [3]. Buschmann describes a scattered light
displacement probe for large deflections, 0.1 to 30
mm [4]. Cook, Hamm, and Akay [5] give a nice
analysis of the operating principles of a fiber optic
displacement gage that has been commercially avail-
able from MTI for about ten years; they also discuss
differentiating the displacement signal to measure
velocity and acceleration.

Fox [6]) continues to develop his rotating, vibrating
beam system for measuring low frequency angular
vibration but it is not yet available commercially.
Vomel claims high sensitivity for an electret trans-
ducer [7]. Crowson et al [8] describe an ingenious
high force pulse generator that has been successfully
used during the past eight years.

SPECTRAL ANALYSIS

More generally, there has been an extremely rapid
development of digital spectrum instruments for
shock and vibration data reductions. The S/V Sound
and Vibration Buyer's Guide Issue {March 1981)
lists 11 suppliers. Several oscilloscopes with FFT
plug-ins are not listed in the Guide. It has become
difficult to make a rational choice of equipment,
Among the criteria that must be considered are
resolution (8 to 14 bit), maximum sample frequency,
numbers of channels, computing speed, computing
flexibility versus simplicity, portability, and compati-
bility of output with other computers. The cost
ranges from about $2000 for a single-channel FFT
oscilloscope plug-in to about $100,000 for a com-
plete multi-channel processor with a dedicated mini-
computer. Some care should be taken in deciding
whether a two-channel transfer analyzer with 1024
lines (512 per channel) and transfer and coherence
capability will do the job (about $10,000) or whether
4096 lines and correlation functions are necessary
(about $20,000). There is no unbiased source of
information; almost all articles in the trade journals
are written by manufacturers’ engineers. The best
source of mathematical information is still Otnes
and Enochson [9, 10]. Newland [11] gives a nice
introduction to the subject. All of the manufacturers
publish handbooks that describe the uses and abuses
of their particular products; the most comprehensive
isthatof B & K [12].

*Department of Aerospace Engineering and Mechanics, University of Minnesots, 107 Akerman Hasll, 110 Union Street S.E.,

Minneapolis, MN 55455
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TRANSDUCERS AND INSTRUMENTS

The two most widely used measurement devices for
shock and vibration work are strain gages aid accel-
erometers. These days, almost all strain gages are
foil, usually epoxy backed, Used with modern d.c.
signal conditioners they are good to one miuro-
strain and have a very low noise background. Many
can be used up to strains of several percent, an'
this can be exceeded by clip gages. Holman [13]
has written a good introduction to strain gages and
lists many characteristics. A welcome development
is the ready availability of self-temperature compen-
sating gages.

Harris and Crede [14] remains the standard reference
for accelerometers and other pickups. The only real
change in accelerometers has been the development
of units resistant to extreme environments of pres-
sure, temperature, and radiation. Stable charge
amplifiers eliminate cable loading, and integral
microelectronics provide stability. Almost all high
frequency accelerometers use polarized ferroelectric
ceramics or sensing elements. As a result, they have
roughly the same sensitivity for the same mass and
resonant frequency.

There has been little development in inductive
velocity pickups; most of the ones on the market
are of old, well tried design. Their major use is for
vibration monitoring in which their rugged construc-
tion overcomes the handicap of high weight, low
resonant frequency, and sensitivity to electromag-
netic pickup. When velocity is wanted for research
purposes, it is usually obtained by integrating an
accelerometer signal electronically.

Displacement pickups are available in many forms.
The most versatile contacting pickups are linear
variable differential transformers that can be made
extremely rugged by potting. Non-contacting devices
use fiber optics [5], eddy current impedance bridges,
and laser doppler and capacitance bridges. Interfero-
metric methods have proven useful for hypervelocity
measurements in shock but such measurements are
specialized. -

1t seems unlikely that any new principles will be
widely applied to shock and vibration instrumenta-
tion within the next few years. What we can look
forward to is small but steady improvement in

current transducers and continuing reduction in the
cost of digital data processing. 1f current trends
persist, the trade off in data analysis systems will
continue to be between versatility and simplicity of
operation. A series of articles referred to in the last
article has appeared in book form [15].
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| LITERATURE REVIEW: s st one”

The monthly Literature Review, a subjective critique and summary of the litera-
ture, consists of two to four review articles each month, 3,000 to 4,000 words in
length. The purpose of this section is to present a '‘digest’’ of literature over a
period of three years. Planned by the Technical Editor, this section provides the
DIGEST reader with up-to-date insights into current technology in more than
150 topic areas. Review articles include technical information from articles, reports,
and unpublished proceedings. Each article also contains a minor tutorial of the
technical area under discussion, a survey and evaluation of the new literature, and
recommendations. Review articles are written by experts in the shock and vibration
L field.

This issue of the DIGEST contains articles about current methods for analyzing
dynamic cable response and nonlinear analysis of beams.

Dr. H. Migliore of Portland State University, Portiand, Cregon and Dr. R.L. Webster
of Brigham City, Utah have written a paper outlining developments since 1979 on
the current methods for analyzing dynamic cable response. Emphasis is on ocean
engineering applications and closely related activities.

Professor M. Sathyamoorthy of Clarkson College of Technology, Potsdam, New
York has written Part Il of his article on nonlinear analysis of beams. In Part |, 5
classical methods of analysis for nonlinear beam problems were reviewed. In recent H
years, finite element methods have often been used for nonlinear static and dynam-
ic analysis of beams and beam-type structures. Part 1{ is a review of such literature,
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NONLINEAR ANALYSIS OF BEAMS
PART II: FINITE ELEMENT METHODS

M. Sathyamoorthy*

Abstract. In Part |, classical methods of analysis for
nonlinear beam problems were reviewed. In recent
years, finite element methods have often been used
for nonlinear static and dynamic analysis of beams
and beam-type structures. Part || is a review of such
literature. The search attempts to cover all the pub-
lications from the earliest ressarch in this ares.

It is often necessary to obtain approximate numerical
solutions to engineering problems as a practical
alternative to exact closed-form solutions. With a
minimum of simplifying assumptions it is now pos-
sible to solve complex problems encountered in
many engineering situations by means of the finite
element method. A finite element mode) of a prob-
lem provides a piecewise approximation of the
governing equations. The method is based on the
assumption that a solution region can be analytically
approximated by replacing it with an assemblage of
discrete elements. These elements can be assembled
in many different ways and thus are convenient
to use to represent exceedingly complex shapes. The
success of the finite element method depends largely
on the choice of the shape functions used in the
solution process. Since the evolution of digital com-
puters, the finite element method has become widely
used to solve many types of problems.

Nonlinear methods of analysis have recently gained
attention because of increasing need for efficient
design cf structural elements. Significant theoretical
and computational advances in the nonlinear analysis
of structural elements have been made in recent years
(1]. Many computer analyses have been carried out,
and a number of general purpose computer programs
have been developed. Furthermore, extension of the
finite element method to the study of nonlinear
behavior of both material and geometric-type non-
linear problems has resulted in more realistic models

and design methods. Nevertheless, a great deal of
work remains to be carried out, particularly in
nonlinear analysis.

In Part | various types of nonlinearities were reviewed
[1], and the governing nonlinear equations for each
case were given, If a static nonlinear problem is con-
sidered in which a flexible member undergoes large
deformation, the expression for the curvature be-
comes

1 do
= S (1)
R ids
where
dw
s = gin 0O (2)

s is measured along the deformed axis of the member,
@ is the slope of the axis of the member, and w is the
lateral displacement. Differentiation of equation (2)
and substitution in equation (1) gives

d 2w

2
-+ ds

i 1/2
I:l( )

The strain energy in bending is

x|+

(3)

EI (2 ,1.2
U=Tf (i) ds

p (4)
. .
El ]2 dw 2[ dw zjl
= = =) 11 - 3 ds
2 p d52 ds

The nonlinear stiffness equations can be generated
using equation (4) for the total potential after the
element and the interpolating functions within the

*Associate Professor, Department of Mechanicel and Industrial Engineering, Clarkson College of Technoiogy, Potsdem, NY 13676
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element are fixed. The equations for a single element
can be expressed as
e

ex
—g—g— - 2P =0 (5)

i
Ue' stands for non-dimensional strain energy and Pie
for the generalized forces respectively of an element;
A is a load parameter, and q; are generalized coordi-

nates.

The nonlinear stiffness equations for an entire struc-
ture can be formed by the usual assemblage of ele-
ments into the global equilibrium set. This procedure
results in a set of nonlinear algebraic equations that
can be solved by such techniques as step-by-step
method, Newton-Raphson method, or variable inter-
polation. The nonlinearity considered here is geomet-
ric in nature due to the nonlinear curvature-displace-
ment relationship shown in equation (3). A similar
procedure could be used to solve problems with other
types of nonlinearities [1] .

FINITE ELEMENT METHOD

The finite element method has long been used for
the analysis of linear problems. Applications con-
cerning structures and structural elements date from
the early 1940s. A number of books and papers are
available. For a historical note on the finite element
method and references concerning linear problems
the reader is referred to the book by Desai {2]. Ap-
plication of the finite element method to linear
vibration problems has been reviewed [3]. Finite
element modeling techniques described include
lumped parameter, transfer matrix, finite element
displacement, finite element force, hybrid, and quad-
ratic eigenvalue methods. Linear vibrations of beams,
plates, and shells using the finite element method
have recently been reviewed [4]. More than 200
references are quoted, of which five deal with non-
linear flexural vibrations of beams.

Martin [5] has summarized work carried out until
1971 in the area of nonlinear analysis using the
finite element method. The development of the finite
element method to study nonlinear material behavior
has been reviewed [6] . Recent developments in deal-
ing with geometrical and physical nonlinearities have
also been treated [7-10] . A survey of computer pro-
grams for the solution of nonlinear structural and
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solid mechanics problems is available [11]. These
references will provide the reader with information
on the application of the finite element method to
nonlinear problems. Therefore, the material that
follows deals with such specific cases as the non-
linear static and dynamic behaviors of arches, curved
and straight beams, cables, and frames,

The use of the finite element technique for the large
deflection and post-buckling behaviors of arches
(12-14, 37] and for the nonlinear geometric analysis
of curved beams [15-18] has been illustrated [12-18,
37]. Geometric and material nonlinearities [25, 47,
50-54] have been considered individually or in com-
bination [19-567]. Post-hiickling behaviors have been
investigated in various papers [26, 29, 33, 39, 45,
48] . Nonlinear behavior of thin-walled beams [29-31,
44, 49], cable stiffened structures [36] , viscoelastic
beams [55], spinning cantilevers, and twisted rotor
blades [56-57] are special problems. The finite ele-
ment method has been used [568] to study the
geometricaliy nonlinear behavior of cables. Frames
and trusses have been treated [28, 29, 37, 41, 55,
59.66) . Large deflection problems concerning frames
have been investigated (28, 37, 41, 55, 69-61] ; post-
buckling behaviors have been examined [29, 61, 65] .
Dynamic problems have been analyzed [64]. Non-
linear finite element analysis of trusses has been
carried out [61-63) .

Investigations concerning large amplitude flexural
vibrations of beams and beam-type structures have
been reported [67-91]. Elastic-plastic transient
deformations of structures [67],; dynamic response of
beam-columns [69); beams carrying concentrated
masses [71, 76, 82); beams with translational and
rotational springs at the ends [71, 90]; beams of
variable flexural rigidity (73, 78, 82, 86); beams
accounting for the effects of in-plane inertia, trans-
verse shear deformation and rotatory inertia effects
[74, 75, 79, 80]; and curved beams [85, 88] have
been considered.

Optimization of a simply supported beam under- :
going large amplitude vibration has been studied |
[91]. Dynamic stability of a nonlinear beam sub- }
jected to both longitudinal and transverse excita-
tions [92), nonlinear dynamic analysis of rotors
(93], and dynamic nonlinear large displacement
analysis of a human leg [94) are special problems. ]
Large displacement transient analysis of space frames i
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and trusses has been treated [95, 96]. It should be
noted that most of the investigations concerning
nonlinear static and dynamic analysis of beams use
the Rayleigh-Ritz finite element approach, Some re-
cent reports [39, 87, 88] indicate that the Galerkin-
type finite element method could be used to solve
a class of nonlinear problems.

The publications considered thus far are concerned
with specific classes of problems. Considerable work
has also been reported on general nonlinear studies of
structures. The literature belonging to this category
includes static cases [97-158] and dynamic problems
(123, 125-127, 132, 134, 149, 153, 159-175] . Prob-
lems dealing with both geometric and material-type
nonlinearities, development and evaluation of solu-
tion procedures for geometrically nonlinear problems,
effect of higher order terms in certain nonlinear finite
element models, geometric nonlinearity combined
with plasticity and creep behavior, finite element
analysis for problems of large strain and large dis-
placement, time-dependent inelastic deformation in
the presence of transient thermal stresses are treated
in these references.

CONCLUDING REMARKS

The finite element method has been widely accepted
for solving problems of beams and beam-type struc-
tures with various different types of nonlinearities.
The literature dealing with geometric nonlinearity
is extensive; material nonlinearity has received much
less attention. A total of 176 papers published mostly
after 1972 have been cited in this review. Every
effort has been made to include all readily available
literature. However, the literature on this subject has
been growing steadily; the author believes that a
survey paper of this kind is incomplete with respect
to rapers published in various conference proceedings
as well as those published in other languages.

Based on the review presented in the two parts of
this paper, it is possible to make the following ob-
servations.

® A survey of literature on the large amplitude
vibrations of straight beams shows that regard-
less of the type of boundary conditions of the
beam, the nonlinearity is of the hardening type;
i.e., frequency increases with increasing ampli-

tude of vibration. Such behavior is observed
in all cases in which the nonlinearity is geo-
metric in nature,

® |n the case of curved beams, the hardening type
of nonlinear behavior is less pronounced be-
cause of the curvature of the beam. This is in
general agreement with predictions by Pandalai
and Sathyamborthy [176]) .

® There is little information available in the
literature on the effect of modal interaction
and its influences on the nonlinear behavior
of beams.

® Experimental verification of theoretical results
has been neglected for several decades. The
author believes that this area deserves attention.
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