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PREFACE

Hosted by Sandia National Laboratories and the Air Force Weapons Laboratory, the 59th Shock and Vibration
Symposium 15 a continuation of the series of symposia sponsored by the former Shock and Vibration Information
Center (SVIC). As was true of the 58th Symposium in 1987, this conference was organized in response to the
continuing needs of the shock and vibration technical community. Because these symposia provide the only annuai
forum for the interchange of certain defense- and space-related information, they are expected to continue on an
annual basis while a permanent solution for the sharing of such information is being sought

The response to the Call-for-Papers for the 59th Symposium was very gratifying; a large percentage of the more
than 130 papers proposed were accepted. The final program included an Opening Session and trec Plenary Ses-
sions as well as 14 unelassified and four controlled-access technical sessions, Responsibility for preparation and
distribution of the Proceedings for the 50th Shock and Vibration Symposium has been shared by Sandia National
Laboratories und the Air Force Weapons Laboratory (AFWL). All technical papers for public release have been
published by Sandia in four volumes. Volumes I, II, and III are to be distributed to registrants at the Symposium;
Volume IV is to be mailed tv qualified individuals after the Symposium. All technical papers requiring controlled
access are to be published by AFWL and mailed to qualified recipients as soon as possible following the Svmpo-
sium. Outstanding support from representatives from Sandia and AFWL and the enthusiastic cooperation of
authors and speakers have helped greatly in attaining these goals.

The reader will note that each volume of the Froceedings contains a Table of Contents for all four volumes; how-
ever, the contents of Volume IV as of this writing are subject to change. The contents of the limited access Proceed-
ings published by AFWL will be arranged in a similar way. Any questions relating to post-symposium availability
may be addiessed to me or to an appropriate Host Representative. It is anticipated that the unlimited Proceed-
ings will be available from the National Technical Information Service and that the controlled-access Proceedings
will be available from the Defense Technical Information Center.

Any success that the 59th Symposium may enjoy is the result of a team effort, and certain members of that team
deserve special recognition. Host Representatives Dave Smallwood and Rod Galloway are to be applauded for pro-
viding the outstanding support that made the Symposiam possible. The Interagency Program Committee is to be
congcatulated for a superb technical program. In addition, the Vibration Institute deserves credit for their werk
on producing the Proceedings. And my wife Sallie deserves very special thanks for keeping track of endless details
and managing the registration. Finally, I oifer my sincere personal thanks to all authors and speakers for their
cooperation in meeting the necessary deadlines.

Henry C. Pusey
Symposium Manager
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DEVELOPMENT TESTING AT SANDIA

Mr. Del M. OMson
Director of Development Testing
Sandia National Laboratories

Albuquerque, NM 87185

Sandia National Laboratories maintains an extensive development
test capability including, but not limited to, explosive, chimatic,
electromagnetic, thermal, mechanical shock, vibration, and static
environments. These facilities are briefly described.

BACKGROUND

Sandia National Laboratories was established in 1945 and operated by the University of
Califormia until 1949, when President Truman Asked AT&T to assume the operation as an
"opportunity to perform an exceptional service in the National Interest.” Today AT&T
Technologies, Inc. continues to operate Sandia for the Department of Energy on a no-profit,
no-fee basis. The Labs' responsibility is national security programs in defense and energy,
with primary emphasis on nuclear weapon research and development. Sandia also does a
limited amount of work for the Department of Defense and other federal agencies on a non-
interference basis.

Sandia National Laboratories is one of the nation’s largest research and development
engineering facilities. About 7200 persons are employed in Albuquerque, about 1100 in
Livermore CA, and about 100 at the Tonopah Test Range, the Nevada Test Site, Kauai Test
Facility. and elsewhere.

About 60 percent of Sandia’s research and development effort involves the weaponization of
nuclear explosives for national defense; the remainder involves energy programs and advanced
military technologies. About 30 percent of Sandia’s operating budget is from federal agency
reimbursables. Sandia does not manufacture or assemble weapons, this work is performed by
other contractors. After the weapons reach stockpile, Sandia quality assurance evaluators
periodically obtain representative samples and test them in laboratory and field exercises to
ensure that they continue to operate safely and reliably.

Sandia operates a broad range of facilities, many of them unique. They are used for a wide
variety of projects, ranging from basic materials research. to the design of specialized
parachutes. Development testing is an integral part of our activities and the facilities include
state-of -the-art equipment for environmental testing, radiation research, combustion research,
and cemputing.

DEVELOZMENT TESTING

Sandia Nauonal Laboratories has an exceptional range of testing facilities that in many
instances have been designed and built here and are not readily available anywhere else,
especially in one easily accessible location. Although designed and built for the Department of
Energy, these facilities give Sandia a unique capability to assist government agencies and their
contractors who have development testing projects requiring state-of -the-art skills and
facilities. Through special arrangoments, Sandia can make its facilities available for such
projects. Some of these facilities are briefly described below. Many of Sandia's test facilities
are located in remote locations to facilitate the testing of items with explosives or other
hazardous materiais.




Aerial Cable Facility: Steel cables stretched between mountain peaks are used to free-drop
pavioads as heavy as 3000 Ib from heights of 600 . Impact velocities of up to 190 ft s can

e

be achieved in free fall; 1000 1y s using a rocket pull down technique.

Centrifuges: Centrituges range from spinners capable of spinning a 330 kg test item up to
40,000 rpm. a high-onset centrifroe with a 107 radius which can reach 2000 ¢ in | 4 second, a
35 ft radius outdoor centrifuge. to a 29 tt radius below-ground centrifuge with a capacity of
1.6 million g-1b.

Climatic Test Facilities: Sandia maintains a large number of chambers and ovens for
simulating a wide range of environmental conditions. Exposures ar2 made 1o combinations of
temperature, thermal shock. humidity, and altitude, as well as salt-tog and rain. [tems as large
as 8 ftin diameter and 30 feet long can be accommodated.

Electromagnetic Environments Simulator. This facility is capable of producing continuous
wave electric fieids over the frequency range of 4 MHz to 10 GHz and tields of 100.000 V m.

Explosive Testing: Explosive testing takes many forms at Sandia including blast testing using
shock tubes and explosively driven flver plates. Shock tubes up to 19 ft in diameter are
available. Flver plates have achieved velocities up to 14, 000 ft/s.

Field Testing: Two field ranges are used by Sandia: the Tonopah Test Range in central
Nevada i1s used for flight and trajectory studies, and high altitude rocket and reentry body
studies, and the Kauai Test Facility in Hawaii has a rocket launching capability for high-
aftitude scientific research and reentry vehicle studies. In addition field tests operations are
conducted world wide supported by a substantial inventory of test equipment.

Fuel Fire Facility: The Aircraft Fuel Fire Simulation Facility, designed and built by Sandia,
represents a major advance in fire testing with jet fuel.

Horizontal Actuator: The facility consists of an 18 in. pneumatic actuator with a 92 ft track.
The actuator can directly generate 700,000 Ib of force. Larger forces and a variety of pulse
shapes can be generated using multiple sleds.

Large-Scale Melt Facility: The melt facility helps engineers understand and predict events
during a reactor-core meltdown. During full scale testing, temperatures above 3000 K are
produced.

Laser Tracker: Sandia's laser tracker with a three-radians-per-second slew rate 1s unique
among tracking instruments and is ideally suited for measuring trajectories of high
poiformance rocket systems or other high velocity projectiles.

Light-Initiated High Explosive (LIHE) Facility: This facility developed at Sandia permits the
remote spraving of explosives nnto complex surface shapes and detonating the explosives with
a flash of light. Impulse levels from 10 to more than 10,000 taps can be achieved.

Lightning Simulator: The lightning simulato~ duplicates the characteristics of severe natural
lightning currents in a controlled laboratury environment. The tacility can produce up to 4
strokes per flash with currents rising to a peak of 200,000 amps.

Modal Testing: Sandia conducts state-of -the-art modal tests on items ranging from
components weighing a few ounces to 100 m tali vertical axis wind turbines. Tests are run in
both the laboratory and at field locations.

Nondestructive Testing: NDT methods used at Sandia include x-radiograph, ultrasonics,
computer aided radiography and ultrasonics, radiographic image analyvsis, laser interferometry,
and others.
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Photometrics: The equipment encompasses slow- m ultra-high-speed camera and video
svstems, most of which can be mounted on unique tracking platforms. Radiometric equipment
covers the untraviolet through the near infared spectrum.

Radiant Heat Facility: Sandia’s Radiant Heat Facility provides laboratory simulation of high
temperaiure environments and acquires and records the responses of test items to these
environments. Up to 3 MW of power can be used to simulate a wide variety of heat sources
including solar. reentry heating, and tires.

Rocket Sled Facility: Sandia has two rocket sleds; a 10,000 ft narrow gage track for high-
velocity requirements, and a shorter standard railroad gage track used to simulate
transportation and other relative low velocity (up to about 300 mph) accidents.

Shock Testing: In addition to the facilities described elsewhere for conducting mechanical
shock tests. Sandia has several conventional shock machines, air guns, and actuators. Sandia
pioneered developments in reverse Hopkinson bar testing, pyvrotechnic shock simulation, and
water entry simulations.

Structural Testing: Sandia has static test frames capable of testing items up to 200 in long
with loads up to 500,000 lb. Several Universal Test Machines are available for conducting
tests from a few ounces to 600.000 Ib. Pressure vessels aie available for conducting pressure
tests of items up to 40 inches in diameter and 10 ft long. Items 18 inches in diameter and 5
t't long can be tested to 16,000 psi. These facilities are equipped with extensive
instrumentation for measuring strain, displacement, load, pressure, and other quantities.

Vibration Testing: Sandia conducts vibration tests on components, subsystems, and entire
systems using a number of modern shakers systems with state-of-the-art digital control
svstems. Available shakers range from 1 Ib force to 40,000 lbs. Sandia has been a leader in
implementing digital controls for shock, sine, random, and multiple input random testing.

Water Impact Facility: Sandia maintains a 50 't deep pond used in conjunction with a 300 ft
drop tower and air powered guns to provide testing for water-entry and water impact studies.

CONCLUSIONS

As the above list illustrates, Sandia maintains an extensive development testing capability. The
combination of unique environmental requirements, low production numbers, high reliability
and safety requirements. and the difficulty of {ull scale tests requires Sandia to continually
strive to provide the most realistic simulations possible. This effort has resulted in a unique
national asset which can be made available to qualified users. Further information about the
capability or availability of any of these facilities can be acquired by contacting Sandia
National raborutusics, De.elopment Testing Directorate, Albuqueraue. New Mexico (505) 844-
8007.
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THE QUEST FOR w = \/K/M:
NOTES ON THE DEVELOPMENT OF
VIBRATION ANALYSIS

Neville F. Rieger
Stress Technology Incorporated
1800 Brighton-Henrietta Town Line Road
Rochester, NY 14623

ABSTRACT

The origins of vibration analysis are traced through the
achievements of piomeers such as Galileo, Mariotte, Newton,
and Leibnitz, and of developers like the Bernoullis, Euler,
d'Alembert, and Lagrange, Necessary conditions for the
development of the single degiee theory are deduced, and
some possible originators of the formula and theory are
proposed.

INTRODUCTION

Mystery surrounds the origin of the formula w = \/K/M which is commonly used to
calculate frequency of vibration of a single degree systeml. The name of the person
who first recognized the significance of this formula is not known, nor is that of
the originator of the familiar theory for vibrations of a single degree system. The
formula and its related theory are fundamental aspects of all modern vibration
textbooks, and both are in daily use by vibration engineers, The fact that so
little is known about the origins of both is an intriguing blank in the history of
cngineering, This paper outlines some of the research conducted by the author in
his quest for the origin of the formula and its theory.

The development c¢f vibration knowledge may be classified into four phases, In
the first phase (1564-1727) fundamental knowledge was developed on mechanics, on the
concepts of dynamics, on the differential and integral calculus; and the theory of
differential equations was begun, In the second phase (1687-1787) the structure of
modern mathematics was established and greatly developed by scientists who were also
intrigued by problems of oscillation of strings, The third phase (1787-1850) saw
the development of general theories of elasticity and of vibration theory, with
supporting experiments, The fourth phase (1872-1934) includes the work of scholars
of vibration, and their development of analysis methodologies from the vibration
knowledge which had evolved over three centuries,.

GENIUS AWAKENING (1564-1727)
Galileo GALILEI (1564-1642) was born in Pisa where his father was an estab—

lished musician and composer, At nineteen he enrolled at the University of Pisa to
study medicine, Under the guidance of the mathematician Ricci, he studied geometry

1 w is circular frequency of vibration, K is stiffness, and M is mass,
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and natural phenomena, and in 1584 he considered the regularity with which =a
pendulum oscillates. As the story goes, these studies began with his observations
ot the great lamp of Pisa Cathedral, swinging in a cross-breeze. Galileo's later
writings show that be understood the laws of the pendulum. He was also the first to
propose that the pendulum could L. Gdsed as a Ludis for precise timekeeping.
According to a plaque at the entrance to the Leaning Tower in Pisa, his initial
studies of falling objects were made from the Tower in 1586.

Instead of pursuing medical studies, Galileo moved to Florence where he studied
mathematics and mechanics. In Florence he wrote on hydrostatics and on the center
of mass of solids, and invented the bydraulic balance. Based on the merit of these
writings, he was appointed Professor of Mathematics at the University of Pisa in
1589, and in 1592 he moved to the University of Padova to teach geometry and
astronomy. In Padova he conducted his famous studies of vniformly accelerated
motion, around 1594.

Galileo had heard of the invention of the telescope in 1609, and was quick to
advocate its military importance in a letter to the Doge of Venice (1609). In 1609
he built his first telescope, and with it he became the first person to study the
motions of celestial bodies., His firm belief in the Copernican model of the solar
system, led him to write a book on his astronomical researches, ’'Sidereus Nuncius,'’
containing drawings of Jupiter’s moons., He was summoned to Rome in 1616 and again
in 1633, where he was forced to recant his teachings., During the last eight years
of his 1life Galileo prepared his greatest work 'Discourses and Mathematical
Demonstrations Concerning Two New Sciences,' which contains most of his discoveries,
including the pendulum laws. He recognized that™ the period of oscillation was
proportional to the square root of the length, but does not appear to have known
explicitly of the mathematical formula, That discovery was made by Huygens, who
published it in 1673,

Abbe Marin MERSENNE (1588-1648) was a French mathematician and theologian, and
a close friend of René Descartes (1596-1650). In his mature years he wrote several
books on mathematics and natural philosophy, such as ’‘La Verité dans les Sciences’
(1625). On music and musical instruments he wrote ’'Harmonie Universelle’' (1637).
Mersenne stated his laws of vibrating strings in his book 'Harmonicorum Liber’
(1636), and made the first direct determination of the frequency of vibration of a
musical sound. He also worked on the geometric relations which describe cycloidal
curves,

Fr, Edme MARIOTTE (1620-168%) was a Prior of St, Martin-sous—-Beaune in Dijon,
France, Mariotte in 1664 was the independent co-discoverer of the gas law PV =
Constant, which was first presented by Robert Boyle in England in 1662. During the
construction of the Palace of Versailles by Louis XIV Mariotte was in charge of the
design of the extensive water supply system for the gardens and fountains, The
elevation of water to a great height required the development of a suitable pressure
vessel, the strength of which Mariotte developed by proof-testing. He measured the
growth in vessel circumference under pressure, and found that a proportional
relaiionship exists between circumferential growth and pressure head, i.e., between
force F and displacement K, F = K&, where K is the stiffness of the body. This
discovery and its publication (1678) were made independently of Hooke's discovery of
the force—-displacement law (1660) and its statement (1676). This proportional
relationship is of course indispensible to the expression @ = K/M. The Hooke-
Mariotte discovery therefore provides an earliest possible date (1676) for the
frequency relationship.




In 1673, Mariotte surgested to Leibnitz, his pupil, that Leibnitz should solve
a problem invo'ving the vibrations of a compound pendulum, A picture of this
pendulum is shown in figure 1. The challenge was for Leibnitz to determine the
period of oscillation of the pendulum, Leibnitz claimed to have found the solution,
but did not supply it in his reply to Mariotte.

Christiaan HUYGENS (1629-1695) knew of the correspondence between his father
and Galileo while Galileo was spending his final years inr Arcetri and studying
problems of precise navigation, Later, with his own (muoch improved) telescopes
Huygens observed and solved the riddle of Saturn’s rings, which had puzzled Galileo
forty years before., Huygens went to Paris in 1655 where he studied under Pascal and
knew of Mariotte. Huygens invented the isochromous or cycloidal pendulum, and with
it he developed a clock movement which kept accurate time, He made many contri-
butions including the center of oscillation, the postulation of centrifugal force,
and Huygens' principle, His portrait is shown in figure 2,

Isaac NEWTON (1642-1727) in 1665, a8t twenty—three years of age, formulated
ideas on universal gravitation and the calculus, His great work 'Principia
Mathematica de Philosophie Naturailis’ which contains the statement of the laws of
motion was published by the Royal Society of London in 1687. Figure 3 shows Newton
at about sixty years of age, The title page of the 'Principia’ is shown in figure
4, and the page with the first two laws of motion is shown in figure 5., This
epochal work is written in three parts, and the style is similar to that of Greek
geometry, Geometrical proofs are used throughout, and it has been suggested that
Newton chose this format for ease of understanding. In use however, Newton's
notation was less convenient than that chosen by Leibmitz. This convenience led to
the more rapid development of the calculus in Europe than in Britain, during the
subsequent century,.

The Principia discusses central forces on bodies, motion through a resisting
medium, motionm of a pendulum, wave theory, motion of planets, and universal
gravitation, Newton’s greatest achievements were the creation of the differential
and integral calculus, the universal theory of gravitation, the principles of
optics, and the corpuscular theory of light (1684). He was also the first to solve
a8 differential equation, in 1676,

Gottfried Wilhelm LEIBNITZ (1646-1716), German philosopher, statesman, and
mathematician was first noted for his construction of an early calculating machine
in 1673, which he presented to the Royal Society of London., In 1675 he indepen-
dently developed the first energy methods for the study of dynamics. In 1676 he
became librarian, then councillor (1678) to the Duke of Braunschweig—Luneburg, where
he worked as an engineer on mechanical devices, on the improvement of education, and
on various geology problems while continuing his work on mathematics and on meta-
pbysics. In 1684 his book ’‘Nova Methodus pro Maximum et Minimus,’ was published
containing an exposition of his differential calculus. A portrait of Leibnitz
painted ca. 1700 is shown in figure 6,

THE CENTURY OF THE CALCULUS (1687-1787)

Jacob (1654~1705), Johann (1667-1748) and Nikolaus (1687-1759) BERNOULLI wer:
three founding brothers of a famous family of scientists and mathematicians which
originated in Basel, Switzerland. The mathematicians of this family are shown in
the chart of figure 7, Jacob Bernoulli studied :xperimental physics in Basel and in
1687 became Professor of Mathematics at Basel University. He wrote on summation of
infinite series, and corresponded with Leibnitz on problems of the calculus. He
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established the initial concepts of the Calculus of Variations in his study of the
isoperimetric problem, ''sing his variational calculus he discovered the form of the
catenary, and of the isochrome, In 1696 he formulated and solved the brachysto-
chrone preblem, and offered this as a problem to the best mathematicians of Europe
by letter, giving six months for solution. Newton's response is best known: he
solved the problem overnight, and communicated the solution anonymously to Johann
Bernoulli, who quickly recognized, with admiration, the author of that solution by
his style.

Johann Bernoulli was also fascinated with problems and possibilities of the new
mathematics, and he obtained the tautochrone curve using the variational calculus.
Johann had three sons who also became mathematicians, Nikolaus IV (1695-1726),
Daniel (1700-1782), and Johann II (1710-1790). Daniel Bernoulli's famous book
'‘Hydrodynamica’ whicl contains Bernounlli’s theorem was published in 1738. 1In 1742
he suggested in a letter to Euler that the differential equation for the deflected
form of the elastic: could be obtained by minimizing the integral of the square of
the curvature taken along the length, This task was subsequently completed by Euler
and the solution for the deflected forms of the Elastica was published in 1744,
This solution is the basis for the well-known Bernoulli-Euler theory for deflection
of slender beams., Daniel Bernoulli also suggested to Euler in 1748 a procedure for
obtaining the differential equation for vibrations of slender beams. A portrait of
Daniel Bernoulli is shown in figure 8.

Johann IXI (2710~1790) succeeded his father to the Chair of Mathematics in
Basel, His son Jacob II (1759-1789) also became Professor of Mathematics at the
Academy of St, Petersburg, where he followed the works of his uncle and teacher,
Daniel, He studied Chladni’s experimental work on vibrations of plates, and sought
a theoretical explanation for the nodal patterns,

Brook TAYLOR (1685-1731) was an English mathematician and a contemporary of
Newton, whose best-known achievements were the development of the Taylor's Series,
and the early development of the Calculus of Finite Differences., His portrait is
shown in figure 9, He found the formula for the center of oscillation (c.g.) of a
compound pendulum which gave the correct period, Taylor is mentioned by R, B,
Lindsay as the first person to achieve 'a strictly dynamical solution to the problem
of the vibrating string,’ To do this, Taylor assumed that the string was made up of
many identical particles along its length, and that the nature of vibration modes
was such that every particle reached its maximum amplitude at the same time, Using
this form and Newton'’s second Law of Motion together with the Difference Calculus,
Taylor obtained a formula for the frequency of vibration of a vibrating string which
was in agreement with the experimental results of Mersenne,

Leonhard EULER (1707-1783) was a Swiss mathematician who made voluminous
contributions to the development of applied mathematics and to engineering analysis,
He was born in Basel, and was a student of Johann Bernoulli., At the age of twenty,
in 1727, he became an Associate of the Imperial Academy of St, Petersburg. In 1733
he obtained the first solution for the second-order differential equation with
constant coefficients. This effort was possibly motivated by a desire to solvc the
wave equatior which had been obtained but not solved by Daniel Berpoulli in 1723,
In 1736 he obtained and demonstrated the expression for minimizing a curve, 1In
1741, tired of the intrigues of St., Petersburg he joined the Imperial Academy of
Berlin, and he published his famous work on beam deflection (1744), and his work
with D, Bernoulli on the lateral vibrations of bars (St, Petersburg, 1751), during
his tenure in Berlin., According to A.E.H, Love (Cambridge, 1927) the fourth-order
equation vibration equation was obtained ’'by variation of the function they
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(Bernoulli and Euler) had previously used for the work done in (static) bending.
They determined the functions we should now call Normal Functions, and the equation
we should now call the Period Equation, in the six cases which arise according to
whether the ends (of the bar) are free, clamped, or pinned’ (Love 1927). The method
therefore is due in concept to D, Bernoulli, and the execution was performed by
Euler. later studies by this talented pair included an attempt to develop a theory
for the tomnes of a bell. FEuler'’s later researches on beams iritiated the theory of
elastic stability of columns and his well-known ductility formula (1757).

In 1759 Fuler returned to the St. Petersburg Academy, and around 1767, he
became totally blind. A portrait of Euler around this time is shown in figuore 10,
Despite this loss of sight, his prodoctivity continued at a high level, His memory
appears to have been uncommonly acute, and his ability for mental computation was
phenomenal. He introduced the symbols e, n, and i into common mathematical
parlance, and the identity e!™ + 1 = 0 bears his name., He wrote two textbooks on
the calculus (1755, 1770). These textbooks have guided the format of mathematical
texts to the present day,.

Was Euler the first person to find w = \/K/M? This feat would have been
pocssible after 1733, when the solution to the second-order equation became
availabie, Euler, D. Bernoulli, and d‘’Alembert, who were in relatively close

communication for those days, avidly investigated problems of mechanics and dynamics
of continua, However, it appesrs that particle dynamics per se did not intrigue
them,

Jean Le Rond D'ALEMBERT (1717-1783) was admitted to the French Academy of
Sciences in 1741, and published his best-known work ’'Traite de Dynamique’ in 1743.
This work contains his famous principle of dynamics, D’'Alembert studied the
vibrations of strings in 1747, and published his work on this topic in a memoir to
the Berlin Academy in 1750. This is the first published work to contain the
equation and solution for the motion of a string treated as a continuum, i,e,, the
wave equation, although this equation had been obtained without publication by D.
Bernoulli in 1723. D'Alembert’'s solution to this equation was achieved by
separation of the variables, a procedure devised by Johann Bernoulli in 1696. This
procedure was successfully applied to the vibrating string independently by both
d'Alembert and Euler, His portrait is shown in figure 11,

Joseph Louis LAGRANGE (1736-1813) was acknowledged as the greatest
mathematician of his age. His principal accomplishment was the generalization of
Newtonian mechanics, for which he devised a straightforward procedure for obtaining
the equations of motion, Lagrange's equation. His book 'Mecanique Analytique’
(1788) contains these achievements, At twenty-three years of age he extended the
earlier work of d’Alembert, and generalized the solution to the vibrating strinmng.
In this study, the string was again considered as a system of identical particles,
for which he obtained the eguations of motion, and demonstrated that the number of
independent modes is equal to the number of particles. He showed that in the limit,
the result for the frequencies agreed precisely with those achieved earlier by
d'Alembert and Euler for the continuum model of the string, Lagrange's solution for
the discrete particle model appears to be the closest any analyst has come to
finding the si.7le degree theory, up to that time, A portrait is shown in figure 12
of Lagrange around the year 1787,




THE ERA OF THE ELASTICIANS (1787-1850)

Ernst Florens CHLADNI (1756-1827) studied the modal patterns of vibrating
plates, and first published his results at Leipzig in 1787. These results greatly
stimulated the mathematicians to further apply those techmniques which had succeeded
with strings, beams, and rods tc the analysis and explanation of plate vibratioms.
Chladni gave a more complete account of his work in his book 'Die Akustik’ also
published in Leipzig, in 1802, in which he documents his researches on plates, with
dates of their original publication, A copy of the title page of Chladni'’s book
with his portrait is given in figure 13,

Sophie GERMAIN (1776-1831) wrote three memoirs to explain the modal patterns
Chladni had reported in his book 'Die Akustik,’' for which she was awarded a Prize by
the French Academy in 1816. The gold medal which accompanied this prize is shown in
figure 14, In these memoirs, she first obtained the equation for deflection of the
mid—-surface of a thin rectangular plate, and in later work she established the
equation for the normal vibrations of such a plate,

Baron Augustin-Louis CAUCHY (1789-1857) worked on the mathematical theory of
wave propagation for which he was awarded the Prize of the Institute de France in
1816. He also contributed extensively to the theory of stresses im solids.

Simon Denis POISSON (1781-1840) contributed to the development of the theory of
elasticity, and is memorialized by his contributions to the generalization of the
stress—strain law of elasticity into three dimensions, which required among other
concepts, the introduction of Poisson’s well-known Ratio,

Claude-Llouis Henri NAVIER (1785-1836) was the first mathematician to invcsii-~
gate the general equations of equilibrium and vibration of =lastic solids. He
developed a 'molecular’ theory of solids in whichk the mass and elastic properties of
the solid were concentrated at certziu material points, He determined the equations
of motion of these 'moiecule’ points, and took the variation of the work dome by the
forzss acting on the molecule in a small displacement. This procedure gave the
differential equations of motion and the boundary conditions at the surface of the
body.

THE SCHOLARS OF VIBRATION (1872-1934)

John William STRUTIT, LORD RAYLEIGH (1841-1919) in 1877 published the first
edition of his famous treatise, 'The Theory of Sound.’ His first paper on gases was
presented to the British Association for the Advancement of Science in 1882, and he
won the Nobel Prize for the isolation of argon in 1904, Rayleigh was a prolific
writer and became Chancellor of Cambridge University in 1908, a post which he held
until his death in 1919, Rayleigh'’s portrait of this period is shown in figure 15,
The theory of vibration as taught today for a single-degree system appears in 'The
Theory of Sound,' Volume 1, Chapter 3, pages 44-50: see figure 16, The formula for
the period p = 2n \/M/K appears on page 44 of the Dover edition (1946).

The Ukrainian-born Stephen TIMOSHENKO (1878-1972) published the first editionmn
of his famous book on the Theory of Elasticity in St. Petersburg in 1913, He left
his homeland in 1918 for the United States, and he worked for the Westinghouse
Electric and Manufacturing Company in Pittsburgh from 1923 to 1927, Timoshenko
solved vibration problems, collected vibration literature, and taught courses on
vibration analysis at the Westinghouse Night School during this period., His course
notes were first published in 1928 by the D. Van Nostrand Company under the title




‘Vibration Problems in Engineering.' This was the first U,S. book on vibration
analysis, and it was the first English-language vibration text written with a
practical orientation, Timoshenko virtually established the science of engineering
mechanics in the United States through his writings and through his students.

Jan Pietr DEN HARTOG (1899- ) worked initially in association with
Timoshenko at Westinghouse. Timoshenko's book 'Vibration Problems’ mentions work
performed by Den Hartog during this period. JIn 1934 Den Hartog began his teaching
career at Harvard, and at M.I,T., in 1944. The first edition of his lucid textbook
'Mechanical Vibrations' was published in 1934,

WHO WAS FIRST?

What can be concluded with regard to the probable origins of w = \/K/M from the
lives of the earliest pioneers? First, we know that their discoveries came at a
time when there were strong commercial incentives for the development of mechanical
devices such as chronometers, efficient pumps, and steam engines. Second, the
correspondence between Galileo and Huygens' father in Leyden, and between Galileo
and Mersenne was significant because it provided inspiration and fertile ground for
the genius of Huygens to grow, Huygens went to Paris to study. Paris was the
intellectual center of Europe during the reign of Louis XIV, under his finance
minister, Colbert. Studying with Mersenne, Huygens must have heard of Galileo’s
suggestion to use the pendulum for timekeeping, and of Mersenne’s work on the
cycloidal curves. To put such pieces of information together into a working device
wouiu nave required precisely those intellectual and mechanical skills which Huygens
possessed, He created the first chronometer by introducing the cycloidal, i.e.,
isochronous escapement, A later version of the escapement mechanism is shown in his
book ‘Horologium QOscilatorium.’' Did Huygens meet Mariotte in Paris? Very likely,
Were Mariotte's guestions to Leibnitz concerning the compound escapement inspired by
Huygens' cycloidal pendulum? Such a mathematical analysis was conceptually within
the ability of the twenty—-seven year old Leibnitz, though the calculus involved
would not have evolved from him until 1684, Further, the solution of the
simultaneous second-order differential equations involved would also have had to
wait a further sixty years for Euler’s contribution. Leibnitz had received his
doctorate at twenty years of age, and was on cordial terms with Mariotte and Newton,

Prior to Galileo there were no concepts of mass or motion as we now understand
these terms, The few earlier writers who had studied the positions of celestial
bodies (Ptolemy, Copernicus) had drawn conclusions concerning orbital motion,.
Aristotle in his 'Physics’ states that particles travel in straight linmes. To
believe otherwise, i.e., parabolic motion, was to deny the great credibility given
to Aristotle by Aquinas, Aristotle further states that the medium drives the
projectile, Such 'Physics’ as existed prior to Galileo was apparently understood in
much different terms to those we believe today.

Galileo's major contributions to dynamics were to coordinate the concepts of
displacement and velocity, and to introduce the new concept of acceleration,
Expressed in modern terms, these conceots bring us to the brink of the differential
calculus, They provide a reason for the discovery of the calculus thirty years
after the publication of Galileo’s book. In order to explain the results of his
experiments in 1594 with falling weights, Galileo did three things: First, he
devised the concept of acceleration, Second, he applied the scientific method - he
devised a theory to explain his experimental observations, Third, using this theory
he expressed his results in analytical form - the expressions for the laws of
accelerating motion., At the time of Galileo, any one of these innovations would be




rllllllllllllllllIlllllIIIIlllIllllllllIlII-llIIIIII---------Vf

sufficient to demonstrate his creative brilliance, All three, together, gave birth
to the new science of dynamics, and changed forever the way in which science itself
was understood.

Newton continued from where Galileo left off. By realizing the principles
which lay behind Galileo's dynamical ideas, he conceived the differential calculus,
and by inferring the reciprocity of the difrferential relations, he was then able to
devise the principles of the integral calculus. These two mighty discoveries appear
to have taken place immediately following his graduation from Cambridge, in the
plague yeers of 1665 and 1666, when he was back in Woolsthorpe. The concept of
universal gravitation also occurred to him during the same period. Prior to this
time there was no explanation for how the observed orbital moticns of the moon about
the earth, and of the planets about the sun, counld occur,

Given Galileo’'s concepts of motion and (by this time) of mass, Newton deduced
that it was the mass property which provided the attraction, and the motion property
which provided the equilibrium, Thus Newton unified and explained the plametary
motions, and introduced the concept of universal gravitation with the inverse—square
law, and further showed that these ideas were in accordance with the principle of
centrifugal action, given by Huygens in 1655. These achievements together with the
three Laws of Motion are given in the 'Principia,’ Volume 2.

By tke year 170G the concepts of mass and of acceleration were both well
accepted, though not yet in the same use as engineers employ them today. There were
scversl reasons for this. First, the development of mathematics itself was the
primary interest of mathematicians such as Johann Bernoulli, Newton, and Taylor, Of
these, Taylor was the only one who put the mathematical discoveries to use for
vibration analysis, with his discrete—particle solution of the string groblem,
Secondly, energy methods were being developed very enthusiastically around this time
in Europe, and their proponents saw in them great promise for the discovery of
general laws of dynamical systems,. Thirdly, the field of differential equations
remained to be appreciated, solved, and formalized. However, this path apparently
led to solutions for specific problems in dynamics, rather than to general
principles, and this was possibly less interesting to pioneers such as Newton and
Leibnitz, whose major interest in applied dynamics lay in celestial mechanics. And
lastly, the carly mathematicians continsed to be fixated on the discovery of
analytical forms for special corves. Galileo, Mersenne, and Huygens worked on their
¢ycloids; Newton and Halley sought e¢xpressions for planetary orbits; Johann
Bernoulli, and Leibnitz developed analytic forms for the Brachystochrone and Tauto-
ckrone; and D, Bernoulli and Euler sclved the Elastica, Evidently, the development
of single degree of freecdom dynamics would have to wait until a talented but less
ambitious mathematician with engineering interests appeared on the scene,

D. Bernoulli, Euler, and d’Alembert were mathematicians with less geners!
interests, This can be discerned from the specific types of problems which they
studied, without detracting in any way from the greatmess of their prodigious
contributions, Most of our basic mathematical tools, and many other procedures, are
due to them. Furthermore, engincering dynamics owes much to what must have beer a
very close and fortuwitous intelilectual friendship between Daniel Bernoulli and
L~onhard Esler, and to some extent with d’Alembert also, throughout their long,
active lives, Bernoulli first brought his strong mathematical skill and fine
practical insight to the problem of the uniform vibrating string, in 1723, Euler's
scletion to the second-order differential equation (1733) may have becn an outgrowth
of their earlier collahoration on this work, as colleagues in St., Petersburg, The
concept of Separation of Variables had been contributed by Johann Bernoulli in 1696,
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and it is easy tc speculate that these two steps were utilized by Daniel Bernoull:
and Euler, during their time together (1726-1730), in semi-isolation im St,
Petersburg. Nonetheless, despite the continuing correspondence between these two
after Berpoulli returned to Basel, the solution to the wave equation was not first
published by them, but rather by d’Alembert in 1750, Was d’Alembert in touch with
Bernoulli from Paris, between 1733 and 1751? (Quite 1likely, but his solution for
axial and torsional vibrations of a uniform continuum does not mention any earlier
work on the vibrating string by Bernoulli and Euler, even though d'Alembert’s work
was published by the Berlin Academy in 1750, while Euler was in Berlin.

It seems that the pendulum problem may have served most significantly to direct
the minds of the mathematicians toward dynamics. Following Leibnitz, Johann
Bernoulli began to work omn problems of particle dypamics: as noted, the
Brachystochrone problem (path of steepest descent), was solved by Newton, overnight,
in 1696. Brook Taylor'’s solution to the vibrating string problem in 1714 using
particle dynamics and the difference calcules preceded the early development of the
wave equation by Daniel Bermnoulli, The first solution to the wave equation was
obtained by Euler and by d’Alembert, apparently independent of each other, around
1749, D'Alembert published his work in 1750 at the Berlin Academy, and Bernoulli
published another result in 1755 in the Memoirs of the same Institution.
Considering that the method of separatiom of variables was available from the work
of Jobhann DBernoulli in 1694-97, it is not surprising that methods for solving
differential equations of the second—order with constant coefficients soon became
available from Evoler, with contributions by d’Alembert, between 1733 and 1736.

The solution to the wave equation in its most general form was given by
Lagrange in arn extensive memoir to the Berlin Academy in 1759, while lLagrange was
still residing in Turin, This generalization was made by reverting to a multi-
particle model of a string, similar to that used by Taylor. It is this use of the
particle moudel, and by observing that Lagrange's solution shows the number of modes
is equal to the number of particles which comprise the string, which suggests that
lLagrenge may also have been the originator of the single degree of freedom theory.
This thought may be pursued by a reading of Lagrange's memoir (1759), and by
studying his famous book 'Mecanique Analytique’ (1788).

The specific reason for Chladni's (1787) interest in the vibration of plates is
not known, It can be surmised that acoustically-excited patterns of plates (or of
surfaces, possibly of the sea?) somehow led to Chladni's interest, as the title of
his book 'Die Akustik’ suggests. Was this a two-dimensional extrapolation of the
preceding interest in strings? In any case, Chladni's results stimulated the great
French analysts to seek a solution to the plate problem, Their efforts lasted for
half a century. Amongst other things, this resulted in Sophie Germain's derivation
(1815) of the plate equation, and the general equations of elasticity for plates and
solids by Cauchy (1810), Navier (1822-29), Poisson (1831), and others.

If the single degree theory and w = ’VK/M was developed during thc Era of the
Flasticians, this event has nut been widely recognized. Nor is it evident that it
occurred during the Century of the Calculus, when the emphasis was on mathematical
development, and on the wave equation. And how could it have occurred during the
/ye of Genius when neither the equations, nor many of the mathematical concepts were
availatle? 1t therefore appears that although Brook Taylor may have come
surprisingly close with his early result for the single degree system, in 1714, his
interest lay mainly in explaining the string vibrations. All things considered,
lLagrange's interest in the development of equations for discrete systems makes him a
likely originator of the single degree theory, and hence of the result o = V/K/M.




CLUES FROM THE CLASSICAL TEXTS

The first textbook on the dynamics of physical systems is the unified presen-—
tation by Lagrange ’'Mecanique Analytique’' (1788). This book contains the develop-—
ment from fundamentals of Lagrange’'s Principle, with applications. This work is a
mathematical treatise, in which geometrical aspects are presented in analytical
terms, in the traditicn of Descartes, through the introduoction and use of Lagrange's
procedure., The generalized presentation given is thereby applicable to any physical
system.

The first English text to address the subject of vibration is Rayleigh's
'Theory of Sound.’ This book is the work of a mathematical physicist, and it shows
that the vibration problems of interest to Rayleigh were not viewed in the same
manner as they would be today, Rayleigh saw vibration in relation to acoustics
alone: he states that ’'Without our ears we should Lardly care much more about
vibrations thar without eyes we should care about light,’' (Preface, ’'Theory of
Sound’ Volume 1, page xxxiv, 1877). The 'Theory of Sound’ is a full compendium of
physical knowledge on acoustics and vibrations, together with the mathematics of
these subjects, rigorously presented, It is a treatise, not a beginnefs textbook.
Apparently, Rayieipgh was not acqueinted with reciprocating steam engine vibrations,
ncr propeller or paddle wheel vibrations in ships, nor overhead factorv limeshaft
vibrations, wnor shaft whirling (Rankine, 1869), nor the vibrations nor noise of
bridges &s the steam trains of the day passed over them; and despite related
disasters, nuor of tbe Brigbton and Menai Straits suspension bridge collapses,

Cevtain Furopean and Russian books on vibration theory and applications may
alsu huve been published during the period 1877 to 1928, but nc details of such
works are krown at this writing, None of the texts mentioned above contain any
indication of where the original single degree theory came from, nor gives any
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indication of the source of w Y K/M,

Ninety five yjyears after the publication of Lagrange’'s book, Rayleigh devoted
part of a clupter in the 'Theory of Sound’ to the single degree system, in which he
cited the results mentioned earlier, These results are stated with no reference to
their author, Were they so well-known by 1877, or likely even so trivial in
Rayieigh's mind, ithat therc was no need to identify the original source? It seems
surprising that all textbooks written since Rayleigh's time have followed his iead
with the single degree theory, yet nc subsequent author has thus far identified the
origirater ! that theory,

NO SPECIFIC RESULT BUT A CLEARER PICTURE
A review of the evidence available at this time leads uos to five cenclusions:
1) Ihe physics of st-ing vibrations was understood to some degreec by Pythagoras,
and more completely by Galileo und Mersenne;, but neither Galilco or Mersenne

had the ¢quation of the vibrating string, much less the mathematical techniques
which are required to achieve a solutiuon to this equation,

2 layior geve the first (approximate) solution for the lowest mode of the
vibrating string in 1714, D. Bernoulli gave the wave equation for the
vibhrating string around 1723, but without a solution, This solution was

achieved by D'Alembert and lLuler between 1747 and 1750, and was generalized by
lLLagrange uwround 1759,




3} The pendulum problem was observed by Galilece in 1586. Buygens first devised
the ¢ycleidal pendulurm in 1659, and obtained the formula for the freguency of
cscillation of a pendulum, probably around 1673.

4) The first kuown publication to give single degree forced damped vibration
theory was in Lord Rayleigh’s 'Theory of Sound’ Volume 1, in 1877.

5 It seems both preobable and Jikely that the single degree thiory was available
prior to Rayleigh’s book.

It is helpful to recall that the machematical tools for analysis of the single

degree system became available in the mid-eighteenth century. These tools were
developed by mathematical resecarchers, who were secking procedures for general
systems . When Iuler obtained solutions for second—order ordinary differential

cquations, dJd'Alembert immediately applied these solutioms for use on partial
differential eqguetions, viz. on the wave eqaation,

It is possible that the single degree theory originated with Lagrange, who
generalized Newtonian mechanics into a single comprehensible procedure for all of
mathematical physics, and who had the mathematical tools and concepts to achieve
such a4 sclution. Could the great lLagrange have for once gazed so low as to attempt
te selve the simple problem of a single oscillating particle?

The soluticn does not appear to have been achieved by the inspired French
school of elasticians who began with Chladni, and which included Sophie Germain,
Poisson, Cauchy, Navier, lLame, Kirchoff, and Boussinesq, during the years 1786 to
1850. These mathematical physicists were, again., interested im developing general
formulations for elasticity, with applications to plates and shells, Vibrations of
plates, shells, surfaces, and solids were also studied by the Freu.ch school, and
were later furthered by the Erglish elasticians, beginning with Stokes, Rayleigh,
Mitchell, and Love. Simply stated, the formidable talents of all these scientists
very likely demanded something more challenging than the simple oscillator, The
very simplicity of this system is the reason why the originator of the theory, and
¢f the formula w = \f§7ﬁ has so far not been identified. This work is continuing.
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CHAPTER 1IL

SYSTEMS HAVING ONE DEGREE OF FREEDOM.

43 THFE material systems, with whose vibrations Acoustics s
concerned, are usually of coosiderable complication, and are sus-
ceptible of very various modes of vibration, any or all of which
may coexist at any particular moment. Indeed in some of.the
most important musical instruments, as strings and orgun-pipes,
the number of independent modes 18 theoretically infinite, and
the consideration of several of them 1s essential to the most prac-
tical questions relating to the nature of the consonant chords
Cases, however, often present themselves, in which one mode 18
of paramount importance; and even if this were noi so, it would
#till be proper to commence the consideration of the general
problem with the simplest case—that of one degree of freedom.
It need not be supposed that the mode treated of is the ooly one
possible, because so long as vibrations of other modes do not occur
their possibility under other circumstances s of no moment.

44 The condition of a system possessing one degree of free-
dom is defined by the value of a single co-ordinate u, whase origin
may be taken to correspond to the position of equilibrium. The
kinetic and potential energies of the system for any given position
are proportional respectively to v’ and u*:—

T =4 mu’,
where m and 4 are in general functioos of u. Buu if we limit
ourselves to the consideration of positions n the inmediate neigh-
bourhood of that corresponding to equilibrium, u is a small quantity,
and m and u are sensibly constant. Oun this understanding we

Figure 16

44 ONE DEGREE OF FRERDOM

now proceed. It there be o furces, ether 1esulting ftom internal
friction or viscomity, or impressed ou the aystem from without, the

whaole energy remaius constant Thus

T + V = constant

Substituting for T'and 17 their values and differentiating with
respect to the time, we ubtain the equation of motion

mu+puml. LA
of which the cumplets integral is
Umacos(nf—a)...............

where a'mu +m, representing a Aarmonic vibration. It will be
scea that the period aloue is determined by the nature of the
system itself, the amplitude nod phase depend on ocollateral cir-
cumstances.  If the differential equation were exact, that is to
say. if T were strictly proportivnal to & and V to u', then, withoat
any restriction, the vibrations of the system about its configuration
of equilibrium would be sccurately harmonic.  But in the majority
of cases the proportiovality is only approximate, depending oo an
srsumption that the displacement « is always small—how small
depeuds on the nature of the particular system and the degree of
approximation required ; and then of course we must be careful
oot to push the application of the integral beyoad ite proper
limita.

But, although not to be stated without a limitation, the prn-
ciple that the vibrations of a system about a configurstion of
equilibrium have a period depending on the structure of the
system and not on the particular eircumstances nf the vibratioa,
in of supreme importance, whether regarded from the theoretical
or the practical side. If the pitch and the loudness of the note
given by & musical instrument were not within wide Limits in-
dependent, the art of the perforiner on many instruments, such
an the violin and pianoforte, would be revolutionized.

The periodic time
/

2" VH»
7 - -21‘\' — {3

n »
80 that an increase in w, ur 8 decrease in . protracts the duration
of a vibeation By a generalization of the laniguage employed in
the case of & matenal particle urged towanis a position of equili-

beium by a spring, s may be called the viertin of the system, and
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STATISTICAL ENERGY ANALYSIS
AN OVERVIEW OF ITS DEVELOPMENT
AND ENGINEERING APPLICATIONS

Dr. Jerome E. Manning
Cambridge Collaborative, Ine.
689 Concord Avenue

Cambridge, MA 02138

Statistical Energy Analvsis is a technique for predicting the
vibration and accustic response of complex dynamic systems.
Unlike ¢lassical methods of vibration analvsis, SEA is well
suited for systems having a large number of modes of vibration.
It is therefore often used to predict the high frequency response
of structures to broadband random acoustic excitation. However,
it can also be used at low frequencies and to predict narrowband
vibration levels, if one is willing to adopt a statistical ap-
proach to the prediction of vibratory energy. SEA is particu-
larly useful for design projects where complete information
describing the system is not available and the predictions must
be prepared in a short amount of time. In this paper an overview
of SEA is presented. It is hoped that the information presented
will give engineers a better understanding of this technique so
that tnev can use it to advantage.

INTRODUCTION

The concept of a "Statistical Energy Analysis" of the vibrations of complex
dvnamic systems was introduced over 25 years ago. Since then SEA has slowly gained
acceptance as a useful analysis procedure for vibration and acoustic problems.
Although the technique has been used for a broad range of problems, there continues
o he uncertainty regarding the type of problem for which it is suited and the
aceuracy to be expected. Certainly some of the readers of this paper will be
sweptical about SEA and might say "1 tried it and it didn't work!"™ Others may think
of SEA as the answer to all their problems. Neither of these extremes is a valid
assessment. of the current situation. When used properly SEA can provide useful
answers to very complicated dynamic problems. The general simplicity of the
analvsis adds greatly to its appeal. On the other hand, the inability to use SEA to
obiain detailed predictions of the vibration response at specific locations and
ivergpeneles will disappoint some users. The objective of this paper is to provide
the veader with an overview of SEA. It is hoped that the information presented will
- ineers to make intelligent deciscions regarding the use of SEA and to know
whot to cxpect from this type of analysis.

Hany questions exist regarding the use of SEA.  One commonly asked question is
chether SEA can be used to make predictions based only on drawings without the aid
oromesayad data. The answer 13 yes with some qualifications regarding the
prcAincian of ribration and acoustic sonrce levels and the prediction of damping.

Do been successfuily used onowdny occasions to predict vihration and aconstie

Loy et ions . These comhined with measured data to describe the source of the

!




hration can be used to make absolute predictions. The prediction of damping can

» o oproblem for any method of vibration analysis. A second commonly asked question

Tu o "wWhat is the dccuracy of SEAT" Belng a statistical technique this question is

i ley to answer. In general, we can expect the SEA predictions of the mean

sibrarion or acoustic level to be within 5 to 10 dB of the measured one-third-octave

band or octave band levels at a specific location. Peaks in the narrow band

Sihration spoctra are generally within 5 to 10 dB of the mean plus two standard

deviations of the SEA prediction. The expected accuracy is significantly improved

DY oconpatiny the SDA pr-dictions with measured data that has been averaged over

sral measurement locations. We would expect a SEA model to provide predictions
tii~ ~ase within 5 dB of the measured data. 1In providing such specific estimates

nf rhe accuracy of SEA we musi point out that these estimates are based on the

speticence of the author and that surprises can occur even for experienced SEA

fanv of the applications of SEA are to compare the vibration or noise produced
b ditfferent designs. Because SEA preserves the parameter dependence in the
liction it is often possible to predict differences as small as 1 or 2 dB. This

r=5 SEA particularly valuable in the design process. It can be used to evaluate
“ious design options and modifications without extensive cost.
In discussing the development
. use of SEA we focus on three
aspects.  First, we must consider
the Sracistical aspect of the pre-
dictions. SEA treats the reson-
ance frequencies and mode shapes K
of 4 structure or acoustic space PR R ‘ RPN
as random variables. Although i '
thiis statistical approach is com- . .
mon in room acoustics, vibration ; S
cneinecrs will be less familiar E i
withi it.  Since the modes are
treated statistically, the SEA ;
predictions are also statistical. : S
“eopunt learn how to interpret :
predictions of the mean and stan-
durd deviation of the vibration
lorels . Second, we must consider
thee Enerpy aspect of SEA.  SEA

viens dvnamic energy to describe
“he state of a vibrating system.
The use of energy variables allows Figure 1. Overview of SEA
“he nze of simple power balance
crpiattons to describe the inter-

ion nf coupled systems. It also allows a unified treatment of both structural

vl aconstic subsystems.  However, we must learn to accept nredictions of energyv and
e these predicted energy levels to obtain the response or stress variables that

[EERR

iv beoof more immediate interest.  Finally, we must consider the Analvsis aspect of
st The dependence of SEA parameters such as modal densitv and coupling loss

taccor on peometric and material properties of the system being studied must be

vl rstoodd,
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BACKGROUND Th THE DEVELOPMENT OF SEA

Historically, wibration analysis has focused on the low {requency range
creonpassing tne first few resonance frequencies of the structure being studied.
15, a large vumber of analvtical and numerical techniques have been developed

o

Ling with low trequency vibration problems. None of these techniques are
. ) 11 suited for vibration or acoustic problems In which a large number
of modes contribure to rhe overall response. The techniques of vibration analysis
‘J bade o)

O e Yo R p . - 1 - P L+ e
aind Finite element wmcthods have bheen srend 1v enhanced over the pagt

M H 3
Dabeld vl thoda Ly

10 to 20 vears. Although these techniques are valid. at least in principal. for

larre svstems with many modes, their use is often impractical., particularly when the
crwcitarion is randem and distribured over the structure. The use of these tech-

niques roquires s larpge number of degrees of freedom and extensive computationail
sower . Althourh these requirements can be met by available computers, the cost to
Jdevelop. ~heck and validate a large model can be prohibitive. SEA provides a new

capability for thece problems. Since the modes are treated statistically, thev can
he divided into a relatively small number of groups of similar modes thereby greatly
veducing the number of degrees of freedom. Although the name Statistical Enerav
analvsis is new the concepts behind SEA have been known for a long time.
Lord 2. leigh Is gener-

allv recognized for his A R

L L RANDOM EXCITATION
rundamental contributions to

vibration analvsis and his
work can be considered to be #7>—*—--WAW//I(\ e
CONNECTED SNEA«RERSN —-+ CONNECTED

the foundation of modal an- f : STAN :
alvsis "11. Intevestingly, i STRUCTURE A w7 STRUCTURE

‘ ,
Favsleigh (with Jeans [2)) [
~an also be credited with

- ideas sadi t SE2 N . R
v ddeas leading to SEA, RIGHT TRAVELLING WAVES

IS
alshongh his applications
wiere oriented toward the -+JY“”‘> _

1
— | J

e o . '
radiation of elccﬂfomagqeLlc { ; TTUREAR. 1T 7 \

creryy bvoa hot body. Fol- e 2

iowing Ravleigh's approach, t— L -
copnist T3 formulated the e

problem of thermal noise in LIFT TRAVELLING WAVES

an electrical circuit using

an approach that is amazing- Figure 2. Vibration Transmission from a Structure.

Iv like 5EA.  Adopting this

approach to structural vib-

rations we consider the vibrations of a one-dimensional structure (a beam) excited

Do random distribated excitation, as shown in Figure 2. The beam is connected at
i which, for this example, will be considered to be

st end to other structiare:s

siwilar.  We consider the case where the beam has many modes of vibration. FEach
pode can be decorposed into two travelling waves - one travelling to the right and
e travelling to the left. Thus, the vibration field in the beam can be considered
i e af a nmwber of vibration waves with various amplitudes and phases

Crae il i each direction. By symmetry the enevey in the vight-travelling and

fettctrgeelling waves can he considered to be ¢qual,  The power incident on the
vivhie oy ettt junction is pgiven by oone half the energy density in the beam imes
e prarip speed (b speed with which enerey can be condncted in the beam) . At ile
i a fraction of the incident power is transmitted to the connected structunr
arnct e vest B oreflectod s The ratio of fthe transmiticed power to the incident power

T oa transmission coetficient v which 16 expressed in Equation 1 in terms of ithe




impedances of the structures, where Z;

is the complex impedance of the beam, Z, 4 R. R

is complex impedance of the structure ‘ 1 72 (1)
connected to the vight, and Ry and R, 12 A |2

are the resistances (real part of the
impedances). The power transmitted from
the beam, (1), to the connected 1
structure, (2), is now given by Equation k12 = 579 € ¢ (2)
2. where ey is the energy density
(energy per unit length) and c,q is the
group speed. The energy densi%y can be
assumed to be uniformly distributed Ltrans E gl (3)
along the beam, and therefore can be 12 12 71 2L1

expressed as the ratio of the total

energy., El' to the length of the bean,

L. The power transmitted can then be trans

written as Equation 3. The quantity in W12 = Tyo € Af (4)
brackets is recognized to be the inverse

of the modal density of the beam. Thus,

the power transmitted in a band of E

frequencies Af can be given in terms of _ 1 (5)
the modal energy, ¢;, by Equations 4 and 1 nl(f) Af

5. From this result we see that the

power transmitted from the beam to the

connected structure is proportional to

the modal energy and a power transmission coefficient, which can be expressed in
terms of the impedances of the structures. Returning to Nyquist’s formulation the
beam is an electrical circuit and the terminating structures are assumed to be
resistors with a resistance R. The energy of each mode in the circuit is assumed to
be the same, at least statistically, according to the equipartition theorem of
statistical mechanics. The modal energy

is set to equal kT where k is

Boltzmann's constant and T is the

absolute temperature. In the absence of emitted trans

any sources and under the condition of W =¥, (6)
thermal equilibrium the power

transmitted to the resistor must be

equal to the power generated by the

resistor due to thermal noise. This pemitted + KT Af 7
emitted power can then be given by 12

Equations 6 and 7. The corresponding

mean-square current in the line is given

f

by Equation 8 and the voltage required 2 wemitted
to generate this current is given by <i >t = TR (8)
Fauation 9. Combining these results we 1

can represent the thermal noise of the
resistor by a source voltage given by
Equation lO: Although this formulétion <v2> _ <12> | 7+ R
by Nyquist is 60 years old it continues t t
to serve electrical circuit designers.
Hopefuliy, SEA will also continue to
serve designers 60 years from now. 2

In deriving the results above we V> 4 R kT af (10)
have assumed a state of thermal

(9

i
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egquilibrium exists so that the power transmitted equals the power veturned. This is
not alwavs the case, particularly for vibration and acoustic problems. However., wve
can extend the above analvsis so as to express the net power as the difference

hetween modal energies

This rvesul: . that the net power transmitted is proportional to the difference in
modal evergies, s the basic result underlving SEA [4]. It allows a power balance
co e performed in which the power input to a system from vibration and acoustic
sources 18 balanced with the sum of the power transferred to other connected
<rrueture and the power dissipated due to damping.

Credit for recognizing that the statistical theory used by Ravleigh, Jeans, and
Swapiist had relevance to vibration problems must be given to R. H. Lvon. His paper
v Maidanik 3], "Power Flow Between Linearlyv Coupled Osciliators," can be
coedited ag being the bivrth of SEA. although the name had not yet been formed. Manv
otners working in the area of vibration and acoustics must also be given credit for

vecornining the importance of using a statistical approach in describing the

hrations of complex svstems.

revious to Lvon's work, Powell [6] formulated the response of a finite plate to
. ing pressure field. Powell showed that the response spectrum for the plate
“an he approximated by that for an infinite plate if the damping is sufficiently
livge as to cause modal overlap. This restriction on damping is not valid for manwv
tvpical structures. However, Powell went on qualitatively and showed that the
averare spectral level over a hand of frequencies can be approximated by the
vesponse spectral level of the infinite plate if the ban” encompasses manv reson-
ances ot the plate. At approximately the same time, Skuarzvyk [7] advanced the idea
the point impedance of an infinite panel is equal to the impedance of the
tiuite pancl if that impedance is averaged over a band of frequency. Skudrzvk also
pointed out the role of the modal density as a bridge bctween the behavior of finitc
nd infinite svstems. Although Powell and Skudrzyk were among the first to
recognize that statistics; e.g. frequency averages, could be used to advantage,
others. such as Maidanik, Smith, Heckl, Bolotin, and Ungar made important
contriburions to the problem of understanding the behavior of coupled structures and
icoustic spaces that have become a part of SEA [4].

B 1965 the basic concepts of SEA had heen developed, but the technique had
e oapplied to only a few cases. In the period from 1965 to 1975 the applications
ol SEA were greatlv expanded. Manning [8] and Scharton [9] made early contributions

ipplving SEA to systems with many SEA mode groups. Others such as Crocker [10°
ind Fahv "117 expanded the use of SEA. The period from 1975 to 1980 saw a slow
cxpansion of SEA applications. However, it was becoming clear that the calculation

't SEA coupling loss factors was not a simple procedure. Two approaches emerged for

i

«.calating coupling loss factors: the mode approach and the wave approach.
Follewing rhe mode approach coupled structures arve described in terms of coupled

“tenowith oA mode-to-mode coupling factor being used for edach pair of coupled modes.
Yallowing the wave approach the dynamic response of coupled structures is described
wa oof travelling waves using transmission coefficicents and impedance analvsis

T citiare a coupling loss factor. As should be expected the two approaches
corerally dead to the game result "127. The original devivation by Lvon used the
corle approach and rhis approach continues to be of interest.  Those contributing to
Deoapproach inelude Lvon, Seharton, Unpio, Newland, and most recent Ty Voodhous
dervivation shown above in this paper follows the wave approsch.  This approach
AN|




oot Do te heo o e Thowe contributing to the wave approach include
Hoob Do Hichiy Fibiiein, el Moore
el the enparedi ipolicarions of SEA are important, the significant
Coniene Gothee ceebmigue was the developrment of general purpose SEA software
EEBEFRE liahorative, Dedong, and Powell developed a general
) Drov o e T bedng marketod by o that company. Although the
' e Coand sieniticantly ireproved. the basic flow of their
: T procedire bies beer pressrved. Two other programs of significant
! o b Doy o dpprosimately the sane time: Cosmic SEA by McDonnell Douglas
i1 s e Do b od Chese softwnre programs dare available from the University
R voand e o Praprision Ldorat ory. respectively.  Of the three programs
N b . ST Fan Boer vaed for the most diverse range of problems.
Pl o bl wr e tares . helioopiers. construction equipment, automobiles,
e spirce ot tares bove been developed using SEAM. The VAPEPS program
LT SRREE To oprodict pevlosd envivonments for spacecraft structures and has the
crovoant added featare ol 3 lairta base. which can be used to compare and catalog
coasedd
DEUVELOPTING SEA MODELS
e renceral procedure for o
cetoping an SEA model 1s shown in Step 1: Identify SEA Subsystems
Table T, Following this procedure there
) Sl 5 eps lhe first three steps Subst?uctu?e‘
nerally require some experience in SEA ldentify similar modes
vectelb i in that the selection of
Sahsratens and juncrions can have a Step 2:  Identify Junctions
direct effect on the results obtained. . )
Nteps o through 6 oof the procedure may POIQC‘ 1¥ne, and area
vequiire significant computations. but junctions
ive gencrallv o amenable to implementation o y )
fra peneral purpose SEA software Step 31 Compute Power Inputs
proeram. The SEAM, VAPEPS. and COSMIC-

~oropramns are three examples of such
ol ware progyans.
The firat step of the general
: is to ldentifv SEA subsvstems.
' oof subsvstems dertormines the

e o devrees of frecdom in the SEA
v loard the marher of cquat ions that
o b maled, Fach subsvetem consists
h ot of mpodes of ribration. The
Ao of dveedon is the modal encrgy or
vl ere ey per mode of the pgroup.
el 1t is not necessary, the ident-
i cion of mode gronps can be done by
Sl anhstraerarine the averall dyvnamice
costen fyto g oaet of coupled structures
sl et e npdice s, The structures are
vreeral by represented by homopeneons
roores o pipes. plates, shells,
crh e fthotrapic plates and
; oo b regquired for osome mode 1y

Impedance formulation

Step 4: Compute SEA Parameters
Modal densities
Coupling factors
Damping factors

Step >: Power Balance Equations
Form matrix equation
Solve for modal energies

Step 61 Response Statistics
Relate to modal energies
Mean response
Standard deviation

Table 1. Ceneral Procedure for SEA.
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The acoustic spaces are generallv represented by one, two, and three dimensional
spaces. The modes of each substructure are then divided into groups of similar
modes . For example. the modes shonld be grouped according to their resonance
trequencies with modes having resonances within a given one-third octave band being
gronped together. The modes should also be grouped according to their direction of
response. For example, the bending, longitudinal, and torsional modes of a beam
should be grouped separately. In nlate structures, the bending, longitudinal., and
shear modes may be grouped together, although the longitudinal and shear modes arve
often grouped together into a single mode group because they are strongly coupled in
most structures and can be expected to have the same modal energies. A simple
example of substructuring and mode group identification is shown in Figures 3 and 4.

The connections betw:zn the subsystems are identified in terms of junctions.
In general the junctions can be idealized as point, line, and area junctions. The
tvpe of junction and the subsystems connected at the junction determine the coupling
factors between the subsystems. Two computational methods ¢xist for determining
these coupling factors: the mode approach and the wave approach. It can be shown
that both approaches lead to the same coupling factor. However, in general the mode
approach is more useful for systems with a fixed number of resonance frequencies
while the wave approach is more useful for continuous systems. For those interested
in calculating their own coupling factors there are a number of references
available. Most of us, however, are content to use the coupling factors from the
availabire software programs so that we can focus more attention on selecting SEA
subsystems and junctions.

The calculation of power input from vibration and acoustic sources can be
carried out either by specifying the excitation forces or by specifying the modal
energy of the excited subsystem. Using the first approach, an impedance analysis is

used to calculate the power input to the system. In this approach it is assumed
that the excitation forces are unaffected by the vibrations of the system heing
excited. The source is assumed to have infinite impedance. This assumption is

often not appropriate. A related procedure is to specify the vibrational
displacement (or velocity or acceleration) of the source. An impedance analysis can

/’/
ayd

Filpoave 3 Connectod Plate Structure Figure 4. Mode Group ldentification




still be used with the source having an zero impedance. Again this assumption may
not he appropriate. Alrhough an impedance analysis can be carried out with a finite
sourve impedance, the second approach of specifying the modal energy of the excited
subsvstem 1s generally more useful. This is particularly true for acoustic
excitation.  Since the pressure acting on the structure can be affected by its
response. the bhest procedure for specifying the source is to create a large acoustic
space and to specify the modal energy of that space using Equation 13 to relate
modal eneryy to mean-square pressure. Remember that the mean-square pressure
measured on a rigid surface will be twice the mean-square pressure in Equation 13,
which is the mean-square pressure away from any surfaces.

PRESENTATION OF SEA PREDICTIONS

nsed (o describe the dynamic response of the complex system being studied. Although
it is possihle and perhaps desirable to develop design criteria based on vibratory
enecgy, this has not been done. Thus, we are generally interested in predicting
response variables such as acceleration, pressure, stress, displacement, etc. rather
rhan modal energies. In addition, we are often interested in validating the SEA
predictions by comparing them with measured data. Since energy carnot be measured
directlv but must be inferred through response measurements at specific locations.
we are again interested ir predicting response rather than modal cnergies.

To cbtain response predictions from energy we use the SEA assumption that the
dvnamic response of the system is dominated by the resonant response of the
individual modes. Thus, we can take the time-average kinetic and potential energies
to be equal. 1In the case of structures the mean-square response velocity averaged
over the spatial extent of the structure can be related to the time-average kinetic
energy (which is taken to be one-half the total energy) the structure mass and the

modal density,

Bv using SEA we obtain predictions of the modal energies of each group of modes

<

2/ 7 n(f) Af ¢ (12)

Similarlv. for accustic systems the mean-square pressure averag®d over the spatial
extent of the structure can be related to the time-average potential energy. which
is taken to be one-half the total energy,

7 n(f; at «
Pl LT T e (13
“ )

the aconstic compliance € is given by V/pcz. If we define a structural

whiere
compliance as V/E, where Vo is the structure volume and E is an extensional modulus
Yoanps Modulus for beams or plares), Equation 13 can also be used to predict the
mear-sgLare stress averaged over the volume of the structure. The relationship
beetweian mean-square rosponse jind modal energy can also be expressed in terms ot the

drive noint conductance at the measuremrent point as
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Acoustic Space

The pie charts give an effective presentation of the power input to a subsystem
and thereby assist in identifying the primary noise sources. However, the pie chart
does not show a complete picture of the power balance for the subsystem. This
objective iz best accomplished using bar charts. For the example of the automobile
interior we may be interested in the power balance for the floor panels since they
were found to be the major source of interior noise. A bar chart for the power in
and power out to connected subsystems and to damping is shown in Figure 8. Bars
extending above the midline represent power input to the subsystem. Bars extending
helow the midline represent power dissipation or power leaving the subsystem.
Framination of these charts allows the wibration engineer to identify the subsystems
and paths of vibration transmission contributing most to the vibration or acoustic
levels. Vibration and noise control can then focus on these important subsystems.

EXAMINATION OF SEA ASSUMPTIONS

A key premise of SEA is that the resonance frequencies can be considered to be

random variables. 0t i1mmediate concern then is the assumed probability distribution
of the resonances and the influence of the assumed distribution on the SEA pre-
dictions. Many of the basic concepts used to describe stochastic procecses can be
applied to the problem of describing resonance frequencies statistically. In most
hasic reference material the stochastic process is considered to be a random
funerion of time. We can make use of these references if we substitute frequency
for time. The occurrence of a resonant frequency can be considered to be a random
Tevent.” occurring as a function to frequency rather than time. This allows us to
define a resonant frequency (or mode) counting function, which is a positive,
inteper valued function of frequency which increments by one at each resonance
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Cregrenen b Neariv a1l of the basic results ot SEA have been obtained bv assuming

Prequeney counting tunction is a Poisson Process.  This assumnptiof
Lavge part becatse of the extensive use of this tvpe of random

3 Wy cvel random events such as the failure of machines, noise in
lecrron tubes, arrival of ecustomers at a ticket window. price movements In the
commodity warket . and the spatial disutribution of biological species. Berause of
s use many results are available regavrding the statistical description of the
vesonance [requencies of the modes of a structure or acoustic space.

in o paper published in 1970 Lven [13] discusses the influence of the assumption
Pothat the resonance frequency counting function is a Poisson Process on the SEA
vredicrions He concludes that the SEA predictions of mearn medal o rgy values are
g antly atfected by the form of the probability distribution. The

however, was significantly affected. In manv of the recent applications
“lance has been used to predict the peaks in the vibration or acoustic
spectra, since manv design criteria are based on envelopes of Lhie spectiva
an wean values.  As a consequence we must examine in more detail the
“ivirg asswrption that the resonance frequencies can be descrived bhv a Poisson

One test the validity of the Poisson assumption is to form the probabilicv
2istribution for the intervals between resonance frequencies. The spacing intervals
4re formed by sorting the resonance frequencies in ascending order and calculating
e ospaciug between a resonance frequency and its next aeighbor. If the underlving
resovance frequency counting function is Poisson the spacing intervals must be
statistically independent and distributed according to an exponential distribution.
yefore the development of finite element modelling it was difficult if not
ssible to predict or measure the resonance frequencies of complex structures at
zn frequencies. Therefore in Lyon's paper examples from electromagnetic exper-
Iments are used to study the underlying frequency spacing statistics. The use of
firite element models now makes it possible to study frequency spacing statistics
for complex structures.

In Figure 9 we show the counting function for resonance frequencies of the
interior of a large vehicle (solid line). The resonance frequencies were obtain
from a finite element model of the iuterior space. To test whether the Poisson
Process 1s a good model for these resonance frequencies we must compute resonance
frequency spacings (the difference between adjacent resonance frequencies) and
normalize  he spacing so that so that the average rate of occurrence of resonance
frequencies 1s constant over the range of frequencies being considered. The mean
rare of occurrence of resonance frequencies is equal to the modal density of the
stem. which can be calculated by smoothing the resonance frequency counting
faunction and differentiating with respect to frequency. Thus, we can normalize the
resonance frequency spacings by multiplying each spacing by the modal density, which
mav be a function of frequency. A smoothed resonance frequency counting function is
shown in Figure 9 (broken line). Using this smoothed function we obtain the
resonance frequency spacings shown in Figure 10. These certainly look random! The
norralized frequency spacings are then sorted into bins to obtain an estimate of the
probabilicy distribution function. This is shown in Figure 11 and compared to an
cuponential distribution.

LI

" The term "counting function” is consistent with terminology used in
describing randor processes.  However, iu room acoustics and in several papers
o SEA the term Toumalative mpode comnt” or “"mode count” is used for this
fanetion.  Since Lymn“ defivnes mode connt ditferentlv we prefer to use the term

conntdng function to avoid confanion.
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The comparison is quite good, which suggests that the underlying process is Poisson.

The resonance frequency spacing statistics for a second case is shown in Figure
12. The resonance frequencies for this case are from a finite element model of a
taige ship foundation and hull strurture out to a major bulkhecad., A model with
approximately 5,000 degrees of freedom was use to compute the first 100 resonance
frequencies. In this case the probability distribution function fits a "nearest
neighbor” distribution better than the exponential distribution, which suggests that
the underlving process is not Poisson. Physically, the deviation from a Poisson
Process may vesult from modal coupling which causes some degree of repulsion between
adjacent resonant frequencies. Note that the nearest neighbor distribution deviates
from the exporential distribution for smuall values of spacing, which would result
from the repulsion effect.

The difference between the two cases shown suggests that the Poisson assumption
may be valid for some cases and not others. The author believes this to be the case
although more evidence is needed to draw definitive conclusions. The diflference in
the two cases studied is in the degree of modal coupling that exists. 1In the case
of the vehicle interior the boundary conditions and cross-section of the space were
taken to be uniform along its length. Thus, the underlying equations describing the
acoustic pressure fluctuations are separable so that eigenvalues can be expressed as
the sum of squares of the cross mode eigenvalues and the longitudinal mode
eigenvalues. No modal coupling occurs. The model of the ship foundation is much
more complex with plates and frames aligned in different planes. In this case the
underlying equations cannot be separated and a description of the modes requires a
coupling of the modes of each plate substructure in accordance with a modal
svnthesis technique. In other words, modal coupling occurs.

The evidence presented above suggests that further research is needed to
determine the conditions under which the Poisson assumption can be used. Given the
large number of finite element models that are available readers are encouraged to
test the Poisson Process assumption by calculating normalized resonance frequencv

spacing statistics.

COMTTUSTONS

Statistical Energy Analysis can be effectively used to predict the vibration
and acoustic response c¢f complex dynamic systems. The technique is particularly
useful at high frequencies or for large structures where many modes of vibration
contribute to the response. In this paper we have shown that the concept behind SEA
- treating resonance frequencies as random variables - is not new. However, many
vibration engineers may be uncomfortable at first with a statistical approach. The
key parameters in SEA are the modal density, the coupling loss factor, and the
damping loss factor. The calculation of these parameters is not alwavs simple.
Fortunately, software programs such and SEAM, VAPEPS, and COSMIC-SEA take care of
most 1f not all the calculations. This greatly aids in the development and
application of SEA modeling and has made SEA a truly useful engineering prediction

procedure.

assunced o bhe described statistically by a Poisson Process. It has been shown that
rhis assumption may not be valid for complex systems. Although the prediction of
the SEA mean ic not strongly dependent on the assumed distribution of resonances,
the SEA wariance may be significantly changed. This is important when using SEA at
low frequencies where the variance can be quite large. At these frequencies we
woulel like to improve the SEA prediction by reducing the variance. This can be done

by dmproving the assumption regarding the distribution of resonance frequencies.,
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DOE/DOD ENVIRONMENTAL DATA BANK

C. A. Davidson
Applied Mechanics Division 11

Sandia National Laboratories
Albuquerque, NM 87185

ABSTRACT

The purpose of this paper 1is to describe an
engineering analysis support activity which involves
the collection, analysis, storage, and retrieval of
technical environmental information. This
information is at the disposal of system and
component analysts for wuse in formulating initial

conditions, forcing functions and performance
requirements  for numerous hardware application
evaluations. This paper will describe the

Engineering Environmental Data Bank system which
provides this information service to many Sandia
Laboratories’ technical analysis efforts and other
qualified programs. Its structure and data sources
will be summarized.

INTRODUCTION

From the moment of its manufacture, equipment is exposed to one or more
potentially adverse environments. This exposure may affect the useful life
of the equipment during storage, transport, handling, and use. It has been
found that it is useful to have a central store of measured environmental
data available to the technical community to aid in establishing design and
test criteria. Such a "Data Bank" of information was developed, began
operations in 1959, and is currently being maintained at Sandia National
Laboratories.

SQURCES OF INFORMATION

Environmental information for inclusion in the Data Bank is acquired from
many sources. Military agencies, such as Aberdeen Proving Ground, Wright
Air Development Center, Naval Ordnance Test Center, Air Force Environmental
Technical Applications Center (ETAC), and Army QM R&E Center, and industrial
groups, such as railroads. aircraft companies, and trucking concerns, have
contributed information. A considerable portion of the information has been
obtained from various project groups within Sandia Laboratories. The Data

*This work was performed at Sandia National Laboratories and supported by
the U.S. Department of Energy under contract DE-AC04-76DP00789.
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Bank's operators not only extract information from published sources, but
engage in specific research activities to obtain data not otherwise
available.

The original data sources are referenced on each entry in the Data Bank.

STRUCTURE QF THE ENVIRONMENTAL BANK

environmental data can be defined as numerical descriptions of the aggregate
of all external conditions and influences affecting the development and
survival of systems, subsystems, and components. For efficient collection
and evaluation of these data, fourteen basic environmental categories were
established and the filing system is based upon them.

Environmental Categories

1. Acceleration/time histories 8. Pressure

2. Acoustic noise 9. Radiation
3. Atmospheric contents 10. Shock

4. Biotic 11. Temperature
5. Fragmentation 12. Trajectory
6. Humidity 13. Vibration
7. Precipitation 14. Wind

For purposes of indexing and data retrieval, the data are catalogued under
two major headings: Normal and Abnormal Environments.

The normal environments are those which will be encountered regularly. They
are characterized by a high frequency of occurrence but relatively low

intensity. The  abnormal environments, on the other hand, are not
encountered often. They are characterized by a low frequency of occurrence
but high intensity. As an example, consider wind. At any given location

there are many more hourly measurements of winds ranging from calm to 20 mph
(normal) than there are of catastrophic winds ranging from 70 to 100 mph
(abnormal).

Not all environments lend themselves to the normal/abnormal division. Three
factors operate to limit the number of abnormal environmental levels which
require consideration.

1. Some environments reach an absolute limit. For example, humidity
is limited by ambient temperature; e.g., relative humidity cannot
exceed 100 percent.

2. The abnormal aspects of some environments are encountered $o
infrequently that they are of little interest; e.g., acoustic
noise of such intensity as to cause structural damage.

3. Protection against the effects of some normal environments
includes pretection against the abnormal; e.g., protection

against entry of 1liquid water is effective in a clovdburst as
well as during drizzle.
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For these reasons, the abnormal levels of environment are considered only in
the following categories.

Environmental Categories Abnormal Manifestation Examples
Acceleration/time histories Earthquake, vehicle collision
Fragmentation Projectile impalement, explosion, puncture
Pressure Explosion, immersion depth, crush
Radiation Lightning (direct strike)

Shock Impact (vehicle collision)
Temperature Fire
Wind Wind storm (tornado, hurricane, etc.)

All of the envircnments, in both normal and abnormal aspects, are considered
from the standpoint of either input or response. Definitions are necessary
to differentiate input from response data. Whether the environment can be
termed input or response 1is often dependent upon the system being
considered. Basically, an input is defined as "the environment to which a
system is exposed” and response 1is "the reaction of components of that
system to an input.”

Under the input and response headings, each of the categories is further
divided 1into the individual wuse phases that occur during the life of a
system:

Handling,
Storage,
Transport,
Utilization, and
General.

O W

The transport and utilization phases are further subdivided into the type of
carrier involved; e.g., aircraft, automobile, railroad, etc. Figure 1 is a
diagrammatic representation of the cataloging structure of the Environmental
Data Bank.

ENVIRONMENTAL DATA BANK OPERATION

When either raw data or published information are acquired by the Data Bank,
they are reviewed for engineering data content. Pertinent information is
then extracted, assigned a numerical index number, collated, and
microfilmed. Two forms of microfilm are currently used: aperture cards and
microfiche. The data cards and/or microfiche are filed in numerical order
without regard to subject. This manual technique, along with the use of a
computer-aided system, makes it possible to maintain a flexible file,
permits complete data retrieval, and makes publication of a current index
[1] feasible.

Facilities for viewing the data and obtaining hard copy are located at the
Bank site.

The~e 15 a two-part number listed after the title of a particular Data Bank

entry which 1s the access number for the data file. The first number, e.g.,
1614, 1s the file number. The number after the dash (-) is the number of
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tages available on the subject. File numbers that contain an alphabetical
prefix are summarized data. Requests for hard copies of data generally cite
these two numbers. For a large data reqguest, it s faster and more
economical for the Data Bank operators to transmit the data to the requester
in the form of duplicate microfilm aperture cards or duplicate microfiche.

DATA BANK OQUTLOOK

The 1ndex and selected holdings of the Environmental Data Bank are in the
process of being 1installed as part of a computerized data base management
system wunder development at Sandia. This system, called GREEDI, is being
implemented to facilitate management of and access to current and frequently
used engineering data, and is discussed in detail in Reference 2. Options
for upgrading hardcopy backup and reproduction equipment, which 1is
compatible with GREEDI, are also under investigation. These changes are
expected to significantly ease the indexing, filing, and retrieval burden of
the data bank manager as increasingly more digitized data become available.

REFERENCE

Davidson, C. A., Foley, J. T., Scott, C. A., DOE/DQD Environm a
Bank Index, SAND 85-0155, May 1985,

s

2. Adams, C. R., and Kephart, E. M., "GREEDT - The Computerization of the
DOE/DOD Environmental Data Bank," 5%th Shock and Vibration Symposium
Proceedings, October 1988.
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GREEDI - THE COMPUTERIZATION OF
THE DOE/DOD ENVIRONMENTAL DATA BANK!'

Charles R. Adams
Sandia National Laboratories
Organization 1522
P.0O. Box 3800
Albuquerque. NM 87185

Elisa M. Kephart
RE/SPEC Ine.
Software Engineering Division
P.O. Box 14984
Albuquerque. NM 87191

Omne of the 11m]<)1 respousibilities of Sandia National Laborarories s
to develop shoek and vibration specifications for svstem mechanical,
eleerneal. and pyrotechnie components. The data requured to gen-
crate these specifications are collected from finite clement analyses,
from laboratory simulation experiwents with hardware, and from en-
vironmental rests. The producetion of the component specifications re-
quires the analysis. comparizon. ond continual updating of these data,
Sandia National Laboratories has also maintained the DOE/DOD
Fuvironinental Data Bauk for over 235 vears ro assist i its shock
ad vibration efforts as well as to maintain dara for several other
rypes of environments, A means of facilitating shared aceess to cn-
gineering analvsis data and providing an integrated cavironmenc to
performy shoel and vibration data analvsis tasls was required.  An
mreractive computer code and database system named GREEDI (a
Graphical Resource for an Engincering Environmental Database T-
plementation) was developed and mmplemented. This transformed the
DOE/DOD Environmental Data Bank fron: a card index system into
an easily accessed computerized engineering database tool that can
manage data in digitized form. GREEDI was created by intercor-
recting the SPEEDI (Sandia Partitioned Engineering Environmental
Database Implementation) code. and the GRAFAID code, an inter-
> active X-Y data analyvsis tooll Aun overview of the GREEDI software

svstenn s presented,

INTRODUCTION

The development of <shoek an 1 vibration specifications for system mechanical. electrical.
arel parotectinne cotponents 1~ one of Sandia National Laboratories” major responsibilities. The
At requred to eonerate these speetfications are colleeted from Huite element analyses. labo-
tatory sindation cxperients with hardwares and envivonmental testsc The production of the
cotponent spociications requires thie analysis. comparison. and continual updating of these data.
Pievion=lvs cach cneineer ssed GRAFATD 1L o interactive X-Y data dIl:II_\ sis tool. to perform
thie e taks aned o Hli!.IlTJlHl his owi database file copies of these data. For engineers m ~hare
caridnpiteate copies of the data tiles Lad to veside on the cotapnter. one for eacit engineer nsing
“hie i
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Executing GREEDI

When a GREEDI =ession 15 initiated. the system starts up in the GRAFAID partition.
This s andicated by a "GRAFAID>" command prompt. If the session is the first for an analyst.
rhe operating environment is automatically initialized to the default state of the system. Other-
wise the operating environment from the analyvst’s last session 1s automatically recovered from
the database. While 1n the GRAFAID partition. the analyst may execute any of GRAFAID -
capiabilities or may execute any commands that are common between GRAFAID and SPEEDIL
The analyst may swireh to the SPEEDI partition froni any command level within the GRAFAID
partition by entening the "SPEEDI™ command. Presence in the SPEEDI partition is indicated by
# "SPEEDI>" command prompt. Likewise, an analyst operating in the SPEEDI partition may
~witeh to the GRAFAID partition by entering the “GRAFAID™ command.

The evalnation of the reqguiremnents and the design and implementation of SPEEDI was
perforined Ly RE/SPEC Tue. 2t the request of Sandia National Laboratories to provide cen-
trafized computer access to the DOE/DOD Environmental Data Bank. The INGRES database
ahinfinent vstein was chosen as the organizational tool for storing and retrieving the indexing
sformanion assoctated with the dara The aceess rontines which compose SPEEDI were written
e FORTRAN with eibedded SQL ~alls to the INGRES database. The actual data are stored
i VANX/AVAS 6 direet aecess files which are managed by the SPEEDT software. Currently there
areerahre precos of mformation which the analvet can nse to identify a given data set. These are
selerred vo o SPEEDD indesable ficldss Auy attvibute ficld which 15 stored in the database may
Becore anindexable feld by siply adding information abont it to one of the database tabiles:
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uo modification to the SPEEDI software is necessary, In order to readily aceess and effectively
nse the data, cach data set s uniquely identificd by a subset of these indexable fields called the
RIDDL i Record Identification and Data Detinmtion Label). In the following sections. SPEEDI's
mcethod of data detinition and identification will he discussed, and the SPEEDI command and
~ubrourine interfaces will be deseribed.

Data Definition and Identification

One of the wost important features of the user interface to SPEEDI is the means by which
the analvst identifies the data sets with which to work, In this section we will first discuss data
identification and the RIDDL types available in SPEEDI for data identification.  We sill then
sresent the methods and commands available for defining and using RIDDL Masks to idenrify

1
aata.

Data Deﬁmtlon Using the RIDDL The data stored in SPEEDI'S INGRES database is made

up of two different sets of data. Oue set consists of the stable euvironmental data. such as the
L)()L ‘DOD Environmental Data Bank. which we refer to as the Environmental Data Bank. The
or l'r'x ~et consists of enginee 11112, analysis data which we call the Anelysis Data Bank. All data in
the Environmmenral and Analysis Data Banks are uniquely defined by a series of data attributes.
There are o munber of attribute fields associated with cach data set entered into the database
which must convain identifving information.  Many fields may contain long character strings
ted are used srrietly for maintaining historical information. Other fields are required for data
identification. The RIDDL can be thought of as a shorthaud specification consisting of the fields
reqriared to nniquely identify a data set stored in the database.

Some of the SPEEDI indexable fields nmst contain values whieh conform to a specifie list
of permitted values (the permatted vocabulary) for the ficld. This restriction is imposed to enforce
consistency thronghout the database. For example, "VIBR™ is the permitted value assoctated
with a vibration environment. Provided that every analyst adheres to the permitted vocabulary.
ascarchhon the "VIBR™ ensironment will return all vibration environment entries in the database,

A RIDDL consists of a string of values for cach of the RIDDL ficlds separated by the
delitniter /7 Notice that sinee a field delimiter is used i the RIDDL. the analyst need not fili
i the entire width of any given Held, Because the types of data to be stored in the Analysis
and Envirommenral Data Banks are so varied in origin and structure. it would be difficult and
metficient to design a single RIDDL which conuld be wsed for all data. Therefore. SPEEDI allows
for mnlrple RIDDL types.

The tvpe associated with cach RIDDL determines the munber of fields. the width of cacly
Lothie tinne of eaclt field and the ordering of the fields in thie RIDDL. Each RIDDL attribute
L is represented Dy few (from one to twenty) characters. These fields have been chosen to

el }u* data attribntes whicli are expeeted to he nsed frequently in scarehs of the database. Tu
ad rhrlrm (uml“li atrributes are ine 1ur1( d ro uniquely identify cach data set. that 1s01f the analyst
were to seleet oosinzle value from the permitted vocabulary for cach field. no more than one data
<ot wonld be seleeted from the databuse. Because the RIDDL is intended ax o shorthand notation
for the convenience of the analyst. i ix desirable to minimize the nmuuber of fields mehuded.

Asdata wrsare Drocessed and manipnlated by analystso it s necessary to identify them by
ecfvine vabeecton cach and every one of the core nttnlnm‘ ficlds of the appropriate RIDDL
copes Inorder to neer the needs of the frequent and experienced user. an approach to identifyving
the ditan Bas beens developed seliois allows the analyst to create a restricted view of the database
dud e an abbreviated fortn of the RIDDL when accessing data. This method will be deseribed
i li"T}iiI })"!()'.','.

ot

4I|
1

RIDDL Types Available in SPEEDI. A core group of attributes provides a nnigne speciti
cation and adentitication. o RIDDILL. for cach tvpe of data in the database. Three types of data
Povve heen pdennitiod uwl their corresponding RIDDL tvpes Liave 1)1(11 imiplemented. These three
e of di dne the castine, Favitonnental Dara Bank datas test and sunmlation datal and
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denved dota The RIDD L.\ ol ESTISHE 21 for cach of thiese tVpes of data are as follows,

'I:‘w DB RIDDL rype i< desioned to provide maxnnal indexing capabilities on rthe <rabie
dvitontentid Dica Bauke Fowrteen of the mdexable ficlds were ehosen as 0 key for this data,
The fomercen elde which: umsritlm' the DB RIDDL tvpe ave s follows:

RIYDPE RIDDL tyvpe = ~DB”

GROUD User Gronp Namne

OWNER Usernamme of Owner of the Data Ser
VERSION Inrecer Version Nuwber of thie Dara Ser
nOLE Role of Data i thie Tear

PROGRAN] Procran bhetne Tested

I)I{.\SE I)ll“\'(' ()f L‘lt‘(‘ ()f q\'\f( ‘11l Tl) \\'1li(":1 D;Ir;l ])(’I'I;lill
CONDITION Euvivomuental Condition
ENVIRONMENT  Environent of Tesr

EVENT Event Monitored

CARRIER Cuarrier of Unir Tesred

MODEL Caorrrer Maodel

SUMMARY Dara Snapary Pretix for DB RIDDL-
FILE File Aceess Numther for DB RIDDL-.

I

ot o SUNDTIARY aud FILE ticlds form a amique idenritior for caclr dara ~er il

DOE DOD Euvivouental Data Bank. these were decmned tisntticient for adequate scareli capa
Diries,

Dirae ~ors e often loaded tuto thie Analysis Data Bauk frous SATADEEF - Sranndand ASCH

Tesr Anadveis Dara Exelimee Fornary 20 rapess so the RIDDL rvpe ratlored for analy<is dara,

vhe SD RIDDL rvoes 15 hased o the SATADEE headers This RIDDL consists of r\'.'vm_\'-\i.\: ot

te SPEEDD indexa DI ficlds These ave necessary ro provide wonnigue RIDDL key for cacls dars

~oman the Aualvsis Do Bank awd maxinouan Hexabiliee o ofbierenr l\' indexing data. Thiese el

Sle s Doploni s

RINDPE RIDDL Type = =SD™

GRovp Uwer (mm » Natne

(OWNER Lot tinue nf Owier of the Data Ser
VERSION Iizteeer Version Number of thie Dt Ser

UH[('I\( Oricin of thie Dara Ser

FUNCTION Fronerional Deseriprion of Data

3 H [E[) Fiirer Idenritior

SIEASTIE Dita Measnred

“( JLE Role of Data in the Test

PROGRAMN Program being Testod

I \I [ Ttu\’f Y‘Hif. Silrlillu{i('u \In(l l or I‘.\'e R ?'rr qu" 11::“12':;] Iw‘:;r‘;‘:\,:;;(';j;,.
PHASE Pl of Lite of Svatemn to "'hi<1 Dita Perradn

CONDITION Frvironmentad Condition

EXVIRONMENT  Fnviromoent of Test

TETHOD Nl ’11'”1 of Obtatnme Dara

EVENT P Nonrond

STURBEVENT St r:f Fooenr Towted
CARRIER Cionmrier of Toaanr Tewred
SUBOARRIER vy Saboronp
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Annicsis Dot Bank oo comrnns dara sors denved from other data ~ct=<. 11 orde
o] thexdbiliee b aecessine these derived dari the 1 RIDDL type has been
red lm' DD HH)DI, 1~ t‘ulll]n»\«wl 0 111«' Wenty <IN Ii«‘l‘l\ T !Elt’ SD RIDDI 1)1\1> i

.
1
v aned o derivacion tvpes T addirion ro rhe RIDDILL ix:ful'm::rinn. rhe derivarion

1

Sorlie dara o sors mnvolved i

Gaters specitie ta e civen Jderivicnonn tepe aand thie i thes o
i~ which ditfer tfrom the SD

“‘i'.'il'i(v[; Dl '\l\'t'iiil{'(‘ aler \Till“‘l }I\ HI)[‘}[)I VI“[I(‘ l)l) I:Il)l)l‘;

)I SRR hnlw AN
RTYDPE RIDDL Type == ~DD”

DERIV NAME  Usor Detined Dernvation Ninne
I)F,I«I\ ,1\1 } Iln ()i Dt'[’l'.';it‘,(»il [ r«‘:l to) (1(‘11(‘2'.‘1Il' DJ:TH S"l.

-

llu' RIDDL Mask and the SubRIDDL. A analear copically nsesowell detined subeers of

o lirine o ‘;nmwumx i l(!l\\l\ I the context of the data attribnres and the RIDDL. thi-
. i ~111A~('r Ut 1121:.1 Trive=t 17(‘ 1 Hlu‘tl 11\' ti"ill“" T}u' \';illll‘ ()f H p;n'rivul;xl' h(l(] ()f ?1;(-
e the valnes of many of the RIDDL helds. the anady=t can define o manageable

within which to work. ()nm‘ Lio<e ficlds are tixed. 17 0s 10 {onger necessary to
whon ~clectine dora <ets frons the database. Only the subser of the RIDDL ticlds
woieh e nor ded need be specttied when selectine dara<erss This subser of the RIDDL field-
b 'lv'lvx T e \"I;IIII)[[)D[,.

CRIDDL Mask i oo eollection of intormation whiclh deseribes what umsr he speettied
"\f\ HRIDDL The Mask also defines how the cabRIDDL 15 to be imt‘l'pl'vr(‘(l atncd
oo il RIDDL. Thi- incliudes which fields are to be explicitly speeified by the analys
are ‘;:z‘g)lirir"\' ~pecified the ordering of the explicit ficlds, and logical expressions whieh:

cothie vnbies Sor caely teld,

Spec lf\ g Slll)[{”)DI S 1o SI)} El D] Thronehont SPEEDI the analyst speeifies o snhRIDDL

‘o bdenndy data. lu the context of a partiendar RIDDL Mask. the subRIDDL will retricve zero or

ccore dota ~er< which manrels the arrmbiutes St ified 1 the subRIDDL. The syutax for .\1)(‘«‘“‘_\':11;:
‘ﬂh[ [DDL 1)"»\'0‘1"\ for rhe e of wild card cliaraerers as well as override specification of any
-1,

e QPL ,[)I Ju’“ })1" fl'l‘l~

(e o thie <‘Zsl::1!»lli?i",w avatlable i SPEEDI 1= &t lllilif}' to define o RIDDL Mask, Usin ) tlie
RIDDL Mask Definition Uty the analest nag railor the wse of the RIDDL via the following
et ol

o "LXPLICTTY (‘m'mn;lwl states that o eiven feld nmst be specified exphieitly m rhe sub
RIDDI when the Mosk 1= acrive and specifics o permissible value or range of permissible
b for thee Held nsine logieal cxpres<ions,

o “INIPLICTTT commmand ~tares that a eiven & 'd need nwot bhe speetfied e the subRIDDILL
ey the M acrive aned <pecities o permissible vidne or range of permissible values for

el vning lovteat cxprossions.
o DEORDERT comnned changes the scquence of explicit ficlds 1 the active RIDDL NMeask.

foreine and maintaining o hbrary of RIDDL Maskso the followine operations
i

e RIDDL Yk Definirion Uniliry,

o OAVET o saces s RIDDL Mask and ascoctates oo nanne wirloar,

o ACTTINVATET contannn o nesnie- o nmned Wask,

o IASIT o i e of saved Maske or dispanaes thie defiminion of e Jaex
1

o LIELDT o and i plees the perairred voentmbary for s paatient teld

o D TR con anned delere ooy detined RID DL W
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SPEEDI Program Level. Somece of the commands available at the SPEEDI program level are
deseribed below. Incachi command where data sets are manipulated. they are wdentitied via o
~aBRIDDL i tlie context of an active Mask.

e "LNXPORT" comuuand writes a diata set and appropriate identifving information to a file or

deviee 1 a speetfied format such as SATADEF.

o "GRAFAID” command switches to the GRAFAID partition.

SINMPORTT corvmand loads data and identifving information into the darabase from a file
or deviee i a specified format such as SATADEF.

o "RIDDL™ command enters the RIDDL Mask Definition Utility,
e "IYPE" comunand displays a data set to the terminal or to a specified device.
SPEEDI Subroutine Interface

Lhe GRAFAID partition of GREEDT accesses the database through the SPEEDI subroutine
mwrertace. This 15 a0 collection of software modules which allows access to the databuse while
cusnring cousizteney of formar and unigue identification of each data set. The subroutine interface

corsist= of rontines sucli as the following.

o A SPEEDI mntialization routine which conneets to SPEEDI's INGRES database. verities
that the analvst s an anthorized SPEEDI user. initializes the SPEEDI environmeni. and
wmitinlizes or restores the analyst’s session environment.

o Rourines which activate and report about RIDDL Masks.

o Rourines which storel retrieve. deletes and purge GRAFAID data sets. plot defimtions, and

plot azgregates.

o A SPEEDI end rontine which saves the enrrent session environment deseription (unless the
analyst has cutered o "QUITT command). deletes temporary tables from the databasel aud
disconncets from the INGRES darabase,

GRAFAID

The GRAFAID code wis first noplemented at Sandia National Laboratories in 1981 and hias
Heennnder continaal development <inee then, GRAFAID 1s primarily 2 tool for the analysis of
Sockand vibration datas Ir was developed for use on the Digital Equipment Corporation (DEC
VAN cotnpntersnneder the VAN/VNS operarting system [6]0 GRAFAID S iunerous data analysis,
entpilation. creation. and plottine capabilities make 1t a general purpose data summary and
ardlrcis reol for any XY datal The GRAFAID features that are incorporated into the GREEDI
veteus are brictly decenthedn the followine seetions. Topies covered are the command interface,
e dirn set defininion, the setive <ot operations, the plotting capabilities. the plot definition. aned
Bt amaly-is anihities,
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GRAFAID Command Interface

GRAFAID 1x an interactive menn and command driven code. That is. either a menn or
A prowpt an explicit question to answeris always presented to the analyst. GRATrAID
correspotids with the .111(11 <t throngh messages accompanying the menn or prowpt. Iu addition
o directing GRAFALD operations b\ either making a menn sclection or answering a prumpr t}
AndveT iy enter one of Crl{ AFAID S ser of uupmmprv(l commands, similar to SPEEDI < globid

‘ The nuprompted commands constitute a powerful GRAFAID feature becanse the v
pelease the st from the rieid menu awd prompt structure and give hing the flexibility needed
toinncdiately do what he wants 1o do.

A bricf mrreduenon ro some of GRAFAIDs unprompted commands is presented it
Sotoneine disr

€

o "CONTROL,C” camses a friendly interrapt of the currently executing funerion.

¢ “"END” connmand terniinates the current menu or prompt request and returns control to
the nexr Licher menn level If o data set utility is operational. the utiliey 1s rerminatoa with
H -~
. , | 1 !
Tl operalud Tara set defimtion being saved in rhe database.

o "HARDCOPY” command sends a copy of the current GRAFAID plot ro o prine file fon

later ourpur to a laser graphics printer or similar graphics printer.
o "HELDP" conmmand aceesses GRAFAID's help library.

o "PLOTY command erases the terminal sereen and then displayvs the current GRAFATID plor
detipition on the terminal sereen.

o "QUIT” vorumand terminates the current menu or prompt and returns coutrol to the woexr
higher menn level, If a data set utility is operational. the urility is ternunated witlions

savine auv data set modifications in the database.
o "RUN" command execntes one of GRAFAID s customized mn funerions.

o "SAVE™ command saves the current version of the operand dara set definition in the dara

base 1f o dara ser urility 1= operational. Otherwise. the connnand 1s 1gnored.

o “SET” commaund is used to assign a new value to one of GRAFAID s operating environment
DATATIETETS,

o “SHOWT commnnd exhibirs the current vahue of one of GRAFAID S operaiing environ aen:
parainetrers.,

o SYSTEMN" commnand temporarily exits the GREEDI session aud creates an operating
-vstenn corntnand subproeess,

DL CotnanG foans, To CCaes o e s w201 partition of the GREEDI systews.
o “STOP” ronuuand termunates the GREEDI session by saving the enrrent session enviromn-
went i the database and by saving the operand data sct i o data =er unlity v operational.

CRAFATID Data Set Definition

Oz of e

a-ie entities stored in the database s the data sets Iris o findamental systemn
ety e il

f GRAVAID S operations are ultimately for the creation mampnlation. mod;
feation. or eraplacal displas of one mr more data o sets. A data sof mmcludes o ser of XY donn
P and acdara deseriprion. The Xodara are real vabies oulye The Y dara may he either vead
crcotapaes vabie-s The datac deseription consises of hoth cexmal and noanerie datas It contanns
el e andormuation, data history infortaantion. data derivation paranieters and g et diceal plos
Bovacreny s for drplcane the data, The plor eliaractoristies include the followine trenn




o A plot title consisting of up to five lines, each having a maximumn of eighty characters
o A label of up to forty characters for each plot axis

e The plot aris lhimats that define the data plot window; these limits include values for the
ninimum X, maximunl X, minimum Y. and maximum Y

o An arnws scale type specifying either a linear or logarithinic scale for each axis

o Plot window information specifing items such as the number of windows, the window format.
and the data Jisplay type of magnitude, phase, real, or imaginary.

The data sets are indexed with the SPEEDI RIDDL described previously. A list of the data
sets stored in the database may be exhibited with the "DIRECTORY™ cominand.

GRAFAID Active Set Operations

GRAFAID's active set concept is basic to all of 1ts data set operations. The active set is
siply a list of data sets consisting of a subset of all data sets contained in tlie database. A
dara ser must be in the active set for it to be plotted or for it to be analyzed by GRAFAID. The
analyst manipulates the contents of the active set with the unprompted “SET . ACTIVE SET"
conumand. Command options are provided for defining a completely new active set and for editing
riie contents of the current active set. The current contents of the active set may be displaved

with rhie "SHOW ACTIVE SET” commaund.
GRAFAID Plotting Capabilities

Tlie plot produced by GRAFAID on the analyst’s computer terminal is defined by the
active set contents and by the current values of some of GRAFAID’s operating environment
parameters., The GRAFAID plot definition ‘ncludes parameters that match the data set plot
characteristics such as a title. axis labels, window limits, window scale formats. and so on. It also
welndes GRAFAID parameters that govern other aspects of a plot such as plot size, data line
characteristies, grid characteristics, numerical scale format. and so on. The operating environment
parameters that govern the plot display may be modified and shown with the “SET” and “SHOW™
command options. respectively. A summary of the GRAFAID plotting capabilities are listed
Lelow.

¢ Muitiple data sets may be displayed simultaneously.
e U'p to five plot title lines may be displayed. Each plot title line consists of up to eighty
clhiaracters and is either automatically defined by active set operations or explicitly specified

by the analyst.

e Aun axis label of up to forty characters for each axis may be displayed. The labels are either
automarically defined by active set operations or explicitly specified by the analyst.

o [User defined notes may be displayed at user specified locations on the plot.

o Either linear or logarithmie axis scaling for eachi plot axis is displayed.

o Tl data are displayed in a plot window defined by numerical limits that are antomatically
defined by active set operations. explicitly specified by the analyst, or generated from the
data 1n the active set,

e The plot window may be displayed with cither a grid or tic numerical demarcation format.

o The data plotted may be displayed as either dashed or solid hines.

P
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e The data plotted may be highlighted with symbol or character flags displayed along data
plot lines.

o The plot text may be displayed with either hardware (terminal generated) or software
generated characters.

o Terminal dependent color graphics is used to display plots on the analyst's terminal.
Plot Definition

A plot definition is an additional entity stored in the database. A plot definition consists
of all GRAFAID operating environment parameters that define its plot characteristics and the
active set when the plot definition is created. It is created and its database index or name is
assigned with the “NAME" command. The name of a plot definition is a character string of up
to 20 alphanumeric characters including interior blank characters. The “DRAW” command and
its options are used to retrieve from the database a complete plot definition, a plot definition’s
operating system plot characteristics, or an active set associated with a plot definition. A list of
the plot definitions stored in the database may be exhibited with the “DIRECTORY” command.

GRAFAID Data Analysis Utilities

GRAFAID has over two dozen utilities for data analysis, data manipulation, and data
creation. The utilities generate data sets and operate on data sets that are in the active set. All
data manipulation is performed in computer memory and the results are stored in the database
only when the utility is exited by the analyst or when the analyst executes the unprompted
“SAVE” command. The analyst may also abort a utility and discard any changes to a data
set by entering the unprompted “QUIT” command. In this case, GRAFAID removes the utility
operand data set from the active set and does not save the operand data set in the database.
These features give the analyst total control over the integrity of the data.

The various GRAFAID utilities are presented along with a brief description in the following
list.

¢ APPEND is used to append the data from specified data sets to an existing data set or to
add data sets to create a new data set.

e CALCULATOR is for creating a data set from the result of performing mathematical func-
tions involving constant factors and the Y data from various data sets.

e CROSS is for creating a new data set by defining its abscissa (X) values from the ordinate
(Y) values from one data set and its ordinate (Y) values from the ordinate (Y) values from
a second data set.

e CURSOR is for editing X-Y data pairs in a data set via input with the computer terminal’s
graphics cursor.

e DELETE is for deleting data sets from the database.

e DESINE is for creating a data set that is the shock spectra of a user defined decayed sine
time history pulse.

o DIFFERENTIATE is for creating a data set that is the result of the numerical differentiation
of data sets.

o DIGITIZER is for transferring data from a paper plot into a data set with a digitizer tablet.
e DOMAIN STATISTICS is for calculating a data set that is an a umulative average, stan-

dard deviation, or variance of the Y data values as a function of the X values for one of the
data ets.
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DUPLICATE is for creating a new data set that 1s a copy of a data set.
EDIT is for the input and editing of the X-Y data in a data set.

ENVELOPE is for calculating a data set that is either a maximum or minimum envelope
of multiple data sets.

FFT is for calculating a new data set tisat is the Fast Fourier Transform approximation to
the Fourier transform (Fourier spectra) " a data set.

FILE is for creating a data set by reading its X-Y data pairs from an external file that has
been written with either free format, formatted. or binary records.

FILTER is for creating a data set that is the result of applying either a high pass, a low
pass. or a band pass Butterworth filter to a time history data set.

HAVERSINE is for creating a data set that is the shock spectra of a user defined Haversine
time history pulse.

INTEGRATE is for creating a data set that is the result of the integration of a data set.

INVERT is for creating a data set from another data set by interchanging all of its X and
Y data values and X and Y plot axis characteristics.

QCTAVE is for calculating a data set that is the result of generating a histogram data
set (that has its octave bin center frequencies defined approximately as a doubling of the
previous bin frequency) from a power spectral density data set.

PEAK RANK is for defining a data set that is the result of ordering the amplitudes of an
input time history data set in descending order.

PSD is for calculating the power spectral density data set from an input time history data
set.

SAMPLE is for creating a new data set by redefining the sample characteristics (including
sample rate and range of data) of an input data set.

SHOCK SPECTRA is for calculating a data set that is either the absolute acceleration or
relative displacement shock response spectra of an input time history data set.

STATISTICS is for calculating a data set that is the average, the standard deviation, or
the variance of the Y data from all of the data sets in the active set.

WINDOW is for creating a data set that is the result of applying a Hanning Window,

a Hamming Window, or a Kaiser-Bessel Window (in the time domain) to an input time
history data set.

SUMMARY

The GREEDI software system, an interactive computer code and database access system,

was developed and implemented at Sandia National Laboratories. GREEDI facilitates shared ac-
cess to engineering analysis data and provides an integrated environment with extensive graphical

capabilities to perform shock and vibration data analysis tasks. It transformed the DOE/DOD
Euvironmental Data Bank from a card index system into an easily accessed computerized engi-
neering database tool that can manage data in digitized form.
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A SHOCK AND VIBRATION DATABASE
FOR MILITARY EQUIPMENT

Mr. Robert A. McKinnon
U.S. Army Combat Systems Test Activity
STECS-EN-EV
Aberdeen Proving Ground, MD 21005-5059

This paper discusses the <creation and utilization of a database
containing shock and vibration information <collected from a
variety of military equipment. This information can provide
designers and developers with realistic environments which their
item must be capable of withstanding, so arbitrary environments
are not relied upon.

INTRODUCTION

Numerous laboratory vibration test schedules have been developed in recent
years for both cargo and combat vehicles in the Army's inventory. Additionally,
many road shock and vibration, rail impact, drop, and firing shock tests have been
conducted on a wide variety of vehicles and equipment as part of the Engineer
Design Test/Development Test/Product Improvement Program (EDT/DT/PIP) testing

mission. Through this total effort, a large amount of meaningful data have been
gathered, processed and reported by the U.5. Army Combat Systems Test Activity
(USACSTA) to meet the specific requirements of the various investigations and
tests. With such a great quantity of data known to exist, numerous contactg are

made to USACSTA and U.S. Army Test and Evaluation Command (TECOM) by other
Government activities, program manager offices, and private contractors (involved
with developmental design for Government contracts) to acquire specific data.
Currently, these data exist in many data files which must be researched to obtain
data for a specific request. There has been no effort to establish a complete and
meaningful database to provide timely information on the shock and vibration

characteristics of wvehicles and equipment. Such data provide designers and
developers with realistic environments the item must withstand so they do not rely
on the selecticn of some arbitrary, and often erroneous, environment. The

objective of this project was to develop a shock and vibration database for
various vehicles and equipment mounted on vehicles.

DATABASE CONTENTS

The objective was to determine which types of information should be stored in
the shock and vibration database i1n order to make the database as wuseful as
pcssible.

The ori1ginal project proposal suggested that the database should contain
tnformatic on vehicle type, equipmen*t type, test courge, and test environment. It
alsn suggested that the database consist of raw data, power spectral density
computations. amplitude distribution analyses and shock response spectra.




Being the probable main use»s of this database, the USACSTA Vibration Test
Branch personnel were questioned as to the types of data tc be stored. The
responses are summarized in Table 1.

TABLE 1. FIELD SHOCK AND VIBRATION DATABASE SUMMARY
Information To Be Stored

a. Test 1tem(s}, name, model number.

b. Carrier vehicle(s), name, model number.

c. Date of test.

d. Test Engineer.

e Measurement locitions.

f. Test courses and speeds, drop heights, or rail impact speeds with run

g. Raw digital data tape rumbers.

h. Save tape {(calibration files, etc.) numbers.

1. Analyzed data tape numbers.

j. Analy..d Jdata file names (particularly overlay files).

k. Summarized data (rms, peak, crest factor, kurtosis).

1. Type of analyses performed.

m. Report number.

n. Sample rate of processed data.

o. Recording and anelyzing data frequency ranges.

p. Data logbook volume number.

q. Types of tegts performed.

r. Test item securement (loose, secured, etc.).

s. Types of data (acceleration, strain, displacement, etc.).

It was decided to include as much of the above listed data as possible with
the limitation being the computer memory size.

In addition to the information listed above for field =shock and vibration

testg, 1t wag determined that other testing conducted by the Vibration Test Branch
ghould be i1ncluded in the databage. A second set of information for the database
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{c) Drop orientaticons.

<5) Shock tests.

ta) Shock amplitude.
{(b) Puise duration.
(¢} Transient duration.
(dy Type of shock pulse.

(e} Test orientations.

database to store information that was

used in the development of

laboratory vibration test schedules was also deemed necessary. This would include
all information pertinent to the complex development process. This database

includes

the information included in Table 3.

TABLE 3. LABORATORY VIBRATION SCHEDULE DATABASE SUMMARY

Information To Be Stored

Test item(s), name, model number.
Test vehicle.

Location of test item on vehicle.
Name of person developing schedule.

Scenario information.

(1) Total transport distance.

{2, Percent of distance used for schedules.

3) Test courses utilized.

(4) Average speed on each *'east course.

Person requesting schedule.
Names of all computer files generated.
Exaggeration factor.

B/N exponent (Miner's Theory).

Number of standard deviations added for conservatism.

Type of vibration test schedule.




Since there are distinctly different types of information to be stored 1in the
database, three separate databases were determined to be needed. These three
databases are independent; however, limited cross-referencing should be available
for data ccmmon to more thaun one database. Examples of these would be the test
item name and the repert number.

All of the i1nformation listed 1n Table | was 1ncluded in the database with
the exception of the following:

e. Measurement locations.

f. Test courses and speeds, drop heights, or rail impact speeds with run
numter.

j. Analyzed data file names (particularly overlay files).

k. Summarized data {(rms, peak, crest factor, kurtosis).

Each of the above data types has a large number of possible database entries
which makes the complete storage of information impractical. While not directly
accessible from the database, the excepted information can be readily located by
examining the lcgbook and data storage tapes identified through the database. The
informat:on listed 1in Tables 2 and 3 were all included 1in their respective
databases.

These databases can be used to locate information on previously conducted
tests more efficiently than prior to its existence. Most of the test details can
be recovered directly from the databases. The actual test data, which is
voluminous 1n most cases, can also be recovered more efficiently through the
databases than 1in the past. Currently the test data on file at the Engineering
Tect Division are stored on several hundred nine-track digital tapes. The
databases can direct the requester to the tapes with the desired data.

The databases will make shock and vibration environment 1nformation more

readily avallable to <designers and developers. These people can then incorporate
this information into their designs in lieu of remeasuring the shock and vibration
levels or selecting arbitrary levels. This can lead to savings in terms of both

development time and money.

Ail shock and wvibration test reports are now filed in ascending order by
report number making it easier to find reports which have been identified by the
databases. Previously, the reports were filed by the type of test item. In some
rases where more than one type of item was tested and reported in a single report,
locating the report was difficult. Now, the databases will provide the desired
repsrt numbers and utilizing the report will provide any detailed information that
2 nat avallatle in the database.




DATABASE SYSTEM SELECTION

The objective was to create or locate a database gystem compatible with the
computer systems currently accessible by the Engineering Test Division which would
provide an adequate amount of data storage space.

At the start of this investigation, the only computers available were
Hewlett-Packard (HP) 1000 computer systems. The original plan was to write a
series of FORTRAN computer programs which would input, edit, and retrieve the
database information. An effort was started in this direction and the data input
software was written. As that effort was concluding, Zenith model Z-248 personal
computers (PCs) were acquired by the Engineering Test Division. Acquired at the
game time was the Enable 1.15 software package.

A subset of the Enable software package is a Database Management System
(DBMS) . This DBMS allows wup to 65,000 records with up to 254 fields which can
contain up to 254 characters each. Each record is composed of fields or types of
information and the information in weach field is referred to as data or values.
This system permits the entry of up to 65,000 test programs and 254 different
types of data variables per test program [1].

At the time of acquiring the Zenith computers, it was decided to shift the
database effort from the HP 1000 minicomputer to the Zenith personal computer. The
reasons for the shift were the ability to immediately have a verified and usable
database system. Utilization of the Enable DBMS allowed almost immediate data
entry and data access. The use of the Zenith computers also allowed easier access
to the database, in that these computers are located throughout the Vibration Test
Branch while the HP 1000 computers are only accessible in a single location.

The Enable DBMS was selected as the database software package. The shock and
vibration database has been placed into one Zenith computer gystem and can be
transported to other systems on 5-1/4-inch floppy disks giving more people access
to the database.

By wusing the Enable database package, the database configuration was
established and the system was ready for data input in a few days. Enable also
gives better portability for the information stored in the database because it can
be used on any of the Zenith computers.

The Enable DBMS comes with a get of instruction manuals tc aid users of this
system. This precluded the need to write a set of instructions which would have
been required if the HP 1000 database was selected. Overall, the Enable DBMS is
fairly easy to use utilizing the manuals provided with the system.

DATABASE INPUT

The objective was to develop a systematic and timely way of entering
infermation from past and future test programs into the database. For ease of
operation, the databases require a timely method of gathering information from
previously conducted shock and vibration tests as well as from future tests that
will be conducted.

The first 3tep in the data input process was to gather information from all
previou3z shock and vibration tests. The types of information are discussed in
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Tatles ! through 2. To make this eficort more organized, forms were developed on
1 +

which all of the test data tfrom laboratory vreports and test logbooks could be
summarized. Two bagsic forms were developed, one for field shock and vibration
tegts and the cther 7or laboratory tests. Examples of these forms are included 1in
Figures | through 4. These formeg differ i1n the types of information which are
summarized. For the most part the laboratory shock and vibration tests are
strictly pasc-fail tests with no response vibration data measured. Approximately
cre-half cf the field shock and vibration are also pass-fail, while the remainder
nave some type of respcnse vibration measurements made. A third summary form was
developsd  for the database on  the development of laboratory wvibration test
schedujes (figurecg S and 6)

he vhree types of database information summary forme were completed for most
¢! the testing performad by the Vibration Test Branch as far back as available

records  permitted. Test reports and data for field shock and vibration tests
dating back tc 1967 have been located and are included in the database, as have
the 1983 tc 1988 laboratory shock and vibration tests. Data from all tests
~ornducted r1or t3 1980 are limited to the informaticn contained in the test
regort This 18 because the magnetic data storage tapes from tests conducted
pr oL t> 1980 have been destroyed due to their incompatibility with the current
data anaiygis gystem and the need for storage space for tapes from more recent

Follnwrng the completion of the summary forms, each of the forms was examined

and hecked by the database manager for accuracy and completeness If any
repancxes were noted, the correct information was recovered from the report
sor 10gbook and entered on the summary forms.
Currently, as tests are concluded and the final reports written, the
appropriate database summary forms are completed. Then at biweekly intervals, the
database manager examines the jist of completed projects and determines 1f the
summary forms have been completed. 1f the summary forms have not been completed,
the database manager, elther on his own or with the assistance of personnel
involved with the test, completes a summary form. Completion of a summary form
usually takes from 2 to S5 minutes. This procedure will continue to be used to
ensure updating of the database.

Once the database summary forms have been completed, actual data entry can

T The Enable DBMS allows for an input form to be developed. The three
inped input forms, which appear on the computer terminal screen, are identical
he three summary forms. Included on the designed input forms are blank spots
the same lccatinn as the blanks on the summary forms. This allows the data
ntry perscn to simp'v reproduce the summary form on the computer screen by typing
the information on the computer keybcard. Entering the data from a single summary
form takes approximately 2 minutes.

e
+

Afver ‘the <completed database summary forms have been entered 1into the

ut=r database, they are stored 1n a notebook for a historical record. These
ormz  are essentially an additicnal backup of the database information. Backup
~eopres  of the database are made at periodic intervals on 5-1/4 inch floppy digks.

The mez* appropriate time for the backup copiles to be made 18 at the conclusion of
4 data ertry

-

1
i

the database zummary forms allows any test personnel to gather a
tinformation on a single shee e \ 1tiling in tl
t anfsrmat 8 le sheet of paper by simply fiiling the




FIELD SHOCK & VIBRATION DATABASE SUMMARY FORM

S ST EM NAME .
SYETEM ACRONYM:
PRIME MOVER NUMBER, VERSION: __ o
CARRIED ITEM NUMBER. VERSION:
TOWED VEHICLE(S) NUMBER, VERSION: _
TRAILERED ITEM NUMBER, VERSION: _ _ o

TEST ENGINEER:
TEST COMPLETION DATE (MONTH, YEAR):
REPORT NUMBER:

PROCESSED DATA SAMPLE RATE:____ ____  ___ ____________
RECORDING CUTOFF FREQUENCY (Hz):
DATA ANALYSIS FREQUENCY RANGES:

SUBTESTS (check all applicable) ANALYSIS TYPES

_____ AIRCRAFT . ___ AMPLITUDE DISTRIBUTION

_____ WaTCRCRATT ——___ STRAIN DISTRIBUTION

_____ RAIL _____ POWER SPECTRAL DENSITY

_____ DROP _____ RIDE QUALITY (ISO 2631-1978)

_____ ROAD ._.__ ABSORBED POWER

_____ FIRING ——___ CREST FACTOR

_____ OTHER _____ __ —____ SKEWNESS & KURTOSIS

_____ SHOCK RESPONSE SPECTRA

MEASUREMENTS SHOCK INTENSITY SPECTRA

_____ INSTALLED EQUIPMENT —____ VIBRATION SCHEDULES
LOOSE CARGO IMPULSE

LIST RAW DATA TAPE NUMBERS

DATA TYPES LIST SAVE TAPE NUMBERS___ _
————— ACCELERATION LIST PROCESSED DATA TAPE NUMBERS ___ .
_____ STRAT"

_____ DISPLACEMENT

Figure 1, Field Shock and Vibration Database Summary Form (Side One).
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LABORATORY SHOCK X VIBRATION DATABASE SUMMARY FOERM

TrST ITHEM NAME:
TEST ITEM ACRONYM: ...
TEST ITEM CATEGORY:

{check al! that applv)

CARTRIDGES
FUZES

GRENADES

MINES

MORTARS

PROJECTILES __ DIAMETEX
PROPELLANTS

SMALL ARMS

OTHER

BARE BOXED CONTAINER PALLET RACK TEST TEMPS (°C)

LABORATORY VIBRATION

_____ LOOSE CARGO o o L o
_____ DROF

______ 46cm (1.5f¢) e o e e
_____ 6lcm (2f¢%) e L o o
_____ 76cm (2.5f¢t) e o o o
_____ 9lcm (3fL) e o o e
_____ 1.2m (4ft) e o o o
______ 1.5m (5ft) o o o e
_____ 2.1m (7f%) e o o e
______ J.0m (10f¢) e L o o
_____ 12.0m (40f¢t) e o L L
______ Other _______m o o e e
_____ JOLT/JUMBLE o L o L
______ LABORATORY SHOCK e o o

J - . o o
EST COMPLETION DATE (MONTH,YEAR):

Figvre 'y, Taborators Stock and Vibrat fon Dat b goee Summarv Form 0 Side DOne),
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m

TEST DETAILS
LABORATORY VIBRATION
vIB. SCHED. NOTEBGOOK NO._ __
ViEBEATION ZIHELDULE QEIGIN:
‘Cirole applicab.e documents) 810C 8ioD 1-%-801 4-2-60? TEST PLAN VTB OTHER
VEHICLES SIMULATED: __ COMPOSITE WHEELED  _______ TWO-WHEELED TRAILER
MILEAGE SIMULATED: km Km
LAB TEST TIME/AXIS: ______ mn min
EXAGGERATION FACTOR:
CTHER VEHICLES: .
MILEAGE SIMULATED: ___ ___ km km _______ km km _______ km
LAE TEST TIME/AXIS: ___ min _ min _______ min _______ min ___ min
EXAGGERATION FACTOR: ___ o o_______
SCHEDULE TYPE: ___ _ SNBROR ___ __ RANDOM _____ SINE _____ SINE/RANDOM
HESPONSE DATA MEASURED: YES NO {(circle one)
LOOSE CARGO
LOOSE TARGO SCHEDULE ORIGIN
fcircie applicable documents! 810C 810D 331A 4-2-602 TEST PLAN OTHER__________
UABLZ SURFACE: woon STEEL
TABLE SPEED: RPM
TARLE MODE SYNC ASYNC  __ ___ VERTICAL
TzZT TIME PER CRIENTATION: MINUTES NUMBER OF ORIENTATIONS: _____ __
DROP

RS Z7LE JRIGIN:G

TT.2 app.17able documents) 810C 810D 3314 4-2-602 TEST PLAN OTHER______
SMEAS =rACh: _ STEEL  ____PLYWOOD ___CONCRETE ____MACADAM __S0IL

=oZuIn LOCATION o oo oo PENETROMETER READING: _____ PRESSURE: ______ kPa
LABORATORY SHOCK

DHOTK HEDULE ORIGIN:G

re o ‘ 810C 810D 3314 TEST PLAN OTHER_ __
SO A PULZE WIDTH: _msec TRANSTENT DURATION:_ ___ msec
N o L o
[ FULTE TYPE: _SANTOOTH _HALF-ZINE _TRAPEZOID __CAT LAUNCH/ARREST LNDG

deln LATA O MEATS Lo TES NO (eircle one:

B 5 FORINE TONTHOULLER: o

i . heratorsy Srock oand Vibrat o Database Summare Dorn (8 1de Twiry,

VI‘?




VIBREATION SCHEDULE DATABASE SUMMARY FORM

TEST I[TEMiZi:  INSTALLED EQ SECURED CARGO SPECIFIC ITEM

TEST VEHICLE: .

tcne vehicle ' form

LOTATION ON VEHICLE: .

SCHEDULE DEVELOPER: o __

AXES RELATIVE T0: _ VEHICLE  ___ __ ITEM
SCENARIO INFCEMATION:

Total Distance: __________ km

fercent of Zistance used for schedules: %

APG Test Tourses Used: Paved Belg Blk 2°'WB EWB 3°SB Otheris)
(se.ect appropriate courses)

Average Speed: _ ___________ km/hr

Exposure Time: _  __ __ _____ hours

Exaggeration Facvor: __ __ . ____

Swpeonent lbendc_ .

Tota. Test Tame: ___ ________ minutes

JEVELOPED FOR: . (roc)

i (ADDRESS)

Ll . (CITY,STATE ZIP)

i il {(TELEPHONE NO.)

DATE MONTH., YEAR) 1 .

PSD FILES (lowest,highest run numbers):$ ., % _____ STORAGE TAPE: ________
8 __ . P

Pil TYPE USED AV sD PE

Vert (lowest . highes® run numbers): _________ PR
Tran L FRSO
LOﬂg _________ § S,
NMBER OF S7TD ULEVS USED:________ . ___
Fienre 5. lLaboratory Vibrat ion Schedule Development Database Summarv orm

CSiele Gy,




5]
AN
I
-
£
'
.
v
30
"3
4

2 RARF
ircm

TRACKED VEHICLES

TEST FHASE REMPR FILES ACCPR FILES PLOT (PSDL6)FILES

Vil
Vo<
Vo3
Vo4
V05
Vo
Vo

i G Taboratory Vibration Schedale Development Database Summary Form

Tre e,




several blank spaces with check marks or somewhat standardized short answers. The
information 1is then in a format which can be quickly entered into the computer
database.

Input to the database will continue as additional shock and vibration tests

are completed. Currently, the database contains information on all field shock
and vibration tests in which data were acquired. An effort is underway to
complete the entry of all historical data from the laboratory tests and from the
development of laboratory vibration schedules. All laboratory testing and

vibration schedule development which have been reported since January 1983 has
been entered in the database.

The data input procedure has been working well in that the amount of time
required to gather and input test information is minimal. Zfforts are on-going to
enter the remaining historical laboratory test and vibration schedule development
information 1into the database, and will be completed shortly. The process of
entering test information from future tests will be continuous.

DATABASE OUTPUT

The objective was to provide requested shock and vibration information from
the database in a timely manner and in a usable format.

Similar to the Enable DBMS input forms, report forms can also be generated.
Currently there are two prepared report forms for use with each database. The one
set 11 report forms are identical to the handwritten summary forms, and contain
all of the gsame information. These provide the requester with all of the
information gstored in the database for a particular test The other set of report
forms is shorter and contains the test item name, the type of tests, the report
number, and whether data were acquired during the test. Either of these two report
forms can be viewed on the terminal screen or outputted to a printer. In addition
to the two prepared report forms, the database information can be presented in
other formats by preparing additional forms.

The shorter report form 1s the on. which 1s requested the majority of the
time by members of the Vibration Test Crar:h. Thif form lists most of the
commonly requested database information, namely the report number. the types of
tests conducted, and the types of measurements made, 1i anv.

The longer report form has so far been used only to duplicate the handwritten
summary forms and not as a tool to locate database information. This form, when
used, will provide the most complete infiormation on the test programs. In cases
where database information is needed immediately (during a telephone conversation
for example) simply reporting only requested data in the shorter format has been
found to be the quickest method to determine if the requested information is
available.

Once the database has been accessed and it indicates that the data requested
are available, the database manager will note the report numbers and data tape
numbers. The next step is to locate the requested information first by looking in
the test reports. 1If the information is not recorded in the test re rts then the
data tapes are retrieved. If the database indicates the required information has
been computed and stored on processed data tapes then these are retr.eved from the
tape library. The processed data tapes are then installed on the HF 1000
computer’s tape drive and the requested information is then reformatted by the




computer 1nto the desired format. The data formats usually desired are either
plots or tables.

The Enable DBMS allows the user to retrieve information in almcst any desired
format. Currentiy, only two report forms have been developed; however, additional
report forms will be created as the need arises.

The database 1information can be accessed directly using an Enable LBMS
default report for:. This would be done i1n the event information is desired
quickly and precise formatting 1s not required. This method will list only the
information specified and is most wuseful for retrieving a limited amount of
information such as was a certain test conducted on a specified test item.

The report forms aid in the timely location of information stored in the
detabase. The forms identify the data that are available as well as where the
data can be found, usually 1n test reports or on magnetic data tapes.

TYPES OF AVAILABLE DATA

Aii of the information stored in the databases and listed i1n Tables 1 through
3 are readily available, Additionally, data which have been further analyzed are
also avairlable. The analyzed data include but are not limited to time history and
power spectral density plots, amplitude distribution da'a, shock response spectrum
data. Decired information can be presented in various formats as determined by the
requester. Some examples of the types of data available are shown below. Figures
7 and 8 show sample time history and power spectral denuity plots respectively.
Table 4 15 a samnple of summarized acceleration data.

In cases where the requested data have not ©been previously computed and
stored on magnetic tape, the raw data tapes are retrieved and the necessary
computations are made. The computed data are then outputted in the desired format
and this information is then stored on properly identified processed data tapes
which are annotated in the database for future use. Also available 1is the
development of laboratory vibration test schedules for cases in which the desgired
measurements have been made.

In order for laboratory vibration test schedules to be developed, additional

information is required. This information includes the exact mounting or storage
location of the item which 1is to be tested in the wvibration laborator:.
Additionally, the types of terrain and the expected vehicle mileage on each

terrain type need to be i1dentified.
DATABASE USAGE DETERMINATION

The objectives were to devise 3 way to measure the usage of the shock and
vibration database and to document who is utilizing .he database.

I.. order to keep track of database usage, a data request form wag developed
(f1gure 9) . Thigs form will be <completed earh time the Vibratioa Test Branch is
reques*ed to provide shock and vibration data. The form was designed to record
ali information  pertinent to the data requegted including the name ana
organization of the requester. The 1nformation on these forms 1s wused by the
pe~son acressing the database, ags 1% contains the ypes of 1nformation to be
searched for in the databaze. The inforration on the data request forms 1s then
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stored in a separate database, since this information is dissimilar with the other
databases. This database also utilizes the Enable DBMS.

These forms have only been wutilized for a short time asg the shock and
vibration database is 1in it