ANALYSIS OF STRUCTURAL RESFONSE AND INSTRUMENTS

SUMMARY REPORT

BY G.W. HOUSHWER

The large number of papers presented at this session precludes the
possibility of making closing remarks about each paper. In fact, the amount
of information contained in these papers is so great that it will require
considerable time to read the papers and to digest the information contained
in them. It will be necessary to correlate the new facts with the old, to
reconcile the discrepancies, and to advance our understanding of the earth-
quake problem, However, the topics covered at this Session can be classified
under six headings and I should like to summarize the contributions under
tnese headings, In addition, I should like to call attention to those facis
which came out during the session which seem to call for the exercise of
caution in the application of earthquake engineering, and I shall wave the
danger flag over these facts,

Nonlinear Oscillator under Earthquake-Type Excitation.

A large number of papers dealt with this topic. These were concerned
with the maximum displacements of the oscillator and the displacement spectra,
with the energy dissipated during the vibrations and the equivalent viscous
damping. The relation of the maximum displacements and the energy dissipation
to the spectra of the linearly elastic systems was studied., The significance
of these studies on the single—degree of freedom oscillator is that they build
up our understanding of the nonlinear vibrations in this simple case, and this
understanding can then be extrapolated to the more complicated cases of actual
buildings. The danger flag can be hoisted over the following two facts; (1)
the relatively low energy of dissipation that these studies show takes place
during the nonlinear vibrations of a yielding system, and (2) the fact that
the failure characteristics are not included in these studies, The relatively
low energy dissipation and low equivalent viscous damping during these vibra—
tions means that the maximum displacements tend to be relatively large, and it
therefore becomes important to take into account the possibility of failure.
It must be noted that the hysteretic vibrations of a system that is stressed
beyond the yieldpoint is really a destructive process and if these vibrations
continue for a sufficiently long time the system must fail. The possibility
of failure, however, is not taken into account in the foregoing studies and,
hence, they give no indication of how close fo failure an actual system might
be.

Nonlinear Vibrations of Multistory Buildings.

The use of large digital computers has made possible the analyses ?f
multistory buildings that behave nonlinearly when stressed'beyond the yield—
point. Such studies throw light upon the behaviour that might be expected ?f
actual multistory bduildings during earthquakes. The papers presented at this
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session gave information on maximum displacements during eartnquakes, the
relative intertloor displacements as well as the absolute displacements,
Information was presented on the location of points of yielding over tue
height of tne building and the location of yielding in the beams and the
columns., The results of these studies are now seen to be consistent among
themselves and also to be consistent with the studies of tne single—degree of
freedom oscillator. The studies indicate tnat our present multistory build-
ings may survive ground motion equivalent to that recorded in El Centro in
1940 it they are properly designed. That is, they may survive the earthquake
without collapse though they sustain damage. The danger flag may be hoisted
over the following two facts. First, it has been shown that i1t is possible to
concentrate large plastic deformations in a localized region of a building.
Second, these studies do not take into account the failure process., The fact
that it is possible under certain circumstances to get large plastic deform—
ations localized in one part of a buliding means that failure might result.

It is, therefore, somewhat hazardous to make such analyses without taking into
account the failure process,

Elastic Response

A large number of papers dealt with the elastic response of structures
to earthquake ground motion. One aspect of these studies was the nuestion of
how simple a model could bte used in making these analyses, how great a com—
putational accuracy is necessary, methods of analysis using wave propagation
and taking into account the visco-elastic properties of the system. Studiea
were made of the behaviour of structures having dimensions large compared to
characteristic wavelengtns of the seismic waves. This condition might, in
some instances, have good effect and in other respects have bad effects,
Analyses were made of one—dimensional, two—dimensional and three-~dimensional
atructural response to earthquake ground motion and the circumstances under
which a one-dimensional analysis is not adequate, but a two- or three-~dimen-—
sional analysis should be made. A danger flag may be hoisted over the follow~
ing fact, that degencrate vibrating systems can sustain relatively high forces
and stresses as compared to a normal system. A nondegenerate system is one in
which all of tne mode snapes and mode frequencies are well separated and
different in shape. A degeneraste system is one in which two modea may have
shapes very closely similar and/or periods that are almost the same, A large
building with a small appendage attached to it is an example of such a degen-—
erate system, A structure that vibrates in two dimensions and which has an
x-mode and a y-mode both with essentially the same period, or which has an
x-more and & torsional mode with essentially the same period, is another
example of a degenerate system. The analyses show that such systems can, under
certain circumstances, undergo relatively large stresses and large displace~
ments as compared with the maximum stresses and displacements that would be
suffered by similar nondegenerate systems,

Dynamic Properties of Particular Structures.

Studies were made of the dynamic characteristics of many special struct-
ures. These included tall cantilevered chimneys, beams having both shear and
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bending deformation, composite structures made up of combined shearing
elements and bending elements, siructures in which the virtual mass of the
foundation system is included, bridges, fluid pressures on bridge piers, earth
dams, arch dams, steel piles and sheetpiles. The danger flag may be hoisted
over the following fact. These special structures are very different from
ordinary buildings which have been much studied. There is, then, a danger in
trying to apply our extensive knowledge of the behaviour of ordinary buildings
to these special structures. Attempts to transfer such knowledge may be quite
hazardous,

Experimental Measurements of Dymamic Properties.

Many papers dealt with the experimental measurements of the vibrations of
actual structures as well as model structures, These experiments included
nany different ways of applying forces to structures and investigating the
resulting vibrations. Forced sinuscidal vibrations were used, free vibrations
generated by pull-back tests, microtremors, wind excitations, blast-generated
ground motions, hydraulic jacks, and even in a few cases measurement of earth—
quake —induced vibrations., Thnis experimental information is extremely valuable,
The danger flag may be hoisted over the following two facts., First, measure-
nents of actual buildings indicate that they have relatively small damping.

In this context, small damping is defined as being less than 5% of criticalj
intermediate damping is between 5 and 10% of critical, and large damping is
greater than 10% critical. It appears that most modern buildings have small
lamping, and only few may have intermediate damping and very few, if any, have
large damping. The second dangerous fact is that not enough is known about
the actual vibrational properties of real structures, There are many aspects
>f the vibrations of real structures that are completely unknown, hence, there
is the possibility that we are completely unaware of some very significant
factse.

Iibrational Analysis of Structures.

It appears that we are asking for great detail in computional results -
much more detail than was considered even possible a few years ago - but the
zapabilities of the digital computers seem adequate to do this. It is poss-
ible to determine the time history of the inelastic deformation of each beam
ind colum in a multistory building subjected to earthquake accelerations.
Vhile this informaetion is extremely valuable, a danger flag can be hoisted
sver the fact that it is possible to lose sight of the forest because of the
trees, The vast amount of numerical data provided by the digital computer
should not cause us to lose sight of the really significant behaviour of a
structure.

sooking Forward.

In looking forward to studies that will be done following this conference
it seems that a most significant fact that must be taken into account is that
vibrations beyond the elastic range represent the initiation of a filure pro-
:ess‘and, hence, in studying such nonlinear vibrations we are really making a
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failure analysis. When the vibrational stresses go beyond tue elzstic i

and yielding occurs, eitner of two things may hap.en. Eitbep tl’[‘c:vit‘(\ irit
will shake—d?wn in the naval sense and the subsecuent vibration«f Syster
in tk':e elestic range, or the yielding vibretions will continue, and if tpev

continue long enough failure will result. For exarple, if a steél .<~41 n 3

a building undergees oscillatory strzins beyond the yieldpoirt for a'Oﬁux;‘n‘ o
icient number of cycles, there will be a fatigue failure. Surt-
is tne benavior of an earth dam during a strong eartnruske. If the shakin

is sufficiently strons, cracks may develon in the dam and a portior; ;>f‘ tluefr
slope may begin sliding. 1f the duration of the ground shaking js f~n~7:‘f'—~l '

iciently long, the gross movements may become large enovgh to c'au;e‘ f;ra.i]uv-e
of the dam. If the duraticn of snaking is stort, the dam will not faj"; -

though it will be in a damaged condition due to the cracks and :pelatjv;,
novements. The Important cuestion to be asked in analyzing such mot-j‘ons are
how much damage will be incurred? how near to failure is a system? Tnege‘ ’
questicns cannot safely be ignored when studyirg the nonlinear vibratior;s of
structures,

will rermain

£ rsecond evam.le

In the past, extensive studies have been made of the benavior of ordin-
ary tuildings. In tre future it seems tnat ruch more emphasis should ke
given to the study of the dynamic behavior of other structures suci as
bridges, dams and the soil-structure comwbination. It is important to remem-—
ber that the structure cannot stop at tne surface of the ground, but that
the soil beneatn the structure is an indispensable part of it, and that its
failure represents a failure of the structure just as much as the failure of
a beam or a column,

The analysis of earthquake response of buildings has largely been
restricted to the shell of the building, and has not concerned itgelf with
the contents. There are many internal items that should be resistznt to
earthquake motions, such as liguht fixtures hanging from the ceiling, import—
ant mechanical equipment, machinery, fire~fignting equipment, etc. This
problem is particulerly critical in the case of nuclear reactor power plants,
and further investigations along these lines should e made.

In the orderly development of a subject, such as earthquake engineering,
analysis and experiment snould go hand in pand. However, it seems that now
analysis is outdistancing experiment. Theoretical analysis and digital com—-
puter analysis are coping with the vibrational behavior of structures far
beyond anything that has been done experimentally. To keep a proper balance,
there must be much more experimental work, especizlly on real buildings.
There is a great need for more measurements of real structures during earth-—
quakes. Such experimentzl studies tend to be relatively costly as compared
to tueoretical analyses, but we must remember that the problems we are
studying are of great economic significance. The recent Alzska, Niigata and
Skopje eartihquakes are each estimated to have caused one billion dollars of
damage, despite these not being large cities. The three~billion dollar loss
represented by these three earthquakes would more than justify extensive
experimental studies and, greatly increased research in earthquake engineering,
It is hoped that at the Fourth World Conference there will be many papers
reporting on these aspects of the response to earthquake ground motion.




