ENERGY CONSUMPTION BY STRUCTURES IN STRONG-MOTION EARTHQUAKES

by
G. V. Berg" and S. S. Thomaides**

SYNOPSIS

The effect of energy dissipation upon structural response to earthquake
is considered. A spectral study of the energy relations for an elasto-plas-
tic system responding to strong ground motion, made by high-speed digital
computer, is described. The results indicate that ylelding does not increase
the total energy input to the system, and that maximum drift may not be ad-
versely affected by ylelding as long as the yield level is maintained above
a reasonable threshold.

INTRODUCTION

'Engineers have long recognized that energy dissipation is a key factor
in explaining the observed behavior of structures in strong-motion earth-
quakes. The earthquake feeds energy into the structure; and to survive, the
structure must, without undue damage, consume 2ll the energy imparted to it.
Part of the energy is stored temporarily in the structure as strain energy
and kinetic energy. Ultimstely all the energy must be dissipated by inter-
nal friction and inelastic deformstlon in both the structural and nonstruc-
‘tural elements.

Linear response spectra show that 1f structures responded elastically
to strong-motion earthquakes, they would, even though heavily demped, be re-
quired to withstand forces far above those stipulated In seismic building
codes.! The reason they are able to survive is that both the main frawe and
the nonstructural components remain active when strained far beyond thelr
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lastic limits, continue to offer resistance to motion, and thus consume the
rergy of the earthquake.

If a structure were capable of storing gs strain energy the maximum en-
rgy input from an earthquake, it would certainly survive regardless of its
issipative properties. On the other hand 1if & structure were able to dis-
ipate energy ss fast as the earthquake delivered 1t, without showing severe
amage , it would survive regardless of its strain-energy capacity. Neither
f these conditions 1s reassonable as a basis for aseismic design; indeed, the
stter is impossible to achieve. Instead, a reasonable balance must be sought
¢ that the strsin-energy capacity and dissipative capacity, working together,
an accommodate the energy delivered by the earthquake.

Taking this view of the problem, one can immediately make an observation
Jbout present bullding codes; and the slgnificant observation is not what is
resent in the codes but what is lacking. The strain-energy capacity appears
1 the codes in the form of seilsmic coefficients, but the dissipative chaxr-
wheristlcs of the structure are not reflected at all. One cannot say that
mergy dissipation 1ls ignored completely, for it appears tacitly in the form
f reduced seismic coefficients. But many exlsting codes place the same
itrain-energy requirements on the structure whether it is damped to one per-
rent or thirty percent of critical damping. Also, the ductllity of the struc-
wre 1s not secounted for. The danger of brittle fracture is circumvented by
letalled specificetlons, but existing codes give no reward for a large re-
serve of plastic strength and they levy no penalty for a lack of it. The tra-
ittional building of s decade or two ago, with its steel frame and masonry walls
and partitions, had a fairly large energy-sbsorblng capacity. In contemporary
srchitecture, light-weight metal panels and glass are more the rule than the
exception. It 1 qulte apparent that structures of today may differ widely 1n
their dissipative properties, and it seems only loglcal that seismic codes
should somehow take this into account. The question how best to do so may not
be completely answerable in the present state of the art.

If one adheres to the assumption that energy is dissipated only by vis-
cous damping, one can use response spectrum techniques™’ < to appraise the ef -
fect of damping upon the response of the structure. For other than linear
viscous damped systems, the effects of damping and energy disslipation are more
dirficult to assess., If only the velocity terms in the equations of motion
are nonlinear, one can sometimes bring an equivalent viscous damping into the
picture.-””’ However, an eguivalent viscous damping 1s not very megﬁingful
when significant nonlinearities are present in the restoring terms.

There does appear to be good reason to give attentlon to systems which
are strongly nonlinear. A real structure subjected to an earthquake strong
enough to challenge its integrity significantly will respond quite differently
fyom the ideal linear oscillator. In the early part of the response, the non-
structural elements may provide the dominant part of the restoring force. As
the amplitude increases, the nonstructural components yleld or crack, throwing
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to the main frame the burden of providing the restoring forces. 8t111, the
noustructural components continue to resist motion and dissipate energy, sct-
ting perhaps somewhat in the nature of Coulomb frictional Fforces, Finally,
if the amplitude gets great enough, even the main frame yields and drews on
its reserve plastic strength.

ENERGY STUDIES

Energy relations provide & common basis for appraising the dynamic re-
sponse of systems of wldely differing nonlinear characteristies. To explore
some of the basic questions concerning energy components for structures re-
sponding to earthquskes, a research project was initiated at The University
of Michigan about a year ago under the sponsorship of the U, S. National Sci-
ence Foundation. The objective of the research was te study the energy re-
lations for elastic and elasto-plastic systems sublected to earthquake forces
to learn how the energy components are influenced by variations in the strue-
tural parameters. The elasto-plastic system was chosen for study because of
its simplicity. To avold an excess of detall, the studles were restricted to
an ideal single-degree-of-freedom elasto-plastic system with velocity damping,
as shown in Fig. 1. The same system also serves as the linear viscous damped
system when the yleld strength is set high enough. The problem lends itself
well to s spectral type of analysis using a high-speed digital computer.

J The restoring element in the system of Fig. 1 is an elasto-plastic spring
obeying the relatious
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Q = 0 if o] = @ end Q
in which Q is the spring force,
Q,y 1s the yileld strength of the spring, and
k 1s the spring counstant in the elastic range.

These are the usual elasto-plastic relations, with hysteresis, as shown in Fig.
2. The equetion of motion for the system is

mE+§)+ex+Q = O

in which ¢ is a viscous damping coefficient, and the ground acceleration y is
a known function of time. To reduce this to & unit mass basis, let

q=Q/m )
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ay = Qy/m = yield level

. k

w == = undamped natural frequency in the elastic range, and
g = z:—;; = fraction of critical damping in the elastic range.

The equation of motion then becomes
X+ 2mx+q = -J(t)

where

.

q = O if lq] = and gx > O

q = ofx if faf < gy or qgx < O

The yileld level Uy is the lateral acceleration which would just bring the re-
storing force to the yleld strength.

The force per unit mass exerted on the structure by the foundation is
~ {g + 28wk), and the rate at which energy is being delivered to the system is

E = - (q + 2Bwx) ¥y

The force per unit mass exerted on the damper is 2fwx, and the rate at which en-
ergy ls being dissipated by the damper is

L = 2pax®

The kinetic energy per unit mass is

(x + #)®

=]
]
-

The energy of deformation may be resolved into elastlc strain energy, which is
recovered when the system returns to the equilibrium position, and energy dis-
sipated in plastic deformation. The recoverable strain energy per unit mass is

2
v aF
and the rate of energy dissipation in plastic deformation is

D = gx 4f |q end gx > O

qy

(w ]
I

0 1f o] < gy or gx < O
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The equation of motion and the equatlions for E and L were rewritten for
computer solution as the following system of first-order differential equa-
tions:

z = Y(t) (z = ground velocity)

v = - [}(t) +q + 2&»{] (v = system velocity relative to ground)
X = v

B = - (q+ 2fwv) z

L = 280V

6

The equatlons were solved by = Runge-Kutte third-order procedure.

The plastic energy dissipastion, D, and the restoring force, g, were ob-
tained directly from difference relgtions rather than through differential
equations. The reason is that both § and ) are discontinuous whenever the sys-
tem enters the plastic range. In a difference formulation the discontinuities
cause no difficulty. Let x,, q,, and D, denote the values of x, q, and D at
the beginning of a small interval of time; let Xn+1s n+l? and Dn+l be the
values at the end of the interval; and let Ax, Ag, and AD be the changes during
the interval. Assuming that X does not change sign during the interval, the
equations for é and D lead to the following relations:

2 ‘ =
If (g, + 0®x) > q, , then aqpyy = gy
. A
S ma D= gy (Ax - a—)—g)
or Ir (qn + U)an) < - Q.y s then qn-f—l = - qy
_ £

and AD = qm,lu(AX - 0)2>
or If |q +ofax|< iy then g ., = g, + ofax

and AD = 0

The assumption of monotonic X during the interval requires the interval to
be small compared with the natural period of the system. This is required
“in ahy event, to insure accuracy in the numerical solution of the differ-

ential equations, so the use of a difference formulation for Aq end AD im-
poses no additional restrictions.

In solving the system of equations, the computer evaluates all the

variables at smasll intervals of time and records the maximum magnitude of
each variable.
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DIGITAL ACCELEROGRAMS

The input functions F¥(t) consisted of punched card accelerograms7 of the
two horizontal components of four strong-motion earthguakes:

El Centro, California December 30, 193k
El Centro, California May 18, 1940
Olympia, Washington April 13, 1949
Taft, California July 21, 1952

The functions y(%t) were plecewise linear approximetions of the sccelerograms.
RBecause a strong-motion accelerogram is very nearly a broken line disgram,
especially during the strongest part of the ground motion, the error in the
piecewise linear approximation is probably not large compared with the error
in the accelerogram itself. The time-acceleration coordinates of the inter-
section points of successive line seégmeunts were put on punched cards. An
arbitrary zero axis was chosen for the accelerogram, and the coordinates wexre
scaled from the record using an arbitrary scale of measurement. The result-
ing data were then processed by machine to introduce appropriate scale factors
for time and acceleration. The initisl ground velocity, initial ground dis-
placement, and the adjusted location of the zero axis were chosen to minimize
the mean square displacement; i.e., to make

_[yzdt

a minimum, where y is the ground displacement found by integration, and L is
the length of the punched card accelerogram. '

This method of preparing the input data turned out to be qulte satisfac-
tory. A punched card accelerogram is compact, consisting of about 100 to 150
cards, each containing the coordinates of four points. Identification numbers
and sequence numbers on the cards were checked by the machine during the cdmpu—
tation to guarantee that no cards were missing or out of sequence.

RESULTS

The first computational phase of the project was the evaluation of linear
response spectra. This was conslidered to be essential because It provided a
basis for comparing the digitally computed dasta with previously published re-
sults obtained by electrical analog techniques.® The digital response spectra
compared quite favorably with the analog spectra, differences being on the
order of ten or fifteen percent. Also, the ground-velocity and ground-displace —
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ment curves obtained by integrating the punched card accelerograms were found
to be in ressonable agreement with previously published results. This con-
firmed that the digital accelerograms are reasonably faithful representations
- of the records from which they were taken.

Elasto-plastic analyses have thus far been made for only the N-S compo-
nent of the El Centro, California, earthquake of May 18, 1940, and the N69°W
component of the Taft, Californla, earthquake of July 21, 1952. Analyses of
other components are planned, but have not yet been accomplished. The most
significant results are the energy 1nput curves and the maximum displacement
curves shown in the figures.

Figures 3 and U4 show spectral plots of energy input per unit mess versus
period for damplng ranging from zero to twenty percent of critical and for
yield levels ranging from fully elastic (infinite yield level) down to one per-
cent of gravity.

The following observations are pertinent:

The elastic undamped energy curve is a very Jjagged curve for which small
changes in period may be accompanied by large changes in total energy input.
The presence of dissipative forces in the system, either in the form of vis-
cous damping or inelastic deformstion, has a marked smoothing effect on the
energy curves,

In the elastic case an increase in the fraction of critical damping does
not cause any decided change in the average value of the energy curve. How-
ever, at low values of yield level an increase in damping is accompanied by an
increase in total energy input.

On the average a decrease in yield level is accompanied by a decrease in
total energy input at all levels of damping. An exception to this occurs at
the low end of the period scale. In this region, for periods of about 0.4
second or less, the energy curves drop off as the period approaches zero; and
the curves for high yield level drop more rapidly than the curves for the low

yield level.

Figures 5 and 6 show maximum displacement plotted against natural period
for various fractions of critical damping and various yleld levels. The sig-
nificant observation here 1s that a decrease in yield level is not accompanied
by an increase in maximum displacement untlil the yield level gets below .06g.
Even with the yield level as low as .03g, the maximum displacement is not se-
verely affected. However, when the yleld level drops to \Oig, there is a
marked increase in the maximum displacement.
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ACCURACY

In this, as in any problem involving the response of a nonlinear dynamic
system, one might justifiably question whether inaccuracles have crept into
the analysis to destroy the validity of the results, or whether the problem
is so 1ll-conditioned that small differences in the input data might become
greatly magnified to produce large differences in the respouse.

The errors involved in the digital computation are small. Preliminary
checks, using elementary input functions for which exact results were known,
disclosed accuracy to four or more significant decimasl digits. Each time an
earthquake analysis was run, the energy balance, i.e., the difference between
the energy input and the sum of the energy components, was recorded at the
end of the solution. The balance should, of course, be zero. Its deviation
from zero served as a check on the errors generated in the solution. It was
found to be possible to shrink this energy balance nearly 4o zero simply by
decreasing the size of the time interval used in the numerical integration
process. This is not altogether desirable because it increases the time re-
quired to obtain the solution. For the most part the computations were con-
trolled to keep this energy balance below five percent of the maximum enexrgy
input. In one or two cases 1t ran as high as seven percent, which was con~-
sidered to be well within the range of tolerable error.

Concerning the second point, the nonlinearities of the elasto-plastic
system could conceivably cause some magnification of the input errors. If
this megnification were extreme, it would destroy the worth of the results.
Intuitively, one feels that the nearly random nature of the input would pre-
clude any extreme magnification. As a rough check, several solutions were
run twice, first, using the accelerogram without modification, and then using
the accelerogram with all acceleration readings magnified ten percent. This
magnification in acceleration would cause a 21% increase in the energy input
to a linear system. For the elasto-plastic system the increase in energy
input ranged from 17% to 22%. As a second check, several cases were run
with the accelerogram modified so that the odd-numbered ordinates were in-
creased .Olg and the even-numbered ordinates were decreased .0lg. The effect
of this was to superimpose & smaell noise on the earthquake signal. The
change in output caused by this disturbance was almost immeasurably small.

In view of these results, it seems that the problem ls not ill-conditioned.

CONCLUSIONS

It would be presumptuous to draw any broad concluslons or design recom-
mendations from the dats presented in this paper. The elasto-plastic analy-
ses were made for only two earthquake components. The authors will hazard

688



Enexgy Consumpticn by Stwuciures

the opinion that other comporents will produce results agreeing with these in
the over-all picture, although differing in the details. But this is yet un-
confirmed. Also, one must remewber thst the ideel elasto-plastic system,
while it is a convenient mathematical model and a sitep closer to realiiy than
the linear viscous-damped system, still does not describe the behavior of a
real structure very aceurately.

Despite these limitations, the results suggest the possibility of employ-
ing a design procedure that would take into account both the elastic and in-
elastic properties of a siructure. This is essentially the same as a method
first proposed by Housner8 and the foregoing results lend strength to Hous-
ner's views. The design philosophy is that a structure should be able to
withstand an earthqueke of mederate intensity with no more than superficial
damage, and should also be sable to survive a very intense earthquake without
catastrophic damage. This dual objective can be attained by requiring that
the structure remain in the elastic range In its response to a moderate earth-
quake, and alsc that it be able to consume the energy of a very intense earth-
quake by calling on its reserve strength beyond the yield deformation.

For either the moderate or intense earthquake, the amount of energy input
involved can be estimated by spectrum technigues., Because yielding tends to
reduce. the total energy input to the system, one can get a conservative estim-
ate of the energy input from linear response spectrum curves or through the
use of spectrum intensity concepts, rather than resorting to the more complex
elasto-plastic analyses described above. Linear response spectrum curves and
spectrum intensities have been published for most of the strong-motion earth-
quakes of record. s

A simple structure might be designed as follows:

1. BSelect veloclty-response-spectrum values S,y to represent the moderate
earthquake, and Syg tc represent the strong earthquake. Because the S, curves
tend to be essentially horizontal lines, the natural period of the structure
would not be critical,

2. Design the structure elastically o withstand the moderate earth-
quake without exceeding the design stress, i.e., so that

1 V =2
L > X3
where

w = effective weight of structure,

Svm = velocity-response—spectrum value for moderate earthquake, taken
at a fraction of critical damping sppropriste to the type of
structure,

Qa = restoring force at design stress, and

Xd = lateral displacement at design stress.
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3. To avold excessive drift in the strong earthuake, impose the re-
gquirement that

Qy > o5

whexre

Qy = the restoring force at yield stress.

L. Check the design plastically for the intense earthquake, according
to the criterion

1 W 2
Qy Xy + 2 Q@ Xg =2 Eg Svs
where
Sys = the velocity response spectrum value for the strong earthquake,

taken at the same fraction of critical damping as for Syms; and
Xy = permissible total yleld displacement. '

The procedure as stated here could be applied only to simple structures
that have essentially one degree of freedom. Even so, there are gquestions
that caell for further study. The parameter Xy, for example, is the permissible
total yleld dilsplacement, 1.e., the sum of the mesgnitudes of all displacements
in the plastic range, in both directions. Yield could ordinarily be expected
to occur in both directions. Present knowledge of structural msterials is for
the most part restricted to one-directional losding and unlosding, or to os-
cillatory loading at low stresses. Relatively few tests have been carried far
beyond the yleld displacement, and almost none has explored reversed loading
cycles after exceeding the yield displacement. Attempts to assign numerical
values to Xy would necessarily involye the use of unproved assumptlons.

The extension of these design concepts to multi-story structures is an-
other topilc for further investigation. On the basis of preliminary studies,
the authors belleve that the energy-input curves for elasto-plastic multi-
story structures wlll fall below the corresponding curves for elastic struc-
tures, much the same ss in the slngle-degree-of-freedom systems. It then
appears that a similar dual-purpose design might be appropriate for this case
as well. The elastic portion of the design could be executed for a multi-'
story structure with no difficulty, but the limit design portion is less clear.
One cannot readily predict where inelastic deformation will occur. It might
occur in many locations in the structure, or it might be concentrated at one
or two locations. In exceptional circumstances it might even be desirable to
control the location of yielding by purposely buildlng a weak link in the
structure—a structural fuse, so to spesk. But this appears to have little
merit as a general practice.
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Much additional research needs to be done before these concepts can be

applied effectively to multi-story or complex structures. The analyses pre-
sented h=.<In are only a short step down a long road.
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Fig. 1. Elasto-plastic system.
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Fig., 3. Energy input spectrum (N-S component, El Centro, California,
earthquake of May 18, 1940).
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Fig. 4. Energy input spectrum (N69°W component, Taft, California,
earthquake of July 21, 1952).
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DISCUSSION

T, Kobori, Kyoto University, Japan:

1.

This report is based on the hysteretic energy dissipation-
with linear viscous damping. Why did you adopt higher value of
fraction of critical damping in the elastic range up to 0.10?
Because I think that the linear damping is one of the equivalent
to the nonlinear (bilinear) damping.

Why did you use linear velogcity spectrum Svs for the check
of structural design in plastic domain?

Berg:

The higher values of viscous damping were included in the
studies for completeness, even though they may be unrealistic in
an actual physical system. The same might be said for the very
low values of yield level.

With regard to the "equivalent viscous damping" for an
elasto-plastic system, one must have either & periodic response
or small nonlinearity to get a meaningful equivalence. For
transient response involving large nonlinearities no reasonable
equivalence can be established.

This has been discussed by Professor Jacobsen in reference 4.

The linear response spectrum Sv was suggested because it is
readily available for most strong-motion earthquakes of record.
See reference 1. ‘

Inelastic deformation tends to reduce the total emergy input, so
the use of the linear response spectrum should give a conserva-
tive design.
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ELASTIC RESPONSE OF MULTI-STORY SHEAR BEAM TYPE
STRUCTURES SUBJECTED TO STRONG GROUND MOTION

R. L. Jennings¥* and N. M. Newmark*
1. ABSTRACT

The elastic response of a multiple degree of freedom system vibre-
ting as a base excited shear-beam is enalyzed by superposition of normal
modes. Absolute viscous damping is included in the theoretical treat-
ment, both for modal analysis and for direct numerical integration of
the governing equetions of motion. The two methods of analysis are used
to compute the undamped response of three multi-story structures to 12
recorded earthquekes. The results of the two methods are compsred and
conclusions drawn about the use of modal analysis to compute the maxi-
mum response of structures to time-varying ground displacements.

2. INTRODUCTION

The total effect of an earthqueke on a structure with an infinite
number of degrees of freedom is complex. To obtain a useful solution
it is necessary to make simplifying assumptions sbout the structure
end the energy input to the structure.

If the ground motion is essentially horizontel, and the structure
is of rigid frame construction it is not unreasonable to treat the
system as a compound oscillstor with rigid masses connected by shear
springs. With these assumptions the response of the structure can be
analyzed mathemstically.

Other authors have mede modal analyses of undamped structures
treating them as cantilever rods vibrating either in flexurels2, or in
shear. The question as to whether the structure will vibrate in shear,
flexure or a combination of both 1s not easy to predict, although some
relative measurement of this is determined by the rigidity of the
structured.

It is the intent of this paper to develop the modal anelysis of
damped structures vitrating in shear modes only. Absolute viscous
damping is considered. The modal analysis of a two degree of freedom
shear beam with intermass (relative) damping has been developed inde-
pendently of this 1mrest1gation.‘sL The results are generally of the
same ngture as those presented herein.

Wniversity of Illinois, Urbans, Illinois
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