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Abstract. Optimum data processing techniques for strong-motion earth-
quake accelerograph records from existing field instruments are investi-
gated. It is shown that digitization errors of typical photographic records
can account for variations in Fourier spectrum values of 4-8%, and that
baseline corrections and initial condition uncertainties ordinarily introduce
average variations not exceeding 5% into response calculations. The s1gn1—
ficance to be attached to integrated velocity and displacement curves is
discussed. A new method of response spectrum computation is compared
with other methods from the standpoint of time required for various levels
of accuracy.

Introduction. Most of the existing knowledge of the nature of the motion of
the ground during destructive earthquakes is provided by strong-motion
accelerographs (1,2, 3, 4)(11). Because of the limited number of such in-
struments presently installed and likely to be available for some time in
the future, it is of the utmost importance to derive the maximurn amount
of information from the relatively small number of strong-motion accel-
erograms that have been obtained in the past and that will be slowly accu-
mulating in the years to come.

The first strong-motion-accelerogram was obtained during the
1933 Long Beach earthquake in California, and since that time about 100
records have been obtained by the U.S. Coast and Geodetic Survey of earth-
quakes of a destructive or potentially destructive size. Several dozen of
the most important of these records have been studied in considerable de-
tail and have been used as input functions for structural response studies,
response spectrum computations, ground velocity and displacement inves-
tigations, etc. The full potential of this basic data, however, has not yet
been exploited, for several reasons. First, it has not yet been feasible to
make detailed analyses of all of the records, and there-are a number of
good accelerograms of relatively large ground motions which have not yet
been closely examined. Secondly, the methods of analysis have evolved
slowly over the years, and there has been a considerable variation in the
techniques of data handling which has made it difficult to make direct com-
parisons between the results of different investigations.

With the above situation in mind, the California Institute of
Technology, in cooperation with the Seismological Field Survey of the
U. S. Coast and Geodetic Survey, has embarked upon a program aimed at
the preparation of past strong-motion earthquake data in a form which will
make uniform processing techniques possible to all investigators for ‘
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comparative studies. It is hoped that the data processing methods being

developed for this purpoge will also make it possible to keep the analysis
of strong-motion accelerograms up-to-date as new records come in from
the rapidly expanding network of strong-motion accelerographs.

The USCGS Styong-Motion Accelerograph Network. As of March, 1968,
the Pacific Coast network of the U.S. Coast and Geodetic Survey consisted
of about 90 USCGS accelerographs (''Montana' type), 115 type AR 240
Teledyne accelerographs, 7MO 2 New Zealand type, and 12 AR250
Teledyne accelerographs (6). In addition to these instruments, there are
a dozen or so modified USCGS accelerographs located in other countries,
and about 50 AR 240 Teledyne accelerographs, mainly in Canada, Central
America, and in the Mexican network of some 30 accelerographs.

The USCGS accelerograph and the AR 240 produce paper photo-
graphic records of a size suitable for direct digitization. The paper speed
of the USCGS instrument is 1-cm/sec, and of the AR240 2cm/sec. The
instruments have sensitivities in the range 5.0 to 7.5mm per 0.l g. Since
the existing U.S. network consists almost entirely of these two types
which produce very similar records, the data processing discussion of the
present paper will be confined entirely to this particular type of record.

In 1968, the AR 240 was superseded by the RFT 250 which records on

70 mm perforated film with a corresponding reduction of sensitivity. With
the additional step of a photographic enlarger-2znt of the 70 mm film record
before digitizing, the data processing problems will be similar, so that
. the general conclusions as to digitization accuracy, etc., will also apply
to the new RFT 250.

Within the next year an increasing use can be made of the new
Teledyne RMT 280 accelerograph which records on a standard four-
channel 1/4in, magnetic tape cartridge. This will present new data pro-
cessing problems, which will differ from past techniques because of the
possibility of direct automatic equal-time interval digitization by an elec-
tronic analog-to-digital converter, which should significantly modify cer-
tain digital computational methods. Studies of such tape handling prob-
lems are now under way, and suitable data processing equipment will be
available by the time the RMT 280 tape accelerograph is installed in the
field in significant numbers.

Even though the tape-recording accelerographs of the near future
are sure to permit greatly improved data handling and computational pro-
cedures, it is clear that the existing photographic recording devices will
continue to operate in the field for many years to come. There is thus not
only a major data processing problem involved in the treatment of past
accelerograph records, but many of the accelerograms of the future are
certain to be of the photographic type. It is for these reasons that the em-
phasis of the present paper on such photographic records is justified.

Criteria of Effectiveness and Accuracy. The number of strong-motion
accelerographs will for a long time be small compared to the number
needed to adequately monitor the seismic regions of the earth. This
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means that the chances of having one of a limited number of instruments
sufficiently near the epicenter of a destructive earthquake so that a signi-
ficant ground motion record will be obtained are not very high. It is thus
imperative that the maximum field reliability be attained. To miss an im-
portant record because of an instrument malfunction is so distressing that
every effort must be made to ensuré the correct operation of an instru-
ment which may have remained essentially inactive for many years. Field
relaibility has thus always properly been placed ahead of ease of data pro-
cessing and even of data'accuracy. :

In the thirty-five years since the first accelerograph was installed
by the U.S. Coast and Geodetic Survey, the record of field reliability has
been outstanding. There has been no important earthquake in California
since that time for which there has not been at least one good ground accel-
eration record. The culmination of this experience was attained during
the Borrego Mountain, California, earthquake of April 9, 1968, which
triggered some 120 strong-motion accelerographs in southern California
with only one instrument malfunction (7).

The accuracy of the ground acceleration measurement should be
judged on the basis of the use to which the measurement is to be put. It is
important to keep in mind that the main objective of measuring ground ac-
. celerations during destructive earthquakes in the past has been to provide
input data for the calculation of structural response. The accuracy of the
ground acceleration measurement should thus be evaluated in terms of the
.accuracy of the response calculations which can be made from it. It is for
this reason that most past studies of instrument accuracy have been hased
on the degree of reproducibility of response spectrum curves (8). These
response spectrum curves involve the same basic type of response calcu-
lations that enter into the calculation of dynamic response of all kinds, and
can thus logically form a systematic basis for an evaluation of the overall
"effective'' accuracy of the input ground motion for the purpose at hand.

Although the original motivation and the most important applica-
tion of the strong-motion accelerograph is to determine the time varia-
tions of ground acceleration from which structural response can be deter-
mined, there are secondary reasons for wishing to integrate ground
accelerations to obtain ground velocities and displacements. It is well-
known that the ground displacement curves as obtained from the ground
acceleration by double integration may be subject to considerable error at
long periods because of the limits of accuracy of baseline location (9, 10,
11). Since accurate calculations of structural response from ground dis-~
placements cannot be made in any event, this particular limitation of the
basic data is not a critical one. It willbe shown that valid ground velocity
and displacement information can be derived over a wide frequency range,
and the nature of the frequency limits on such data will be established.

Digitizing Procedures. The original accelerograms in the form of devel-
oped photographic traces on the recording paper are photographically
copied on a full size contact film negatives which form the basic archival
records. Special photographic copying materials of a high dimensional
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ability are used to reduce film distortion to a negligible lew‘al. Direct
lm positive contact prints are then made on a frosted-base film (crono-
ex) which can then be placed directly on the illuminated table of the
.gitizing machine. This translucent lithographic film Prowdee ex.ce.l%ent
ontrast and even illumination which facilitates the setting of the digitiz-
1g machine cross-hair on the acceléerogram trace. By efcl?erimentqti'OF
ith the time of exposure and development of the film positive, an opti-
wm balance between thickness of record line and trace blackness can be
chieved. Records from the USCGS accelerograph and from the AR 240
an usually be directly digitized at the recorded scale without photo-
raphic enlargement. Smaller records from AR 250 or MO 2 accelero-
raphs would usually be photographically enlarged to a suitable scale in
he process of making the film positive.

The digitizing process itself is carried out on a Benson-Lehner
199D Datareducer unit. This device consists of a mechanical cross-head
ind cross-hair system which can be manually set to successive x-y coor-
linates on the record trace. By means of a magnetic readout head these
¢-y coordinates are converted to digital position signals Hy an electronic
:ounter, and are stored in a 6-digit accumulator system from which they
can be autornatically read out to an electric typewriter or to a card punch.

The resolution of this system is such that one digital count corre-
sponds to a least time interval of 0.0033 sec. Since one does not ordinar-~
ily try to read earthquake records to less than 0.010 sec, the resolution
capabilities of the digitizing machine leaves a comfortable margin.

The back-illuminated glass light table on the digitizer unit will
accommodate records up to 16 in. in width and 24 in. long. Since most of
the records obtained on the USCGS accelerographs were recorded at
lcm/sec, this means that about 60 sec of record length can be accommo-
dated without changing the position of the record on the digitizer table,
and about 30 sec for the AR 240 accelerograph. It is of course important
to avoid if possible any change in position of the record since this will
introduce further inaccuracies into the baseline corrections.

Digitizing Reproducibility. To give an idea of the overall reproducibility
of the digitizing process, a number of repeated readings of the same
earthquake record were made by the same person, and by various per-
sons- For this purpose a typical earthquake accelerogram was selected
which was of good record trace quality. Since the ultimate aim of the pro-
cess is the calculation of structural responses, the reproducibility of the
digitizing process is logically studied by a direct comparison of Fourier
<pectrum curves calculated from the independently digitized data.

In Fig. 1 are shown earthquake Fourier spectrum curves obtained
from three independent digitizations by the same operator, and in Fig. 2
are shown similar curves obtained by three different operators. As would
be expected, it is evident that there are larger variations between the dif-
ferent operators than between the repeat runs for the same operator. In
Fig. 3 are compared the curves obtained by averaging the Fourier spectra
for three independent runs for each of the three operators. These



average values from different operators show smaller differences than
the repeated runs of one operator. It should be mentioned that the three
operators collaborated to the extent of mutual discussions of such digitiz-
ing techniques as setting the cross-hair on the record trace, etc. Fig. 2
probably represents about the best that can be expected in practice in
response reproducibility as limited by the basic record digitizing process,
In investigations involving large amounts of data, it usually cannot be
expected that all of the record digitization would be done by one person,

It is apparent that for certain comparative studies, however, it would be
well to have at least a uniform program of instruction and training for the
digitizer operators, and that some periodic check of the reproducibility
of the process should be a routine part of the data processing operations,

The accelerograms for the above studies were all digitized on an
unequal time basis. The coordinates of all points where changes of slope
were judged to occur were picked, and as many intermediate points were
spotted as were felt necessary for an accurate definition of the function.
The various operators differed slightly in their judgement as to the num-~
ber of points required for the digitization of the same record, the average
number of points per second over the whole length of the record for the
three operators being 30, 39, and 34, with a minimum spacing of 0.0l sec.

Baseline Corrections. The accelerogram obtained from the standard
accelerographs contains an undeflected line for each component which is
produced by a mirror attached rigidly to the frame of the instrument. In
addition, the position of the light beam at zero acceleration is usually evi-
dent at the beginning and end of the record. In principle, therefore, the
baseline of zero acceleration is unambiguously indicated, even in the pre-
sence of film warping or of erratic motions through the transport mecha-
nism. To measure from the indicated baseline on the record, however,
involves an additional digitization process with its attendant errors, and it
has been found preferable in practice to measure the acceleration trace
from an arbitrarily established straight line baseline inherent to the plot-
ting machine, which is then adjusted by a computational technique,

‘ It can be shown that the particular baseline correction technique
used is not a critical matter so far as the calculation of response spectra
or structural response are concerned (12). When double integration of the
accelerogram to obtain ground displacements is to be carried out, how-
ever, more care must be given to the methods used, since the displace-
ment results may be significantly altered for some parts of the frequency
spectrum (11,13, 14). Although the main objective of the data processing
techniques herein described is the calculation of structural responses, it
is thought desirable to introduce the type of baseline correction whigh will
have the most meaningful interpretation for displacement calculations. In
this way the maximum amount of information as to ground displacements
will be preserved without any adverse effects on the accuracy of the re-
sponse spectrum calculations.

A considerable effort has been made in the past to understand the

details of the baseline correction problem, and a full discussion would
give an undue importance to the subject in the present context (5, 11,12,
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13, 14, 15,16, 17, 19). It is of importance, however, to indicate the pro-
cedures that are recommended for routine data processing.

In placing the earthquake accelerogram on the reading table of the
digitizer machine, an attempt is made to align the straight line zero axis
of the machine with the zero axis of the accelerogram as inferred from
the fixed mirror traces and the general appearance of the record. Keep-
ing in mind that an acceleration step of the order of magnitude of the width
of the record trace will result in a significant shift in the calculated dis-
placement, it will be evident that a visual alignment alone will not likely
produce an optimum result. In fact, the straight line of the digitizer
machine axis will inevitably make a small angle with the true baseline and
will be translated slightly from it.

Accordingly, the simplest correction technique is to place the
machine axis arbitrarily, and then to determine computationally the posi-
tion of the best straight line adjustment to satisfy some optimization con-
dition. Among various possible optimization conditions, the one which has
seemed most suitable is to make the mean square value of the ground ve-
locity a2 minimum. This is justified mainly by the feeling that most earth-
quake ground motions of significant time duration correspond to ground
velocities which oscillate approximately symmetrically about a zero axis
and approach zero velocity at the end of the earthquake. A similar condi-
tion could not of course be applied to the ground displacement since perma-
nent ground displacements at the end of-the earthquake could well occur.

It should be kept in mind, however, that the imposition of the mean square
ground velocity minimization does not correspond to any physical require-
ment, but simply provides a reasonable technique by means of which all
investigators can at least produce similar results.

In the above remarks it has been assumed that the shape of the
acceleration correction baseline is to be a straight line, since this corre-
sponds to the physical process of placing the record on the digitizing
machine. However, it could well happen that the displacement of the
record on the digitizing machine is not the only type of error involved in
the whole process. For example, a distortion of the paper record because
of some action in the accelerograph transport mechanism, or because of
the photographic developing process which involves wetting and drying the
paper might introduce additional difficulties. With this in mind, it has
commonly been supposed that the acceleration correction baseline has the
shape of a second degree parabola (10,11, 13). The practical effect of this
parabolic acceleration baseline combined with a mean square ground veloc-
ity minimization is to cause the ground displacement curve to be more
closely confined to the vicinity of the zero axis; i.e., longer periods of
motion of the order of twice the record length tend to be suppressed from
the displacement picture,

It would appear that the major practical decision involved in base-
line corrections is whether to pick a straight line or a parabola for the
acceleration correction axis. The straight line has the advantage of a
more direct physical justification and a minimum introduction of extra-
neous information into the resgult. The disadvantage is that the long



period components which are left in the ground displacement are of doubt-
ful accuracy, and hence might be misleading. The dlsadvantage of the
parabohc correction is that the 1ong period motions which are suppressed
may in fact be present.

To illustrate some effects of the above baseline correction tech-
niques, Figs. 4 through 8 have been prepared. Inall casesthemeansquare
velocity minimization has been used, and the same original digitized ac-~
celerograms have been employed. Fig. 4 shows a typical response spec~
trum curve as calculated using a straight line compared with a parabolic
acceleration baseline. A similar calculation for a 30 sec record length
results in identical response spectrum curves that cannot be distinguished
at the scale of the diagram. This and similar computations confirm pre-
vious studies that although a baseline correction of some sort is neces-
sary the exact details are not of importance for response calculations.

Fig. 5 compares ground displacement curves computed with
straight line and parabolic corrections for a typical short duration earth-
quake. The differences would not be considered significant. Figs. 6,7
and 8 compare the ground displacement curves for a longer duration
earthquake calculated for three different record lengths using straight
line and parabolic corrections. It is evident that for the short record of
Fig. 6 and the relatively long record of Fig. 8 there are no significant dif-
ferences between the two correction curves. Fig. 7, however, indicates
clearly that the longer period components of the motion are suppressed

“from the displacement curve for records of intermediate length. Although
these conclusions are directly related to a particular earthquake record,
the situation is believed to be a representative one.

As can be judged from Fig. 7, the presence of long period com-
ponents in the ground displacement can markedly alter the appearance
of the curve. These long period components are of course very much
longer than the periods ordinarily of significance for structural response
studies. The decision in past data-processing operations, therefore, has
been to suppress such long period components by using the parabolic base-
line correction. It is believed that this is also a sound procedure for
future data processing, except for research studies for which the longer
period content of the ground motion may be of some special significance.
For such special studies, no simple type of basgeline correction could be
expected to be satisfactory, and a more elaborate type of frequency fil-
tering analysis would be essential.

The results of the above studies of the baseline correction prob-
lem can be summarized in the following conclusions: (1) The "standard"
baseline correction to be applied in a routine way to accelerograms at the
Earthquake Engineering Research Laboratory of the California Institute of
Technology is a parabolic acceleration baseline fixed on the basis of a
mean square ground velocity minimization. (2)It is essential to indicate
on all ground velocity and displacement curves the type of baseline correc-
tion used, and the accelerogram record length involved. (3)Uncorrected
digitized accelerogram data measured from an arbitrary straight line
should always be available for special investigations. No matter what



aseline correction is ultimately used, there will be an obvious advantage
or many investigations if all groups can start with the same u.ncorrf:cted
igitized accelerogram data. (4) Accurate photographic copies of original
.ccelerograms should always be used for special studies for which the
ixed mirror traces may offer a chance for additional information on base-
ine location. (5) Although the ground displacement curves plotted from
ntegrated accelerograms may look different superficially depending on
he details of the data processing used, it is clear that the errors in such
lisplacement curves are not necessarily large except at relatively long
seriods. For periods of the order of the record length or longer, it can-
10t be expected that accurate ground displacements can be calculated by
routine procedures. For shorter periods, the ground displacements are
.e68 sensitive to the data processing details, and the magnitudes of the
calculated ground displacements should have significance. It is thus evi-
dent that the question of the accuracy of ground displacement calculations
becomes one of determining the period range over which an acceptable
level of accuracy can be attained. Significant accuracy will depend upon
the use to which the ground displacement data are to be put. It is recom-
mended that in discussions of the accuracy of ground displacements as
calculated {rom accelerograph records an indication be given of the pur-
pose for which the ground displacements are being determined, and that
an estimate be made of the accuracy which would be expected to have an

engineering significance.

Length of Record. A decision involving considerable individual judgement
which must be made before record digitization is the selection of the por-
tion of the record to be used for analysis. The selection of both the initial
point and the final point of the record may influence response and ground
motion calculations in a significant way, and thus these points represent
additional variable factors which should be accounted for.

Since the accelerograph is triggered by the earthquake itself, and
requires about 0.1 sec to come to full recording capability after the initi-
ation of the starting cycle, the very first onset of motion is inevitably lost.
An inspection of past records indicates that little significant data has been
lost in past earthquakes because of this starting delay, since the large
motions are usually preceded by a number of cycles of gradually increas-
ing motion which trigger the accelerograph. There has been, however,
considerable thought applied to the problem of supplying the accelerograph
with a short memory, so that the complete record will be obtained (1, 3).
This could in principle be accomplished by a tape loop, with the starting
device serving the function of stopping recording after one loop length to
avoid erasing the tape. There seems to be a definite limit on the record-
ing time which is feasible with such tape loops because of the build-up of
deposits from the tape on the tape head, and this factor might well compli-
cate the field servicing and maintenance problem. Although several such
tape memory systems have been developed in the laboratory, none has so
far seen service use (18). An alternmative approach is to interconnect
accelerographs located several miles apart so that whichever instrument
triggers first will simultaneously trigger neighboring accelerographs. In
this way the time delays inherent in wave propagation times would serve
to give the initial motions on some instryments. Commercial equipment



is available to make such interconnections either by radioc link or by a
leased telephomne line, ‘

To investigate the effects of record length, several computational
experiments were carried out. In Fig. 9 is shown an accelerogram from
the Parkfield Earthquake of June 27, 1966 (20). Three different initial
points are identified as points O, A, and B, and three final points as C,
D, and 20 sec. The effects of various initial points can be judged from the
Fourier spectrum curves of Fig. 10. The three curves start at different
points and end at the same point. Although this results in slightly differ-
ent record lengths, this is evidently a secondary effect for the present
investigation. In Fig. 10 it will be seen that the scatter in the three
curves is in general less than that caused by digitizing errors as shown
in Fig. 2, and hence it appears that in this case the selection of the exact
starting point has a negligible effect on the Fourier spectrum curves.

In Fig. 11 are shown Fourier spectrum curves for various end
points. All records started at point A. Here the effect of including a
longer portion of the record which contains longer period components is
clearly shown.

Additional indications of the effect of record length may be seen in
Fig. 7, which shows the effect of record length on the double-integrated
displacement curves. Here it is again clear that long period components
may be altered in a significant way by changes in the record length.  For
complete clarity, recommended practice would be to reproduce the origi-
nal accelerogram to scale with marks indicating the beginning and end of
the record as used for analysis purposes.

Digital Computation of Response Spectra. One common method of numer-
ical integration which has been used for earthquake response spectira .5
the Runge~Kutta scheme of integration in one of several versinn . This
method is well adapted to digital computer operations and has the advan-
tage for earthquake inputs that unequal time intervals can easily be intro-
duced (21, 22).

As an alternative solution method, the response spectrum calcnla-
tions can be made using an exact solution of the system equation or motion
for each time interval step. Since this direct method has a cciovating
time advantage in some cases, it is the method which is currentlv heing
used at the California Institute of T'echnology. The particular numerical
. methods selected will, of course, depend upon the experiencs »f *“2 pro-
grammer and the special features of the available computing facilities.

A Direct Integration Scheme. For the direct method, the digitized points
of the accelerograph record are assumed to be connected by siraight line
segments, so that for each time interval step the exciting function is
linear. The solution to the equation of the single degree c¢i fraed-m
damped oscillator which defines the response spectrum can then be writ-
ten in a convenient matrix form (22). This exact solution will involve two
matrices of rank two whose elermnents are known functions »f svstem fre-
quency and damping, and of the digitizing time interval At,. If At; is
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constant, the matrices need to be calculated only once for each spectrum
point calculation.

If unequal time intervals are used, new values of the matrices
would in principle need to be calculated at each step of the integration.
However, by rounding off the time coordinates of the record into a small
number of discrete segments of standard length, the number of matrices
which need to be calculated can be reduced to only a few which can be
computed at the beginning of the operation and called out when needed.

The final step in the calculation of the response spectrum is a
monitoring of response parameters to locate maximum values. Since the
response i8 found at discrete points only, and the true maximum may
occur between two points, there is a small discretization error such as
is inherent in all numerical procedures. This response discretization
error will depend upon the ratio of the time interval of integration to the
period of the oscillator (AT/T). Under the most pessimistic assumption
that the actual maximum falls midway between two points, it follows that
the discretization error is less than 4.9% for AT/T=<1/10, 1.2% for
AT <1/20, and 0.3% for AT/T<1/40. Unlike the Runge-Kutta methods,
the direct method does not involve a truncation error, and therefore the
choice of AT(<At;) for a given T is governed only by an acceptable bound
on the discretization error.

Equal and Unequal Time Digitizations. Record digitization at equal time
intervals offers an advantage in computer programming which may be
more than offset for typical earthquake records by the small time inter-
vals which may be required for adequate definition of portions of the
record which may result in a large number of total points. With acceler-
ograms of average to good quality it is feasible to use a digitizing interval
as small as 0.0l sec, although this is usually a smaller interval than is
needed over the whole record. For efficient processing of magnetic tape
records by electronic analog to digital converters it will of course be
necessary to use equal time intervals.

When digital conversion is made automatically at equal time inter-
vals as by an electronic analog to digital converter, it is necessary to be
aware of the possibility of aliasing errors (25). Such errors are a conse-
quence of the fact that two points on a sinusoidal wave one-half period
apart do not define a unique sinusoid, but might equally well be sample
points on a higher frequency sinusoid having a multiple period. If the
sample time interval is T, then information at frequencies higher than the
Nyquist frequency 1/2T cannot be recovered from the data, and if it exists
may introduce inaccuracies into the lower frequency data. For accelero-
gram digitization at 0. 0l sec, the Nyquist frequency would be 50 cycles
per second, considerably higher than is usually of structural interest in
earthquake response. In fact, most modern strong-motion accelerograph
transducers would have so much response attenuation above 50 cycles per
second that low frequency distortion because of aliasing would be
negligible.
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It should be noted that a digitized visual analog trace contains in
general more information than the digital points themselves. On the
basis of the appearance of the analog trace between the digitized points it
is ascertained that the assumption of a straight line between the points is
a reasonable one. With this assumption, the possibility of data distortion
below the Nyquist frequency is in effect ruled out.

Comparison of Computing Methods. To indicate typical errors involved
in current computing techniques, a series of comparisons were made of
the exact solution of the differential equation as outlined above with the
Runge-Kutta method in the form used for the past few years at the
California Institute of Technology. This is a third order Runge-Kutta
scheme in the form developed by Heun (21,28). As a test case, an "arti-
ficial' earthquake was used which had a frequency content similar to that
of strong-motion earthquakes (23). Four intervals of integration were
used for the Runge-Kutta calculation: AT <T/10, T/20, T/40 and T/80 and
for the direct method two intervals of AT < T/10 and T/20. For equal time
digitization at 0. 025 sec, the direct method at AT <T/20 requires an aver-
age execution time of about 1 sec per spectrum point for a 30 sec record
length on an IBM 7090 computer.

These trial calculations suggest the following conclusions for equal
time digitization: (1) The Runge-Kutta integration requires AT <T/80 to
achieve an accuracy of three significant figures; (2) For accuracy of three
significant figures the direct method with AT <T/20 is three to four times
faster than the previously used Runge-Kutta method.

For unequal time digitization the direct method can easily be mod-
ified to preserve essentially the same computing advantage. If the inher-
ent limitations of the digitized record are recognized an approximate
method based on rounding off the time coordinates of the original record
to a predetermined accuracy reduces the number of matrices to be com-
puted to a point where the computing time is not significantly different
from equal time interval computing. In fact an overall advantage is
retained for unequal time digitization because a smaller number of points
can be used. With these modifications, the only difference between equal
time and unequal time computations is that the calculated interval matri-
ces must be available for 4 or 5 different values of AT rather than for just
one value. The number of matrices to be calculated will depend upon the
acceptable level of the error introduced by rounding the time coordinates,
which should be kept compatible with other errors in the method. For
example, this error should certainly be reduced below the errors involved
1n the original digitization of the record. :

The digitizing errors have been illustrated above in Figs. 1,2 and
3 on the basis of a comparison of Fourier spectrum curves. For the pre-
sent purpose an estimate of the digitization error is needed in terms of the
acceleration-time coordinates themselves. Repeated digitization tests
similar to those described above indicated that a round-off of the time
coordinate to 0.0l sec would be compatible with digitizing errors (22), To
provide a clear margin of safety against an undesirable accumulation of
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errors, it has been decided to use a round-off to 0.005 sec for routine cal-
culations. Using an analysis similar to that of Berg (1l4), it can be shown
that a round-off to 0.005 sec can be expected under typical conditions to
correspond to a percentage error in response spectra of less than 2%.

Trial calculations comparing the above direct method with round-
off for unequal time intervals with a third order Runge-Kutta method were
made. Round-off was carried to 0.005 sec, using a typical subdivision
scheme AT =0.04, 0,03, 0.02, 0.01l, 0.005sec, which requires the calcula-
tion of five sets of matrices for each spectrum point for a maximum inter-
val of integration of 0.04 sec. The comparison indicates that the direct
method retains its advantage in computing speed for the unequal time cal-
culations. It is therefore concluded that the direct method is suitable for
the routine calculation of earthquake response spectra, and that it has the
advantage of reduced computing time as compared with past procedures.
This is not to imply, however, that comparable developments of other
computing techniques are not to be expected, and continual improvements
in respect to reduced computing times may well be hoped for.

Calculation of Fourier Spectra. The basic digitization for the Fourier
spectrum curves of Figs. 1,2, and 3 was carried out on an unequal time
interval basis and the points were assumed to be connected by straight
linesg, Equal time intervals were then constructed by an interpolation
process. The 0.0l sec time interval was sufficiently small so that the
discretization error was negligible, as discussed above. After a direct
numerical integration of the defining integrals, the real and the imaginary
parts of the solution were combined to give the Fourier amplitude spectra
as plotted in the figures.

The Fourier amplitude spectra as plotted in Figs. 1, 2, and 3 have
been smoothed by the relationship:

£ ) = %-fi(w)+ % [fi_l(w)+fi+l(w)]

where the f;(W)'s are the calculated points and the fi*(w)'s are the plotted
smoothed points, This smoothing technique is the so-called ""Hanning"
type (25), and reduces the high frequency fluctuations in the spectra which
might tend to obscure more significant frequency content.

Fourier spectrum curves can also be computed by another proce-
dure which offers a considerable reduction of computing time in many
situations. The Cooley-Tukey method requires that the total time of the
record be divided up into (2M) equal parts, where N{\dis an integer, and the
resulting Fourier spectra points are evaluated at (2 "1) discrete frequen-
cies (26). These features may be disadvantageous if the equi-spaced fre-
quency points do not describe the spectrum in the desired way. However,
even though a larger number of data points and of calculated frequency '
points might be required, the remarkable speed with which the computing
procedures can be carried out using the Cooley-Tukey algorithm may give
the method a very significant advantage. It is this Cooley-Tukey technique
that is now being mainly used for general Fourier spectrum calculations
at the California Institute of Technology.
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Corrections for Accelerograph Dynamic Response. Most of the transducer
elements in current strong-motion earthquake accelerographs have natural
periods of about 15 cycles per sec and damping of approximately 60% cri-
tical. Ground accelerations in the frequency range of 0 to 12 cycles per
sec thus have little amplitude and phase distortion. If there should be a
significant signal content at frequenc1es higher than the 12 to 15 ¢ps range,
or if the damping in the transducer is significantly less than 60%, it may
be desirable to introduce a correction to account for the dynamic response
of the accelerograph element. If the instrument parameters are known,
the dynamic response corrections can be made using the equations of mo-
tion of the transducer element. One method, used in connection with the
above studies, involves an expansion of the recorded signal in a Fourier
series, with a suitable amplitude and phase correction applied to each
term. Such computations can easily be incorporated as an initial step in
the response spectrum calculations. Another method which accomplishes
esgentially the same result by a rather different approach has been devel-
oped, and examples of the magnitude of the correction terms for typical
response spectrum curves are available (27).

Conclusion. The accuracy of current recorded strong-motion acc¢elero-
grams 18 such that structural response calculations and ground motion
studies can be carried out at a very useful level of engineering signifi-
cance. Present day computing techniques are adequate for this purpose,
and with guitable indications of method details, a reasonable agreement
~should be attained between various groups engaged in such studies.
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assistance with the original accelerograms. The support of the Engmeer-
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GROUND DISPLACEMENT, INCHES

GROUND DISPLACEMENT, INCHES

PARKFIELD EARTHQUAKE, JUNE 966
GROUNO DiSPLACEMENT
STATION NO. 2 N&QE

Fig 5 BASEUNE CORRECTION COMPARISON

L TAFT EARTHOUBKE, JULY 1952
ST LNE~ R GROUND DISPLACEMENT
/ N2iE COMPONENT

Fig.7 BASELINE CORRECTION COMPARISONS-60 SEC. RECORD

GROUNG DISPLACEMENT, INCHES

OROUND DISPLACEMENT, INCHES

TAFY EARTHQUAKE, JAY 1982
SROUNG 07SPLACEMENT ©
N2IE COMPONENT

Fig. & BASEUINE CORRECTION COMPARISONS-~30 SEC. RECCRO

TAFT EARTHQUAKE, ALY9952
GROUND DISPLACEMENT
PARABOLA N2AE COMPONENT -

TIME, JECONDS

Fig. 8 BASELWE CORRECTION CQUFRISONS-8C SEC. RECORO
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GROUND ACCELERATION, g's

FOURIER AMPUTICE SPECTRUM WU/SEC

FOURIER AMPLITUDE SPECTRUM MW/SEC

PARKFIELD EARTHOUAKE, JUNE 1906

STATION NO. 5 N3W

o ’ Fig.9 INITIAL AND FINAL POINTS ON ACCELEROGRAM

PARKFIELD EARTHQUAKE, JUNE 368

ol CHOLANE SHANDON ARRAY
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