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SUMMARY

This paper first presents the comparison between the time—domain correc-
tion method suggested in the Standard Data Processing of Accelerograms devel-
oped at the California Institute of Technology (CalTech) about a decade ago,
and its frequency domain equivalents. The Equivalent Method uses the fre—
quency response functions obtained digitally from the CalTech routine. A new
and computationally more efficlent procedure called the Stanford Accelerogram
Correction Procedure (SACP) 1s presented. Finally, this paper presents an
experimental verification of the SACP. Two different motions were simulated
on the shake table and recorded simultaneously with a standard accelerograph
and a high-precision displacement laser interferometer. The integrated
displacements from the two corrected accelerograms were compared with the
recorded displacements. Both results showed good agreement.

INTRODUCTION

It is well known that strong-motion data constitute the foundation of
earthquake engineering studies and the most complete descriptlion of earthquake
ground motion 1s given by the accelerogram which expresses the full time his-
tory of the ground acceleration. Therefore, it 1s essential that the accele-
rogram be accurately processed and analyzed to remove the unwanted distortions
introduced in it.

Although new and sophistiacted digital records are becoming more and more
in use, the analog on black and white photographic film will remain the main
gource of earthquake data for a long time to come. The film on which it is
developed, enlarged, and digitized to be ready for computer processing. This
digitalized form of the earthquake record is distorted by errors that have
been Incorporated during all the steps from recording to digitizing. These
alterations must be removed from the data in order to retrieve the true ground
motion. There 18 a number of data-processing methods that have been suggested
to correct and filter the uncorrected data. The Standard Data Processing of
Accelerograms developed at CalTech is by far the most popular in the US and
other countries. In the procedure, the data are low—pass filtered using an
Ormsby (Ref. 1) filter, instrument-corrected with the standard second differ—
ential equation approach, and baseline-corrected by high—pass filtering. The
velocity and displacement are then computed from the corrected acceleration
using the trapezoidal method. The filtering i1s achieved in time~domain by
means of a direct convolution. The complete CalTech correction procedure is
lengthy and intricate.
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In the SACP method, a fast convolution technique is implemented with the
use of an Fast Fourler Transform (FFT) algorithm to perform a band~pass digi-
tal filtering. The corrected velocity and displacement are obtalned through
another filter derived directly from the previous one. There are many advan-
tages in using this method. It is simple, fast, theoretically exact, and
provides in the course of its processes the Fourier amplitude spectrs of the
corrected acceleration, veloclity, and displacement.

CALTECH ACCELEROGRAM CORRECTION PROCEDURE

The processing necessary to correct accelerograms includes the correc-
tions for instrumental response and true baseline. Preliminary smoothing 1s
carried out first. Then, a low-pass filtering was used. The low-pass fllter~
ing using an Ormsby filter can be expressed by the discrete coavolution sum:

N-1
y(n) = x(n) * h(a) = ]  h(k) * x(o - k) (1)

k=1

where x(n) 1s the equispaced sequence of the time history to be flltered,
y(n) is the filtered version of x(un), and
h(n) is the sequence of the filter weights of the Ormsby ilmpulse
response function.

The instrument correction 1s performed using the standard second~order
differential equation governing oscillator motion. The baseline correction
removes from the accelerogram all Fouriler components with perfcds larger than
the upper period limit. The standard upper limit for hand-digital records has
a cut—off perfod of 14 sec, and a roll-off termination of 20 sec.

EQUIVALENT CALTECH PROCEDURE
The introduction of the FFT algorithm has rendered the high-speed convo-
lution a much faster operation than the direct convolution. The direct gonvo-
lution of two discrete-sequence x(n) and h{(n) was defined in Eq. 1. This

operation 18 equivalent in the transformed domsin to the multiplication of the
Discrete Fourier Transforms (DFT) of the two signals

x(n) * h(n) > X(£) « H(f) (2)

There are actually three steps involved in using the DFT to perform the
fast convolution:

1. The DFT of the two signals are computed using an FPT algorithm

N-1 _ N-1
X(E) = T x(n)e 2winf/N’ H(E) = | h(n)e 2alnf /N (3)
n=0 =0
2. The transform of the signals are multiplied together st all frequency
points
Y(£) = X(£) « H(E) (4)
3.

T?ehinverse transform of the product is computed, using again FPT algo~
rithm
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1 N-1
y(a) =& 1 V(e
f=0

27inf/N (5)

The direct discrete convolution of Eq. 1 has been replaced by Egs. 3, 4, and 5.
Because of the computing efficiency of the FFT algorithm, these four equations
define in fact a "short-cut by the long way around.” Evaluation of the N sam—
ples of the direct convolution result y(n) by Eq. 1 requires a computation
time proportional to N2, The computation of FFT is proportional to N log, N;
computatlion time of Eqs. 3 and 5 is then proportional to 3N logy N and compu-
tation time of Eq. 4 13 proportional to N.

The frequency response function plays a key role in this Equivalent
CalTech procedure. Three different impulse input signals were used to calcu-

late the frequency response functions. The amplitude of these functions are
calculated as follows:

Amplitude of DFT of Imp. Resp. Funct.
Amplitude of DFT of Input Impulse

The results of these calculations are identical for the three different
inputs. The amplitudes of the three functions are plotted in Fig. 1.

Amplitude of Freq. Resp. Funct. =

COMPARISON OF BESULTS USING CALTECH PROGRAM AND EQUIVALENT CALTECH PROGRAM

A FORTRAN program has been written to compute the corrected acceleration,
velocity, and displacement using the frequency response function of the
CalTech program. Four accelerogram records from the Imperial Valley earth-
quake of Oct. 15, 1979, have been chosen to compute thelr corrected versions
from the CalTech program and the Equivalent CalTech program. Only the result
of the processing of the first accelerogram is plotted in Fig. 2. Table 1l
indicates the peak values and the time of their occurrence for the accelera-
tion, velocity, and displacement, as well as the CPU time required for the
computer processing on a DEC-20 system.The last column of this table shows the
values of the relative dilscrepancies between the maximum values from both
methods. This relative value 1s given by

X _ |Max. CalTech - Max. Equiv. CalTech] 6)
X

Max. CalTech]

The instrumental characteristics were assumed equal to 14.92 Hz for the natu-
ral frequency and 0.58 of critical for the damping.

The results are very close to each other, except at the extremities of
the records. The slight discrepancy is due to the end effects that result
from the use of the FFT algorithm to transform non-periodic signals. The
average saving of CPU time resulting from use of the Equivalent CalTech pro-
gram 1s on the average equal to 27%.

THE STANFORD ACCELEROGRAM CORRECTION PROCEDURE (SACP)

In the previous section it was shown that the fast convolution 1s a more
efficient tool for digital filtering of strong-motion data than the direct
convolution. The frequency response functions used in the Equivalent CalTech
Method were obtained numerically. In this section, the same concept of high-
speed convolution will be incorporated in a new and efficient accelerogram
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correction program that will be referred to as the Stanford Accelerograuw
Correction Procedure (SACP). The theoretical frequency response function will
be used so that the filtering will be more rational.

Acceleration Frequency Response Function

Using the tool of dynamic theory and Discrete Fouriler Transform, the true
ground acceleration can be derived in terms of xr(t), time history of relative
displacement recorded in an earthquake, i.e.,

N-1

- N-1 Lo 1 ~2mikq/Ny 1 27iks/N
Xpo(8) = -MF.e (5 T x_(qe )]e (M
tg kZO [ k (N =0 r
with
) wi 2 ZY"’ch 21/2 - Zka/p
ey = P[(L =) + () ] . e mten 8
P P 1~ w/p

The operation to get x.,(s) via Eq. 7 is equivalent to a digital filtering via
a fast convolution. 1Ifs filter has an amplitude -DHFk and a phase ¢ K" The
amplitude DMF, should be band-limited because of the various gources of nolse.
The value of the roll-off and cut-off frequencies suggested in the CalTech
data-processing program are malntained. The transition bands of the filter
are tappered with a half cosine wavelength on each side. Figure 3 shows the
construction of the amplitude of this band-pass filter.

So far, the ilnput data to be corrected were regarded as relative dis-
placement. However, in practice, it is calibrated as #n acceleration. In
other words, the digital value corresponds to x_ instead of x.. This neans
thit all the values of the relative diaplacem%nt have been multiplied by
~P“. Hence, in order fgr Eq. 7 to apply for the calibrated acceleration, DMF
should be divided by -p“. Finally, the amplitude of the band-pass filter that
converts the acceleration raw data into the true ground acceleration is:

-DMF DMF
k "
DMF, T &)
-p P

The phase remains the same, i.e., in complex notation this filter can be
written as

1¢
By, = DMBy e K k= 0,1,... N1 (10)
The substitution of Eq. 10 into Eq. 7 ylelds
N-1 N-1
. 1 . -
2 q‘

For an instrument having a natural frequency of 14.92 Hz and S8% of
critical damping, the amplitude and phase of the corresponding band-pass
filtered are plotted in Fig. 4a.

}Velocigy Frequency Response Function

If F(w) 1s the Fourler transform of f£(t), then F(w)/iw is the Fourler

transform of the integral of f(t) from 0 to t. This implies that the Fourier
transform of the true ground velocity is:
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1 - ~271kq/N
e (F qZO xg(a)e” TR /1w (12)

ghe c;rresponding filter that generates the true ground velocity from the raw
ata is

is
Hyp = Hy/iw, = DMFye 2K (13)
With
The true ground velocity is then
N-1 1
. - 1 - ~21ikq/Nyy 2wiks/N
*eg(®) k-g By (5 qzo xg(a)e e (1)

The Zzplitude and phase of the corresponding band-pass filtered are plotted in
Fig.4b.

Displacement Frequency Response Function

The band-pass filter Hy, that retrieves the true ground displacement from
the raw data can be obtained in a similar manner as Hop» 1.e.

Logy

Hyy = sz/iwk = DMFq e (16)

with
DMFy, = ~DMF)/Wh , b3y = by an

The amplitude and phase of the corresponding band-pass filtered are plotted in
Fig. 4c.

Comparigon of Results Using the CalTech Program and the Stanford Program

The four earthquakes studied in the previous section are again processed
using the Stanford Method. The results are compared with those already ob—
tained with the CalTech Method. Only the plot of the result of example 1 is
shown in Fig. 5. Table 2 indicates the peak values and the CPU time taken to
process each file on a DEC~20 system. The results show that for examples 1,
2, and 4, the two methods agree with less than 4% relative discrepancy. Exam-—
ple 3 shows a difference of about 10% in the PGA. Also, the time of occur-
rence of the peaks do not coincide. The reason for such a large difference is
explained by the large frequency response function in the Stanford Method (see
Fig. 6), which corresponds exactly to the theoretical curve.

EXPERIMENTAL VERIFICATION

The objective of this experiment was to evaluate the accuracy with which
the integrated displacement is obtained from the uncorrected accelerogram by
comparing it with the measured displacement of the table. Unlike the test
done by Trifunac and Lee (Ref. 2), where the displacement was measured with a
laser beam interferometer with an accuracy of 107> inm.

Two signals were used as inputs:
@ The lowest frequency sine wave which could be stimulated without
drift and other mechanical problems such as sticking, friction, etc.
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The frequency generated was 0.5 Hz. The duration of the test wag
48 sec.
@ A random noise with a frequency band of 0.3-15 Hz lasting 18 sec.

The accelerograms of the two tests were digitized and processed with the
CalTech and the Stanford procedures. The results (see Figs. 7, 8) show that
the accuracy of the integrated displacement was excellent for the first tegt.
The second test shows a reasonable discrepancy in the amplitude and a good
concordance in the wave form.

CONCLUSIONS

The goal of this paper was to develop a computer program, SACP, that uses
the fast convolution technique as a means to correct and fillter the uncor-
rected digital data obtained from an accelerogram.

The currently used data—processing procedure developed at CalTech, was
transformed into an equivalent form that implemented an FFT algorithm. From
the four accelerograms that were processed. The Equivalent CalTech Procedure
gives 27% saving in CPU time. The new procedure called the Stanford Accelero-
gram Correction Procedure (SACP) proves to be even more advantageous than the
Equivalent CalTech Method, since it resulted in a savings of 374 of CPU time
over the CalTech Method. Finally, two different inputs were simulated on the
shake table. 1In these tests, the displacement of the table was measured with
a laser beam interferometer, while the acceleration was recorded on a standard
accelerogaph. The synthetic displacement obtained by double integration of
the corrected accelerogams were compared with the measured displacements.
Both results showed good agreement. In the meantime, it was discovered that
the accuracy of the corrected displacement 1s very sensitive to the lower cut-
off frequency. Further work on the lower corner frequencies should be studied
to improve the current data-processing method as well as the SCAP.
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Example #1.
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Figure 5.

Example #1.




01SPLACENENT 1CAT

PISPLACERENT (LR

-2

hIIIIIyNCY l:,:) R »

gl of

Figure 6.

nERLURED DISPLRCENENT

AMAAAAAL

JUTUVTIIN

CORRECTED DISFLACENENT WiTH FILTER 8.17.0.19-26.27 W2
e CRUTECH 00 ¥ DRO

e g 1AM

ramesar w1 VI wmpiesviesss sws talMey wiNr Wb

ving tsech
Figure 7.
iveg. C) 4 3 ki 1 Braspin § i
-206.33 | ~243,99§ -204,47 | 31900 |y, 5 ¥
LR
2.9 s [V 111 ] Tiea | A i
200,60 | 206.72] 2d.aaleannebt |y, | B
E
(R .08 [} [XTRETNE
e §
PR EENTR 7T SR NTE 2 X ey i" -8
s
Plii
6.0 600l sga| 15| g | @ gg
16751 S10AT| m1BpE] A0,00 | ey, § ?%
(8" s.00] inge | sbe | Vi)l

A5 BA) ASLLLTA

LTI TR RNTUR RS M1 Y

cm3 WY Svamsoryuete Sz sws *inemseh Wy daimeyst 7O

200,071 263,33] 203,62 | ~3iuib | gy, E

e sl ee] Ll g ? i
[YRTY EEETWTI TR ") BTN E % §
6] syl ] s neld %%
SHL68 | -10.E8] ~MLOB ) ADBY | g, g. %
[R R TNt RTS BT RTY R § %

narat] noeaa| nos.ae] awnaal sonm ]

o boioer §ooes |00 | Aseeter.

006 on | oo | ooy | vesan el
2008 Q23 004 020 Siapiac,

110

-y

Cove A e T aeems wh KB FReEet A Ojbeeras w1 SE weiyrseteie mwl TEReRs erws Tt

DIRLRCENENT s

FIFT X g2 { siNic1]
©

=14

Cxpwce ot

AERGURLD DIgrLRCEntM]

oaRfL It o
2y e M IREH,

.1 ,L.__Wmm‘, R —

g gy

TN LI LR ETR] ER TN
t:!'m_:“ LYEN U204 28287 Nt

e )

it 18g80

Fipure 8.

Wreg, . > 3 [ hienrbn §
TR g R O e L R T
SN
L5 341 &A% F AR ] Y i
LSRR VN LR N T EETRYS RS
[N sl wirl R0 Y ; N
M
PR IS B NYZ AR I X TR f g
" 06 LX) 133] Do | & }!
ETTEN RET RV ST M QR i H a
(%Y o] ] ae) neld
QENTR RTINS FUTR TR TS Y pavet) ]
neas | o dr | mesal s | e é
(2] (X H g} .05 Ve
g
ERTE T RN T BT R - i‘
-1
[ BN AR ISYIR T ;
LRV QUK TP W R T i 5
13
(8] (RTS8 IRTETE BAFYY 1 T i'
LG R ETIR PR Y N P
o b | e | e | sesian
woh 1w | oer | 06§ ovesensr 1218
wie | oa NN BN TR e

Table

2.





