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FORWARD 
STRONG-MOTION STUDIES : THE DEVELOPMENT OF A CONCERTED 

RESEARCH PROGRAM FOR THE EUROPEAN ZONE 

Fver since the initiation of an extensive electronuclear pro
gram in France around 1974, the problem of seismic hazard analysis 
has drawn considerable attention on the part of safety authorities. 
Research addressed two major aspects: 

1) The revision of historical data and their compilation 
in the form of a reliable data file. 

2) The collection of strong motion data from various highly 
seismic areas of the world. 

As obviously no strong motion records existed for France, it 
was necessary to procure these elements from elsewhere. This is 
why engineers still make frequent use of California earthquake 
data (El Centro 1940, for instance). However, the validity of ap
plying these data in areas far distant from their source to the de
sign of critical installations such as nuclear power plants has not 
been accepted entirely unquestioningly by engineers and seismolo
gists, which prompted the undertaking of strong motion studies in 
the European countries. The major Friuli earthquake in May 1976, 
very widely recorded by the Italian Strong-Motion network, lent a 
particular impetus to this enterprise. The object was to strive, 
parallel to the data that were essentially from California and re
flected their own specific geodynamic environment, to instrument 
seismic areas in Europe in hopes of gathering more local informa
tion. 

Professor Ambraseys has played a pioneering role in this af
fair by systematically encouraging efforts on a national level. 
Subsequently, a joint Commissariat à l'Energie Atomique - Imperial 
College action was engaged in, beginning in 1980, the purpose of 
which was to assemble European strong motion data, to verify the 
data-processing methods in use, and to establish a coherent data 
file. J. Menu has taken a particularly active part in this pro
ject, in the course of which a preliminary data file was created 
and various aspects of data processing were investigated. Italian 
colleagues have been instrumental in the aiea of surveillance net
works and in the obtention of data in the near field. These de
velopments in strong-motion studies have led to fhe founding of 
a working group specifically devoted to that subject, of which the 
present workshop is an off-shoot. 

Naturally, in order to set up a European data bank, it was 
necessary to begin at the beginning * that is, to verify the data 



and the processing aethods through which they are made utilisable. 
A critical analysis of these procedures is the principal objective 
of this workshop. 

In the course of a second phase, a variety of aspects might 
come under consideration, among which we could mention: 

1) The variation of the parameters of motion in the near 
field, benefiting from recent developments in theoreti
cal seismology. 

2) The study of the influence of superficial layers upon 
ground motion and the investigation of constitutive 
laws. 

3) A critical analysis of the notion of effective accelera
tion used in certain countries in the design of nuclear 
power plants. 

4) The study of the prediction of seismic reference motion 
for European regions. 

In order to bring these research objectives to fruition, certain 
actions could already be taken, including the determination of the 
detailed geotechnical properties of the soil underlying existing 
seismological stations and the creation of additional seismic net
works. 

B. Mohammadioun 
Commissariat à 1'Energie Atomique 

Institut de Protection 
et de Sûreté Nucléaire 



METHOD USED IN CREATING A SYNTHETIC SEISMIC SIGNAL FOR 
THE PURPOSE OF TESTING "STRONG-MOTION" RECORD PROCESSING 

TECHNIQUES 

X. GOULÀ1 B. MOHAMMADIOUN1 

ABSTRACT 

The present paper is one contribution to a joint study program 
initiated by the French Commissariat à l'Energie Atomique, Imperial 
College of Science and Technology of London, and the Comitato Nazio-
nale per la Ricerca et per lo Sviluppo dell'Energia Nucleare e delle 
Energie Alternative, relative to the factors involved in the numeri
cal processing of accelerograms from strong earthquakes. A method 
is proposed for generating an analytic signal having characteristics 
similar to those of an actual ground displacement. From this signal, 
a simulated accelerogram is obtained analytically. Various numeri
cal processing techniques are to be tested using this signal: the 
ground displacements they yield will be compared with the original 
analytic signal. 

I. INTRODUCTION 

With the purpose of verifying the various steps entailed in pro
cessing photographic recordings from SMA-1 type instruments, a method 
is proposed for creating a signal representative of ground displace
ment that is capable of yielding, after successive derivations, both 
ground acceleration and a reasonable approximation of an SMA-1 record 
ing. 

Two basic criteria underlay the choice of such a method: 

1) The signal needed to be expressed in the simplest analytic 
form possible, so that a simulated instrumental recording 
might be had without introducing numerical artifacts; 

2) The signal's characteristics (both in time and in frequency) 
had to resemble as closely as possible those of an actual 
seismic event in view of the processing to be undertaken. 

II. GROUND DISPLACEMENT 

The steps involved in creating a time history representative 
of ground displacement can be listed as follows: 

Commissariat à l 'Energie Atomique, Institut de Protection et de 
Sûreté lluolêaire, B.P. n° 6, 92260 Fontenay-aux-Roses, France 



1) Choice of an acceleration tine history recorded during an 
earthquake; 

2) Obtention of complex Fourier coefficients by means of a 
computer code (FFT); 

3) Division of the resulting Fourier transform by -u)2 so as 
to arrive at Fourier coefficients for a displacement; 

4) Creation of a displacement time history through a Fourier 
series development using the coefficients thus obtained: 

d (t) » 1/ir £ D K cos (2irf, ict - <|L ) for 0 < t i To 

where fo * 1/To, D M and $ K are the modulus and phase of 
the Fourier transform for a frequency of < times fo, and 
N is the number of coefficients yielded by the FFT. 

The end-product signal is thus seen to be an analytic representation 
of ground displacement and a reasonably faithful approximation of an 
actual ground displacement time history. 

III. GROUND VELOCITY AND ACCELERATION 

The time histories representing ground velocity and acceleration 
are to be had by simple derivation of the function d (t): 

M 

v ( t ) • -1/TT ZL 2iTKf, DK sin (2nicf, t -$„ ) for 0 s t i To 

a ( t ) » -1/w Z[ (2ir<f, ) 2 DK cos ( 2ïï<f, t -<J>K). 

IV. SIMULATION OF AN SMA-1 TYPE INSTRUMENT RECORD 

An SMA-1 type instrument can be schematized as a simple damped 
oscillator: 

a (t) SMA-1 * x ( t ) 

-a ( t ) » x ( t ) + 2Çu, x ( t ) • U),2x ( t ) . 

The corresponding complex transfer function can be written: 

X(u) - [(u>2 -u>2) • i ( 20 ) ,^ ) ] ' ' 

where co, is the natural pulse and Ç, the damping fraction. The modu
lus and phase of the function will be: 

H (u) - [(a),2- to2)2 • ( 2Çw. oo)2]" 

* (w) • arc tan —2-2— , 
(i).2 - O J 2 



Since the input signal a (t) is expressed as a Fourier series, 
the output signal x ( t ) may likewise be expressed as a Fourier ser
ies the elementary coefficients of which will be the product of the 
complex coefficients of the signal a (t) and the frequency response; 
in other words, the modulus will be equal to the product of the mod
uli and the phase equal to the sum of the phases: 

x (t) « -l/irZI(2lTicf, ) 2 D W H K cos ( 2iticf, t -<|>»+ $ H) 

where (2iricf, ) 2 D*, - <f>„ are the input signal modulus and phase for 
the frequency <f, and H N, $ K are the modulus and phase of the instru
ment transfer function for the frequency <f 0. 

V.- EXAMPLE AND APPLICATION OF THE METHOD 

The recording chosen was the one obtained at Pacoima Dam for 
the Februaury 9, 1971 San Fernando earthquake. The signal is de
fined by 2100 values at 0.020 second intervals, for a total dura
tion of 42 seconds. The acceleration, velocity, and displacement 
time histories are shown in Figure 1. 

Two signals were selected for use in this application. The 
first, which we will call Signal 1, has 1536 points and a sampling 
rate of 0.020 seconds, hence a duration of 30.7 seconds, so as to 
avoid the addition of zeroes to the signal when applying the FFT 
computer program. The second, Signal 2, also has 1536 points, but 
this time supposing a sampling rate of 0.010 seconds (duration 15:3 
seconds), so as to extend the range of frequencies concerned : 

F (NYQ) » 1/(2 • 0.01) - 50 Hz. 

These two acceleration signals are depicted on Figure 2, to
gether with the corresponding Fourier transform moduli. The spec
trum of Signal 1 is defined between 0.0325 Hz. and 50 Hz.; that of 
Signal 2, between 0.065 and 50 Hz. Fourier ground displacement 
coefficients are computed by dividing the Fourier transform obtain
ed above by -u>2. 

Figure 3 presents the Fourier spectra moduli of the two dis
placement time histories, together with the signals calculated by 
means of the inverse Fourier transform program (to be compared with 
the displacement shown in Figure 1). 

The next step consists in creating an analytic displacement 
time history using a Fourier series: 

N 
d (t) - 1/7T £ D B cos ( 2TTKf,. t - <J>„) for 0 < t i To 

where N equals 769 for both signals. Respective values for fo and 
To are 0.0325 Hz. and 30.7 sec. for Signal 1 and 0.065 Fz. and 15.3 
sec. for Signal 2. The resulting signals can be seen on Figure 4. 
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DIGITIZATION COMPLEX FOR SEISMIC SIGNALS SET UP IN THE 
BUREAU D'EVALUATION DES RISQUES SISMIQUES POUR LA SURETE 

DES INSTALLATIONS NUCLEAIRES: EXAMPLE OF APPLICATIONS 

D. HAMAIDE1 G. MOHAMMADIOUN2 

ABSTRACT 

A high-performance digitization complex, custom-designed to 
stringent technical criteria by the CISI Pétrole Services, has re
cently been put into service at the Bureau d'Evaluation des Risques 
Sismiques pour la Sûreté des Installations Nucléaires. Specially 
tailored to cope with the problems raised by the sampling of Strong-
Motion photographic recordings, it offers considerable flexibility, 
due to its self-teaching conception, constant monitoring of the work 
ongoing, and numerous preprocessing options. In the example dealt 
with, it has been demonstrated that very precise results could be 
obtained, with a faithful reproduction of the original analog trace 
and a very dense sampling rate (2 ms), ensuring the full retrieval 
of the high-frequency content of the signal. 

I. INTRODUCTION 

The Bureau d'Evaluation des Risques Sismiques pour la Sûreté 
des Installations Nucléaires (BERSSIN), a branch of the Département 
d'Analyse de Sûreté of the French Commissariat à l'Energie Atomique, 
has been compiling, since 1978, a collection of recordings of strong 
ground motion from throughout the world, which is subject to regular 
updates whenever new elements become available. The wide applicabil
ity of such a collection in the fields of both fundamental and en
gineering seismology is patent and requires that the data base used 
be as extensive and varied as possible, making these regular modifi
cations mandatory. 

Considering the diversity in recording characteristics present
ed by these data, whether photographic or magnetic, and the necessi
ty of converting them into numerical form for computational purposes, 
an integrated set of equipment has been designed which satisfy the 
following criteria: 

1) High resolution and great precision in sampling; 

2) Accomodation of various types of data support; 

1 CISI Pétrole Services, SZ Avenue Gàbriel-Péri, 92S0Z Rueil-Malmai-
8on Cedex, France, 

2 Cormisaariat à l'Energie Atomique, Institut de Protection et de 
Sûreté Nucléaire, B.P. n°6, 92260 Fontenayaux-Roses, France. 
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3) Dependability in the acquisition of data; 
4) Flexibility and ease of use; 
5) Convenient data transfer towards a conventional computer. 

The development of this complex was undertaken in 1984 in con
junction with the "Exploration" service of CISI Pétrole Services. 

II. DESCRIPTION OF THE DIGITIZATION COMPLEX 

In its present form, the digitization center, depicted in Figure 
1, used for sampling seismic signals recorded photographically, con
sists of an instrument complex implemented by custom software, to be 
described in detail hereinafter. 

11.1. The Hardware 

The actual equipment comprises three heterogeneous units: 
1) An Altek precision coordinate digitizer with a 92 by 122 cm 

tablet, on which the data are acquired by means of a 16-key 
cursor equipped with a magnifying glass; it has a resolution 
of 0.02 mm and a precision of 0.1 mm. 

2) A Victor SI microcomputer, true nerve-center of the complex, 
which is used to pilot different routines, to effect prelim
inary computations, and to store the data acquired. Its 
main characteristics are: a) a 16-bit INTEL 8088 (5 MHz.) 
microprocessor, b) 256 KoRAM, c) mass storage consisting in 
a 10 Mo Winchester disk plus a 1.2 Mo. floppy disk, and d) a 
800 by 400 pixel graphic screen. 

3) A Gould ES1000 electrostatic recorder. 

In addition to the preceding, in order to implement the trans
fer of data to a large computer for further processing, the complex 
can be connected into the CISI net by telephone data link via a 2400* 
baud, bisynchronous modem. Figure 2 outlines the interconnection of 
these different elements. 

11.2. The Software 

The software custom-designed for the above contains two inde
pendent moduli, the first of which presides over the actual digiti
zation; the second commands different modes of preprocessing. 

The digitization modulus makes it possible to acquire the coor
dinates of a signal of any length, first in terms of an internal tab
let reference, then with respect to whatever reference the user may 
wish to select. A continuous and simultaneous monitoring of the qual 
ity of the sampling is guaranteed by a variety of facilities: 
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1) Display on the Victor SI screen of the points sampled, 
with enlargement or reduction possibilities; 

2) Possibility of back-tracking to any given point on the sig
nal, with automatic update both on the display and in the 
data storage file; 

3) Display of any selected window of the signal that has been 
sampled; 

4) Identification on the screen of whatever point of the graph 
the cursor is located on; 

5) On-screen edition and modification of the coordinates in 
the file, with subsequent updating of the display. 

This modulus allows signals to be digitized that are longer than 
the dimensions of the tablet without any complicated manipulations. 
With the features described above, it can readily be verified that 
the successive sections have indeed been reassembled with the de
sire t precision. 

A second modulus for preprocessing raw data files already stored 
permits the user to choose from among a number of different basic pre
processing options prior to the actual computer processing: 

1) Conversion of units of measure; 
2) Verification of the continuity of the points sampled; 
3) Conversion of the random-step sample to a constant time 

interval sample; 
4) On-screen edition and modification of the data file; 
5) Plot of the signal by means of the Gould ES1000 electro

static recorder; 
6) Transfer of the files onto the CISI network. 

Common to both moduli is a "menu"-type presentation of the op
tions available: general menus relative to different facilitites and 
types of processing, then secondary menus, specialized in supplying 
parameters to these latter, in addition, a particular menu can be 
called up at any moment that gives a rapid overview of the main points 
concerning the use of the different possibilities afforded by this 
software. Lastly, the user is kept informed at all times, through 
messages on the screen, of action to be taken in case he should com" 
mit an error of manipulation. Accordingly, this software can legit
imately be considered to be "self-teaching". 

III. PRECISION OF THE SAMPLE IN TERMS OF ACTUAL UNITS-OF MEASURE 

The precision attained in actual units of measure depends not 
only upon the precision of the coordinate digitizer, but also upon 
the reliability of the operator's manipulation when effecting his 
samples on the photographic record. 
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III.l. Precision of the Digitizer 
In the ensuing discussion, the following abbreviations will 

be adopted for the sake of brevity: 
AG : the enlargement factor between the actual film record 

and the photographic copy used in sampling; 
SENS : the sensitivity of the equipment in cm per g; 
P : the precision of the tablet, i.e. P * 0.1 mm. 

Furthermore, the symbol = will be used to signify a correspondance 
in the measurement of a given entity in two different systems of 
units. 

III.1.1. Precision on the Measurement of Time 
Inasmuch as one second's worth of real time is recorded on one 

centimeter of film, the following equivalence can be written: 
1000 ms = AG • 100 * P (in table millimeters) or 

P (table mm) = 10 ms / AG (1) 

III.1.2. Precision on the measurement of real amplitude 
As above, the following correspondance can be established be

tween an actual acceleration of lg and its equivalent on a photo
graphic copy: 

lg (real) * SENS • AG • 100 • P (table millimeters) 
or, in cm/sec 2 

o /•«. ui \ - 9.81 cm/sec' P (table mm) = S E W S . A G (2) 

Equations (1) and (2) give an indication of the maximum pre
cision that can be hoped for on the digitization complex described. 
Thus, for a 5-power standard enlargement, a target precision of 2 
ms in terms of time and of 1.96/SENS cm/sec2 in terms of accelera
tion can reasonably be retained. 

III.2. Precision of Manipulation in Sampling the Photographic 
Enlargement of the Signal 

The precisions expressed in equations (1) and (2) are intrin
sic to the technical characteristics of the material. But these 
are in turn conditioned by human error, mainly due to the diffi-



culties encountered in attempting to sample the exact middle of the 
analog signal. 

As this influence is still under study, we will for the moment 
adopt the conclusions drawn by Trifunac , suggesting that the size 
of the apparent sampling errors is of the same order as the resolu
tion of the digitizing system. 

IV. EXAMPLE OF AN APPLICATION 

As an example, the system described above was used to sample a 
seismic test signal, fac-simile of a photographic Strong-Motion SMA-1 
record (for it was reproduced on photographic film with a recording 
speed of one centimeter per second and made to resemble as nearly as 
possible an actual recording of that instrument). 

IV.1. Preparation of a Photographic Enlargement of the Signal 

In order to ensure the best possible quality of the sample 
by holding to a minimum the effects of manipulation errors, a pho
tographic copy of the signal, enlarged five times, was prepared. 
In this manner, it was possible to take in the entire 15.570 sec
onds of the signal on two standard 50 by 60 cm sheets, with a satis
factory overlap where the signal is pieced together. Thanks to the 
built-in features of the digitizing complex, the reassembly of the 
two successive sections of signal, sampled independently, was not a 
problem. These enlarged copies were printed in negative - white on 
a black background - so that the cursor's dark cross hairs would re
main easily visible within the widened trace of the signal. 

IV.2. Data Acquisition 

In the course of the actual manipulation, the cross hairs were 
positioned at all times so as to bisect the trace as nearly as pos
sible. This procedure is all the more delicate as the trace is, by 
definition, of quite variable width, depending upon the speed with 
which the galvanometer's light spot is brought to move. Wide and 
blotchy when the spot comes to rest an instant at the summit of a 
peak or when the motion has almost died out, it is thin, and some
times even fades away altogether, when strong levels of motion are 
recorded and frequencies are high (under the most unfavorable con
ditions, the trace width did not exceed 1 mm in our example). This 
factor must necessarily be taken into account in the course of the 
manipulation, respecting the rounded contour of the peaks and bring
ing out high-frequency "jags" that may be partially concealed with
in the width of the trace. 

1 M.D. Trifunac (1970). Low Frequency Digitization Errors and a New 
Method for Zero Baseline Corrections of Strong-Motion Accelerograms, 
Earthquake Engineering Research Laboratory Report No. 70-07, Cali
fornia Institute of Technology, Pasadena. 

2 M.D. Trifunac, P.F. tfdwadia and A.O. Brady (1971). High Frequency 
Errors and Instrument Corrections of Strong-Motion Accelerograms, 
Earth uake Engineering Research Laboratory Report No. 71-05, Cali
fornia Institute of Technology, Pasadena. 



IV.3. Quality and Precision Assessment 

Figure 3 shows the whole of the test signal that was sampled, 
wherein each dot represents a variable-step sample, the acquisition 
of which was triggered by the operator using one of the cursor keys. 
Much smaller than the photographic enlargement used (3.07 times smal
ler on the time axis, 1.21 times smaller on the amplitude one), it 
is nevertheless considerably larger than the original version of the 
signal (1.606 times larger in time, 4.080 times larger in amplitude). 

If the exact enlargement factor (AG * 4.927) and sensitivity 
(SENS - 1.95 ctn/g) are introduced, equations (1) and (2) yield the 
following precision values in actual units of measure: a) 2.03 ms 
in time and b) 1.02 cm/sec2 in amplitude. A verification of the 
continuity of the samples in time led to retaining 7193 of the 8067 
actually sampled - about 89%. This first preprocessing routine made 
it possible to compute a mean sampling rate of 2.16 ms, quite close 
to the maximum nominal precision of the complex. 

A short, grossly enlarged segment of the signal, shown en Figure 
4, enables the reader to judge the quality of the resulting digitiza
tion. On this figure are depicted, with a slight off-set, the raw 
samples (below) and the 2 ms constant sampling-rate version (above). 
The abscissa scale, enlarged 7.10 times with respect to the photo
graphic copy used, gives both the values in centimeters on the origi
nal film and those in seconds of recording duration. On the ordinate 
scale, multiplied by 2.64 with respect to the photographic enlarge
ment, film-centimeter values are indicated to the left of the graph, 
while their equivalent in tenths of g appear to the right. This fig
ure gives rise to the following observations: 

1) The points originally sampled show a satisfactory degree 
of uniformity (bearing in mind the fact that the trace 
here has been greatly enlarged). 

2) Enough points have been sampled to justify a constant sam
pling rate of 2 ms. 

* 
3) The final version of the signal, albeit a faithful render

ing of the original, has succeeded in doing away with many 
of the minor imperfections that could be noted on the raw 
digitization: slight angularities or irregular progression. 



Figure 1. Ceneral view of the digitization complex, showing (from left to right) the ***«* **«*'';•*' 
the telephone link, the Victor SI with keyboard and graphic screen, and the Could recorder. 
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Figure 2. Interconnection of the different hardware elements of the digitization complex. 
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A COMPARATIVE ANALYSIS OF PROCESSING TECHNIQUES FOR 
STRONG-MOTION RECORDS USING SYNTHETIC SIGNALS 

X. GOULA1 D. HAMAIDE2 

ABSTRACT 

A critical examination of several processing techniques ap
plicable to photographic recordings of SMA-1 type accelerometers 
is conducted. The basis for comparison was a set of two accele
rograms drawn from synthetic signals, the characteristics of which 
vere already well known. 

I. INTRODUCTION 

A majority of accelerograms obtained throughout the world con
sist in photographic (SMA-1) recordings. A multi-phase processing 
routine is required to arrive at the true ground motion in the form 
of acceleration, velocity, and displacement time histories and of 
their respective frequency spectra. 

The purpose of this exercise was to evaluate various processing 
techniques by comparing the end-product results derived from photo
graphic records with signals deemed truly representative of ground 
motion, that were obtained by analytic simulation. Two synthetic 
SMA-1 recordings, also simulated analytically, were proposed, cor
responding to an instrument with a 20 Hz. natural frequency, 60% of 
critical damping, and sensitivities of 8 cm/g for Signal 1"(SI) and 
of 1.95 cm/g for Signal 2 (S2) (Figure 1). 

Some aspects of processing will be gone into more deeply in the 
case of Signal 2, due to the availability of synthetic ground motions 
for it, which made comparisons possible. 

II. THE PROBLEMS ADDRESSED 

The following paragraphs will be dealing with the various stages 
through which one must pass in order to reconstitute the true ground 
motion. 

II.1. The True Ground Acceleration Time History 

Ground acceleration has actually undergone two transformations 

1 Commissariat à l'Energie Atomique, Institut de Protection et de 
Sûreté Nucléaire, B.P. n° 6, 92260 Fontenay-aux-Foees, France. 

2 CISI Pétrole Services, 53 Avenue Gabriel-Pêri, 92503 Rueil-Mal-
maison Cedex, France. 



before it appears as a digitized acceleration recording. First, 
it has been recorded by an instrument with given properties, and 
secondly, it has been sampled by means of a coordinate digitizer 
with concomitant back-up equipment. 

II.1.1. Instrument Response 

A fir--»: approximation of the response of an SMA-1 type instru
ment can be represented by the equation for a simple damped oscil
lator, written 

-a (t) - x (t) • 2Çû,x (t) + u),2x(t), (1) 

where u>o is the natural pulse, Ç is the fraction of damping, a(t) 
is ground acceleration, and x(t) is the displacement of a small os
cillating mass. What is actually recorded on the film is accord
ingly : 

a,(t) » K • x (t), 

where < represents the instrument's gain. Figure 2 shows its re
sponse versus time and versus frequency. 

For Signal 2, time histories for ground acceleration and for 
the synthetic recording are compared on Figure 3. A filtering ef
fect introduced by the instrument for frequencies higher than 20 
Hz. is particularly noticeable on the OX damping response spec
trum. It is thus demonstrated that if the true ground accelera
tion is sought, an instrument correction must be applied to the 
recorded motion. 

II.1.2. Digitization of the Recording 

The digitization of test signals SI end S2 was carried out by 
hand, using a coordinate digitizer and a system that provides for 
the storage of the coordinates of the points sampled by cursor, 
that the operator displaces from one end of the signal to the o-
ther (see contribution by D. Hamaide and G. Mohammadioun). The 
raw data thus obtained are subjected to a verification of contin
uity along the abscissa and are interpolated to a constant sam
pling rate. Three different sampling rates were selected (0.015, 
0.010, and 0.005 sec), so as to compare their influence. 

The position of the. true base-line on the photographic record
ing being unknown, it was necessary to attempt to situate it before 
proceeding further with the processing. From among the various cri
teria that might be brought to bear, it was decided to approximate 
the base-line by a straight line taking into account the average of 
all the points sampled, together with the difference in amplitude 
of the initial and final points 

Uncorrected accelerograms for signals SI and S2 are depicted on 
Figure 4; 're Ai> »ncy content can be seen through Fourier spectra and 
0% response spectra, encompassing the former. Both forms of spec-



tra have been currently used in the present paper, according to 
whichever afforded the more meaningful representation of the phe
nomenon to be illustrated. 

Table 1 gives, for both signals, the peak acceleration values 
obtained when each of the three sampling rates was applied. For 
SI, no difference whatsoever is to be observed. However, where S2, 
richer in high frequencies, is concerned, acceleration was cut by 
about 3Z with respect to the synthetic recording for a sampling 
rate of 0.005 sec, but by almost 10Z for the two larger sampling 
rates. 

A comparison of the spectra of the synthetic and the digitized 
recordings of S2 (Figure 5) shows noteworthy differences for fre
quencies lower than 0.2 Hz. and higher than 40 Hz., due to distur
bances caused by the digitization process, namely the base-line cor
rection, inducing low frequencies, and manual manipulations, gene
rating spurious high frequencies. 

In brief, four types of correction will be required when seek
ing to obtain true ground motion from a digitized accelerogram: 

1) A correction to compensate for the instrument's filtering 
effects above 20 Hz.; 

2) A filtering of abnormal high frequencies introduced in the 
course of the digitization; 

3) A base-line correction; 
4) A filtering of abnormal low frequencies due to base-line 

correction. 

II.2. The True Velocity and Displacement Time Histories 

Ground velocity and displacement are to be had by integrating 
the correction acceleration signal numerically. The presence of 
low frequencies creates significant disturbances on ttte velocity 
and even more significant ones on the displacement traces, owing 
to the double integration. It is accordingly of the utmost im
portance that this type of error be done away with. 

III. INSTRUMENT CORRECTION 

Processing methods can be divided into two types: time domain 
and frequency domain. 

111,1, Tiroes Domain Processing-Techniques 

Two variants of time-domain processing techniques will be dealt 
with in the following paragraphs: eentral (or finite) différences 
and deaonvolution of the instrumental response. 



III.1.1. Central Differences Method 

This method, which is the one most commonly called upon at this 
time , consists in evaluating the first and second derivations for 
equation (1) by means of central differences. It is highly depen
dent upon the sampling rate used: if the normed frequency response 
of this correction2 is examined, the results are seen to be unsat
isfactory for frequencies above 20 Hz. for sampling rates less dense 
than 0.005 seconds (Figure 6). The correction becomes even less ef-
ficaceous when the step dt equals 0.015 seconds, the high-frequency 
filtering effect being then compounded with that already incurred 
due to recording-instrument characteristics. 

Figure 7 shows what occurs when the two test signals are sub
mitted to this method of processing (0Z damping response spectra 
of corrected acceleration). For S2, the spectra are compared with 
that of the synthetic ground acceleration. A good correlation was 
obtained up to 40 Hz. when a sampling rate of 0.005 sec. was applied; 
beyond, disturbances observed can be ascribed to the digitization. 
However, where the sampling rate fell to 0.015 sec, values on the 
resulting spectrum are more than twice as small for frequencies o-
ver 20 Hz. The same tendency can be observed for SI. 

Corrected accelerogram peak values are given on Table 1. Digi
tization-induced disturbances are more marked at less dense sampling 
rates. 

III. 1.2. Deconvolution of the Instrument Response 

A general processing method has been estrablished for the pur
pose of correcting the instrument response for systems that could 
not be represented by a simple equation, but for which a response 
could be obtained by experimental means. It entails.determining 
an inverse function for the instrument's time response, which is 
then convoluted with the uncorrected time history. All computa
tions are carried out in the time domain. 

As in the method described above, the sampling rate was seen to 
have a strong influence upon the efficacity of the correction. For 
the three sampling rates selected, Figure 8 gives the instrument re
sponse and the inverse function in time and frequency; on this lat
ter, variations in level are to be observed at all frequencies. On 
Figure 9, the application of this correction to S2 is shown. Con
siderable discrepancies in the levels of motion are manifested on 
the 0Z response spectra; they are also expressed in the peak values 
of corrected acceleration on Table 1. 

III.2. Frequency-Domain Processing Techniques 

In the frequency domain, the simplest and most general mode of 
correction consists in dividing the complex Fourier transform of the 
uncorrected acceleration by the recording system's transfer function, 



either theoretical» as in the present case, or experimental, when
ever practicable. 

Here, the sampling rate applied to the uncorrected accelero
gram does not affect the instrumental correction. On Figure 10, 
Signal 2 was corrected by this means, and no significant varia
tion in level of acceleration is observable on the spectra cor
responding to the different sampling rates. A comparison with 
the synthetic acceleration spectrum (Figures 3 and 7) shows very 
good agreement among the three spectra up to a frequency of 40 
Hz. 

In the time domain, quite high values of peak acceleration 
were obtained (see Table 1), in relation with the disturbances 
noted at 40 Hz. and above on the uncorrected spectra. 

I 
III.3. Discussion 

A comparison of the three methods described so far, as applied 
to S2, give rise to the following comments: 

1) At a sampling rate of dt * 0.005 sec, all these methods 
are effective. 

2) At the less dense sampling rates (dt * 0.010 or 0.015 s e c ) , 
only the frequency-domain method makes it possible to repro
duce a correct level throughout the spectrum (limited to 40 
Hz. at the high-frequency end ). The central (or finite) 
difference technique does not correct effectively beyond 20 
Hz., and the correction by deconvolution of the instrument 
response yields a level of spectrum that is too high between 
2 and 15 Hz. 

3) The denser the sampling rate, the higher the peak accelera
tions relative to the corrected signals (Table 1) are, be
cause of digitization-induced errors at very high frequen
cies (40 Hz. or more). 

IV. FILTERING HIGH FREQUENCIES GENERATED BY THE DIGITIZATION 

The filtering technique tried out hereinaftercorresponds to a 
time-domain filtering incorporated into commonly-used processing 
routines, calling upon an Ormsby^. When a low^pass filter having 
a cut-off frequency (f«) of 40 Hz. and a roll-off frequency (£,) 
of 42 Hz. is applied to S2 (Figure 12), an energetic reduction in 
the level of the spectrum from 40 Hz. on ensues. If fr is increas
ed to 49 Hz., a less abrupt filtering effect is produced (Figure 
13), and the resultant spectral shape resembles that of the syn
thetic ground acceleration spectrum. Acceleration peaks are re
duced to values lower than 981 cm/s2, even for signals with a sam
pling rate of 0.005 seconds (Table 1). 



V. BASE-LINE CORRECTION AND INTEGRATION TO OBTAIN GROUND VELOCITY 
AND DISPLACEMENT 

The non-specification of the line of zero amplitude on a photo
graphic recording makes it necessary to carry out a preliminary cor
rection immediately after the digitization. Other sources of error 
inherent in the operating mode of the equipment or in the photogra
phic development of the films can also contribute to the low-frequen
cy disturbances observed. Accordingly, two types of correction are 
applied: a preliminary correction by the filtering of an arbitrary 
base-line and high-pass filtering to remove abnormal low frequencies. 

V.l. The Preliminary Correction 

The criterion adopted in the establishment of the initial base
line strongly influences low-frequency content in the accelerogram. 
Two criteria were compared in the present study: a least squares fit
ting of a straight line and the positioning of a straight line by a 
combination of the average of all the points sampled and the ampli
tude-difference between the initial and the final points, used up to 
now in this study. If the spectra corrected by these two methods are 
compared, important disturbances are seen below 0.3 Hz. for the first 
method. On the time history, this effect is reflected by a slight 
rotation of the axis. 

V.2. Correction by the Filtering of Low Frequencies and Integra
tion to Obtain Ground Velocity and Displacement 

Two methods are compared, one in the time domain and the other 
in the frequency domain. 

V.2.1. Low-Frequency Correction in the Time Domain 

The method called upon in the time domain corresponds to fre
quently-used processing routines1, more recently optimized". It 
relies upon a high-pass Ormsby filter and numerical integration to 
generate ground velocity and displacement. Figures 15a and 16a 
show the results of integration on signals SI and S2 before and 
after filtering (with f e set at 0.25 Hz. and f r at 0.05 Hz.). 

For SI (Figure 15a), the filtering strongly affects the computed 
displo .-ment, reducing it by a factor of two. In the case of S2, it 
does not seem to have played such an important role; only minor dif
ferences in shape and value resulted between the two versions. 

Velocity and displacement time histories obtained for S2 are in 
good agreement with the synthetic reference time histories (cf. the 
presentation of signal S2 in the contribution by X. Goula and B. Mo
hammad ioun). 



V.2.2. Low-Frequency Correction in the Frequency Domain 

The signal integration, together with the high-pass filtering, 
can be carried out at one tine in the frequency domain by the ap
plication of a filter defining the response of a simple, critical
ly-damped oscillator to a displacement step. This filter is depic
ted on Figure 17. It contains a descending branch that is propor
tional to uf , causing it to act as an integrator and curves down
ward for frequencies lower than the natural frequency of the equi
valent oscillator. 

Ground displacements for SI and S2 were obtained by applying 
this filter; they have been compared with the unfiltered displace
ments calculated by means of frequency integration (division by 
-u 2), on Figures 15b and 16b and with those calculated by integra
tion in the time domain (Figures 15a and 15b). These results dis
play a fairly good agreement between the two modes of processing. 

VI. CONCLUSION 

Different methods of processing were tested on the two synthetic 
signals created for that purpose. A comparison of the results ob
tained leads to the following conclusions: 

1) Manual digitization of the recordings permits a good defi
nition of the signal. 

2) Disturbances arise for frequencies over 40 Hz.in Signal 2, 
which was reich in high frequencies to start with. 

3) A first-approximation base-line induces disturbances in the 
low-frequency range, under 0.2 to 0.3 Hz. 

4) The rate at which the accelerograms were sampled is an in
fluential factor when implementing instrumental correction 
methods operating in the tir.e domain. For example, Signal 
2, when digitized at dt * 0.015 sec, loses a'significant 
portion of its spectral content beyond 20 Hz. after correc
tion (central differences method) or overestimates the spec
trum between 2 and 15 Hz. (deconvolution). Frequency-domain 
correction results are seemingly independent of sampling 
rate and would appear to be the most satisfactory under all 
circumstances. 

5) The disturbances arising beyond 40 Hz. in Signal 2 and that 
can be ascribed to the digitization are effectively filtered 
out by means of an Ormsby filter, which can be well control
led through a judicious choice of cut-off and roll-off fre
quencies. 

6) The two methods of high-pass filtering and integration of 
the accelerations conducted in the time and in the frequen
cy domains, when applied to the two signals SI and S2, yield 
results that are essentially similar. The absence of high-



pass filtering when computing displacement for S2 seems of little 
or no consequence. For Signal 1, on the other hand, which was 
richer in low frequencies, the absence of filtering actually causes 
the displacement to double. 
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Table I : PEAK ACCELERATION (cm x s"2) 
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Fig. 17 

HIGH-PASS AND INTEGRATOR FILTER DEFINED BY 

THE RESPONSE TO A STEP OF DISPLACEMENT OF 
A SINGLE CRITICALLY DAMPED OSCILLATOR(T0 =12sec) 
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