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ABSTRACT 

Current French practice for assessing seismic hazard on the 
sites of nuclear facilities is outlined. The procedure calls for 
as rich and varied an assortment of actual earthquake recordings 
as can be procured, including earthquakes in France itself and in 
nearby countries, recorded by the CEA/IPSN's own staff. Following 
the November 8, 1983, Liège earthquake, suitably equipped, tempor
ary recording stations were set up in the epicentral area in order 
to record its aftershocks. Ground motion time histories and re
sponse spectra were computed for several of these, and a quality 
factor Q was derived from these data for the most superficial sed
imentary layers of the area. The values obtained show reasonable 
agreement with ones found for similar materials in other regions. 

1. INTRODUCTION 

The evaluation of the seismic risk that should be taken into 
account for a critical structure, such as a nuclear power plant, 
involves the selection of two earthquakes supposed to be charac
teristic of the iite, known as "reference earthquakes," which can 
be considered to quantify this hazard: 

1) A less severe level, the "Seism» Maximal Historique Vrai
semblable," or maximum credible historical earthquake, 
abbreviated SMHV; 

2) The "Séisme Majoré de Sécurité" (safety design earthquake), 
SMS, Che intensity of which is one degree greater than 
the preceding (1). 
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These reference earthquakes are derived from a seisnxotectonic sur
vey of the area in question. They are characterized in terms of 
their source parameters - geographic coordinates, magnitude, ener
gy - by their maximum macroseismic intensity, la, by the function 
I » f(R), and by the on-site intensity I f. For engineering pur
poses, these events are most often represented in the form of re
sponse spectra. 

2. THE DETERMINATION OF SITE-SPECIFIC SPECTRA 

Lac us examine the different phases cf the determination pro
cess for site-adapted spectra and research related thereto for JTP? 
sites in France. The first study concerns the preparation of the 
seisaotectonic map of France. Its purpose was to compile aLl data 
currently available on geology and seismicity (historical record 
and instrumental recordings of more recent earthquakes). This im
portant: project entailed the preparation of six thematic maps (1: 
250000): a) historical seismicity, b) recent recorded earthquakes, 
c) general tectonics, d) deep structures and geophysical.data, e) 
neo tec tonics*, and f) lineaments. These documents are now avail
able, and the data are in the process of being computerized. Fig
ure I shows a sample study concerning- southeastern France. 

Figure 1. A regional seismotectonic study in southeast 
France: interpretive map of the substratum and epicenter 
locations. 
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The reference earthquakes for a sice (SMHV, SMS), inferred 
from a seismotectonic study of the region involved, are character
ized first of all by their expected macroseisraic intensity and the 
focal distance to the site. Intensity alone (the only character
istic available for historical earthquakes), however, is patently 
insufficient when seeking to define vibratory ground motion corr-
sponding to a reference earthquake. The other facet is the collec
ting of recordings obtained within the epicentral zone and of re
lated information about structural and other damage (intensity). 

A considerable effort has been made in various seismic*Lly ac
tive regions of the world, and notably in California, to install 
strong-motion instruments for the purpose of recording severe earth
quakes. An initial collection of strong-motion records from the 
western United States was compiled and processed by CALTECH in 1976; 
information on some characteristics of these events, namely magni
tude, focal distance, maximum intensity, on-site intensity, and ge
ological conditions at the site was likewise furnished. Furthermore, 
over the past ten years, hundreds of strong-motion instruments have 
been installed in certain of the more highly seismic European coun
tries (Italy, Jugoslavia, Greece, among others). Beginning in 1978, 
the Institut de Protection et de Sûreté Nucléaire (IPSN), part of 
the French Commissariat à l'Energie Atomique, has undertaken to es
tablish a data bank, known as "Sismothèque," in cooperation with 
Prof. Ambraseys of the Imperial College of London. Notably, as 
much European data has been included as was to be had. 

However, data is still lacking in certain areas of particular 
interest to safety authorities. This is especially true of the 
near field, where severe damage was sustained, and, in general, of 
distances to the fault of under 10 km. The Bureau d'Evaluation du 
Risque Sismique pour la Sûreté des Installations Nucléaires (BERS-
SIN) of the IPSN, specialized in the measurement and interpretation 
of strong ground motion, plays an active r3le, not only in acquir
ing data from other organizations, but also in obtaining its own 
recordings of events selected in line with its individual priori
ties. Using equipment yielding good approximations of ground mo
tion, this staff has recorded numerous aftershocks of significant 
earthquakes in the western portion of Europe and the Mediterranean 
basin (Friuli, El Asnam, Swabian Alps, and, most recently, Belgium). 

A common practice in engineering seismology consists in choos
ing a standard shape of spectrum, constructed from a limited num
ber of actual earthquake spectra, and then scaling this to a given 
level of ground acceleration. This value is derived from an em
pirical acceleration-intensity relationship (see Figure 2). As 
this intensity is, of course, estimated by comparing the effects 
produced in a given locality with those described in a reference 
scale, and actually involves quite a number of different parameters 
(acceleration, velocity, displacement, duration, ecc), it is a 
tenuous affair at best to equate it with a single parameter of mo
tion, acceleration in thi3 instance. A graph prepared by M. Am
braseys (2) shows that, as data become more numerous, an ever-in-
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Figure 2. Elements called upon in choosing standard 
spectra: RG-i-60 spectra scaled to 0.l5g (above) and 
correlations becveen macroseisaic intensity and hori
zontal acceleration (below). 
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creasing degree of scattering results. 
The ground-motion spectrum varies, in fact, according to the 

amount of energy released at the source, the source configuration, 
the attenuation of seismic waves over the wave path, and local ge
ological conditions. A very sophisticated scientific method for 
calculating a site-specific reference motion would entail a good 
knowledge of geological structures through geophysical investiga
tion, together with an exhaustive inventory of all active faults 
and source zones. It then would proceed to compute a set of pos
sible ground motions using mathematical models to represent the 
sources and propagating media. Great strides have indeed been 
made over the past ten years toward the application, at least on 
an experimental basis, of such an approach (cf. recent work by 
Haskell (3), Aki, and Bouchon (4), among others). This has come 
about thanks to advances in seismology theory, which has developed 
tools for calculating strong earthquake motion in Che near field. 
These studies, however, are still in the stage of fundamental re
search, and their application is often limited to Che comparison 
of computed results with actual recordings, noting the size and 
nature of che discrepancies, so as Co readjust the starting hy
potheses. 

An alternative, empirical method is proposed thac is current-
ly being called upon in seismic risk analysis. Starting with a 
collection of strong earthquake motion recordings for different 
magnitudes, focal depths, and epicentral distances, obtained on a 
variety of geological formations, an attempt is made Co define the 
influence upon the ground motion of the aforementioned variables. 
Once the effects of each factor have been isolated, correlations 
may be established between the spectrum and magnitude and focal 
distance, for instance. In a study made of the aftershocks of the 
May 6, 1976, Friuli earthquake (5), the influence of varying mag
nitude upon the spectra of recordings at relatively constant focal 
distances was noteworthy: an increase of energy in the low-frequen
cy range was observed when magnitude increased (Figure 3). Wave 
attenuation with distance can be investigated by comparing, for a 
given distance, the effects of different earthquakes with the same 
magnitude. 

Lastly, the local transfer function affects the motion re
corded on a site. Transfer functions can be derived by comparing 
recordings on hard rock with those on alluvia, as long as other 
factors are held constant. If S0(f) is taken to be the spectrum 
at the source, S„(f), the spectrum at focal distance R, with A(f) 
and T(f) the transfer function along the wave path and chat of the 
local geology, respectively, the following equation may be said to 
characterize their relationship in linear elasticity: 

S„(f) - Sj(f)«A(f)'T(f) (1) 

Trifunac, in a very detailed study (6), attempted to estab
lish a correlation between the Fourier transform of recorded mo-
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Figure 3. Variation of response spectra of Friuii af
tershocks, (0* damping) as a function of magnitude (fo
cal distances 8 co 15 km). 

cion and different earthquake characteristics (magnitude, focal 
distance, on-site geological conditions). This sophisticated 
study, however, shows that the size of the strong-motion recording 
sample was not sufficient for reliable correlations to be estab
lished (especially for site conditions: hard rock, intermediate 
rock, alluvium). Using a simpler approach, however, promising re
sults were obtained in a study (7) relating all the spectra of che 
IPSN data bank for a given intensity Co magnitude and focal dis
tance : 

log S f - Kf -f a fM -t- n, log R (2) 
where K ,̂ o.f, and n f are frequency-variable regression c o e f f i c i e n t s . 
These variables were evaluated for <*6 frequencies and for che f o l 
lowing simple and composite in tens i ty groups: 7 1 , VII, V-VI, VI-VII, 
and VII*. 



Figure 4. Geological map of Liège and v i c i n i t y , show 
ing the locat ions of the CEA/IPSN recording s t a t i o n s . 

J. THE LIEGE EARTHQUAKE OF NOVEMBER 8, 1983 

S t a r t i n g two days .a f ter the main event , the BERSSIN, with the 
help of the Observatoire Royal de Belgique, began i n s t a l l i n g s e i s 
mic recording s t a t i o n s in the e p i c e n t r a l a rea , depicted in Figure 
4 , in order to record whatever af tershocks might occur. The f i r s t 
of these s t a t i on» were equipped with SMA-1 s t rong-not ion acca l e ro -
graphs, of which two were placed, on Movember 10th, qui te near the 
main shock e p i c e n t e r , in the churches of Sa in t Nicolas and Saint 
G i l l e s , on the off-chance that an af tershock of except ional i n t en 
s i t y should take place. A th i rd instrument of th i s type was Later 
i n s t a l l e d in the nearby French nuclear power p lant a t Chooz, where 
i t is s t i l l in opera t ion . The t r an s f e r function of these i n s t r u 
ments i s shown in Figure 5, l e f t . Not s u r p r i s i n g l y , none of the 
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Figure 5. Transfer functions of equipment installed in 
the Liège area: SMA-i accelerographs (-left), PCM/HS-10 
stations (right). 

Liège aftershocks was sufficiently strong to trigger these instru
ments, so no recordings of this type were retrieved. 

The BESSSIN likewise installed, more sensitive mobile stations 
composed of HS-iO, I Hz., velocity- transducers and PCM numerical 
recorders. The transfer function of this combination appears in 

1s«c 
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Figure 6. Uncorrected veloci t ies for the Dec. 1st event (21h 52a) 
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Figure 5, right. Initially, they were set up in parallel, and con
currently, with the first two SMA-l's, but, due to persisent envi
ronmental disturbances, the Saint Nicolas station was moved to a 
much more favorable site made available in the Cointe Observatory, 
where it continued to operate under excellent conditions until Jan
uary 13, 1984, at which time no further aftershocks were expected. 
A third station operated near Tihange, in the La Sarte church, from 
November 14th to December 6th, but the conditions were unfavorable, 
and no recordings were obtained. 

Eight aftershocks iu all were recorded during the period of 
experiment, the first at Saint Gilles,, the others at Cointe, during 
December and the first week of January. The main characteristics 
of the events are shown on Table 1. Figure 6 shows the three com
ponents of uncorrected velocity for the December 1st aftershock. 
This, together with the single Saint Gilles record and a December 
4th event were selected for processing. 

The following procedure was adopted in processing the signals: 
1) The recordings were digitized so as to obtain a uniform 

rate of 200 samples per second, which was possible due Co 
a satisfactory signal/noise ratio; 

2) The time histories were corrected for instrumental dis
torsion; 

3) Ground acceleration, velocity, and displacement were com
puted; 

4) Response spectra in pseudo-relative velocity were calcu
lated; 

5) Displacement spectra were computed for 20% damping. 
The ground acceleration, velocity, and displacement time histories 
for one component of the Figure 6 example are given in Figure 7, 
and its response spectra for five damping values in Figure 3. It 
will immediately be seen Chat the high-frequency content of seis
mic origin in this record is quite considerable, as was Che case 
with all Che components processed, and also presumably with Chose 
that were not, as far as the naked eye can see. This is not un
expected, as Che magnicudes were weak (probably less Chan 3) and 
Che distances appear to be in the neighborhood of 5 km. 

4. THE QUALITY FACTOR OF SUPERFICIAL LAYERS IN THE LIEGE AREA 

Kr.opoff (8,9) conceived of a factor he designated 0, for qual-
icy, Chac would account for all inelastic effeces, and chat he de
fined as : 

6E/E =» 2TT/Q (3) 

where 5E is the energy loss per cycle for a lightly damped, sinu-
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Figure 7. Correccad accelaracion, velocicy, and dia-
placemenc ciae hiscorias for cha Decenber 1, 1983, af' 
Cershock (Easc-Wesc coooonenc). 



Date Arrival Time 
(T.U.) 

Station Distance 
(km) 

Component 
P e a k V a 1 u e R e a d 

Date Arrival Time 
(T.U.) 

Station Distance 
(km) 

Component 
Acceleration 

(cm/b2) 
Velocity 

(cm/a) 
Displacement 

(u) 

Nov. 20 Û8U 03m 26.017s St. Gilles 4.5 Z 2.08 0.0255 3.12 

nee. 1 211» 52m 49.886s Cointe 6.5 Z 0.145 0.00391 1.06 
V 0.237 0.00487 1.00 
V. 0.264 0.00611 1.41 

Dec. 4 I7h 41m 07.634s Cointe 5.1 Z 0.256 O.OÛ3I4 0.3*8 
N 0.343 0.00597 1.04 
E 0.768 0.00989 1.27 

Dec. 13 lOh i2m 59.273s Cointe 4.3 Z 0.240 0.00309 0.40 
N 0.214 0.00384 0.69 
E 0.572 0.00735 0.94 

Dec. 19 ilh lOrn 49.020s Cointe 5.5 Z 0.123 0.00166 0.22 
N 0.149 0.00210 0.30 
E 0.308 0.00435. 0.61 

Dec. 2| 111) 03m 57.479s Cointe 4.2 Z 0.717 0.00782 0.85 
N 0.729 0.00918 1.80 
E 1.68 0.0265 4.16 

Dec. 21 151» 20m 14.644s Cointe 16 Z 0.120 0.00191 0.96 
• N 0.043 0.00066 0. 14 

E 0.083 0.00156 0.63 

Jan. 5 I2h 38m 09.988s Cointe 6.8 Z 0.287 0.00552 1.06 
N 0.375 0.00669 1.19 
E 0.793 0.0123 2.04 

Talile 1. Characteristics of aftershocks recorded in the Liège area. 
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Figure 8. Response spectra for five values of damping of the De
cember 1, 1983, aftershock (East-West component). 

soidal motion. This quality factor may be evaluated by means of 
either time- or frequency-domain analyses. 

In time-domain analyses, a plane wave is considered which pro
gresses in direction x, with an angular frequency ut and wave numbe: 
k. Energy loss due to inelast ic i ty can be introduced with Y, as 
follows: 
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U(x,t) - U, e" • 

It can be shown that: 

Y - U/2VQ 

:{!«»-«•*) (4) 

(5) 

where 7 ii the wave velocity. 
When a seismic ray is considered that passes through a hete

rogeneous medium, in which V and Q vary from one point to another, 
can be generalized as exp"** , where s is ,-/• the damping term, exp 

the abscissa of a given point on the ray. 
intr ins ic attenuation term becomes: 

f (ds/VQ) 

For a frequency f, the 

(6) 

or, in simplified form: 
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Figure 9. Examples of displacement spectra (20% damping) for the 
Liège aftershocks. 



.«M/4 (7) 

where t i s the time of propagation. 
In frequency-domain analyses', one may make use of the surface 

wave slope in defining Q, provided the source spectrum i s f l a t over 
the frequency range in question (10 ,11 ) . Here, the following equa.-
t ion may be considered, to apply: 

A(A,£) - Ao À « CA/VQ) (8) 

where A i s the ep icentra l distance and V, the average group v e l o 
c i t y . For-displacements read, for f; and. fj at a given dis tance: 

T i n [ A ( f i ) / A ( f 2 ) ] 
(9) 

An attempt has. been made to compute the quality factor from 
ground displacement spectra, samples of which have been superior-
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Figure 10. Estimative Q curves from the Liège aftershockâ. 

* 



1 
i 

posed on Figure 9, assuming that the maximum amplitude can be as
cribed to surface waves. The simplified formula, equation (9), 
was called upon, and V was taken equal to 3.5 km per second. Fig
ure 10 shows the variation of Q versus frequency for the seven com
ponents that were processed, together with a suggested mean slope. 
Its value is seen to be around 10 for the lowest frequencies and 
attains 100 for the highest ones. The frequency dependency of Q 
here is not unlike that observed in California over a quite dif
ferent frequency range (1 to 4 Hz.) (12). 
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