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ABSTRACT
Evaluations of the seismic hazard have been conducted in relation with four new LNG tanks
to be erected at various coastal sites in Spain. In contrast with the traditional procedure based
on seismogenetic zones, a more recent methology is used here in which a mean activity rate is
used at each point, represented by a kernel sum over the historical earthquake catalogue.
The calculations have been carried out using both the traditional and the zoneless method.
The traditional procedure relied on prior studies for the configuration of the zones, the choice
of attenuation relations and the interpretation of the earthquake catalogue. The work was done
in intensities and the results finally converted into accelerations.
The zoneless procedure first required translating historical epicentral intensities into
magnitudes. The kernel function selected depends on two parameters: the bandwidth and the
negative exponent of the power law describing activity decay. The former was determined by
statistical procedures and the latter was allowed to vary in a series of parametric analyses.
The seismic hazard, described as the probability of exceeding each ZPGA, was obtained by
both procedures for all four sites. All four comparisons are presented in the paper, although
details are given for only two sites for reasons of space. The results are consistent in all cases,
which provides an excellent confirmation of the zoneless procedure.
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INTRODUCTION
The design of tanks for storage of liquefied natural gas (LNG) is subject to very stringent
requirements. Postulated accidents include leaks, fires, impacts and, of course, earthquakes.
Consequently, an evaluation of the seismic hazard is usually conducted at all LNG tank sites.
From the viewpoint of the seismic performance, two different earthquakes are considered in
their design: an operating basis earthquake, with a return period of 475 years, and a safety
earthquake, characterised by a return period of 10,000 years [1].

Figure 1 Epicentres with Intensity greater than IV
The evaluation of the seismic hazard for four coastal sites in Spain (Figure 1) is presented
here. These studies were developed in the context of four LNG tank projects.
TRADITIONAL PROCEDURE
A probabilistic evaluation of the seismic hazard is usually based on the construction of a
certain model of earthquake generation. The model covers the region where seismic activity
may contribute significantly to the seismic hazard at the site of interest. In the traditional
procedure, this region is distributed into a number of polygonal zones, each one of them
having a presumably uniform capacity for generating earthquakes. The use of uniform
seismogenetic zones for the evaluation of the seismic hazard dates back to Cornell [2]; the
computational power available at the time would not have allowed proposals of much greater
sophistication, even if such proposals existed.
The motivation for this methodology starts from an accepted relationship between geology,
tectonics and seismicity: the latter is presumably strongly influenced by the other two. In
theory, the delineation of the seismogenetic zones should therefore be relatively clear,
following a careful consideration of all three types of information. In practice, the
decomposition of the region of interest into uniform seismicity zones is highly subjective and
open to controversy. Furthermore, the zonation often has a strong influence on the results, the
typical example being the zone assignment of a large historical earthquake, where the
uncertainty in epicentre location combines with the arbitrariness of the zone boundaries.
The best that can be said for the uniform seismicity zones is that it is the simplest distribution
of activity within the zones. But a considerably richer structure of generation, which
uniformity obviously hides, seems to underly the phenomenon [3].
In summary, the lack of scientific justification for uniform seismicity zones combines with
the subjective and somewhat arbitrary character of the procedure to make it less attractive
when other alternatives exist and lack such drawbacks.

WOO'S ZONELESS PROCEDURE
Different procedures have been employed to overcome or mitigate some of the effects
mentioned above: smoothing the activity jump at zone boundaries, introducing uncertainties
in the location of catalogue epicentres, etc.
The procedure adopted in this paper is that proposal by Woo [3 and 4], which relies purely on
the information contained in the catalogue. The smoothing of the data is carried out using
statistical kernel functions and avoids the construction of zones. The reader is referred to the
publications mentioned for the details, and only the basic ideas will be described here.
The activity rate at each point of the region is obtained as a summation, over all the events in
the catalogue, of the contributions of all these events. The activity rate is calculated as:

K ( M , x − xi )
T (x i )
i =1
N

λ ( M , x) = ¦
where

(1)

M is the event magnitude
x are the site coordinates
xi are the coordinates of the epicentre being considered
K is the smoothing kernel function
T is the return period of the event being considered

A factorised form is convenient for the kernel function. A Gaussian decay with distance
allows a natural introduction of the uncertainty involved in epicentre location. However,
fractal considerations of the activity lead to a power law kernel. The two basic parameters in
the kernel function are the bandwidth and the exponent of the activity decay with distance.
The bandwidth H represents an average distance between the closest epicentres for each given
magnitude. It takes the form:

H ( M ) = c exp{dM }

(2)

where c and d are empirically fitted using the catalogue data.
The decay exponent typically influences the results less than the bandwidth; it depends on the
proximity between epicentres, growing with proximity. Its value usually lies between 1.5 and
2.0, which yields probabilities decreasing with powers between 3 and 4.
The advantage of this procedure is that it uses all the information available in a way that is
physically reasonable and without the requirement of introducing biases in the distribution of
activity. The application to the specific sites will clarify perhaps the implementation of the
procedure, for which the program KERFRACT [5] has been used.
SEISMIC HAZARD IN BILBAO
Bilbao is located in the Basque Country, on the northern coast of Spain and slightly over 100
km from France. It is a relatively quiet region, with some activity associated to the Pirineos
Mountains along the French border (Figure 1).

Figure 2 Seismogenetic provinces around Bilbao
Traditional Procedure
For application of the traditional procedure, the region within a 320 km circle centred at the
site was decomposed into the seismogenetic provinces shown in Figure 2; this distribution is
consistent with tectonics and seismicity of the region, as well as with published zonations of
the area [6].
The area not being particularly active, a rather general attenuation relationship had to be used
in the study. This law was derived for average conditions in Spain, rather than specifically for
this region [6].
Provided with the catalogue of epicentres for the region, the Gutenberg-Richter parameters
were determined for each one of the zones. Reference years for each intensity were assigned
on the basis of Molina [7].
With this information, EQRISK [8] was used for determining the seismic hazard in terms of
intensities. This result was converted into accelerations with the correlation proposed by the
seismic Spanish norm [9]. The final hazard curve obtained with this procedure is the one
shown in the first plot of Figure 3.
Zoneless procedure
The evaluation following Woo’s procedure was carried out working with magnitudes, rather
than intensities. The conversion was based on the correlation proposed by Costa and Oliveira
[10], which in principle is valid for the Spanish catalogue [7]. The attenuation relationship
has been taken from Ambraseys [11] assuming a focal depth of 10 km.

Bilbao. Traditional method

Bilbao. Zoneless method
1.E-01

exceedance probability (years -1)

exceedance probability (years -1)

1.E-01

1.E-02

1.E-03

1.E-04
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

1.E-02

1.E-03

1.E-04
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

acceleration (g)

acceleration (g)

Figure 3 Accelerations for Bilbao. Traditional and zoneless procedures
Of special interest is perhaps the determination of some of the specific parameters,
particularly bandwidth. Figure 4 shows the resulting correlation between bandwidth and
intensity; the data point for intensity IX has not been used, as insufficient data is thought to
exist for that intensity.
The hazard curve produced in this situation is the one shown on the second plot of Figure 3.
Of course, a number of sensitivity analyses were conducted. As an example, the exponent of
the decay of activity rate with distance was taken as 1.5; reasonable changes in this parameter
led to very minor effects on the results (on the order of 1%).
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Figure 4 Adjustment of bandwidth and attenuation for Bilbao

In contrast there is considerably more influence of the epicentral depth considered in the
definition of the attenuation relation. The best choice was considered to be 10 km on the basis
of the characteristics of local earthquakes. This depth is also consistent with that used in other
studies in the same area [12].
As can be noticed, the hazard curves produced by the traditional procedure and Woo’s
method (Figure 3) are very similar. This result, which is very satisfactory indeed, is perhaps
reinforced by the fact that the zone including the site is in this case the largest contributor to
the hazard.
HUELVA
A similar problem was studied, again using both procedures, at the LNG plant of Huelva.
This is again a coastal site, located in Southwest Spain, on the Atlantic coast and not very far
from Portugal.
The area is seismically very dissimilar from the previous one; part of the hazard is contributed
by small local earthquakes and part comes from large distant earthquakes, triggered at the
plate boundary along the Azores-Gibraltar fault. Overall, this area is considerably more active
than Bilbao, as reflected in Figure 1.
Traditional Procedure
The zonation adopted is consistent again with Martín [6] (Figure 5). For this area, the
attenuation law proposed by Molina [7] seemed to be particularly applicable.

Figure 5 Seismogenetic provinces around Huelva

The law gives the intensity I in the following form:

I = I 0 + b1 − b2 ln ∆ − b3 ∆
where I0 is the hypocentral distance
bi are empirical constants
∆ is the hypocentral distance
Two sets of values of the constants have been used depending on the direction of travel of the
motions. The two laws used are those labelled ‘low’ and ‘very low’ by Molina [7].
As before, the catalogue events are assigned to the various zones and Gutenberg-Richter
parameters are derived for each one of them. Using EQRISK [8] to combine the activities, the
resulting earthquake hazard at the site is the one presented in the first plot of Figure 6.
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Figure 6 Accelerations for Huelva. Traditional and zoneless procedures
Zoneless procedure
Once again, the correlation proposed by Costa and Oliveira (1991) was implemented for
obtaining magnitudes for events which only had peak intensities in the catalogue. In these
terms, the attenuation law proposed by Molina [7] is the one employed in the study.
The coefficients in the expression of the bandwidth were determined by a least square fit of
the minimum distances between equal intensity events; the possible correlations are shown in
Figure 7. The three curve fits shown correspond to different treatments of the data available
for the larger intensities, which is clearly less representative. As a consequence, this aspect
was covered with sensitivity studies.
The resulting hazard curve is plotted in Figure 6 which, as was the case in the previous

investigation, is very close to the results obtained with the traditional procedure.
The sensitivity of the hazard curve, with respect to several parameters can be seen in Figure
8. The first plot describes the relatively moderate dependence with respect to the decay
exponent, covering the range of 1.5 to 2.0 which is the range where this exponent usually lies.
Based on an exponent of 1.5, the plot on the right indicates the effects of adopting each one of
the three curve fits presented in Figure 7 for the bandwidth.
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Figure 7 Huelva: adjustment of bandwidth parameters
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Figure 8 Sensitivity analysis
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Figure 9 Accelerations for Barcelona and Cartagena
BARCELONA AND CARTAGENA
For reasons of space, it is not possible to provide in this paper similar details for additional
sites, where the seismic hazard has also been evaluated using both the traditional procedure
with zones and Woo’s zoneless procedure based on kernel smoothing.
However, the final comparison of results is included here for two other sites: Barcelona,
which is located towards the northern part of the Spanish east coast, and Cartagena, on the
southern part of this same coast. The first plot in Figure 9 shows the comparison of the hazard
curves, using both traditional and zoneless procedures, for the Barcelona location; the second
graph provides similar information for Cartagena.
As can be seen, the comparisons yield very consistent results in both cases, just as they did at
the two sites described earlier in greater detail.
CONCLUSIONS
The seismic hazard has been evaluated at four different coastal locations in Spain. These
locations are spread over the complete perimeter of Spain and include fairly diverse hazard
levels and types of seismicity. In the determination of the hazard, two different methods have
been used: the traditional procedure based on uniform seismicity zones and Woo’s zoneless
procedure.
The comparison of the hazard curves determined by the two different procedures shows that
the results are very similar. This is interpreted to imply both that the zonations were
appropriate and that Woo’s method is reliable and consistent with current interpretations of

the hazard. Otherwise, the compatibility at all four sites would be difficult to explain.
The zoneless procedure presents very distinct advantages, particularly concerning the time
involved in conducting the evaluation and the objectivity of the process. Both aspects, and
especially the latter, are considered to be very important; as a consequence, we would
advocate the use of Woo’s procedure as the means of conducting hazard evaluations, at least
for medium to low seismicity areas such as the Spanish sites analysed here.
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