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Sunroary

A method to assign probabilities to ground accelerations for Swedish

sites is described. As hardly any nearfield instnanental data is avail-

able we are left with the problem of interpreting macroseismic data in

terms of acceleration. Although the correlation between intensity and

ground acceleration is poor, the large amount of data collected from

several regions gives regression lines with small estimated uncertain-

ties. However, application of these lines to regions of no such data is

necessarily very uncertain. This cannot be avoided until relevant

instrumental data will be available.

When calculating the probabilities we want to define our earthquake

model in physically simple concepts. Instead of working with intensity

and radius of perceptability we transform these quantities to a seismic

strength measure (magnitude measure) and focal depth. This transforma-

tion is based on wave propagation computations for a realistic crustal

model. We then found that most Swedish earthquakes have a focal depth

less than 25 km. The largest earthquake of the area, the 1904 eartquake

100 km south of Oslo, is an exception and probably had a focal depth

exceeding 25 km.

The theoretical wave propagation computations also give the distance

dependence of the elastic waves radiated by the eartquake sources. This

knowledge is needed for calculating the probability to exceed a cri/ven

acceleration.

Basic idea in the probability computation ir> the assumtjon of uniform

distribution of epicenters. This uniform distribution is estimated in a

systematically conservative manner for each site. The reason for working

with uniform distribution is lack of knowledge of the source processes

involved. We also assume that magnitudes, focal depths and epicenters

are uncorrelated.



For the nuclear power plant sites an annual probability of 10~ has been

proposed as interesting. Iliis probability gives ground accelerations in

the range 5-20 % for the sites. This acceleration is for a free bed-

rock site. For consistency all acceleration results in this study are

given for bedrock sites.

When applicating our model to the 1904 earthquake and assuming the focal

zone to be in the lower crust we get the epicentral acceleration of this

earthquake to be 5-15 % g.

The results above are based on an analyses of macroseismic data as rele-

vant instrumental data is lacking. However, the macroseismic accelera-

tion model deduced in this study gives epicentral ground acceleration of

small Swedish earthquakes in agreement with existent distant instrumen-

tal da^a.

SannBnfattning

En metod att bestarna sannolikheten för markaccelerationer beskrivs. Av-

saknaden av instrumentella mätningar medför att makroseismiska observa-

tioner måste användas. Genom teoretiska vägutbredningsberäkningar fram-

tages samband mellan skalvstyrka, fokaldjuo, avstånd och maximalaccelera-

tion. Dessa relationer ger tillsanmans med jordskalvsstatistik en modell
—5

för sannolikhetsberäkningar. Sannolikheten 10 per år ger därvid mark-

accelerationer på 5-20 % g för de kärnkraftsaktuella platserna. Om våg-

utbredningsmodellen tillämpas på 1904 års skalv fås en epicenteraccele-

ration på 5-15 % g. Den modell vi här tagit frarr baserad på makroseis-

miska observationer stämrer väl med de befintliga instrumentella mät-

ningarna på större avstånd.

Uppdragsnr: E4 85

Sändiista: FÖD, Fst, ÖEF, FortF, SkyddS, Cfs (3 ex), Uppsala univ (4 ex),

Lunds univ, Luleå högskola, LTH, Studsviks Energiteknik AB (3 ex), ASEA,

SK1 (2 ex), SV (5 ex), OKG (3 ex), Sydkraft (3 ex), InD, FOA 1, FOA 3(2 ex),

FOA 4
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6.

Introduction

The construction of nuclear power plants in Sweden has drawn the atten-

tion to possible seismic risks in this rather aseismic region.

In the last few years several studies of assigning probabilities to

ground accelerations caused by earthquakes in this area and valid for

bedrock sites have been published. In this report I present in English

the basic ideas of the investigations by Slunga 1976. This paper was

presented at the Symposium on Seismic Risk and Neotectonics in Luleå

1977.

As no direct measurements of the accelerations in the near field of

large Swedish earthquakes are available, all studies made are relying on

relations between intensity and acceleration. The most ccnprehensive

study on this matter seems to have been performed by O'Brien, Murphy and

Lahoud, 1976, whose study is based on 1500 strong motion measurements

from USA, Europe and Japan.

Instead of working with macroseismic quantities like maximm intensity

and radius of perception, we prefer physical quantities such as focal

depth and source strength (elastic wave radiating strength). For the

purpose of finding a transformation from the macroseismic to the physi-

cal quantities, we make theoretical calculations of the wave propagation

within a realistic crustal model. The results of these computations

determine then our transformation.
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As the annual probabilities of interest when discussing nuclear power

plants are extremely low, the order of 10 , the determination of corre-

sponding acceleration levels involves large extrapolations of the

observations. By our choice of working with quantities like depth and

radiating strength, the extrapolations used will be determined by our

assumptions about the distributions of these physical quantities. The

assumptions which then completely determines our extrapolations is

assumption of linear relation between the cumulative number of earth-

quakes and the logarithm of the radiating strength, assumption of

uniform depth distribution and assumption of uniform epicentral distri-

bution. The latter one is due to the lacking knowledge of the source

processes involved and the absence of studies on correlation between

seismicity and geological features in Sweden.

As a study on acceleration levels b^sed on macroseismic observations

necessarily will be very uncertain, the result will be a range of

accelerations assigned to the 10 annual probability.

No conclusion about acceleration levels will be made in this study as

the aim is to present ideas and procedures for determining acceleration

levels in low seismicity areas. The determination of acceleration

levels to be used for design purposes should not be made without in-

cluding the wave frequency as an explicit parameter. For doing this more

knowledge will be needed than is available today.
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1. Wave propagation within a realistic crust

In this chapter we will discuss body wave propagation from uniform point

sources in a realistic crustal model. The computational method to be

used is given by Bullen 1953. As the S-waves in general are stronger

than the P-waves from earthquakes they probably determines the macro-

seismic observations. The simplest case to handle is the SH-wave. Our

computations are thus made for SH-waves. We will restrict the computa-

tions to the distance range up to 150 km. For longer distances different

surface waves are probably of importance but they are not included in

our calculations.

1.1. Crustal model

The attenuation can be divided into geometrical spreading and anelastic

attenuation. For the anelastic attenuation we use a Q-factor damping

where the value of Q is 800 for depths larger than 5 km.

The geometrical spreading is determined by the velocity distribution

within the crust. For simplicity we assume lateral homogenity having the

velocity depending only on depth.

The S-velccity as a function of depth has been very little investigated

in Scandinavia. We then make the assumption that it has the depth

dependence given in figure 1, where we have three zones of stronger

velocity increase, the top of the crust, the Conrad- and Mono-discon-

tinuities. Most P-velocity studies can be interpreted in that way. This

model of figure 1 is in the following assumed to be representative of

the real crust.

1.2. Attenuation calculations

Several models proposed for depth determinations from macroseismic

observations implicitly assume a homogenous half space or a constant

velocity increase in the crust. In figures 2 and 3 the geometrical

spreading is compared for the homogenous half space and the realistic

crust of figure 1. We notice that the geometrical spreading for shallow

focal depths (h = 8 km) is much stronger for our realistic crustal

model.
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In figures 4 and 5 attenuation cun.'es are given including both the

geometrical spreading and the anelastic attenuation. In figure 4 we have

a frequency of 2 Hz and in figure 5 we have 5 Hz. The peak at hypo-

central distances of 100 km is due to the Moho-discortinuity.

For the statistical analysis of small Swedish earthquakes we want a

simple description of the curves of figure 5. We adopt the following:

log a(R) = Cl(h) - C2(h) log R 1.1

where a(R) is the amplitude (acceleration) at the hypocentral distance R

and Cl and C2 are only dependent on the focal depth h. In figure 6 we

show the resulting slopes C2 when trying to fit straight lines to the

curves of figure 5. The uncertainty of the slopes of these lines is

indicated in figure 6. A reasonable analytic approximation of the C2-

values is also given in figure 6. When estimating Cl(h) wie notice that

the starting points of the curves of figure 5, that means the accelera-

tion at the epicenters, are given by

log a(h) = C3 - 1.08 log h 1.2

where the constant C3 is a measure of the source strength, the magni-

tude. The two formulas 1.1 and 1.2 give together with the approximation

of C2(h) of figure 6 the resulting formula

log a(R)=€3 + (0.67-0.0004 h2)log h - (1.75-.0004 h2)log R 1.3

This formula is an approximation calculated for a frequency of 5 Hz,

hypocentral distances less than 150 km and assuming a uniformly radiat-

ing point source.

By extending our wave propagation calculations out to teleseisnic

distances we get the result that for sources within the crust, the

amplitudes at teleseismic distances are very little dependent on focal

depth. This means that the body wave magnitude will be linearly related

to our source strength C3. C3 or any linear function of it can thus

serve as a magnitude measure.
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Oar theoretical wave propagation results are essential in this study. As

the S-velocity distribution is not very well known and is also difficult

to determine from explosion seismology, our wave propagation computa-

tions are associated with sane uncertainty. The most remarkable feature

of the resulting curves in figure 5 is the peaks at hypocentral distances

of 100 km. To check if there is any indication of this in our macroseis-

mic observations we plotted in figure 18 the cumulative ranter of earth-

quakes as a function of hypocentral distance of perception. There ir

indeed a small indication of an increased nutter of earthquakes around

100 km. Huseby and Ringdahl 1977 state that in the distance range 20-60

km and for a frequency of 1.5 Hz an attenuation close to -1,6 logR has

been observed at N0RSAK and this is also in good agreement with our

results of figure 4. The curve h = 8 km of that figure gives an attenua-

tion -1.67 logR and the other curves give less attenuation indicating a

focal depth of sane 10 km for the NORSAR observations. However, new and

more reliable data on the S-wave distribution in the crust is necessary

if one wants more reliable attenuation curves.
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1.3 Extended sources

The only large earthquake in southern Sweden for the last one hundred

years is the earthquake in 1904 having an estimated surface wave magni-

tude of 6 (Bjerking 1976). This earthquake is certainly not a point

source. However, as we are interested in maximum accelerations and they

for such a large earthquake probably occur well above the corner fre-

quency» "e assume that the high frequency radiation of this earthquake

can be described by several point sources. We then assume that the

radiation fran these distributed point sources is incoherent and thus

the maximum acceleration at each point is determined by treating these

point sources as single sources and look which one gives the highest

acceleration and then adopt this value at the point of interest. If we

by this method calculate the attenuation curves for extended sources in

upper and lower crust, we get the results in figure 7. In this figure we

have only included the extension in depth.

2. Acceleration and intensity

The correlation between intensity and acceleration is weak. Lack of

relevant acceleration data for Scandinavia forces us, however, to use

macroseismic data for estimating the accelerations in the epicentral

area of Swedish earthquakes. Of course the uncertainty will then be

considerable and we will therefore give our results in term of accelera-

tion ranges.

As the correlation between intensity and acceleration also seems to be

region dependent, the idea will be to take the world mean as the best

available relation between intensity and acceleration.

The results derived by O'Brien, Mnrphy and Lahoud 1976 are well fitted

for us as it is based on world wide data. They give the following three

relations.

log a = 0.401 - 0.85 4 <I <7, all distances 2.1

log a = 0.381 - 0.56 5 < I < 8 , 25 km 2.2

log a = 0.411 - 1.04 5 < I < 8 , 160 km 2.3

where a is expressed in
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The last two formulas indicate a dependence on epicentral distance. We

want one formula for the distance range up to 150 km. One way of getting

this is by interpolating formulas 2.2 and 2.3. We choose linear inter-

polation and extrapolation as it gives higher values in the range 25 -

160 km than logarithmic interpolation and a weak distance dependence for

small distances. This gives us the relation

log a = 0.401 - 0.0025R + C4 2.4

where R is hypocentral distance and C4 is a constant.

One should note that O'Brien et al 1976 stated that bedrock sites give

acceleration values a factor 1.5 higher than given by formulas 2:1-3.

This will be considered in the interpretation of the macroseicmic data

of the 1904 earthquake.

3. Useful transformations of the macroseismic data

In estimating the statistics of the Swedish earthquakes we will rely on

the catalogue by Båth 1956. For each earthquake he gives the maximum

intensity Io and the radius of perception. None of these, is taken

alone, easy to interpret physically. By combining our results from the

wave propagation computations as given in formula 1.3 and the relation

between acceleration and intensity as given by formula 2.4 we get

I(R) = I + .006(R-h) - (4.4-.001 h2) log (R/h) 3.1

where I(R) is the intensity at hypocentral distance R and h denotes

focal depth. This intensity attenuation formula is only valid for

distances up to 150 km.

If we assume that the intensity at the radius of perception is known,

formula 3.1 can be us«

radius of perception.

formula 3.1 can be used to estimate the focal depth h from I and the

j
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From the formulas 1.3 and 2.4 we can also deduce the relation

log a = 0.40M + f (h,R) 3.2a

where a is the acceleration at hypccentral distance R from a source at

depth h and f(h,R) is a function of h and R while M is constant for a

given source strength and is given by

M = I Q + 2.7 log h - 0.006 h 3.2b

M is a measure of the radiating strength of the source and can thus

serve as a magnitude measure. As M is independent of the depth as long

as the source strength is the sane, formula 3.2b also gives the relation

between I and focal depth h for a given value of the source strength M.

In the following we will use M as defined by 3.2b as a macroseismic

magnitude measure. It is related to the constant C3 in the formula 1.2

by a linear relation. This means that our macroseismic magnitude measure

for small earthquakes is also linearly related to the body wave magni-

tude as the constant C3 is so.

These relations between body wave magnitude, the constant C3 and the

macroseismic magnitude measure as defined by 3.2b are linear only when

our assumption of a point source is true. The only earthquake in our

observation sample which cannot be regarded as a point source is the

1904 earthquake. We will later on extrapolate the occurence of large

earthquakes from the observations of small earthquakes. We will thereby

rely on the general observation of linear relations between the number

of earthquakes and instrumental magnitude. Any deviation from the linear

relations between the size quantities may affect our extrapolations. In

this report we will not try to make a complete investigation on the

scaling of body wave magnitude and the macroseismic magnitude. It

demands a much more physical approach and the knowledge so far available

is not enough for such a description of Swedish earthquakes.

To further check our magnitude definition we compare it to other published

relations between magnitude, maximum intensity and focal depth. We

thereby note that our formula 3.2b can be approximated

M = I Q + C5 log h

where C5 is in the range 2.4 - 2.7.
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Karnik 1969 got empirically for northern Europe

M .riQ + 2.1 log h

and for other European regions 1.8-2.4 instead of 2.1. He also stated

that the magnitude used by him was linearly related to the body wave

magnitude. The depths used by Karnik 1969 were determined from macro-

seismic observations by methods which do not include abrupt changes in

the velocity-depth relation.

From these relations we just conclude that our magnitude measure seems

to be in reasonable agreement with general experience as it rather well

is linearly related to the other formulas.

It is to be noted that our macroseismic magnitude measure is not fully

determined but any linear function of it could do as well. The reason

for not including the factor 0.4 in the magnitude formula is just to be

sure that our magnitude figures will be JO large that no one will think

of comparing them with magnitude figures determined in any other way.

The formulas 3.1 and 3.2b of this chapter now give a transformation of

the macroseismic quantities I and radius of perception to the physi-

cally more easily interpretable quantities focal depth and radiating

strength of the source, (magnitude). In figure 8 we can see the relation

between maximum intensity, radius of perception, focal depth and macro-

seismic magnitude measure when using formulas 3.1 and 3.2b together with

the value 2.5 for the intensity at the radius of percpetion.

4. Analysis of the macroseismic earthquake data

Our macroseismic earthquake data will be analysed in terms of focal

depth and magnitude measure as given by the relations 3.1 and 3.2b.

Using the catalogue by Båth 1956 and restricting ourselves to the circle

of figure 9, we get the results of figure 8. Every small circle denotes

one earthquake. In figure 10 we compare the depth distribution achieved

by our wave propagation results and by a cornnon technique (Huseby and

Ringdahl 1977) as given in the figure. From the results obtained can
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be seen that our depths are almost all in the range 8-25 km. However,

one should note that if the people distribution is not very dense, the

probability to identify very shallow depths is small. One can therefore

from the results of our macroseismic data not exclude the possiblity of

very shallow earthquakes being equally cannon as deeper ones. From

figure 10 a reasonable depth distribution model will then be uniform

distribution in the range 0-25 km.

In figure 11 we have plotted the magnitude distribution of the same

earthquake sample. The large earthquake in 1904 has not been included

but is for discussion narked in the figure with its smallest reasonable

macroseismic magnitude measure. The straight line of figure 11 is just

fitted by eye and indicates a reasonable slope to use when extrapolating

the distribution to larger magnitude measures.

It is obvious from figure 11 that the 1904-earthquake observation does

not fit the remaining observations of the 60 years covered by the earth-

quake catalogue. The latest previous earthquake that might be of similar

magnitude was the one in 1759. If we take the mean year to 1759 and

1904, 1831, as a starting point for the time interval to use when

estimating tlie annual number of 1904-magnitudr earthquakes we get 1/145

per year instead of 1/60 as indicated in figure 11. However, the straight

line of figure 11 gives still a much lower annual number.

When determining the depth of the 1904-earthquake we use the discussion

of extended sources in connection to the wave propagation computations.

In figure 12 we have marked the intensity decay for the epicentral range

20-70 km for an extended source in either lower or upper crust. The

observed intensity decay in this range for the 1904 earthquake seems to

be one unit (Austegard 1975) and thus indicates a focal zone in lower

crust as the upper crust source gives an intensity decay of two units.

This indicates a possible difference between the 1904-earthquake having

a depth exceeding 25 km and the smaller ones as most of the latter have

focal depths less than 25 km.
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5. Calculations of the probability to exceed a given ground

acceleration level at a given site

Considering the problems to incorporate the 1904-earthquake in the

observations of the smaller earthquakes we decided to split the observa-

tions in two groups: one consisting of the 1904-earthquake and one

consisting of remaining earthquakes. By doing this we avoid introducing

unreasonable conservatism in the calculations without neglecting any

observation. As the assumptions necessary for calculating the probabili-

ties associated with the 1904-earthguake are much weaker than the assump-

tions necessary for evaluating the remaining observations, we start by

discussing the 1904-earthquake.

5.1 The 1904-earthquake observation

The idea of this section is to look at earthquakes having the same

source strength as the 1904-earthquake. This eliminates the magnitude

measure as a variable in our calculations. The variables left are source

depth and epicenter coordinates. We also need a formula relating the

ground acceleration to hypocentral distance and focal depth.

The most probable focal zone of the 1904-earthquake is the lower crust

according to our previous macroseismic discussion. A reasonably con-

servative depth distribution to use for these earthquakes is then a

uniform distribution in the range 0-35 km.

As the source process of the 1904-earthquake is not known and we have no

geophysical knowledge today for assigning probabilities to occurrence of

a 1904-magnitude earthquake at a certain site, we will rely on the

assumption of uniform epicenter distribution. The area of uniform

distribution is determined in a conservative way by taking a circle

around the site with a radius equal to the distance from the site to the

1904-epicenter. We assume then that we have uniform distribution of

1904-magnitude epicenters within this circle and with a total number of

1/145 eartquakes per year as discussed in the macroseismic interpreta-
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tion. Such a procedure of defining the epicenter distribution is con-

servative if there is no indication of a non-unifom distribution. With

this epicenter distribution the seismic risk associated with the 1904-

earthquake observation will be a function of the distance to the 1904

epicenter. One should note that use of such conservative procedure for

each site cannot be used if we want to look at the total risk for two or

more sites. For instance when looking at the site most close to the 1904

epicentre we assume all 1904-size earthquakes to be within a circle not

containing all the other sites. For sites not contained within the

circle the risk will then be zero. The use of different assumptions for

different sites is evidently inconsistent. Actually, if the 1904 earth-

quake equally well had occured anywhere within, let us say, 500 km of

the 1904 epicentre, then all sites within this area have to endure the

same seismic risk.

The remaining problem is to determine the acceleration attenuation curve

for 1904-earthquake. In figure 13 the wave propagation results for an

extended source in upper or lower crust and for a frequency of 2 Hz can

be seen. High accelerations will of course only appear at small hypo-

central distances and we see from figure 13 that both curves at that

part are well approximated by a straight line with slope 1.07. To

determine the acceleration level for such a line valid for the 1904-

earthquake, we note that according to Svedmark 1909 the maximum observed

intensity for 1904-eartquake at bedrock sites seems to be 5 on the

Mouified Mercalli scale. The hypccentral distance for such observations

is less than 60 km. Using this and linear interpolation between the

formulas 2.2 and 2.3 we get an acceleration of 0.019 g at opicentral

distance 50 km. However, O'Brian et al 1976 also states that the accele-

ration values for a given intensity is larger by a factor 1.5 on bedrock

sites. This gives as a basic assumption in our calculations that the

bedrock acceleration at hypocentral distance 60 km of the 1904-earth-

quake is 0.029 g.

This value 0.029 g is determined from world wide data. As pointed out by

O'Brien et al regional variations occur. In all our calculations we

therefore include a variation 1.5 of this value and thereby indicate

the uncertainties involved in interpreting macr.>seismic data in terms of

acceleration.
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The slope 1.07 for a frequency of 2 Hz is changed to 1.15 if a frequency

of 4 Hz is used and if we want the straight line to describe the two

curves at short distances and at the same time go through the lower

crust curve at 60 km hypocentral distance. As a value of 1.15 in this

case is more conservative than 1.07 we finally accept the following

acceleration attenuation curve for 1904-magnitude earthquake

log a(R) = log a(l) - 1.15 log R 5.1

where a(R) is the acceleration in units of g at hypocentral distance R

km and log a(l) = 0.507.

We have now stated all assumptions needed and the calculations of the

probability of exceeding a given acceleration level is straight-forward

by first calculating the annual number of earthquakes giving accelerations

at the site above the given level.

In figure 14 we show the results of the acceleration, corresponding to

an annual probability 10~ , as a function of distance to the 1904 epi-

center. The acceleration range given by the solid lines corresponds to

our conservative way of estimating the epicentre distribution while the

dotted lines show the lower range achieved if 1904-size earthquakes are

equally probable to occur anywhere within the area of figure 9.

Due to our conservative procedure for estimating the uniform epicentral

distribution at a given site the acceleration levels will be very high

for sites close to the 1904 earthquake. As the last preceding earthquake

(1759) having a possibly similar magnitude had another epicentre we

think that it is not reasonable to follow the solid curves of figure 14

down to distances less than say 200 km. For sites closer than 200 km we

thus propose the 200 km values as reasonable (0.10-0.22 g).

5.2 The remaining earthquakes

This group contains all other earthquakes when the 1904-earthquake is

excluded.

As given by our macroseismic interpretation of these earthquakes, a

uniform depth distribution in the range 0-25 km seems reasonable and

will be used.
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For the epicenters we will again assume a uniform distribution where the

annual number of earthquakes per sq.km. is estimated by a method similar

to the one used for the 1904-earthquake.

To estimate the number of earthquakes having magnitude measures larger

than M close to the site we calculate tor a circle of radius r the

annual nimber of such earthquakes per sq.km. within the circle.

For different values of r we get different annual numbers per sq.km. We

then choose to use the highest annual number given by any radius r less

than 450 km. This gives our conservative estimate of the annual number

per sq.km. of earthquakes larger than magnitude measure M around the

site. These conservative estimates can be plotted as is done in figure

15 for the Oskarshamn nuclear site. We see that the radii u~ed in

estimating the numbers are quite large 240 - 390 km indicating the

lack of close earthquakes. To these conservative estimates we now fit a

straight line with slope -1.1 as found in our macroseismic analysis. The

line is determined in such a way that none of our estimated numbers is

above the line. We then use the annual number per sq.km as given by the

line in our probability calculations. In these calculations we do not

use any maximal magnitude but just extrapolate our observations along

the straight line.

As we in our calculations will integrate over magnitude measure we

choose to use an acceleration attenuation similar to the one used for

1904-magnitude earthquake. We just incorporate the magnitude dependence

as given by formula 3.2a in the formula 5.1. For conservativety we

thereby use the low value 11.1 as the macroseismic magnitude measure of

the 1904-earthquake corresponding to I =7.5 and h = 2b and get

log a(M,R) = 0.4(M-ll.l) + 0.507 - 1.15 logR 5.2
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This formula ca be used to check the consistency of the formulas suggested

in this study. Close to the great Lake Vänern in central Sweden an

earthquake occured April 11, 1973. This earthquake had a maximum intensity

4-5, say 4.5, and the radius of perceptability was 50 km. Fran figure 8

this means a focal depth of 15 km and a size measure of 7.7. We put this

size value in formula 5.2 and get an epicentral bedrock acceleration of

0.006 g. For this earthquake the maximm observed vertical acceleration

at Hagfors array station, at a distance of 160 km, was 5 . 10~ g for a

frequency of 4 Hz. The horizontal acceleration is probably a little

larger. 1b estimate the epicentral acceleration from the Hagfors Observa-

tory we use the 14 km depth curve of figure 5 and get the epicentral

bedrock acceleration to be 0.002 g. This is in good agreement with the

0.006 g value above and if we had accepted a higher and actually more

likely size value of the 1904 shock the values would be even closer. The

epicentral area is covered by sedimentary layers which may amplify the

surface acceleration up to 10 times compared to a bedrock surface accele-

ration (resonance) for small acceleration levels. For an amplification

of 5 we get the sedimentary acceleration 0.01 - 0.03 g, which is in

agreement with the value 0.01 g given by formula 2.1 for intensity 4.5

(a slight extrapolation). We thus conclude that the formulas proposed

here are consistent and in agreement with instrumental observations of

small earthquakes.

In the probability calculations we assume that depth, epicenter co-

ordinates and magnitudes are uncorrelated. The calculations are then

again straight-forward and this time incorporates an integration over

magnitudes.

In figure 16 we see the results for the Oskarhamn site. The wide range
±1

given i3 again due to the factor 1.5 when interpreting the macro-

seismic observations in terms of accelerations.



21.

6. Resulting accelerations for an annual probability of 10 at the

four nuclear power plant sites

In table 1 the estimated accelerations are given both for each of the

earthquake groups and when both are taken together. The large ranges are

indicative of the uncertainties involved. Table 1 can be considered as

the final result of the probability calculations of this report. To make

possible a direct oonparison with other studies we give in table 2 the

most likely estimate of accelerations for the four sites.

For all sites except Barsebäck the 1904 observation gives higher accele-

ration than the remaining earthquake observations. This behaviour of the

Barsebäck site is due to the fact that during the 60 years time interval

on which we base our statistical estimate of the earthquakes a fairly

large earthquake occurred within 55 km of this site. As seen in figure

17 this singular observation gives a high seismic activity to the site

when our conservative estimating procedure is applied. More reliable

estimates at each site may of course be achieved if a larger time inter-

val can be used. We have here only used the data after 1890. This time

period can probably be extended further back.
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Discussion

The best estimates from this study of acceleration levels at an annual

probability of 10 are .10 - .15 g. One interesting aspect when discuss-

ing this acceleration value is to comDare it with the acceleration at

the epicenter of the 1904-earthquake. From figure 13 can be seen that if

we assume the focal zone to be in Uie depth range 20-35 km and use the

60 km value 0.029 g, we get an epicentral acceleration of 0.09 g and the

range 0.06-0.14 g. As most studies of the 1904-eartquake including this

one indicate a focal zone in lower crust, this should be a reasonable

estimate of the epicentral bedrock accelerations for 1904-earthquake. As

one policy for determining the design level is looking at the epicentral

acceleration of the largest earthquake of the region, it is interesting

to note that this seems to give the same acceleration level as our

estimates from the probability model.

We have in this study not included any dispersion in the data. It is a

well known fact from seismic observations that fairly large amplitude

variations occur for body waves. The reason for not including such a

dispersion in the calculations is that we do not know how our accelera-

tion values are related to the dispersion. If we for instance have a

logarithmic normal distribution and our curve gives the 50% value the

inclusion of dispersion will raise our final acceleration levels. If on

the other hand our acceleration curve gives the 75% value (exceeded only

in 25% of the observations) then the final acceleration values will be

uneffected or even reduced. Our curve is based on the largest observed

bedrock intensities and is therefore more likely to be the 75%-value

than the 50%-value. The question of what dispersion to use is thus

closely connected to the level of our acceleration curve.

In figure 19 the solid lines give the size distribution for the two

earthquake distributions we have used, while the dashed line gives the

resulting size distribution used when the two earthquake groups are

added.
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The good agreement between the macroseismic model proposed here and the

instrumental observations as discussed in point 5.2 indicate that the

results achieved are probably not very far from the truth. The comparison

there indicates possibly even low - true accelerations for the group not

containing the 1904 shock. The general low acceleration level achieved

here is due to our use of bedrock acceleration and not an unspecified

ground acceleration. The presence of a low velocity surface layer nay

anplify the low level bedrock accelerations 5-10 times.
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Table 1

Acceleration ranges for the annual probability 10

1904 excluded only 1904 total

Forsmark 0.04-0.08 g 0.05-0.12 g 0.06-0.13 g

Orskarshamn 0.04-0.08 " 0.06-0.13 " 0.07-0.14 "

Barsebäck 0.08-0.17 " 0.06-0.13 " 0.09-0.20 "

Ringhals 0.05-0.11 " 0.09-0.21 " 0.10-0.21 "

Table 2

Most likely acceleration values for the annual probability 10~ .

Forsmark
Orskarshamn

Barsebäck

Ringhals

0.056
0.054

0.115

0.075

g
»
ti

It

0.079
0.087

0.087

0.140

g
ft

II

II

0.09
0.10

0.13

0.15

g
tt

ti

tt
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Fig. 1 The crustal model used in the wave propagation computations.

Q is the anelastic quality factor.

Fig. 2 Theoretical geometrical spreading ol uhe direct wave for a
uniformly radiating point source at different depths in a

homogenous half space.

Fig. 3 Theoretical geometrical spreading of the direct wave for a

uniformly radiating point source at different depths in the

realistic crust of figure 1.

Fig. 4 The theoretical distance dependence of the maximal body

wave amplitude of a uniformly radiating point source at

different depths in a realistic crust. For the anelastic

damping a frequency of 2 Hz was used. Note that hypocentral

and not epicentral distance is used and that the curves start

at the point where the hypocentral distance equals the depth,

that means at the epicenter.

Fig. 5 As fig 4 but for a frequency of 5 Hz.

Fig. 6 The approximate values of C2(h) of formula 1.1 are given

by the vertical bars for the focal depths of figure 5. The

dashed line gives a reasonable analytic approximation for

the depth range 0-40 km.

Fig. 7 The theoretical distance dependence of the maximal amplitudes

radiated by an extended source consisting of uniformly

radiating point sources at different depths. The radiation

of the point sources are assumed to be incoherent. The source

is only extended in depth. A frequency of 2Hz was used.
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Fig. 8 This diagram gives the relations between the two macroseismic

quantities, maximal intensity and radius of perception, and

the two physically more convenient quantities, focal depth and

radiating strength. The radiating strength is expressed as

macroseismic magnitude measure defined in formula 3.2b. The

solid curves indicate constant maximal intensity and the

dashed curves indicate radius of perception. The snail

circle denote each an earthquake given by Båth 1956 within

the circle of figure 9.

Fig. 9 Map of southern Scandinavia. Earthquakes reported by Båth 1956

within the circle have been used in our statistical study.

The diameter of the circle is 900 km.

Fig. 10 The cumulative focal depth distribution of the earthquakes

within the circle of figure 9. The solid line is achieved by

the transformation proposed in this study. The dashed line

is achieved by use of the formula given in the figure. The

difference is not very significant.

Fig. 11 The small circles give the distribution of the size measure

M among the earthquakes within the area of fig. 9 and in

the catalogue by Båth 1956. The distribution is described by

the number of earthquakes having a size measure exceeding M.

The time period is 60 years. The 1904 earthquake has been

assigned a smallest reasonable size measure and is not in-

cluded among the smaller earthquakes. The point 1/145 gives

the position of the 1904 earthquake if for that large earth-

quakes the observed time period is extended. For a discussion

of this see the text. The slope of the solid line is just

chosen not to be steeper than the slope at the larger M-

values.
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Fig. 12 This figure shows the distance dependence of the amplitude

of an over depth extended source. The solid curve corresponds

to a source in lower crust, 20-35 km depth, and the dashed

curve corresponds to a source in upper crust, extended over

8-14 km depth. The two points on each of the curves narked

by horizontal lines correspond to the epicentral distances

20 and 70 km. The intensity decay over this range is then

computed from the formula given in the figure.

Fig. 13 The solid curve gives the distance dependence of the amplitudes

from an extended source in lower crust. The dashed curve is

the same for a source in upper crust. The dotted line gives

the maximal amplitude for any focal depth having the same

source strength. The 1904 earthquake is described by the

solid curve. The small circle denotes the point used to

determine the absolute level of ths 1904 curve.

Fig. 14 Resulting acceleration probabilities based on the distribu-

tion of 1904-size earthquakes as a function of the distance

from the 1904 epicentre. The two solid curves give the acce-

leration range for the proposed conservative procedure. The

dashed lines give the acceleration range when the 1904-size

earthquakes are assumed to be equally distributed within

a radius of 500 km. The horizontal solid lines give the

reasonable acceleration range at small distances when the

conservative procedure is a opted.

Fig. 15 The circles give the estimated annual number of earthquakes

at the site Oskarshamn having a strength measure exceeding

the v?lue at the horizontal axes. The solid line has a

fixed slope -x.l and is adjusted to the observations in

such a way that no estimate is above the line.

Fig. 16 The relation between bedrock acceleration to be exceeded and

the annual probability. The solid curves give the resulting

acceleration range for the Oskarshamn site when the 1904

earthquake is not included. The dashed curve is the most like-

ly value. A bedrock acceleration of 0.05 g is thus exceeded

with the annual probability 10 .
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Fig. 17 The same as figure 15 but for the Barsebäck site showing how

the single observation of a fairly large earthquake close to

a site may raise the conservatively estimated number of earth-

quakes. In such a case one should try to increase the time

period which is possible for larger events.

Fig. 18 The number of earthquakes in the catalogue by Bath 1956 as

a function of radius of perception. N is the number of

earthquakes having a radius exceeding the value given by the

horizontal axis.

Fig. 19 The dots give the cumulative size distribution of the earth-

quakes within the circle of figure 9. The number of earth-

quakes within the time period studied 60 years, is given.

The 1904 earthquake is seperately handled. The frequency

of 1904-size shocks is estimated to 1/145 per year from

the year of a preceding 1904-size earthquake. The solid

sloping straight line shows the estimated distribution of

earthquakes when 1904 observations is excluded. The solid

lines meeting at the 1904 observation give the estimated

distribution of 1904-size earthquakes. The dashed curve is

the estimated distribution of the union of the two pre-

ceding distributions.
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Fig. 1. The crustal model used in the wave propaga-
tion computations. Q is the anelastic
quality factor.
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Fig. 2. Theoretical geometrical spreading of the direct
veve for a uniformly radiating point source at
different depths in a homogenous half space.
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Fig. 3. Theoretical geometrical spreading of the direct
wave for a uniformly radiating point source at
depths in the realistic crust of figure 1.
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Fig. 4 The theoretical distance dependence of the
maximal body wave amplitude of a uniformly
radiating point source at different depths
in a realistic crust. For the anelastic
danping a frequency of 2 Hz was used. Note
that hypocentral and not epicentral distance
is used and that the curves start at the
point where the hypocentral distance equals
the depth, that means at the epicenter.
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Fig. 5. As fig. 4 but for a frequency of 5 Hz.
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Fig. 6. The approximte values of C2(h) of formula
1.1 are given by the vertical bars for the
focal depths of figure 5. The dashed line
gives a reasonable analytic approximation
for the depth range 0-40 tan.
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Fig. 7. The theoretical distance dependence of
the maximal anplitudes radiated by an
extended source consisting of uniformly
radiating point sources at different depths.
The radiation of the point sources are
assumed to be incoherent. The source is
only extended in depth. A frequency of
2 Hz was used.
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Fig. 8. This diagram gives the relations between the two
macroseismic quantities, maximal intensity and
radius of perception, and the tvo physically more
convenient quantities, focal depth and radiating
strength. The radiating strength is expressed as
macroseismic magnitude measure defined in formula
3.2b. The solid curves indicate constant maximal
intensity and the dashed curves indicate radius
of perception. The small circle denote each an
earthquake given by Bath 1956 within the circle
of figure 9.
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Fig. 9. Map of southern Scandinavia. Earthquakes reported
i>y Båth 1956 within the cricle have been used in
our statistical study. The diameter of the circle
is 900 km.
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Fig. 10. The cumulative focal depth distribu-
tion of the earthquakes within the
circle of figure 9. The solid line is
achieved by the transformation proposed
in this study. The dashed line is
achieved by use of the formula given in
the figure. The difference is not very
significant.
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Fig. 11. The small circles give the distribution of
the size measure M among the earthquakes within the
area of fig. 9 and in the catalogue by Båth 1956.
The distribution is described by the number of
earthquakes having a size measure exceeding M. The
time period is 60 years. The 1904 earthquake has
been assigned a smallest reasonable size measure
and is not included among the smaller earthquakes.
The po.'nt 1/145 gives the position of the 1904 earth-
quake if for that large earthquakes the observed
time period is extended. For a discussion of this
see the text. The slope of the solid line is just
chosen not to be steeper than the slope at the
larger M-values.
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Fig. 12. This figure shows the distance dependence
of the amplitude of an over depth extended
source. The solid curve corresponds to a
source in lower crust, 20-35 km depth, ant
the dashed curve corresponds to a source
in upper crust, extended over 8-14 km
depth. The tvro points on each of the curves
narked by horizontal lines corresprsid to
the epicentral destances 20 and 70 km. The
intensity decay over this range is then
computed from the formula given in the
figure.
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Fig. 13. The solid curve gives the distance dependence
of the amplitudes from an extended source in
lower crust. The dashed curve is the same for
a source in upper crust. The dotted line gives
the maximal amplitude for any focal depth having
the same source strength. The 1904 earthquake
is described by the solid curve. The small
circle denotes the point used to determine the
absolute level of the 1904 curve.
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Fig. 14. Resulting acceleration probabilities
based on the distribution of 1904-size earth-
quakes as a function of the distance from the
1904 epicentre. The two solid curves give the
acceleration range for the proposed conserva-
tive procedure. The dashed lines give the accele-
ration range when the 1904-size earthquakes are
assumed to be equally distributed within a ra-
dius of 500 km. The horizental solid lines give
the reasonable acceleration range at small dis-
tances when the conservative procedure is adopted.
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Fig. 15. The circles give the estimated annual number
of earthquakes at the site Oskarshamn having
a strength measure exceeding the value at the
horizontal axes. The solid line has a fixed
slope -1.1 and is adjusted to the observations
in such a way that no estimate is above the
line.
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Fig. 16. The relation between bedrock acceleration to be
exceeded and the annual probability. The solid
curves give the resulting acceleration range for
the Oskarshamn site when the 1904 earthquake is
not included. The dashed curve is the most likely
value. A bedrock acceleration of 0.05 g i s thus
exceeded with the annual probability 10 .
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Fig 17. The sane as figure 15 but for the Barsebäck
site showing how the single observation of a
fairly large earthquake close to a site may
raise the conservatively estijnated nunter of
eartquakes. In such a case one should try to
increase the time period which is possible
for larger events.
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Fig. 18. The number of earthquakes in the catalogue
by Båth 1956 as a function of radius of
perception. N is the number of earthquakes
having a radiSs exceeding the value given
by the horizontal axis.
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Fig. 19. Hie dots give the cumulative size distribu-
tion of the earthquakes within the circle of figure
9. The number of earthquakes within the tine period
studied 60 years, is given. The 1904 earthquake is
seperately handled. The frequency of 1904-size shocks
is estimated to 1/145 per year from the year of a
preceding 1904-size earthquake. The solid sloping
straight line shows the estimated distribution of
earthquakes when 1904 observations is excluded. The
solid lines meeting at the 1904 observation give the
estimated distribution of 1904-size earthquake. The
dashed curve is the estimated distribution of the
union of the two preceding distributions.


