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501L-STRUCTURE INTERACTION CONS1DERATIONS
IN VULNERABILITY ANALYSIS OF STRUCTURES

by . Goschy (Hungary)

Suminagy

Of primary concern in erathquake-engineering practice is
to predict the vulnerability of building structures erected
in seismic prone areas. It is intended he:e, to emphasize
the role and importance of actual soil-structure inter-
system connectivity in vulnerability analyses, further to
harmonize drmage evaluation processes with the limit state
design philosophy.

The influence of soils of foundation over the seismic
response of sbenebural system was found Lo be conuidered
in earthquake resistont design in two ways as follows:
- by the aseismic quality of soils idontiriud as soil
profiles and

- by the clastic or p]ustlc ‘support COUdlbltOﬂS of a
given structure.

The aim of this work is to give quuntltatlve guide~lines
to damage probubility assessments in correlation with the
limit state design strategy.

1. State ol the Art.

Design and .etailing of basements (foundations) subjected
to combined compression and bending is at present based
an two assumpt.ions as far as the failurce condition is con-
sidered.
These are .(IFigure 1.)
- the failure condition for linear-elastic soils
described by )

u T u
aned

.= the failure condition for nonlinear plastic soils
descerited by

)
N, oAy M Lo (1.2)
Nu u My :
whoroe:
N, iz Lhe ultimate axial force in pure cowmpression,
suned
M“ it Lhe ultimabe mowent in pure boending; of the

contact aren of L vasement,

A

e L g



Considering that the elastically or plastically supported
structure under earthquake actions suffers displacements

of first and second order, structural failure may occur in .
two different wnys:

~ material failure in case of stiff structures and/or
basements, und

- stability failure in case of sleader structures and/or
basements. (Figure 4.)

If it is intended to determine the capacity of the base-
ment in t¢oms of seismic coefficients (C) or accelerations
(a=9,81C~10 €C) in limit state situations, one start
with the cquilibrium condition expressed with the equality

Mg = My ' (1.3

where:
ME is the external moment at base due to seismic
dctlons,
My is the ultimate moment of the contact are being
in combined bending and compression such as
derived from Egs (1.1) and (1.2)

(1 - N/N) M, (1.1/8)
in elastic range, and
My = T - ) M, (1.2/b)
U

in plastlc range.

The moment at base produced by seismic actions, consider-"
ing georpLiic nonlinearity can be written in the form of:

NH
Mg = k(T)C — - (1.4)
with
k(T) - n/T is the site dependent dymanic magnicifa-
tion factor,

T is the natural period of the soil-structure
dual system,

n is the site factor, depending upon the
soil profile,

N, is the critical (buckling) load of the

floxibly supportoed cantilever structure.




The natural period can be expressed as

2 e
T - T, V1 + T /TG

(1.5)
where the period of the elastic structure and of the base-
ment can be obtained from the circular frequencies

2 70 Kg 2 _ .
Ws = ——3— H WF = 10 l\#O
NH _ 2
NH
On the other hand, the critical load can be deduced from
N
N, = - Ccs (1.6)
1+Ncs/NcF
. 2,47 K., )
with N ’ E and N - kio
cs 2 cf
H H
Ki the bending stiffness of the super-
" structure, 3
kfo=CfIF=CrB_L/’I2 ,
Phisico-necannicsl property ¢f the scil under investigation
is deseribed by its rotation:l

subgrade, obtained from

Cp - 2,2 —=— (k/m’) (1.7)
f PAF
where:
Es is the modulus of elasticity of the soil,
AF = BL is the contact area,
f

is the experimental constant rangeing between

0,30 £ f 0,45

Ilntroducing these values in Eq (1.%),after some rearrange-
ment the capacity function in terms of seismic coefficient
yields [4] :

N, N N N 5] NB L
C - [1-(1+ ﬂ:)(ﬂ-l;)m:( Nu) ) A ¢ ) (1.8)

under clastic condilions, and
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[ N, N NN ] B 1 _
C = 1-(1+N:)(N:) + NZ(N:) ZH - k(M) (1.9

under plastic conditicns,

By representing the graph of functions (1.8) and (1.9),
as_ shown in Figure 3%, one cun observe the upper bounds of
the capacity of the basement, associated with elastic and
plastic presumtions over the soil behaviour,

With these premises in mind it is obvious to extend soil-
structure interaction analysis over the most appropriate
soil model characterized by material nonlinearity.

2. Nonlinear soil behaviour

Soils in most of cases have visco-elastic properties simu-
lated in this work by a nonlinear continuous skeleton
curve (Figure 4.) following the M-% interrelationship

given as
noo2f £ (2.1)
u Tll ?;
where"f/~fu is the rotational rutio of the foundation to
the ultimate.

The equilibrium condition (Eq 1.1) than provides the capa-
city function written as

N N N i
oo a1 o
L

Perturbance sensitivity of the selected model (Figure 2)
can be analysed with the help of deterministic or random

variables such ngs:
050(,= \f/\ru 51,5

wherelY1 murks the strength and stiffness degradation
process during seismic actions, further

a = N/Nu; b = Nu/Nc 21 and\k= H/B €4 stands fonr
squat (rigid)




whereas b = Nu/Nc <A and‘},='H/B 2> 1 for slender structural
systems.

Perturbance analysis carried out on the one mass model shows
that the nonlinear soil behaviour may produce instability
situations of the imperfect system prior ultimate capacity
is reached (Figure 5§, in other words the stability failure
anticipates the materisl failure. In this case the cagpacity
diagram can be broken up into two branches, a stable and an
unstable branche. The point of divergency or the peack value
of capacity function is obtainable by partial derivations
with respect to independent variables.

3. Rating of limit states

Present Codes prescribe the limit state strategy by estab-
lishing threc limit ststes (LS;; i = 1, 2, 3) such as:

- searcesbility (SLS = LS,_,)
- failure (ultimate) (FLS = IS, ,)

- collapse (CLS = Lsi=3)
limit states.

In possession of capacity diagrams (e.g, Figure 5) one can
proceed with partitioning of ordinates f/¥, into three
ranges, limited by values representing limit state situa-
tions.

The exploitation tendency of the structure in accordance
with defined goals, calles for acceptability criteria
quantified as reliability criteria extended over limit
situations, - limit states.

Reliability in structural engineering practice is by defi-
nition the probability of nonlimit performance, termed as
limit states.
The structusral reliability referred to a given limit state
i (i=1, 2, %) cxtended over the full life time T_ of the
structure, is quantified by the reliability (safet$) index
written as [14]:
' E (R, - 8.)
N i i
(31 - (3.1)

VVar (Ri + Si)




where:

E(Ri-S.) is the difference of mathematical expectations
referred to independent random variables in
term of capacities (Ri) and actions (Si),

Var(Ri+Si) is the sum of variances of random variatles.
The probability that a performance limit state (LS.) is a

attained during a life span of TO can be approxima%ed with
the relstion [1%]:

P(LS LS, ; T.) = 460 exp[-u,a(ﬁ(To)] (3.2)

Making use of Eq (3.2) and accepting reliability levels
taken from CEB-FIP Recommendations, classification on
probability scale can be obtained as shown in Table 1,

Table 1.
LS, |Limit |Probability |Reliability
states B3;(T,=50)
1 SLS < 1077 >4,0
FLS 10™% 2,5
3 CLS 10™% 3,0

Translated: into the language of earthquake engineers the
reliability index becomes

E(a. - a_.)
By - —2 =i (3.3)
Var(a.l + asi)
with simbole:
a, iz the capacity in term ol acceleration taken

from partitioned capacity functions,

LI is the site dependent peack aceeleration.

[ 3]




Since the calculated capacities uare supported by nominal
or expected (mean) values, (admitting generally normal
distribution low for capacities) a. represents a probabi-
lity level of 50 %. +

The "counter" value of the site dependent acceleration 8g5
aiming to maintain the reliability level adopted for
normal statical loadings, has to be derived from

asi = a; - [3i(TO) VVar(aSi+ai) (3.4)

On the other hand the probability of 50 % in occurrence

of the site dependent (ag.) peack acceleration can be ob--
tained with the help of 18cal Poisson or Gumbel (Type I)
probability distribution models.

1t is also acceptable to derive the 50 % probability level
from the equality

Plaga, 5 T,) = exp (- 22) = 0,5  (3.5)
trj
where:
t_. ~represents the return period or period of

TJ repetition of accelerations at level ag

jc
Finally, the equality

8g5 = 253 (3.6)
provides the value of the variance

QVar (asi + ai)

4, Rating of structural damages

Capacity diagrams can also be used to estimate siructural
damages by sculingol = /\ru ordinates into limit state
ranges (Figure 6.

The stable branche of diagrams divided into two parts is
suitable to inform about SLS and FLS ranges, whereas the
unstable branche indicates the CL8 range as listed in
Table 2.
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Table 2.

Limit states Specified chargcteristic
values of ol = ‘?/ “(Ju

1 SLS 0 40(8 < oCF/z
2 FLS oL /2 X _éo(F
3 CLS ol >O(F

The harmonization of limit state situations witli damage rates
can be achived by subdividing limit state ranges into damage
degree (DD = D./Dt)'ranges. The suggested damage rating is
shown in Table™3%. '

Table 3.

s [ oL =Y/ fu DD:Z%/Dt Description

0Lk £ OCF/4 1 O + 2 |No damage, minor
nonstructural damagd

SLS o(',F/Lt(o(, Z 0(,1;\/2 II 2 + 1o |Minor structural
: ST = damage

Bl LEai e RSP U

/2, £3 /4] II1I|10 + %0 |Substantial str.
oL ¥/ oL OLF damage

F1LS 3°(F/44°<’é' °('F IV | 30 + 50 [{Major str. damage

cLsl o . Slp v 100 | Collapse




Ye LoOnclusions

5.1 Soft soils require a more detailed analysis of the
material nonlinearity of support conditions, whereas
slender superstructures involve the account of geo-
metric nonlinearity.

In both cases the stability failure can occur prior
to material failure.

5.2 Theories of elasticity and plasticity in soil-structure
interaction efficiency are suitable to indicate upper
and lower bounds for safe design.

%.% The harmonization of limit design philosophy with
damage rate evaluation can be refined on the basis
suggested in this work, taking into account scaled
limit capacities of structural systems.
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THE STATE-OF-THE-ART IM EARTHRUAKE HAZARD ASSESSMENT

Madimir Schenk _
Geop.Ins*.,, Czechosl .Acad.3ci., (413! Praha

&BSTRACT

Tha earthguaks hazard can be axpressad in different ways @
from cimple aobserved macroseismic fields over the seismostatis-
tizal calculaticns analvzing earthquaks occurrences in time and
space and assessing their dynamic effects in a certain site or
region up to sophisticated seismogeclogical approaches evaluating
the maximum expected earthquake effects on the Earth’s surface.
_Advantages and shortcomings of each method, ways of source re-
gions delineation, testing the quality of input data, their
processing to suit the chosen method of hazard assessment, appli-
cation of mutually dependent or independent earthquakes in the
computations, estimates of the maximum expected earthquake magni-
tude, procedures of the attenuation relationships as well as the
extent of respective errors will be presented. Prospects of
earthquake hazard assessments and their calculation techniques in
the near future will be discussed.

1. INTRODUCTION

Human and material losses caused by earthquakes are continu-
ously increasing because of (a) the concentration of population
and industry in large urban agglomerations, <(b) new settlements
in the already density populated areas, and’'(c) natural growth of
population. Even through new construction technologies have been
introduced in the recent years and earthquake-resistant struc-
tures have become more common, the losses are ever greater. In
order to make protection and prevention most effective, the new
body of knowledge achieved by geoscientific research has to be
applied to hazard assessments, and new and more sophisticated
approaches to  input data processing have to be adopted. Then
immediate applications of such results to earthquake engineering
allow us to reduce essentially the losses. From the viewpoint of
designers, the requirement is to express the seismic hazard in
terms of vibration, especially in the time history of accelera-
tion or its parameters (amplitude, frequency, duration, etc.),
and in terms of probability of an earthquake effect occurrence in
the future.

2. EARTHQUAKE HAZARD REPRESENTATIONS
2.1 What do we undeéstand under the term “seismic hazard" ?
The seismic hazard is defined as abprobability of occurrence
of earthquke effects given in units of a certain dynamic level of

vibrations which can be expecteg in a particular region (or site)
within a certain time period. Very often, however, in various




works we come across the term "seismic risk", the meaning of
which is frequently confused with the term "seismic hazard”., What
do we then understand under the seiamic risk ? The seismic risk
is defined as a probability that earthquake consequences (techni-
cal, economic or social) with reach or exceed certain values in a
region (or site) within a2 certain exposure time. The final result
of the seismic hazard analysis i3 the determination of the proba-~
bility of occurrence of a natural phenomenon, while the final
result of the seismic risk analysis i{s a function of the inter-
relation between that natural phenomenon (in our case earthguake
effects) and the total human activity.

In the last two decades, perhaps every seismologist has made
a contribution to the solution of the problems of seismic hazard.
Apart from a host of most varied results, this vivid interest in
representing the seismic hazard has also produced their mutual
heterogeneity. For one thing, the heterogeneity is caused by the
participation of a great number of seismologists and specialists,
and by the quality of input data, for the other. Even though the
influence of a subject cannot be neglected, it can be demon-
strategd that (t is the input data that have produced the many
variants of seismic hazard representation. We can find such that
suit the regions of a higher or lower seismic activity, longer or
relatively short observation periods, better or worse seismologi-
cal reconnaissance of a region, etc, For this reason, in the
following part of this paper I will not only concentrate on the
general characteristics of seismic hazard representations and the
causes of their origin, but also on the possibilities to prevent
the differencies or to restrict them the least possible measure.

2.2 Two-parametric earthquake hazard

14 we skip the problem of probability determination from
the definition of the seismic hazard, the problem of occurrence
of earthquake effects in a certain region within a certain time
period remains. Such data can be assumed in a sense as the simpl-
est representation of seismic hazard, because they provide us
with the knowledge on occurrences of earthquake effects within a
known observation period. Then consequently, they may be desig-
nated as the “"two-parametric" seismic hazard representation,
i.e., they express the relation between earthquake effects and
observation time.

There are a lot of materials describing damaging or distruc-
tive effects of some historical events without giving any other
information. Although these materials often constitute only sin-
gular reports, or at best, they are incorporated in the maps of
certain earthquake effects, they have to be taken into account
and attributed the simplest deoree of seismic hazard representa-
tion.

1t is evident that in the most conservative approach, only
observations from the past define the model of future activity.
Thpso models naturally assume a stability in the earthquake



2n2rgy releasze processes. According to the reports of observed
historical and present sarthquake effectsz, different levels of
the two-parametric representation cf seismic hazard can be dis-
tirguished:

1Y marroseismic fizld of one earthguake,

ii) macrozeismic field of the earthquake, which iz suggested to
be close t5 a mazimum expected shock, and

iii> map of the maximum observed intensities, which is a result
of the summation of all macroseismic effects bhaving occurred
during a c2rtain period.

The mentioned fields and map can be converted to the level of the

max imum expected earthquake (SCHEMK 19842 and then other two two-

parametric representations of seismic hazard can be obtain=d:

iv) macroseismic fields of the maximum expected earthquake ef-
fects for given fccal zone and

v) map of the maximum expected macroseismic intensities over
the area under interest.,

It is well-known that ¢iii> "maps of the maximum observed
intensity®" are frequntly annexed to many national construction
standards and codes, and they provide the basis to introducing
respective measures towards increasing the seismic resistance of
building structures. In terms of the 1AEA recommendation (Safety
Guides), they can thus be regarded as the first approximations of
"the site design earthqguake". Consequently, (v) "the maps of the
max imum expected intensity" can be assumed to be the simplest
version of the macroseismic effects marked in the IAEA recommen-
dations as "the safe shutdown earthquake".’ ‘

As in the case of the two-parametric hazard representations,
maps of individual dynamic parameters of strong ground motions
can be compiled. Though earthquake engineers have not lately
focused their interest on one or two wave parameters only, it can
be stated that the so far compiled maps are

vi) map of the maximum iso-accelerations of one earthquake, and

vii) map of the maximum iso-accelerations, which is the result of
the summation of all known maximum acceleration data record-
ed over the given area during a certain observation period.

Naturally, with the growing number of permanent seismological

stations equipped with strong motion recorders, the observation

networks in seismoactive regions are becominhg denser and there-
fore it can be expected in the future that not only maps of
max imum {so-accelerations but also of marximum iso-velocities and
iso-displacements will be compiled. A question arises whwther
analogous maps can be constructed e.¢g. for the predominant fre-
quency or the total duration of a vibration, and whether the maps




would be app!icable in practice.

As in thes previous apprcoack to macroseismic and strong
motion data, there are other possible simple representations
based on distributions cf all! esvents or some events only defined
by a certain magnitude level owver the studied area :

wviii map of earthgquake epicentres § such a map can be assumed as
a saismic zaning map (or map of sarthquake source regions)
without or with respect of the return period,

ix> maps of *he number of events occurred on a given area,

x) maps of the earthquake energy flux released by the - given
area or space and during a given time pericd § such a map is
expressed in isolines of energy,

xi) maps of the maximum earthquake magnitudes originated within
the area under study.

Since earthquake distributions can be relatively simply
connected with a rough assessing of their effects on the Earth’s
surface, then the mentioned maps can also be included in a cer-
tain sense into the group of the two-parametric representations
of seismic hazard. Such maps are often called "seismic 2zoning
maps®" or "maps of earthquake source regions”, which sometimes
have or have not any respect to the return period. These zoning
maps do not introduce any other additional information and only
reflect the surface distribution of observed effects or parame-
ters. Also the procedures of observation smoothing and drawing of
isolines are sometimes considerably afflicted with subjective
personal judgement. We can see that this approach can hardly be
applied in regions of low seismicity. In this case it is necessa-
ry to broaden the knowledge on earthquake activity by including
other sophisticated aspects (e.g., geological or seismotectonic
criteria) to assessboth stronger events and events in new places.

The last kind of maps that can be included into the group of
two-~parametric earthquake hazard maps are those based on the
relationship of seismic activity to the tectonic manifestations
of the geological units. The knowledge of the motion potential of
individual geological blocks and of the orientation of the stress
field in the region, or possibly the dependences known for the
region between the earthquake magnitude, the fault plane size,
the thickness of the seismoactive layer, etc., enable the con-
struction of the map of maximum seismic hazard of the respective
area. Unless a part of the above-mentioned dependences is known
for the area under study, the dependences establ ished earlier in
analogous geological conditions are used in some cases. The
rel fability of the thus determined maximum seismic hazard obvi-
ously depends not only on the quality of the geological and
seismotectonic finding on the study area, but very ofter on the
selection of analogous dependences in other areas, which are
included in the particular procedure. The resultant maps of
seismic hazard have the character of deterministically determined




max imum possible and/or expectad earthguakez, and can  thus be
regarded as a wariant of the map: giving “the safe shutdown
earthquake".

2.3 Three- and mocra-parametric earthguake hazard

Toe extend the seismic hazard represantations to the proba-
bility of earthquake sffect cccurrance, the =ztatiszstical acal, sis
and procedures have to ke applied. They allow the probabilit, of
earthquake occurrences to be asseszsed not only in time Jpradic-
tion to the future) but alzo in size (the maximum expected and- or
possible earthquake). 0Of course, the time =ztability of earthquake
energy release is again assumed.

. At present the seismostatistical approach involves three
basic steps:

a) definition of the earthquake source region: its delineation,
determination of its seismogenetic regime including an esti-
mate of the maximum possible earthquake,

b) determination of attenuation functions for strong ground
motions and/or macroseismic intensity including the local
seismogeological effects (microzoning’, and

¢) probabilistic algorithms of hazard calculations.

Steps (a) and (b)) are composed of several operations under which
the input data for the third (c) step are prepared. 1t is evident
that the accurracy of the data depends first of all on the avai-
lability of homogeneous earthquake information from tha largest
possible time span and on appropriate additional geological,
geophysical, geodetic, etc. data, As the questions connected with
the preparation of input data for a statistical calculation of
the seismic hazard will be discussed later, this paragraph will
only treat the third item, i.e. the algorithms of the probabilis-
tic determination of the seismic hazard.

The first attempt to formalize the seismostatistical method
of calculation (RIZMICHENKO 194&6) was based on determining the
probability of earthquake effect occurrence in a site or area
from the knowledge of the cumulative distribution of the effects
known during a given observation period. RIZNICHENKO denoted the
resultant parameter as "shakeability" and defined it as a long-
term mean frequency of recurrence of shaking of macroseismic
intensity at a particular site. This method of determining seis-
mic hazard can be essentially characterized in the following way:
if a particular site is endangered by several earthquake source
regions, for which we know e.g. intensity-frequency graphs, after
introducing the attenuation between these regions and the site,
we can found .the recurrence graph of cumulative effects for the
site, normalized to a time period of one year. Then the effects
corresponding to e.g. the value N = 0.1 are attributed occur-
rence periodicity once in ten years, the value N = 0,0{ occur-
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rence periodicity once2 in a hupdred years, etc. The occurrence
periodicity, also referred to as "the return period", 1is thus
defined by a reciprocal walue of the cumulative frequency of
annual occurrence of a particular earthquake effect. I+ these
return periods do not much exceed the range of the observation
period, <from which the cumulative distribution of effects was
compiled, ¢then the obtainad reszults are very close to those we
obtain with the use of scphisticated seismostatistical models.
But the more the return period exceeds the observation period,
the less dependable results we obtain, and it often happends that
an author fails to consider this fact and consequently, the
hazard assessments are completely false.

Even though the method of determining three-parametric
earthquake hazard is greatly simplified, it is frequently used.
Its advantage is that itcan be easily understood 1logically and
that the results obtained can be verified in a simple way on real
data. It is obvious, however, that inferior-quality input data
nay adversely influence or even devalue the seismic hazard in the
same manner as in other statistical approaches as shown later.

Later RIZNICHENKO and SEIDUZOVA (1984) developed this method
further and introduced the definition of “spectral®™ shakeabili-
ty, in which the level of shaking (intensity) relates to the wave
period of given vibrations.

In 1968 CORNELL publ ished the appFoach which has become the
standard methodology of seismic hazard assessment used up to now.
It is based on the calculation of the conditional cumulative
probability distribution F(1) ,° which is the ratio between the
number of expected occurrences with oI$1 and M3 Mmin to
the total number of expected occurrences <M Mmin)>. The distri-
bution is given in the form :

-

J m
Fay = X Nyps7 2 N . 1>
i=1 =1

where N, are the corresponding numbers of occurrence of I ,_,< I
<1y, , 1, being the discrete intensity boundaries ( i=1,2,..m:
J¢=m ). The condition requires an occurrence of earthquakes with
magn i tude M equal to or greater than some minimum magnitude
Mnin which has occurred in a given source region.

The average number of events that must occur for an intensi-
ty exceeding 1 to be attained (s defined by the relation

RCID = 1/ ¢ 1 - FCI) O . (2)

The quantity RC(I)> is a parameter of engineering interest and is
somet imes termed "the return period", however, R(l) expresses the
number of events. On the other hand the return period Ry<I)
expressed in years is given by the ratio between R<I> and the
expected number of events (M Mmin)> for one year, i.e.,




RyCId) = R/ = My . (3>

Thus, th=2 Rw(l) gives *he number of cccurrences expected at
different seismic levels psr year. The wvalues of F(ID s RCID
and Ry<¢l) are calculated for each level I . ’

The extreme probability distribution Fmax(I> can be
obtained from the cumulative probability distribution F(I) by
invoking several simple assumptions. Then

Fmax,t¢(I> = exp ( -t / Ry(l) 3 . (4)

Putting the equation in a logarithmic form, we obtain

Ry(l) = -t / 1ln Fmax,t(I) . (S
If t = Ry<l> , i.e. the number of years in the period of inte:
rest equals the return period in years, then Fmax,t¢(l) =1,/ e =
= 0.37

Thus, this statistical three-parametrical approach of
earthquake hazard assessment elaborated by CORMNELL allows us to
determine

- the return periods Ry(I> of the given maximum intensity
1 at a selected site, which will not be exceeded with
the probability Fmax,t(I)> in a given number of years t,

or

- on the contrary, for the given return periods Ry(1l>, the
probabilities Fmax,t<(I) that the maximum intensity ’I
at a selected site will not be exceeded over a given
number of years t .

Of course, there are other authors who modified the procedures
mentioned above, compiled different numerical algorithms appl ied
in computer techniques, but the principal steps remain the same.

A widely used computer program is EQRISK compiled by McGUIRE
(1976), which {s based on Cornell’s algorithm of determining
seismic hazard. Its advantage is easy manipulation with input
data, {ts disadvantage being a substantial simplification of the
medium attenuation characteristics, with only one attenuation law
applied to the entire area. This shortcoming can be overcome e.g.
by the introduction of elliptic isoseismals into the computation
(MAYER-ROSA and and MERZ, 1974, etc.

On the basis of Cornell’s algorithm, ALGERMISSEN and PERKINS
(1976) compiled program RISK4A. Compared with the preceding one,
this program is not so easy to operate, but it allows the intro-
duction of particular attenuations of the medium between the
source region and the site, and of the computation of the seismic
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hazard for arbitrary occurrence probabilities in dependence on
the required return period. The original version of this program,
allowing the seismic hazard to be determined in particle motions
(e.g. accelerations), was modified to be used also for computing
macroseismi:z intensities (SCHEMNKOVA et al. 1981).

A comparisch of the seismic hazard ‘values datermined by both
the mentioned programs has revealed that the values given by
program EQRISK more or less corraespond to probabilities
Fmax,t¢(1> = 37 % (relation (S, :

There are of course other programs based on Cornell’s algo-
rithm to determine seismic hazard, which, apart from maximum
values of particle motions, determine e.g. the probable character
of seismic vibrations (ANDERSON and TRIFUNAC, 178> that may
appear in a particular site. :

All the currently used programs of computing seismic hazard
conceived on the basis cf Cornell’s algorithm assume that the
occurrences of earthquakes constitute a Poisson process. Attempts
are made to introduce in the calculation model also Bayesian
distribution or toc use Markov processes, as well as to include
the clustering of earthquakes. This activity, however, gives rise
to considerable analytical complications. Anyway, in most cases
the Poisson process seems to provide useful and adequate informa-
tion.

Implicit in all the models proposed for seismic hazard
evaluation (specifically those based on Cornell’s algorithm), is
the assumption that the energy released during an earthquake is
concentrated at a point, and thus these models will be referred
to as "point source” models. MWhile this assumption is acceptable
for small earthquakes, it would not be valid for major earth-
quakes in which the total energy of the shocks is composed of the
energy released along the fault slips which could be many tens or
hundreds of kilometers long.

‘“This Fact conditioned the compilation of computer programs
making use of the linear source. DerKIUREGHIAN (1975) closely
studied this problem, testing the differences in the use of point
and linear sources. McGUIRE (1977) compiled program FRISK, which
enables the seismic hazard to be determined with respect to the
fault position. 1In applying these methods, however, we often come
across the problem of defining faults in a given region, its
continuation down to the depth, and particularly the problems of
defining its seismoactive parts. -The determination of these para-
meters invariably depends on the unambiguity of a geological
region, and its character is thus strictly deterministic. Since
any probabilistic screening of input data is dismissed, this
approach may sometimes lead to better results, but cases of false
resul ts or even of errors cannot be excluded, efther.
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3. EARTHQUAKE CATALOGUE AND IT3 UNCERTAINTIES

A catalogue represents a basic seismological tool to find
and deduce other fundamental characteristics describing the para-
meters of the s2iszmic activity of.a given region and allowing us
to define seismogenetic zonszs. It -is evident that the homogeneity
of its parameters in time and space as well as their wuniformity
in determination are the guarantee for the subsequent data mana-
gement and calculation. It means that an earthquake catalogue
cannot originate by a zimple collection of information from
different sources without critical unification.

The present seismological centres and agencies suggest these
earthquake parameters to be included in the basic file : date,
origin time, geographic coordinates, depth, magnitude (surface-
and body -wave,” local), epicentral intensity and radii of iso-

"seismals, if the event is macroseismically observed. All parame-

ters should be accompanied by the quality factor. Of course, both
instrumental and macroseismic data as well as references (sta-
tions, bulletins, isoseismal maps, monographs, reports) are wel-
comed and advisable. Then such a catalogue can serve research
tasks and applications as well.

Many good national and regional catalogues have been com-
piled during the last two decades, evidently also under the
pressure of practical requirements for a sound seismic hazard
analysis. In Europe and in the Mediterranean there are prepared
such catalogues for Algeria, the Alps, the Balkans, the Caucasus,
Central and Eastern Europe, the Iberian Peninsula, Great Britain,
the Pyrenean Peninsula, Scandinavia, etc. The USSR catalogue of
strong earthquakes (Eds. KONDORSKAYA and SHEBALIN 1977) is re-

.markable by the serious attempt to indicate the ‘accuracy of

parameters by estimates of errors; the catalogue is alsoc inter-
esting by giving different types of magnitudes and all know mein
radii of isoseismals,

For hazard assessments, however, a much longer time span of
observations 1is needed than one or two decades. Thus fhe main
difficulty seismologists face is to collect and unify reliable
information from the whole historical period. It has to be empha-
sized ¢that one should not be satisfied with what is easily found
in publications describing historical events, They often contain
information which was transcribed several times, one author co-
pied it from another, and this gave rise to misprints, errors and
translation mistakes. It is highly desirable to search in origi-
nal documents, which brings not only new data but also eliminates
serious mistakes. The work of AMBRASEYS and MELVILLE (1982) on
Persia is a typical example of such an effort,

3.1 Coordinates of earthquake origin
As to epicentre geographic coordinates, 1t is advisable to

recompute or at least to check them when we use agency’s data
from the first half of this century, because of the inadequate
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density and distribution of seismic stations at that time. Fre-
quently, so called macroseismic epicentres are more reliable than
the instrumental ones from the above mentioned period.

The problam of focal depth in the catalogues is undoubtedly
a2 significant parameter, however, only wvery dense station net-
works can guarentee a reliable depth determination. For a majori-
ty of events the instrumental depths down to S0~60 km, i.e. in
the domain of "normal® or "shallow” earthquakes. Deep phases of P
wave permit the depth determination to be more reliable for
intermediate and deep shocks. '

3.2 Earthquake magnitude

It is imperative that every catalogue should contain clearly
defined magnitudes. 1f several magnitudes are used in one catalo-
gue, the conversion formulae and all calibration curves should be
presented too. Misleading results can be obtained if earthquakes
classified by different types of magnitudes (mg , Mg. Or M} are
mixed together and a magnitude-frequency graph is compiled. Con-
sequently, if such data are used in analyses which lead to the
standardization and/or time normalization of this recurrence
graph, to the maximum possible earthquake determination, to the
finding of any energy release pattern, etc., the obtained results
are wrong too.

i At present, there are many catalogues having a global,
regional or national validity. The catalogue by GUTENBERG and
RICHTER (1949) covering the first half of the 20th century still
remains wvery useful because of uniform magnitude determination,
however, it is complete only above Mg= 7 . The more recent
document for the period 1904-1980 is the global catalogue by ABE
(1981> completed above Mg= & 3/4 . In the other global source,
the International Seismological Summary (188>, information is
lacking on the size of events, and in bulletins of the Interna-
tional Seismological Centre (ISC>, though they have been issued
since 1963 with more advanced procedures of parameter determina-
tion, for many years only body wave magnitudes mg were used for
size classification of events. The users have to be aware of the
limitations of this scale which saturates at about Mag= & 1/2
(KANAMOR! 1983>. Thersfore mg values are not suitable for sta-
tistical studies involving large events.,' Only since 1981 do the
bulletins of 1ISC and of NEIS regularly contain surface wave
magnitudes based on the vertical component of Rayleigh waves,
i.e., the situation in the domain of large events has heen im-
proved.

3.3 Macroseismic data

Macroseismic information, at least the epicentral and maxi-
mum observed intensity, is often included in many earthquake
catalogues. I the radius of the shaken area and some radii of
isoseismals, e.9. S and r3 recommended as standard, are added in
a catalogue, then the first attempt to assess the attenuation law
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can be made. 1t is evident that isoseismal maps are still the
main source of information on attenuation if intensity is that
quartity defining seismic hazard. The isoseismals also control
substantial regional differences in attenuation. Even if differ-
ent 3ources indicate that the same macroseismic scale is used, it
is advicable to check the values by studying original reports.
There are a lot of examples of a very perscnal use of a scale so
that differences tetween two individual authors can easily amount
tc two macrossismic grades.

2.4 Accuracy of catalecgized data

The last very important item is the classification of accu-~
racy of the catalogue parameters mentioned above. There is no
recipe for that if a long observation period is covered. Anyway,
this information, either in the form of a standard error or by
introducing c¢lasses should be a part of each =zarthquake catalo-
gue.

The good-quality catalogized data then serve to provide the
valuable information on the seismogenic regime of any area,
understanding of the time changes among shock cccurrences of the
earthquake sequences and probable migrations of individual shocks
within those sequences. This information together with the know-
ledge of the recurrence graphs and the maximum possible earth-
quakes creates a reliable basis for the seismic hazard calcula-
tion. .

4., STRONG GROUMD MOTIONS AND THEIR UNCERTAINTIES

A frequent source of uncertainties are the dependences of
strong ground motions on focal parameters or the medium proper-
ties. Dependences measured in other-sites or regions are often
used because actual data on the area under investigation are
missing. In their application we should of course observe analogy
criteria, and theréfore try to utilize only those properties and
data that approach the giveh conditions most. It can be said that
all empirical dependences determined from direct observations are
often substantially different although e.g. the rock medium is
analogous after a geologist’s judgement. As yet there i3 no
guidel ine how to make best analogies and how to identify the
deviations having originated in a calculation of seismic hazard
due to these inaccurecies or uncertainties in the approximation
‘of the initial physical quantities. For this reason, great empha-
sis is put or the methods of expert estimates, which involve
exper {ence of more specialists, and which then enable the inac-
curacies or errors thus originated to be identified.

Another group of uncertainties are the questions connected
with the conversion of the resultant values of seismic hazard
given in macroseismic intensities to strong ground motions ex-
pressed in particle acceleration, velocity and/or displacement.

11
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It has turned ocut lately that, for purposes of earthquake engi-
neering the most important are not only the peak (maximum) val-
ues, which may originate even due to an accidental coincidence of
some wave phases or wave groups, . but especially, also the so-
called effective values of vibration : effective particle motions
or effective duratijons. -

The question of determining predominant frequencies play an
important role as well :z the value of the predominant frequency
that should be used in practical problems has not yet been unam-
biguously defined. As a matter of fact, it cannot be only said
that it is the frequency which the maximum spectral amplitude
belongs to. The character of the spectrum often allows an "objec-
tive" determination of even more such frequencies that may differ
mutually. Should we then use two or more frequencies, or a parti-
cular frequency band of a given spoctrum level, or of the effec-
tive values of these frequencies ? These problems will have to be
solved in the future.

Likewise, in practice there also appear dependences on the
duration of vibrations of a certain amplitude level. The duration
is defined by a time interval in which the amplitudes exceeded
given level. Unfortunately, we have not yet solved the problem
when ampl itudes exceed the given level several times in the whole
wave pattern ;3 do we then consider the total time period during
which a deviation was exceeded, or only those intervals {n which
it was exceeded ?

5. SEISMIC HAZARD ASSESSMENT - PROBLEMS AND IMPROVEMENTS

To understand the present stage in the seismic hazard as-
sessment and the accurecy of its determination, we shall now
discuss the individual topics from the viewpoint of their influ-
ence on final hazard estimates. Seismic hazard should consider
not only the damage potential of elastic ground motion but also,
especially in the earthquake source regions, the areas of expect-
ed ground deformations and ¥ailures including places of fault
rupture. In sea and oceanic coastal zones the extent of tsunami
hazard has to be taken into account too.

The uncertainties associated with the relationships and
parameters that are used as input data are the following ones :

1) coordinates of the boundaries delimiting source rogibns,

i) cumulative magnitudo- or intensity-frequency graphs of indi-
vidual focal zones,

111> maximum possible or expected earthquake in a focal region,
iv) dependences of seismic wave attenuation on the earthquake

magnitude, focal depth, epicentral distance, geological
media of the entire region and, especially, on local struc-
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tures (geological blocks, subsurface and alluvial layers),

v) probabilistic and deterministic approaches, seismic hazard
outputs and their application to earthquake engineerings.

1¥ posstble, thesze uncertaintiez are restricted by aprlying pro-

babilistic -approaches in the use of exactly defined statistical

quantities, e.g. mean values, gquality factos, standard devia-
ticns, limits of conficence interwvals, etc.

1t iz obvious that the calcultionz of the seismic hazard
should be made in such a way as to take into account not only the
mean values of a certain parameter or aependence, hut also the
limits of these values ranges, given e.g., by one standard devia-
tion of the value from the mean course to either side, etc.
Increased differences of the seismic hazard assessments thus
determined with respect to the mean values of the seismic hazard
would then indicate "suspicious” combinations of input parame-
ters, which would have to be verified once more, and if necessa-
ry, the earlier determined hazard valuas reinterpreted.

For the definition of earthquake source regions and delinea-
tion of their boundaries the information g¢given by earthquake
catalogues is nor often sufficient and has to be completed by
octher data related to earthquake occurrence, e.g., information on
recent crustal movements as evidenced by geodetic, archeological
and neotectonic observations. Recently, traces of active fault
movements accompanying the larqest earthquakes are found by tren-
ching across faults and by satellite image interpretations. This
complex approach contributes substantially to the identification
of potential source regions but, unfortunately, does not guaran-
tee that some potential sources remain unknown.

Two possible approaches of seismogenic zone del ineation can
be found :

1. Subjective approach - an expert’s eye-fitting and appli-
cation of his experience - which uses the fcllowing data:

a) occurrence of Qreat earihquakes - the level, above which
we consider the earthquakes to be great depends on the
activity of the region under study: e.g. M> 5,

b) occurrence of all known earthquake epicentres - planary
distribution of epicentres can indicate both seismogenic
provinces or areas and seismoactive faults or zones,

" ¢) correlation of earthquake epicentres with the geological
structures of the area - with the use of geological and
geophysical data, especially neotectonic data, geodetical
and satellite image observations and geodynamic analysis.

11. Objective approach =~ based on the combination of the

previous (“subjective”) one together with the resuiils obtained by
statistical and other mathematical analyses performed by computer
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techniques. The following gquantities and procedures can be ap-
plied in this approach:

aH density'of earthquake shocks per area - numbar of event
occurrences normalized to a =zertain area [kmﬂ,

e) earthquake energy-flux per area ~ amount of energQy
relsased in a certain space [km?]or a certain area [kmﬂ,

¥ eatablishing the differences from the background seismi-
city pattern ~ determinatign of a different seismocgenic
- regime with the help of recurrence graphs, .

@) maximum possible and/or maximum expected earthquake -~
territory of high earthquake activity can be mapped,
e.9.; by the extreme value statistics (3rd Gumbel distri-
bution),

h) multidimensional correlation of geoscientific data by the
pattern recognition algorithms

The second step in hazard calculation is to determine the
cumulative recurrence graphs N(M) or N(Io) for each region,
usually in the form

logN = a - b M C6a)
or
logN = a - b’ lo . <6b)

The minimum number of events needed for the compilation of the
graphs is between 40 ¢to 100 . The coefficients b or b° ,
defining: the slope of distribution, varies from region to region,
although it is negligible in some areas. Therefore, in such areas
sometimes a particular magnitude level is defined to compile of
the maps of earthquake activity. Before the standard procedure of
the recurrence graphs determination is used, the following items
have to be solved: -

‘a) classification of events: dependent or independent shock,
b> definition of the background seismoactivity of region,

€) cumulative recurrence graphs 'oi the earthquake magnitude
or the epicentral intensity - with the use of time norma-
1izing within each magnitude or intensity class.

However, the basic problem is to estimate of maximum possib-
le earthquake in a focal region by probabilistic and determinisc
tic approaches. The upper mqpnitudo threshold, <feasible for the
region within a defined time interval Mmax is the most decisive
quantity in the assessment of hazard extremes and can vary from
Mg = S to Mg= 9. It can be misleading to cdetermine to determine
Mnax <(or Imax) by a simple anspection of N(M) {f the observa-

14




tion period is short. Tha bending of the MN(M> distribution can
be caused simply by the saturation of the magnitude scale used
(see Paragraph 3.2). The slope of N(M) depends

.i> on aftershock series and or on character of sequence
{e.g. swarmd - problem dependent and independent events,

iid on the period of activity or quiscence,
iii) on earthquake magnitude classes,
iv) on the character of recurrence graph density, cumulative)

Besides the recurrence graph the other ways can assess the maxi-
mum possible earthquake magnitude:

a) the theory of extreme values (3rd Gumbel distribution),
b) the Benioff energy-release diagram,

c) seismotectonic analysis of focal zone -~ to find relations
between earthquake magnitude and seismoactive (or rup-
ture) fault dimensions (length, width, surface),

'

d) intensity of recent crustal movements, etc.

Empirical strong motion observationes fit approximately a
general formula for attenuation law of seismic vibrations in the
form

log X = ¢t + ¢2 M - 2 1I-2R ; ()

where ci1, c¢c2, and c3 are coefficients determined by the least
square method, M is earthquake magnitude, R = VEI + hZ is
focal distance and X is the maximum ground motions (particle
acceleration, wvelocity and displacement>. There are two main
sources of ground motion data at present : macroseismic observa-
tion and strong motion records, mainly accelerograms. Before
compiling and using an attenuation function to the seismic hazard
calculation following investigation has to be done

a) corrections and restoration of time history of particle
acceleration, velocity and displacement, ‘

b) dependence of strong ground motions ( or macroseismic in-
tesity): on earthquake size (magnitude , energy> and
mechanism,
on distance (epicentral or focal, depth),
on physical properties of media - composition of
the medium and on soil properties at a site.

There are conversion formulae linking macroseismic intensity
and particle motions, however, they provide only approximative
values because the relationship is complicated and the scatter of
exper imental data is large.
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Attenuation curves of maximum ground motions have been
compiled for some earthquake active area. Moreover, they are not
sujitable +for design purposes; and other quantities 1like the
"effective acceleration” are now preferred. The strong motion
parameters can be studied in three domains:

1. Time domain - maximum acceleration, velocity and displa-
cement, duration of seismic vibration,

11. Amplitude domain - maximum particle motions determine
statistically, effective particle motions of seismic
vibration, total and effective durations, total kine-
matic energy and impulse of seismic vibration, total root
~-mean-square amplitude and duration, and

I11. Frequency domain - spectral partical motion, pseudo-
relative and pseudo-absolute particle motions,
predominant frequency, absolute and relative spectrum
content, spectrum intensity.

It is highly advisable to study azimuthal dependences of macro-
seismic intensity and/or strong ground motions, to elect suitable
type of attenuation law approximation and to assess influence of
local seismogeological conditions.

é. CONCLUSIDN

The existing methods of seismic hazard assessment now in use
correspond to the level of knowledge reached so far and the
outputs which have not yet reached the required level of accura-
cy. It is important that the hazard information always contains
the indication of the probability level for which it is wvalid.

Basic ® principles of all methods are the same, i.e, the
integration of seismic effects at a site, however, the algorithms
vary according to statistical models. In the future it is desira-
ble to extend present assumptions (Poisson model of earthquake
occurrences, point source region? for other statistical models of
occurrence (Markov model, Bayesian distribution, clustering
etc.). Also the application of ~"linear" and "plane" source models
as wel]l as new quantities and wave parameters, which are more
suitable for earthquake engineers should be introduced.

Future improvements in hazard assessmnt depend mainly on the
progress made in accurrate estimates of earthquake potential and
on better knowledge of propagation of strong ground motion under
varying conditions,
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INTRODUCTION

The relation between macroseismic intensity and epicentral
distance is widely used in seismic hazard analysis The
attenuation of wmacroseismic intensity, I, actually depends
both on epicentral distance 0D and on hypocentral depth h.
Therefore, if h 1is not explicitly taken into account, the
relation between I and D aust refer to earthquakes having
hypocentral depths which span a relatively small range.

Hany formulas relating I and D have been suggested. Most
of these are either equivalent to or special cases of the
following two formulas [1]:

Io -1= ay + b1 In D + ¢y D, (1)

in Io - Inl = a, + b2 inD + ¢, D, (2)
vhere Io is the epicentral intensity.

As wmentioned in [1], equations (1) and (2) derive from
two different hypotheses about the relation between
macroseisaic intensity and seismic energy density.

As far as the use of the aftenuation law in local hazard
analysis is concerned, the following alternative procedures
are generally applied.

a) H#Hethod of homogeneous zones. The method is based on the
hypothesis that over the considered zone the mean annual
nuaber of earthquakes per unit area, A'o, is constant and that
the intensity distribution
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1s 23also <onstant, Floili and ~’° are derived ¢rom histori:al

data. It 1s thern possible. wusing the attenuation jaw. to

calculate » and FI(x) at any qiven site.

b: Merelv staristic method. The intensity | at the site «cr
each historical aarthquake 1s evaluated through *he
attenyation law. The series ot local events so detined 15 then
statistically interpreted 1n order to derive s and Fltx)'at

the site.

In the application of formulas (1), (2) and of methods
a), by, come difficulties may arise. In this paper such
di1fficulties are discussed and some variants are proposed with
particuiar reference to Italian conditions.

" PRELIMINARY ORSERVATIONS AROUT THE ATTENUATION LAW

fis mentioned in C1], equations (1) and (2) “are based on the
implicit assumption that the seismic eneragy is radiated from 3
point source., The eaquations can be expected to 311 where
d1stance is not large compared to the source dimensions™.

This limitation is especially important 1in the evaluation
of seismic hazard at a site which is close to, or inside a
seismic region; and this is in general the most interesting
2ase from the engineering point of view. Some changes in the
structure of formulas (1), (Z) seem therefore to be necessary.

Equation 1) implies that attenuation Io - 1 s
independent of Io' This 1s not always true. As mentiones 1in

1), "inspection of 1soseismal maps will suggest that the rate
of attenuation of intensity with distance 1s often more rapi1d
for small than for large earthqguakes".

As far as equation (2) is concerned, note that this is
equivalent to . '

1
I-t=1, [ T e Gay b, TaD ¥ A0 ] , 3
[ -

This means that, according to equation (2). the rate of
attenustion of intensity with distance is more rapid for large
than for small earthquakes. This may be true i1n some cases,
but as previously wmentioned real situations often show an
opposite behaviour,
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is an example, 13, 1 shows the correlations (1), (2)
obtained using the coefficients a3, b, c that have been defined
in {1] for the “Cordilleran Province".

dean values of equivalent radii Dil obtained from

isoseismal wmaps of 19 italian earthquakes are plotted in fig.
2. The hypocentral depths of these earthquakes, evaluated
according to Blake’'s formula (2], range between 10 and 15 km.
Fig. 2 shouws that, on the average, for the earthquakes here
considered the rate of attenuation is more rapid for small
than for 1large earthquake. This kind of behaviour cannot be
interpreted by either formula (1) or (2),

PROPOSAL OF R VARIANT OF EQUATION (1).

Many variants of equations (1) and (2) have been proposed in
order to adapt them to different conditions. We propose here a3
new variant of equation (1) which shows a very good fitness to

the sample cof fig. 2.

Assume as starting point the following simplified variant
of equation (1): '

i=1 -1=a+pbl1nb. (&)
0 1

Equation (4) is eguivalent to the relations used by
Gutenberg and Richter (3] and Cornell [41.
In order to make the rate of attenuation depend on I° it

is suffiqient to introduce Di/Do instead of Di:

D.
i=1°-1=a+bln53, (5)
. o
where Do is the equivalent radius of the highest mapped

isoseismal line. From equation (5) we obtain

0. =D o e’d (6
1 0

where ased®

Obviously, if 0° is constant, equation (6) coincides with
(5). However, if D depends on I all the radii D, depend on
I, as well. )

e
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fssume the ratio O (T =)/0 11 =5-1) to te corstant (1.e.

. indépendent of J) and call 4 such rconstant. AS a consequen:te

D (I =4 D. (I = g :
- T - E SR SN - S = 4 (7)
0 (I =4-1) ©. (I =zj=-1) ‘

0o 0o 1 o

The constant & is a measure ot the more (or less) rapid

rate of attenuation of small earthguakes 2omps €3 w:ll 1w 3E

~

ones. If 4 ) 1 the trend ic of the ture of f14 0 while ¢ ¢ 1
would correspond to the benaviour represented by tormsis (Ol
in fig. 1, : C

The value of & for a2 given set of earthgquakes <an be
2aleylated as the mean value of the ratios thlon)/Dx(Io=J-1)
The data of the sampie of fig. T lead to the mean value
4+ = 1.36.

f

Observe rnow that, for 1 } 1, eaquation «o! 1mplies tnat
the ratio ' :

D - D
- wo= MM __1 )
¥ =577 (8)
1 1-1

does rnot depend either on 3 or on Io' It 1s easy to prove that
1ts value 19

W = el/b 9)

The experimental value of ¥ can be calculated as the mean
value of the ratios (B). For the sample of fig. T we dbtain
v (131) = 1.58,

Ac to the ratio
¥ o.o® =no--ec . (1

taking into account the conditlbn

D, =D for i =20 , (11
i o

equation (&) gives

'wo a¥ -1 Th)

From o qualitative standpoint.  equation (12) s
pcceptable. In fact the rate of attenuation 1s more “api1d for
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small than for 1large - distances. However equation (12)
represents too rigid a constraint from a quantitative point of
view. For instance, the sample of fig. 2 leads to a mean value
¥, = 1.07, vhile equation (12) would lead to ¥ = D.58.

In order to overcome this inconsistency, it is convenient
to wodify equation (&) by adding a new coefficient:

b e, am

Di = Do be
. The ratio ¥ is given again by equation (9}, while the
value of ¥  can now be adapted to experimental data.

Combining equations (13) and (10) with condition (11) we
obtain:

' i
¥__-1
o, =0, a+w L5 | (14)
i.e. ~
P T W PRI St S (1)
(] in ¥ ¥ D, )

If coefficients *B' ¥, ¢ are known, eguations (7) and

(13) completely define the attenuation law, provided that a
reference value for D° is established, This can be done as

. follows. Using equation (14) derive from the experimental

values Di a wmean value 50 for each Io‘ Impose then that the
reference value of D° through equation (7), minimizes the

deviations (squared) - from the asan values 50. For the sample
of fig. 2 one obtains, in this way, D° (11-10) = 9.3 ka.

In conclusion, the coefficients that define the
attenuation law (15), with the help of equation (7), for the
sample of fig., 2 are: .

¥, =107 , ¥=1.% , ¢=13

D° (lo = 10) = 9.3 km .

The asttenuation law so defined is represented in fig. 3.

ERLa L tr )
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Using the aata> of the same sample, the coefficients of
the formulas (1) and (2) have been <calculated using the least
square method. “ne results are shown 1n t19 «.

INFLUENCE OF THE STRUCTURE OF THE ATTENUATION LAW ON THE
EVALURTION OF LOCAL HAZARD -

- Consider a site located at the center of 2 hypothetical

homogeneous zeismiz zone (fig. 9. The zorrelation betweern

intensity and return period for this site has been calaulateq
assuming alternatively the attenuation law (1), (I) and (15,
with the «coefficients derived from the sample of fig. Z. The
results are 1n fi1g. 6.

The considerable differences clearly point out that the
choice of the attenuation 13w 1s a2 arucial step in seismic
hazard analysas.

AROUT fHE USE OF ATTENUATION LAW IN SEISMIC HAZARD ANALYSIS AT
A SITE.

Consider a seismic region with ares n. Suppose that the
23talogque of hustoriczal earthquakes of the region 15 given ang
that for 2 certain number of the earthquakes the isoseismal
map is known. In general for most ot the earthquakes onlv Io

and- epicentral coordinates are known. From the available
isoseismal maps an attenuation law can be derived and assumed
as suitable for the 1nterpretation of all events

At thas point ~as mentioned in the introduction, two
alternative precedures are avallable in order to detine the
seismic haz2ard at 2 site.

Rs far as method 2) 1s concerned, the hypothesis

FIo ti} = constant over R (16}

canmot be avoided. In fact the size of a seismic reqion that
can affect a given site is not very large and it 1s necessary
to take all the events of the region into account 1n order to
compute the distribution functiomn FIo (1), We will assume that

intensities Io comply with hypothesis (15).

~As to the spatial distribution of epicenters, 1f the
hypothesis

Afo = constant over A (1u?

W
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is not verified (and this is often the case), the error 1n the
evaluation of the intensity distribution FI(i) at the site is

rather small, On the contrary, the error in the calculation of
A can be cansiderable.

As an example, a circular seismic region with radius 9%
km has been considered. The distribution Flo(i) has been

assused

Floti) = 1 - @xp (6.91,- 115 1) ; I )6

and the attenuation law (15 with ¥, =1, ¥ = 1.4 has been
used, For the sake of simplicity 2 constant value Do =8 km

has been adopted.

The evaluation of Fl(i) and X at the center of the

seismic region has been carried on under ¢two different
hypotheses: :

1 1!0 = constant over the region;
2) Afu = twice the average value used in 1) in the inner zone
with radius 695 km; in this case the value of 1’ in

the remaining area has been obtaxned by imposing the
total numwber hb of events in the region to be the

same as in 1),

The: waxisum difference between the ordinates of Fl(i) in

the two cases is 6%, while the value of » for the first
hypothesis is about 50X of the value corresponding to the

second one. -

If the werely statistic wmethod b) is used, the actual
distridbution of epicenters is autosatically taken into
account, so that the best estimpate of X\ is obtained. On the
other hand, the evaluation of the distribution Fl(i) becowes

uncertain due to the fact that, at the site, the nuaber of
events becomes in general very small for the higher
intensities. :

In conclusion, wethod a) lesds to a good estimate of
Fl(i) but may be unreliasble for the calculation of x. Method

b) offers the best estimate of A but is affected by large

uncertainties in the evaluation of Fl(i) . e
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Thus, 1t seems reasonable to adopt a wi<ed proceduyre .
derive F_(1: wusing method a) and caloulate o throuah method

I
b,
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1.0 - INTRODUCTION

Iceland is located in the North Atlantic Ocean as a super-
structural part of the Mid-Atlantic Ridge. The ridge marks
the boundary between the North American Plate and the Euro-
asian Plate and creates a belt of seismic activity ranging
from the Azores in the South and towards Jan Mayen in the
North. The boundary approaches Iceland from the southwest
along the Reykjanes Ridge and from the north along the

Kolbeinsey Ridge, (Fig. 1).
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Fig.l Epicentres of earthquakes on the Mid-
Atlantic ridge 1962-1980,/7/.

Across Iceland from southwest to the north, the plate bound-
ary is displaced to the east by two major fracture zones,
the South Iceland seismic zone in the lowlands of the south
.and the Tjbrnes fracture zone in the north. The largest
earthquakes in Iceland have occurred within these zones and
may have exceeded magnitude 7. (The magnitude 4 of an earth-
quake is defined in the usual sense as the amplitude-
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logarithm defined by C.F. Richter. It should not be confused
with the intensity of an earthquake, 1 or MMI, which de-
scribes the local effects of an earthquake on the Modified
Mercalli Scale). The focal mechanism of these earthquakes,
which are of tectonic origin, indicates strike-slip faulting
with a sense of motion, right-lateral in N-Iceland and left-
lateral in SW-Iceland which is consistent with transform
fault interpretation of these zones. Both zones, however,
lack the clear topographic expression characteristic of
fracture zones on the ocean floor, and in neither zone is
the transform motion taken up by a single major fault.
Outside these two fracture zones an intraplate earthquake
zone with clusters of seismic activity is seen in Borgar-
fjbrdur in West Iceland. Seismic activity associated with
the volcanic zones in Iceland is also evident, /2/, /S5/,
/7/, /8/*). In Fig. 2, epicentres of past and recent
earthguakes with magnitude 6.0 or above are shown with the
year of occurrence.

The volcanic earthquakes rarely exceed magnitude 5 and are
mostly related to imminent volcanic activity. In the West-
ern Volcanic Zone which covers the Reykjanes Penisula, the
Thingvellir region, Langj8kull and Hofsjbkull regions,
seismic activity is mostly confined to the Reykjanes Penin-
sula where tectonic earthquakes at the plate boundary and
volcanic follow hand in hand. In other parts, as well as in
the Southern Volcanic Zone, which covers the Vestmanna
Islands and follows the rift zone across the west part of
Vatnajbkull, Askja and Krafla areas until Axarfjdrdur in the
north, earthquakes of pure volcanic origin are frequent,
(Fig. 3). Thus the South Iceland Seismic Zone bridges the
gap between the two volcanic rift zones in South Iceland
whereas the North Iceland Seismic Zone touches the volcanic
rift zone in Axarfjdrdur.

The seismic and volcanic activity in Iceland is very well
localized and confined to certain clearly indicated regions.
Large parts of the Country are outside these zones of geo-
physical manifestations and have been quiescent for millen-
iums. The inhabited coast and valleys in East Iceland, the
Western fjords and large areas of West and North West Ice-
land are judged to be minimal or no risk zones.

*) Numbers within slashes correspond with the list of
references at the end. ‘
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Fig.3 The interrelationsship between the volcanic
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2.0 THE SEISMIC HISTORY OF ICELAND

Since the settlement of Iceland in the late ninth century,
seismic activity has. been observed in all seismic zones and
moderate to strong earthquakes have occurred from time to
time. Very strong earthquakes, of the order encountered at
the Pacific plate boundaries, are, however, unlikely to take
place. Possibly, the strongest earthquake in historic times
occurred in the South Iceland Zone on August 14th 1784. Dam-
age to farm houses was severe and three people lost their
lives. The magnitude of this earthquake, which was first in
a series of violent earthquakes that shook the whole seismic
region in the South, has been estimated to be about 7.5,
/4/. This by comparison is an order of a magnitude lower
than the strongest earthquakes that have occurred in say
Japan, California and Chile in recent times.

The past seismic history of a certain region is the best
indicator on what to expect in the future. In the following,
the earthquake history of the different seismic zones and
their character is briefly discussed.




2.1 THE SOUTH ICELAND SEISMIC ZONE

Most destructive earthquakes in Iceland since its settlement
in the ninth century have occurred within the South Iceland
lowlands. Major earthquake sequences have affected the
sparsely populated farmlands in historic times with inter-
vals ranging between 45 and 112 years. The earthquake zone
extends about 70 km in the E-W direction with almost a per-
fect E-W alignment of epicentres in a 5-10 km band from the
Ol1fus region in the West towards Rangdrvellir in the East.
However, no major E-W striking faults can be found and the
destruction zones of individual earthquakes tend to be
elongated in the N-S direction as shown in Fig. 4. The
distribution of recent microearthquakes indicates that the
seismicity is associated with brittle deformation of a 10-20
km wide belt located above an E-W trending zone of aseismic
deformation in the lower crust or upper mantle, /7/, /9/.
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The historic earthquakes seem to be grouped in two different
categories. In the first category, the whole region is shak-
en by a sequence of violent earthquakes which usually begins
with a strong earthquake in the east part of the Zone foll-
owed by big but gradually smaller events moving to the West.
The above 1784 earthquake is typical of such a sequence.
Other major earthquake sequences in this category have been
the 1896 earthquakes which is the last major earthquake
sequence in the region, causing widespread damage, 1732-34,
1630-33, 1389-91 and 1339. In all these earthquake episodes
severe damage to farm houses in the entire region with sev-
eral deaths is reported in the annals, /1/. In table 1, a
list of all known major earthquakes in. the South Iceland
Zone in historical times is given with assessed values for
maximum intensity and magnitude.

TABLE 1. A list of destructive and large magnitude earthquakes in South Iceland.
Assessed values are within parentheses, /1/, /2/, /9/, /1i/. ~

DATE LOCATION MAGNITUDE/ NCTES
Max. Intensity
1164 Ylfus/Floi Damage in 8lfus/Fl4i, 19 deaths
1182 Whole region? " extent uncertain, 11 deaths
1211 . " " " 18 "
1294 Rangarvellir in Land/Rangarvellir
- L]

in Rangiarvellir
extent uncertain, 6 deaths
in most parts of the zone

1300
1308 Whole region?
1339 Whole region

1370 Ulzus in 8lfus, 6 deaths
1389 Rangdrvellir in Land/Rangarvellir
1391 Fléi in Blfus/Fldi/Grimsnes, 5 deaths

in Land/Rangarvellir
in eastern and western parts
in Rangarvellir

1510 Rangarvellir
1546 Whole region?
May 12 1581 Rangarvellir

Spring 1597 B1lfus in 8lfus
) 1614 Fl6i in 81fus/Fléi/Grimsnes/Skeid
Nov 1624 Fléi in Fléi
Feb 21 1630 Land in Holt/Land/Rangdrvellir, 6 deaths
Early 1633 U1fus in 8lfus
Maich 16 1657 Fléi in Floi and Fl1jétshlié?
Summer 1671 Blfus in 8lfus/Grimsnes, 5 deaths
Jan 28 1706 (64°N, 21° W) (6~6.5) in 81fus,/Fléi, 4 deaths

April 1 1725 Rangarvellir
L] L]

in Rangarvellir
Summe r 1726 " " -

Sept 7 1732 (64°, 20°.2) ( 6.5) in Hreppar/Land/Rangdrvellir
March 21 1734 (64°, 20°.5) ( 6.5) in Ylfus/Fldi/Grimsnes, 9 deaths
1749 6lfus in Blfus
1752 b " "

in Fljdétshlis

1757 Fljétshl{id
in 8lfus/Holt/Land

Sept 9 1766 Ulfus/Holt

3 33 = 3 2 3 32 332 33 3 3¢t 2 2T x 2 3 33 %22 S 2 3 % 3 a3

Aug 14 1784 (64°.1, 20°.5) ( 7.5) in whole region, 3 deaths

June 10 1789 (64°, 21°.5) (6-6.5) in Revkjanes and Olfus

Feb 21 1829 (64°, 20°) (6=6.5) in Land/Rangirvellir, 1 death
Aug 26 1896 (64°, 20°.2) (%] in whole region, 4 deaths

May 6 1912 (64°, 19°.9) (7) in Land/Rangarvellir/Fljétshlid,
March 29 1947 64°, 19°.7 S . No camage |1 death
April 1 1955 64°.1, 21°.2 5.3 Slioht damage near Sog

Jull 2 1967 1%, 20°.7 5.9 Slicht damage at Brinastadirc

The big earthquake sequences in category 1 seem to occur
about once every century, on the average, or more occurately
once every 112 years with a probability of 80% or more based
upon the historical data. The large interval including the




fifteenth century may be due to the very poor historical
records from that time, the socalled historical gap, rather
than scarcity of earthgquakes.

In the second category, major earthquakes have occurred as a
single outstanding event either in the western or the east-

ern part of the zone. In the eastern part, Rangarvellir and

Landssveit, the earthquakes of 1912, 1829, 1726, 1581 belong
to this category and in the western part, (Olfus and Fléi),

the earthquakes of 1789, 1766, 1752, 1749, 1706, 1671, 1597,
1546 and 1370.

The 1912 earthquake of magnitude 7 is the last major earth-
quake to have occurred within the zone. It caused damage in
a sparsely populated area close to the volcano Hekla in the
Eastern Volcanic Zone with one casualty. The seismologist
August Sieberg studied the intensity of this earthquake and
assessed the maximum intensity at XI on the Mercalli intens-
ity scale.

Smaller earthquakes have occurred in the western part in
more recent times such as Oct. 9, 1935 (M=6), April 1, 1955
(M=5.5) and July 27, 1967 (M=5.0). In these earthquakes min-
or damage of farmhouses near the epicentres was observed.

2.2 THE REYKJANES SEISMIC ZONE

The Reykjanes Penisula which is a transition between the
Reykijanee ridge to the west across the western volcanic zone
to the” South Iceland Seismic Zone is an important region due
to its proximity to the industrial and population center of
Reykjavik and vicinity.

The mid-Atlantic plate boundary enters Iceland near the tip
of Reykjanes and then runs along the penisula in an easterly
direction delineating an area of high seismic activity less
than 2 km wide in most places. Reykjanes is also a region of
active volcanism which is unusual tfor a highly active seism-
ic zone. It is believed that within the volcanic areas, the
in-tense heat will generate stress relief in the crust thus
minimizing the possibility of high stress concentration
earthquakes.

The earthquake activity of this region is mainly concentrat-
ed in three different areas, that is on the ridge out of the
penisula, west of Kleifarvatn, (Kleifarlake), and around
Brennisteinsfj¥ll, (Brennisteinsmountains). A fourth con-
centration of earthquake activity, in the Hengil Area, is at
the boundary between the South Iceland Seismic Zone and
Reykjanes and can have influence in both zones, Fig 5.

The earthquakes in Reykjanes and Hengill are smaller than
the big earthquakes in the South Iceland Zone. The focal
depth is mostly at 1-5 km which causes comparatively higher
intensity of the shallow Reykjanes earthquakes than the
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Fig.5 The Reykjanes Peninsula with zones of seimic
activity. The hatched areas designate origin
of earthquake swarms in 1971-75. The cross-
hatched areas show epicentres of earthquakes
in 0lfus in the South Iceland Zone.

deeper South Iceland earthquakes. However, due to the
volcanism, it is to be expected that the stress concentra-
tion in the subterrain heated rock is lowered whereby the
energy release in an earthquake is also lowered as has al-
ready been mentioned. The fault structures is complex and
several seismic lineations or faults can be identified
striking obliqueiy or even transversely to the main zone.

Seismic activity in the Reykjanes zone during this century
has been high but concentrated on low magnitude earthquakes.
One of the biggest earthquakes in recent times has been the
June 1933 earthquake in western Reykjanes (Mw6) with an epi-
centre south of Keilir which caused some damage at vigdisar-
vellir. The intensity of the earthquake was assessed at VI
in Grindavik and V in Reykjavik. A similar earthquake occur-
red in the same region in October 1889 with some damage to
farmhouses at Vigdisarvellir, Krisuvik and Vatnsleysustrdnd.
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In Reykjavik, the earthquake caused a part of the church-
goers to rush out in the midst of a sermon in the Cathedral.
In the Brennisteinsmountains, two earthquakes have occurred
in this century with magnitude about 6. In July 1929, an
earthquake of magnitude 6, caused widespread alarm in
Reykjavik. Some minor damage occurred such as cracks in
concrete walls and ceilings, and in the harbour. The House
of Parliament and the o0ld Post Office Building suffered some
damage. The intensity of the earthquake was assessed at VI-
VII in Reykjavik and at X in the epicentral region. In
December 1968, an earthquake of magnitude 6 occurred in the
same region. The intensity was lower than that of the 1929
earthquake, about IV~V in Reykijavik where damage was minimal
although people there were alarmed.

Near the Hengill area east of Bla4fj®ll, an earthquake of
magnitude 6 occurred in October 1935. Since this area is
almost uninhabitated, there is little to show except for the
Ski-Lodge in Hveradalir where some slight damage ocurred.

This easternmost part of Reykjanes Penisula has not been
very well investigated and chronicles relating to this area
are rather meagre as is to be expected. However this is the
most important source of earthquakes to endanger the Reykja-
vik area. In Table 2, the number of earthquakes that have
been felt in Reykjavik is given grouped according to their
intensity on the modified Mercalli scale (MMI), /l/, /9/.

Table 2. Number of earthquakes felt in the Reykjavik Area.

Time Period/MMI Intensity III v v VI-VII
1801-1850 8 1 1 0
1851~-1900 19 4 S 3
1901-1950 66 19 9 1
1951-1985 3 0

According to Table 2, the earthquake activity in Reykjavik
appears to be increasing. This is probably more due to lack
of information from the nineteenth and earlier centuries
rather than actual increasing seismicity.

2.3 THE NORTH ICELAND SEISMIC ZONE

The North Iceland Seismic Zone is a broad zone of faulting
and seismicity which connects the southern end of the sub-
marine Kolbeinsey Ridge and the volcanic zone in North Ice-
land in Axarfjdréur. Earthquake epicentres are scattered
throughout a region which is about 80 km wide from north to
south and 150 km long between Melrakkaslétta in the east to
Skagi in the west. A concentration of epicentres is in the
northeast corner of the zone whereas the larger magnitude
earthquakes may be more frequent in the western part of the
area. The seismic character of the zone is of a complex
nature and can not be associated with a single fault or a
simple plate boundary. Studies of recent earthquakes show
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that a considerable part of the seismicity is associated
with possibly three different WNW trending lines which or-
iginate in the volcanic belt. The sense of motion along
these trending lines is right-lateral strike-slip as has
?sin evidenced by two recent focal mechanism solutions, /5/,

The Grimsey seismic line runs slightly north of Grimsey and
joins the Krafla fissure swdrm in Axarfjdréur, (Fig. 6). It
has no clear trace in the topography. Instead, the surface
structure is characterized by northerly trending troughs and
ridges. In some respects this resembles the structure in SW-
Iceland where the epicentral belt lacks clear surface mani-
festation.
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Fig.6 Main tectonic features of the North Iceland
Seismic Zone with lines of seismic activity.

The January 13, 1976 KoOpasker earthquake of magnitude 6.3,
which is the largest, most recent earthquake in Iceland,
caused moderate damage in the small fishing village of
Kopasker at the eastern end of the Grimsey line. This earth-
quake is connected with the rifting episode in N-Iceland,
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which has been in progress since 1975. The activity has been
mostly confined to the Krafla central volcano and its
associated fissure swarm. Extensive tensile movements have
been observed in the volcanic belt north of Krafla and in
Axarfjoréur near Kdépasker with severe land subsidence.

Amongst other big earthquakes which have occurred along the
Grimsey line is the 1910 magnitude 7.3 earthquake, which or-
iginated in the ocean straight north of Tjdrnes (66.5N,
17.0W). An interesting fact is that few hours later on the
same day, a magnitude 5 earthquake occurred west of the toe
of Reykjanes. However, no geophysical relationship is be-
tween the two earthquakes. Another Kdpasker earthquake with
magnitude 6, occurred in 1865 and in 1755 a big earthquake
(M w7) close to Grimsey caused damage in the Skjalfandi and

Eyjafjdrdur regions.

Along the second seismic line, which runs NWN from Husavik
across Flatey and the mouth of Eyjafjdrdur, the most de~-
structive earthquake is the 1872 magnitude 6-7 earthquake
which caused damage in Hsavik, Flatey and Flateyjardal
where several farmhouses were destroyed.

The third speculative seismic line also runs NWN from Krafla
across Eyjafjérdur near Dalvik and to the mouth of Skaga-
fidrdur. On June 2, 1934, a 6, magnitude earthquake occurred
near to the small town of Dalvik with considerable damage
there. Besides the Kdépasker earthquake of 1976, where damage
was only slight to moderate, this is the last earthquake to
have caused severe damage of houses and buildings in Ice-
land. The maximum intensity of the earthquake in Dalvik was
assessed by the late professor Sigurdur pbérarinsson to be
VIII-IX in Dalvik, VIII in Hrisey and upper part of Arskdgs-
strnd. In Akureyri the intensity was assessed V. A very
good contemporary description of the extent of damage to
different kind of houses and buildings has been given by
Sveinbi®drn Jénsson, a tradesman and builder. New well-
constructed concrete houses showed practically no damage
whereas the typical old Icelandic houses of turf, stone and
timber fared badly.

Finally, the 1963 magnitude 7 earthquake which occurred in
the mouth of Skagafj&rdur should be mentioned. As is the
case with most North Iceland earthquakes, the epicentre was
off the coast in the ocean and the land intensity therefore
comparatlvely low. The earthquake caused alarm in Saudar-
krékur where the intensity was V1II and some minor damage
occurred.

In Table 3, all known earthquakes to have occurred in the
North Iceland Seismic Zone are listed. Obviously, earth-
qguakes in North Iceland are rarer than in South Iceland.
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TABLE 3. A list of destructive and large magnitude earthquakes in North Iceland.
Assessed values are within parentheses. /1/, /2/, /9/, /11/.

DATE LOCATION MAGN1TUDE/ NOTES
Max. Intensity

1260 Damage in Skjdlfandi region

1584 . in Eyjafjdrdur .
Autumn :2;2 . in skjalfandi "
Sept 11 175% (66°.5N, 16°W) (7-7.%) - in Skjdlfandi d Eyjafjséréd
June 11 1838  (66%, 19°) (6-7) ol s ond Fyjarydrour
Dec 30 1867 . " in SkjAdlfandi region
April 17 1872 (66°.2, 17°.5) (6-7) " " b "
Jan 25 1885 (66f.3, 15°. 71 (6-6.5) " in Axarfidréur "
Nov 15 1905 66°, 18° 5.5/v1 No damage reported
:an gg :z;? gg:, lg: 7.3 . OEE tge coast, no damage
u - -
Ju:e 2 1934 66’: 18'.5 g:;/x Damage in Dalvik and Eyjafjdrdur
g::c:328 :;gg gg:.g, :;:.; ;.; Off the coast, no damage

.3, . . Slight damage in Saudarkrdkur

Jan 13 1976 66°.3, 16°.5 6.3/1X | Damage in Kopasker and vicinity

2.4 OTHER AREAS OF SEISMIC ACTIVITY

Intraplate earthquakes which originate outside the plate
boundaries, that is the seismic zones in North and South
Iceland and the volcanic zones, are rather rare in Iceland.
Historic records mention seismic activity near Orafajdkull
in the Vatnajdkull area during the 1727 volcanic eruption
there. On May 3rd 1897, a magnitude 5 earthguake occurred on
the Vatnsnes penisula which is to the west of the North Ice-
land Seismic Zone. This earthquake was felt over a large
part of north and northwest Iceland without any significant
damage.

Small earthquake swarms have several times been felt locally
in Borgarfijdrdéur in the midwestern part of Iceland. Usually,
these are very low magnitude earthquakes. In the spring of
1974, one such sequence of earthquakes culminating with a
5.5 magnitude earthquake on June 12th occurred in the upper
Borgarfjdérdur area. The epicentral region was near Sigmund-
arstadir in Pverarhlid and extended about 25 km to the east.
Another belt of earthquake origins was oriented in a SW-NA
direction and intersected the first around the middle. The
focal mechanism of these earthquakes indicates a slip=-dip
motion due to horizontal strain in the crust, /3/.

The largest, June 12th shock, caused slight damage, mostly
cracking of poorly built farmhouses, but then the epicentre
was well to the east and north of the inhabitated areas in
pverdrhlid and Hvitidrsida. Several landslides occurred, how-
ever, as the soil was wet, especially in the northern slopes
of Kjarrardalur.

Finally, earthquakes near the insular shelf margin east of
Iceland are known to happen, but damage in such "off the
coast" earthquakes has never been reported.
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2.5 MINIMUM RISK AREAS

As already mentioned, large areas of the Country can be con-
sidered to be outside the volcanic and seimic zones whereby
the earthquake hazard is quite minimal in these parts. In
Reykjavik, the Capital City, the western part from the old
town centre, ( "Kvosin®™), to and including the small suburb-
an town Seltjarnarnes at the tip of the penisula is unlikely
to experience but small earthquake intensities. Kdpavogur,
Hafnarfjdréur and the eastern part of Reykjavik with Mos-
fellssveit, however, have to be considered to be within or
close to the Reykjanes and the Hengill seismic zones. Pre-
cise seismic zoning of the Capital Region, that is Reykjavik
and surrounding towns has not .yet been attempted but is most
certainly overdue. Application of the Icelandic Aseismic
Code for Structures, IST 13, /13/, is often subject to
severe misunderstanding regarding which earthquake risk
zone, ( the code specifies three zones of 25%, 50% and 100%
risk ), should be considered for the Capital Region.

The coastal area west of Reykjav1k/ Mosfellsveit through
Hvalfjdrdur and lower parts of Myrarsysla, ( Akranes and
Borgarnes ), is another region with very low expected earth-
quake intensities. From Snazfellsnes through Dalasysla
including the large region of the western fjords is another
low risk zone with no history of earthquakes nor volcanic
activity in historic times.

The region from the western fjords across Hanavatnssyslur to
and including Bl8ndds is another low-risk zone with no
earthquake history except for the Vatnsnes earthquake of
1897,cf 2.4.

The coastal region beginning at Rifstangi, which is the
northern most tip of mainland Iceland, through the entire
eastern coast and inhabitated area of East Iceland is a min-
imum risk zone with no earthquake history nor volcanic act-
ivity in historic times. The southeastern part of the
country is also a minimum risk zone, ( Hornafjdréur), until
the eastern volcanic zone begins near Kirkjubajarklaustur
and subsequently the South Iceland Seismic Zone.

3.0 SEISMIC ZONING AND AN EARTHQUAKE RISK MAP OF ICELAND

Whereas the seismic zones of Iceland are rather clearly and
well defined, it is more difficult to evaluate the
earthquake hazard in terms of expected intensities or
maximum surface acceleration. Basically, the earthquake
hazard to civil engineering and other manmade structures can
be separated into two categories. Firstly, the faulting and
rupturing of the ground in and near the epicentre of an
earthquake can incur heavy damage in a structure built
across an active fault or hit by surface rupturing. Damage
of this kind can only be avoided through microzoning and a
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precise geological site investigation prior to site
development. Secondly, . the earthquake wave motion will
induce dynamical vibration response of any structure where
ground shaking is severe enough. Permanent damage or even
collapse of the structure can be the direct result if the
surface acceleration of the earthguake is high and its
frequency composition unfavourable to the structure. The
main parameter goverring the structural response is there-
fore the maximum surface acceleration of the earthquake
ground motion. Since there are no instrumental strong motion
records available for past Icelandic earthquakes, evaluation
of seismic risk regarding maximum surface acceleration must
be reflective, /12/.

The intensity of an earthquake is a measure of its effects
as experienced by observers in the struck area. Intensity
scales can be related to the maximum surface acceleration
through knowledge of the rate of destruction caused by a
certain level of acceleration. This is very problematic,
however, due to many reasons. In Iceland for instance, the
intensity of past earthquakes can be judged to be quite high
due to the high rate of destruction. Until the beginning of
this century, all houses in the seismic zones were of very
poor construction, mostly simple farmhouses of turf and
stone, extremely vulnerable and illsuited to withstand
earthquakes. It is therefore quite likely that the damage
extent in future earthquakes of the kind which occurred in
1784 and 1896 in South Iceland will be much less. Even if
seismologists have tried to take this into consideration
when assessing the intensity and magnitude of past
earthquakes, it is possible that their effects tend to be
overestimated.

3.1 INTENSITY-ACCELERATION RELATIONS

Unfortunately, no strong motion accelerograph records have
ever been obtained in Icelandic earthguakes. Until recent-
ly, no strong motion accelerographs had been installed. A
complete strong motion network is how being installed in the
South Iceland Seismic Zone and instrumental records throwing
light on the surface acceleration in Icelandic earthquakes
are eagerly awaited. Several attempts to evaluate the accel-
eration in Icelandic earthquakes, mostly based on foreign
studies, have been made, /9/, /12/. They have to be taken
at face value since many unknown factors have yet to be
resolved. For instance, where the seismic and volcanic
zones intercept like in Reykjanes and in parts of the other
seismic zones, it is believed that stress relaxing in the
crust takes place due to the intense subterrain heat in the
volcanic rocks, thus reducing the acceleration level. Also,
it has been observed that the earthquake shear waves, (S-
waves), which are mainly responsible for the destruction
caused by earthquakes, will propagate badly in the volcanic
zones and complete S-wave shadows have been observed. In
table 4, a possible connection between the Modified Mercalli
Intensities (MMI) and the probable maximum surface

R 2 it
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acceleration is given. The surface acceleration is then
interpreted as the maximum horizontal component. Usually,
the maximum vertical acceleration is about 60-80% of the

maximum horizontal value.

Table 4. Modified Mercalli Intensitieszand surface
accelerations, (1 Gal= 1 cm/s ).

MMI IT 111 1Iv Vv VI VII VIII 1IX X XI  XII

- n = = o - - - -

a 4.8 9 17 32 60 113 214 403 760 >g >g Gals

- - -y - - - - — - ——— - -~ T - S — - -

The table reflects the fact that human perception of earth-
quakes will underestimate the acceleration level. It is a
well known phenomenon regarding the human senses, that an
increase by powers in a physical quantity, (level of accel-
eration, intensity of light etc.), is perceived as an in-
crease by a constant difference (quotient series vs differ-
ence series). This phenomenon is sometimes referred to as
the Weber-Fechners law of perception. In mathematical sense
this can be described as follows

BI

(1) = A 10

umax(;)

where A and B are constants, which have been glven the
values A = 1.35 and 8 = 0.275.

3.2 INTENSITY~-MAGNITUDE RELATIONS

Even if the intensity of an earthquake is a more appropriate
measure for seismic risk evaluation than the instrumental
magnitude, it is often necessary to use the earthquake
magnitude as the basic parameter when estimating the
earthquake hazard. The following relationship between
Modified Mercalli Intensities, I, and the magnitude M of
Icelandic earthquakes has been proposed by Hallddérsson, /9/.

(2) I, =0.33+1.240M

where I_ is the maximum MMI intensity of the earthquake.
Based on historic records, the magnitude and intensities
have thus been evaluated with the reservations voiced above
and are shown in tables 1 and 2. After 1904, which is the
beginning of instrumental records in Iceland, the magnitude
assessment of Icelandic earthquakes is more or less correct.
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3.3 EARTHQUAKE RISK MAPS OF ICELAND

Earthquake risk maps can either be based on the maximum ex-
pected surface acceleration or the maximum intensities. In
both cases such maps should show contour lines with statist~-
ical values either based on certain probabilities of occur-
rence or values with certain average recurrence time. Un-
fortunately, precise statistical evaluation is made diffi-
cult because of lack of reliable data.

In Fig. 7, an attempt is made to draw up such a map of Ice-
land showing areas of expected maximum earthquake intens-
ities based upon the previous discussion. The recurrence or
return period of the values has not been fully established
but a 100 years period can be taken as representative. Only
intensities above V are considered since maximum intensities
lower than V-VI are not likely to cause any damage to civil
engineering structures even if sensitive equipment may poss-
ibly be endangered.

26° 2’2' 20° 18° 18° I
!

Fig.7. An earthquake risk map of Iceland. Contours
of 100 years intensities V and above are

shown , (guestimative).
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Whereas the contour for intensity VI clearly delineates four
different seismic areas, the contour for intensity V marks a
single zone of earthquake activity for the whole country.
The contours are drawn on a speculative basis but should
give a good idea about the seismicity of the country. The
inland zone delineated by the countour for intensity VI
corresponds to the volcanic activity in the Vatnajtkull and
Askja regions and as such is without interest considering
possible human development.

In Fig. 8, an earthquake zoning map for Iceland is proposed.
The map is based on the previous risk map and designates
four different risk zones. Firstly, for the parts of the
Country outside the contours for intenstities V or above,
the maximum surface acceleration is put at less than 75 Gals
in correspondence with the relationship between acceleration
and intensities shown in Table 4. Zone 1 is therefore the
minimum risk zone where civil engineering structures are not
affected by earthquakes. Only in extreme cases could very
sensitive equipment be affected. Zone 2 bears the risk of
maximum surface accelerations up to 150 Gai., which is easi-
ly acommodated by all welldesigned structures. Reykjavik and
vicinity falls within Zone 2.

Zone 3 covers the centre of the North-~Iceland Seismic Zone,
that is to the coastline, the central part of the Reykjanes -
Seismic Zone and most .of the South-Iceland Seismic Zone. The
maximum surface design acceleration is 150 -~ 250 Gals which
can well be be taken care of by properly designed struct-
ures. In Zone 4 which covers the central part of the South-
Iceland Seismic Zone, the maximum surface acceleration to be
expected is 250 Gals and above. Possibly very large acceler-
ations up to 600-750 Gals can be expected in the immediate
epicentral region of a major South~Iceland earthquake and
extreme care should be taken with the design of all engi=~
neered and otherwise structures in Zone 4.

4.0 SUMMARY AND CONCLUSIONS

Based upon historical records and instrumental data which is
available for Icelandic earthquakes since 1904, a discussion
of the distribution, frequency and magnitude of earthquakes
in Iceland is presented. The major earthquake zones in Ice-
land are defined and each zone described in detail. A list
of historic and recent earthquakes is given for both the
North-Iceland and the South-Iceland Seismic Zones and var-
ious maps show the extent of the seismic zones.The geophys-
ical attributes of Icelandic earthquakes and the volcanism
in Iceland is also briefly discussed.
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Earthquake risk zoning with reference to man-made structures
is proposed in terms of a contour map of expected earthquake
intensities. At this stage, a complete statistical evalu-
ation of expected values and recurrence is not available,
which must be kept in mind when the results are interpreted.
Finally an earthquake design zoning map is presented in
terms of clearly defined zones with proposed design values
for the surface acceleration to be employed.
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It is presented the general strategy followed in
Albania for earthouake protection and are treated the
"principles and the methodologies applied for the seis=
mic regionalization of PSR of Albania on scnle 1:5C0 0CO,
for the Sseismic microzoning of the urhan areas, for the
new aseismic design Technical Reguletions and the elemina=-
tion of the earthcuzke conseouences.

INTRODUCTION

Albania is a country with a high seismic activity, in
Furope 1s the country which is more frecuently hit by da-
mage earthouskes, next to Turkey and Greece. The gtudies
have proved that only during this century the eartheruakes
in Albania and near-by have generated 7.2% of the totsl
energy releazed by all the shallow earthruakes of Iurope
for the same period.

At nowdays development, when the density of the popu-
lation in urban areas is always increasing and when the
investments realising or the ones planned to be realised
in our country are too high,if we do not take the necce-
ssary precautions based on the seismological, seismologi-
cal-encineering and earthouske-engineering studies aga-
inst the probable events the damages will be everytime
greater., In our country there are taken many measures
to reduce the human lcsses and the material damages that
may cause the eventusl earthouskes.

The term " eartheunske risk " may be defined as the
totanl expected loss of life and property, loss of producti-
on and other secondary losses, caused by earthousakes to
a commumnity over a given period of time. It is function of
the value of the elements at risk (human lives, buildinge,
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production, facilities, etc.), the vulnerability of these
elements to earthquake action, and the probability of
occurrence of earthquakes (the earthouske hazard).

By ™vulnerability" we mean the probable degree of loss
or damage to a given element at a risk due to earthcusake
ground motion. It cannot be expressed by a sgsingle figure,
for it is a complex function of the dynamic properties of
the building or structure and of the various parameters
of ground motion (peak acceleration, peak velocity, dis-
placement, freguency of vibration, duration of shaking
etc.). Vulnerability is nevertheless the component of risk
over which the greatest degree of control can be exercised,
through the choice of construction sites and through appro-
priate design and construction,

Earthqueke hazard is a comlex function défining the pro-
bability of occurrence, at any given site, and during any
given period of time, of earthruske ground motion of va-
rious intensities. Earthcuske hazard is determined entirely
by natural procesgses going on deep within the Earth"s Crust
and, at the present time at least, is not susceptible to
human influence.

In order to assess accurately, and subsequently to
control and reduce the earthquake risk to given communi-
ty, 1t is necesgsary to have reliable inforuation on the
three components of risk, that is to say:

l. The value of the elements et risk,

2¢ The vulnerability of these elements,

3+ The earthquake hazard.

I. EARTHQUAKE HAZARD IN ALBANIA = SEISMIC RIGIONALI-
ZATION

BEarthouake hazard assessement is conected with the pre-
cigion of the time and place occurrance and the strength
of the future earthouake as well, Earthouake hazard can-
not be changed, but it is nevertheless essential that it
be accurately known, in order that the most appropriate
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technical~economic measures be taken to reduce the damages

that the earthouskes may cause to a point where the overall
risk is brout dawn to an acceptable level for the society;

the definition of this level is a task of considersble

difficulty.
Assessinly the earthequake hazard we have acted this

ways
l. Data on the earthquakes of Albania (higtorical end

instrumentalz

As g result of many years work we have gathered and
examined an ampel material of a period of about 2000
years, on the earthquakes of Albanias. A1l the data colle-
cted have been computed according to up to date methods,
go we might compil the "Catalogue of the Earthouakes in
Albania®" up till 1970 (Sulstarova, E., Kogiaj, S.,1975)
and *he catalogue for 1971-1985 (Sulstarova, E., Koginj,
Sey 1986). At the same time we have compiled the album
of the isoseismal maps, which contains the isoseismal
maps of 160 earthouakes occured during 1800-1985, The
most reliable data, for which exist instrumental recordi=-
ng3s and macroseismic information, are those of this cen~
tury. For the period from 1800-1900, more or less comp-
lete data may be considerad those of earthruakes of
Intensity > 7 degrees ISK-64 scale, while for the period
before 1800 there are data only for the earthruakes of
I > 8 degrees MKS=H4., For the period 1900-1970 there are
complete data of the earthquakes of I > 6 degrees, but
for latter there are complete data, even for the wesak
shocks of I < 6 degrees,

This publicstion provides complete data of the earth-
quakes (To,f, 2, h, Mo,.Io,) and information, from diver=-
ge point of the territory, for the shocks that were felt
and the destructive ones.

In our country the seismological network is extended
consisted of 13 seismological stations (the master sta-
tion of Tirana and 12 secondary omes (fige. 1), which
from 1975 are sble to detect all the events with !’ > 2.5
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occuring in our country and near-by. On (fig. 2, 3) there
are presented two maps of epecenters of the Albanian earth-
quakes; as it is seem, Albania is a country with a high
seismic activity.

2. THE MACROSEISMIC FIELD LEVEL

The observed effect of the earthouakes on the surface
is expressed in degrees (I), velocity (cm/sec), of accele=-
ration (cm/secz). In our country in the two latter years,
we have set up a strong motion network. At present this
network contains 27 accelerographs SMA-l and 27 seismoscops
WM=II. As, up to the moment, we haven't got any information
from this network, we have done the evaluation of the seis-
mic intensity for seismic hazard studies according to !BSK-
1964 scale. On the basis of the best available data, speci-
aly on the earthaquakes of which v, X, h, I, and Io’ have
been defined,. . we have found the relations between the instru-
mental and the macroseismic parameters (Sulstarova, E., 1986).
Making use the method of the ortodox regression, for the

macroseismic field, the following relations are found:

I = 1.94 = 3,0610g h = 0.61; h<10km; 4.0< H<7.5 (1)
I = 175K = 4455108 h + 3.45; 10< h < 40km; 4.0.< 1 <745;5(2)
As avarage for all .Albania:

I,= 2.1M - 4log h + 0.44; 4.0< N&T5 (3)

On the basis of this relations we have concluded that
in Albania and near-by shakings of 6 degrees LSK=1964 are
caused by earthouakes with M > 4.,9; shakings of 7 degrees
with M >5.,5, and those of 8 degrees by eartheuakes with
M>»6.,0; while the ones of 9 degrees by earthauakes with
M> 6.6,

The foci of Albanian earthouakes are generally located
in the granitic layer, therefore they are shallow foci up
to 10~20 km, few earthaquakes have depths exceeing 50-F0 km.

For mean geological=-engineering conditions are found
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the relations between the surface outlined by the isoseists
with magnitude (1) and the epicentral intensity I, and for
these surfaces we have found the avarage expected radius
in which shocks with h > 10km, epecentral intensity Io and
magnitude (1) in our country are felt or may be felt at
different range of iﬂtensity ag are presented at table 1.

Table Nre 1
. - Avarage radius in km
&l o
8 7 6 5 4 p)
6.6 | 9 8 | 20 | 42 | 72 | 108 | 152 | 215
6,0 | 8 -1 8| 23 51 85 | 125 | 175
5:5 1 1T - | - 7_1 30 58 87 | 135 |
4,9 6 | - | = - | 8 22 40 | 59

Graphically these quantitieg are represented on fig. 4.

There are found the coefficients of the attenuation of
intensity alonz and across the extention trend of the struce-
tures (the coefficient¥)(Sulstarova, E., 1986).

The above perametres are of a special importance for
the studies of the seismic risk and seismic hazard.

Genersalizing the isoseismal maps of the strongest earth-
quakes, from the maximum intenglty observed in all inhabited
centers, from Albanian earthquakes foci maps (taking into
congideration the above relations of the macroseismic field)
the map of the maximum observed intensities for the period
1800-1985 was compiled (£ige. 5)o This map presenis the mmzi-
mun edrface effebites of the earthquakes in omr couniry,

3o DISTRIBUTION IN SPACE AND TIME OF SEISMIC ACTIVITY

In the studies of geismic hazard the final objective is
to define the focus, the magnitude and the time of the futu-
re event, A8, up to the present time, is impossible to acco=-

___.______________
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wunt for all the processes that take place in sn earthouake
focus, our efforts are made to determine the avarage seis-
mic hagard by combining variouseagpiric relations and stati-
" stical models or by defining some criteria of the distribue
tion of earthquakes in time and space. Such analysis requi-
res homogenity of seismological data in space, in time and
within energy range. These requirementa for our country can
be fulfilled if we take into consideration all the events
of ﬂb;bG degrees MSK-64 for the period 1901-1985,

Frequency distribution of earthquakes as a function of
their magnitude has first hand importance in the study of
the seiamicity pr a region. Already is known the law of earth-
quake recurrence, which is known as the law of Gutemberg-
Richter (1954): ’

log F(M) =a «b M (4)

The exponential function of this distribution is consi-
dered the law of earthouake recurrences. This relation, -
which has become very useful in statistical seismology over
the last decades, is widely used in owr statistical ela-
borations and in our studies of seismic activitye.

Coafficient "a" indicates the level of seismicity of
a region and is considered to be the average index of
yearly seismic activity, while the coefficient "Dd" i=s con-
sidered a representative seismotectonic parameter and is
directely related with the field of stresses that acts
in a given region (Mogi, K., 1962,1963; Scholz, C. M.,
1968). The changes in value of this coefficient in time are
used in earthquake prediction.

By the least square method and by the data of the period
19011985, the law of earthauake recurcence normed for =
period of one yar, for our country, was found to be:

log N = 5,74 = L,09H; 4.6<M<T0 (5)
Whereas using the method of maximum likelihood (Utsu, T.,
1965; Aki, K., 1965) the following relation was obtaineds
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105 N = 5.74 - 1.10“; 4.6 <€ L € 7.0 (6)

As can be seen both nethods give nore of less the «ame
result. Coefficient b= 1.10 approximates the world valeu
for shallow earthcuakes (Utsu, T., 1979) and tie vilue
obtained for the shallow eartheualzes of Lurop:, b= 1,01
(Karnik, V., 1979) '

The relation log N(il) is & linecar one and is implied
that lower and the upper limit. of magnitudes is unlimited.
If we take into account that the volume of the rocks in
the zone of the earthruake focus, thet is sulbject of =
determined field of stresses, is limited then is compre-
hensible that must exist an upper limit of the magnitude,
respectively Mminand Hmax' Por seismic risk enalysis we
are interestgd in the upper 1limit of magnitude, Hmax'

As a matter of fact there exisis no reléble determini-
stic approach for an astimation of the upver bound magni-
tude value within a certain regione. The mocst popular pro-
babilistic approach is the application of the Gumbel
theory of largest value. The advantage of the method is
that it uses only extremes within cartain intervale
(generally every year), thus ingnor:ing the influence of
aftershocks and the usual incompleteness of dsta in the
lom: magnitude range.

In our country is used the first Gumbel ssymptotic
distribution and latter his third one; the latter being
prefersble because it sets an upper mignitude linit and
curvature to eartihcuake data.

In the first Gumbel distribution the probability mo-
del of Epstein et al, (1966), have been used. For thie
model to be ap.lied the supnogition must be mele tha'
earthruakes are evenis indipendent of each other and con-
stitute a Poissonian prosses, which for the eartlounkes
in \lbania is ascertained (Sulstarova, Z., 1975, 1980),
From this model we have obtained the rel-:tion:

log M = 3.96 = 0.80L; 446 < 1< 740 s
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According to the above relations (5, 6, 7) can be founds
the avarage number of earthquakes for every range of magnie-
tudes, the avarage period of their recurrence (in years)
with magnitude greater than M (Tn- ET§7-),~the maximum
yearly magnitude which can be obsserved more frequently
M = 3‘—"%’—5— ) and the seismic hazard for all the country
a8 a probability of the occurrence of an earthaquake with
greater or equal magnitude M, for D years according to
the following formulas GM

Ry(M) = 1 -~ exp (- D ) (8)

o and P are coefficients found with the method of the
least squares and have the respective valuess

< = 9119,025'; g - 1.8437; in formula (7) a = ineC H
1n(10)
b = {3
1n(10)

By using equation (8) we can see that in our country
7 degree's earthquakes (M>5.5) should be expected every
5 years, earthquakes of 8 degrees (M>640) every 10 years,
while 9 degrees'earthquakes (M2-6:6) every 30 years (pro-
bability 80-97%).

The first distribution of extrem values st the upper
bownd, as mantioned above, is limited. In regard to the
fact that for every region must exist an upper Mmax’
which 1s determined by the dimentions and the physico-mecha=-
nical properties of the bloc or microplate where is going
to generate the future earthquake as well as seismic ener-
gy accumulated, recently the third Gumbel asymtotic distri-
bution is useds

I11 o X
- X .
?y'(x) = 6Xp [- ( w - ) ] ’ (9)

where K > 0; X & 3 u<w 3 w = is the upper magnitude
limit; K = 1/:\ is the shape parameter, u = is the charactri=~
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gtic largest value. It follows thet:

IIT

III
= 1.0
F(u)

F) )

?5 e-l ’ <P
The three parameters were calculated by the least sru-
are method for the data of the period 19011985 (Sulsi=ro-
va, Be., Kogiaj, Se., 1986); annual intervals were used. The
curve of the third asymptotic distribution defined by wi=
Tedby, A= 0,26 k = 3,83 and u = 4,99 fits the observed data
cuitewell, They can be used for the calculation of some use-
ful cuantities, for instance of the return periods or of
the largest magnitudes which can be exceed with n given pro-
bability in the future (the interval should not be longer
than the observation interval) or of the expected largest
rgnitude or of the most probable largest (mode) within the

next n years, ‘
The probability of a magnitude to be equal or greater

than M will be:
11T {19)

PON = 1 -ch( )
X

The return period of shocks with magnitude equal or
greater than a given threshold values is defined ass
( By (11)
T = 1l = . 11
CPF(J:)
The value wW = T.46 con be considered as the magnitude
of the largest possidle event in Albsnian ares,
When applying the results we must take into account that
the Gumbel theory ic bnsed on weveral assumptionss
-~ the conditions prevailing in {he past nust be valid
in the future;
- the largest events observed in a given interval are
independent;
-~ the behaviour of the future largest eveals vill be

similar to timat in the past.
According to the algoritm proposed by Roccr et al (1984),
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based on the third Gumbel'distributian, Kogiaj, S., (1986)
prepared a programme and with the data of 1800=1983 has co-
mpiled the map of the maximum expected magnitudes (fig. 6)e
According to tgis map the maximum expected magnitude is
Mmu 2 Tal = 745

4. GEOLOGICAL CRITERIA OF THE SEISMICITY OF ALBANIA

The period of seismological recordings (historical and
instrumental) is relatively short and consecuently is di-
£ficult to decgde for the seismic activity of a country only
with the seismological data, and moreover for the strongest
probable earthguakes the recurence period of which is rela=-
tively long. -

The earthquakes are phenomena accompanying the present
geological situatiun; manifestations of the deep tectonic
precesses, There is a close connection between the earth-
quakes and the neotectonic structure which crops up on the
surface.%he earthqueskes lead to new changes in the geologi=-
cal structure, theref~re to evaluate the seismic hazard, is
indispensable to ca .y out special geological, geophysical
and geodetic studies.

Intending the study of the seismicity in Albania,.we
have carried out special seismotecotnic studies, and widely
used the geological and geophysical studies on the geologi-~
ocal and tectonic construction of our territory carried
out by other specialistse. )

The geodetic studies on today Earth's Crust movements,
in our country,are at thetr beginning. In some zones of °
Vlora, Durrés and Shkodra are set up special geodetic net-
works.

The séismotectdnic (iliaj, Sh., 1980,1983, 1986), geophy-
sical and earthouakes focal mechanism studies (Sulstarova,
E., 1980, 1983, 1986), have indicated that our territory
and near-by isg devided in some blocks or "microplates" by
deep faults with NV and IIlE extension. The seams that
border these "microplates" (longitudinal and transversal
deep fault zones) are seismogenetic structural elements,
The main cause of seismic activity in these borders is the
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collicion batween the twe et ~l-*asn, the Suroanintic
and African ones. In thiis process =an Import:nt role ico
plaied by the "Adriatic promontory" of the Mrican plate
which, due to its northern.motionsf%ur territory and nesr=-
by exerts stresses and is responsible ol the scisgnic
acitivity of our country.

Confronting the fault zones with eariheraler ~onerne
ted by them, we have determined the seismoactive Jeep
fault zones in Albania, their expected seismic energy and
their respective mechanism (fige 7) (Sulstarova, Be., 1986).

Based on the geolozical and tectonic structure of eur
country, on the dimension of the mic.oplates and the seis-
mological data as well, the maxinum nagnitude of e rthrus
akes in Albania should not exeed Kmaxﬁﬁ 7.2 (Sulstwova,
B., 1975, 1983).

S5 THE AP OF THS ZONES OF o ' THCUAKE FOCI OF ALB oiTd
O THE BASIS OF IBISMOLOGIC. L V1D GUOLOGIC L D.T:

According to the seismotectonic and seismological data
we have compiled the map of the zones of eartliquakesin l=
bania with the respective dimensions and seismic energy
(fig. 8) (Sulstarove, E., at al, 1980, 1982),

6. THE E\P OF THE SEISLIC REGICIALIZATION OF TiH: PSR
OF 4LBANIA

Prom the map of the zones of earthquake foci (fig. 8)
according to the avarage radius of the atienuation of
intensity from the focal zone, we have compiled the map of
geismic regionalization of the PSR of Albania on scale
1: 500 000 (fize. 9).

This m1p is compiled accordingto the principle tiat
an eanthouske may occurre at every point of the focus,.

The m=2p of seismic regionaliz=tion represents the
maximum expected intensity for mean soil conditions
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expressed in degrees according to MSK-1964 ascale.

Por mean soils we have accepted the soils of most in=-
habited centers of our country (most ordinary soils),
where the hbasic intensity is aqual to the maximum intensi-
ty observed: thick loose ouaternary deposits of deep level
of underground waters,below 5 m from the surface of the
earth, (sands, fine sands, olay fine, clay gravel). These
goils are situated at the field part of the country. In .
this category we have also included the hard and semi =
hard rocks at s relief mean differenciated,

At the seismic map there are distinguished three cata=-
gories of zones, zones with I=VIII, VII, VI degrees (iSK-64).
At some sirong focal zones, due to bsd soil conditions, the
seismic intensity, may attain up to 9 degrees. The seismic
map represent the expected seismic hazard im Albania for
the 100 future yearse.

IT, SEISMIC MICROZONING OF URBAN AREAS

As we have manshened above (part I), seismic zoning
provides information for the distribution in space snd
time of the expected seismic hazard relatevly in large zow-
neg. kost of the studies carried out in our country and
in others, dealing with distribution of the damages by lar-~
ge earthqguakes, indicate that large differences in the exX=
tend of damage often occure over relatevely short distsnces,
that the areas of intenmive damage are highly localized
and that the amount of damage may change abrubtly over dis=-
tances as short as 0.5 to 1 km. Damages to engineering
structures caused by earthouakes is known to depend on some
factores, which are: geismological ones - amplitude, fre=-
quency, time duration of strong motion, engineering-
geological -~ the concrete soil conditions and constructive
- the t¥ype of the engineering structures and the building
materials., Therefore evaluating the real seismic hazard st
an area where is foreseen to build engineering structures
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with special economic or political importance or merecly
for urban plenning, it is indispensable to be carried out
detailed seismologzgical,engineering-seicsmological and com-
plex engineering-zeological,geophysicsal studies, callec

geisnic microzoning studies bhased on the seismic reionali-

zation. Thus, to determine tiie seismic haz rd of an urbmn
area, we have to find the superficial effect that may caue=
gse all the earthouake foci of this zone or the seismogentic
zones as it is showvm st fig. 10.

At our country such studies have bezun at 18301, wnd ~re
realized as presented en flow diagram fise 11,

1. The seismological, neotectonic (using the nicrotecto-
nic method) and the seismotectonic studies of the surroun-
ding zone of the site (with a ray that goes to 50 km) on
scale 13500 00O

The seismological studies =2im to explain the historical
and recent activity and its trend at a region subject to
our study. From these studies vwe deternines
2 = pBarthcuake source mechanism,

b = maximum expected megnitude,

¢ = the attenuation of the energy from eartheuake foei to
the site,

d = amplitude and the frequencial content of the represe-
ntative earthouake (short or lons distant),

e = acitive fault zones,

£ - from them are selected the accelerograms ag input dita,
which serves to calculate the real seismic hac:rd.

2. Complex engzineeéring—geologicil, feophysical wnd

hydrological studies of the site on scale 1:10 000

These studies include: neotectonic, engineerins - zeolo-
gical, geomorphologic, hydrogeolczic, shollow bore holes,
elemetrometric surveying, seismic refraction, electric and
accoustic measurments and velocity measurment =s well. The-
re are also included inesitu and lahoratory tests. irom
them we made lnown:

a - Topographic configuration of t!e bedroci:c,
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b = thicknees and the kind of the deposits situated on the
bedrocks,

¢ = physical-mechanical and dynamic proporties of the soils
of each layer or sublayer,

d -~ respective geotecnical models,

3. Engineering-Seismological studies of the site on

gcale 1:10 000

In these studies there are included: Vs and Vp surface
and bore holes measurments, microtremor and small esrthcu-
ake measurments, analytical studies for the dynamic behavie
our of soils, and studies on the damage caused by past
earthquakes, These studies aim to evaluate, instrumentally
and analyticaly, the actual influence on the local grcund
shaktng. From them are obtained:

& = the increase intensity in degrees as regard the etalon
ground,
b = baged on the selected representative accelerogram for
the bedrocks (we have selected the one recorded during
the main shock of April, 15, 1979 earthouake M= 7.2 at the
bedrocks of Ulqini and on the geotectonic models of the
urban area, which represent L(W) filters that modify this
accelerogram B(W), as it is shown at fige. 12; We could do
the anal¥ytical evaluation of strong motions by means of
acceleretion respons spectra (SA), the velocity (SV), the
displacement (SD) and the Furje spectra (FL),

These results are confronted with the damages caused
by earthquakes in the past,

Bagsed as above, we compiled the seismic microzoning
maps of some urban areas in different variants. The more
important are two:

First variant = is based on the methods taking into
account the elastic behaviour of the soils; in this cnase
the evaluation of the seismic intensity is calculated in
degrees (ISK=1964 scale),

In this variant the seismic intensity, given by the
map of the seismic regionalization for the concrete zone is
precised basing on three mothods:
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a = on the complex engineering reolo;icil method - =zt this
case incremge intensity varies & 1 degree in regard to the
mean soils (as shown on the map of the seicmic resionliza-
tion) and according to the given geotecnical model.

b = on accoustic impedance method wmdé to the Lydroeologi-
cal conditions, (ledvadev, S.Ve. 1977).

¢ = microtremors method, based on the maxirmm amplitudes and
on the predominant periods of the nicrotremors (Konaf, K.,
Tanaka, Te., 1961, Kanai, K, ‘et al , 1965),

From these three methods we may find the mean wv=zlue of
incrcase intensity ac resard the mean soil contiditicne
Second variant is based on the methods which tale into
consideration the nonelastic behaviour of the soils (elasto
-plastic behaviour of the soils). These methods are analy-
tical ones. 1\t this case are used such parameters as acce=
leration, velocity, displacement or their respons spectra.

At this present phase, the response spectra are deter-
mined by the analyticsl saccelerograms resulting by the com=
putation of the dynamic behavior of the geotecnic:l models
under expected seismic exitation.

Based on the acceleration respons apectra, the soils
of our threetowns Vliora, Durrés and Shkodra may be divie
ded in three categories.

In the microzoning maps are presented also the zeolo=
gical phenomena which may create undesirable effect during
an earthquake as:

- aluvial and deluvial covers,

- active and tectonic faults,

- new archeolcsic deposits,

- water saturated sand zones, soft clay, mud and torfe

where may be created iie paenomeiicn cf liocuefzction
and thixotropy.
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ITII. SOME CHARECTERISTICS OF THE NEW ASEISMIC DESIGN TECHNIe
CAL REGULATIORNS

The first aseismic regulation for comstructions based
on the static method were adopted in 1952, At 1963, based
on the dynamic method, were approved new aseismic design
technical regulations which, taking into consideration
the engineering analysis of the comsequences of the earth=
quakes, and specially of the one of April 15, 1979, at
1978 and 1981 were revised and had some improvements.

The high rhytmes of builldings lay down the neressity to
kmow better the earthquakes action to the structures and
to adopt more Justifying technical and aconomical crite=
rina in ageismic design. Based on our experience and the
experience of other countries we have compiled a draft
aselsmic design Technical Regulatidns;

The purpose of these new Technical Regulations, com=
bining the technical criteria with the economical ones,
is, at first, to secure the life of the people and to
reduce at the maximum possible the material damages that
may be caused by earthquakes. Thei® aim is that the cons-
tructions may resists

a = to the earthquakes 08 a low intensity, which are
very frequent in our country, without damages;

b .= to the earthquékes up to 8 degrees, without impor- y
tant structural damagess

c - to the large earthcuakes, without heawy destiructi-
ons or heavy demages.

In general they aim, at probable events, that the con=
structions may stand utilizable (without repairs or partisl
repairs) after them.

From the engineering point of wiew the aseismic con-
structions may be realissd conceiving such suitabdble con=
structions able to absorbe the seismic energy trasmeted
through thet? foundations without distructions or heavy
damages. It is simed to be attained since at architectu-
ral treatment making an effort to arrange the bullding

_‘lllru-.;
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configuration to be simple, to have the magses and recgidi-~
ties to ts symmetrical and uniformly distributed and to
avoid irregular shapes, any abrupt change in elevetion plan.

At the new Technical Regulations we have decided for
3 unicue calculation method for various types of constructi-
ons based on the modal analwysis method.

Parallely to the adoption of the standurd design spec—
tra, computations using suitable and sintetic accelerozrams
will be used.

As regards to the general aspects of the calculatioms,
we have conserved the concept of the direct cnlculations
method of seismic forces at different points (levels) of
the analysed structures. The design seismic forces §. at
the point (level) "k" that coresponding to the il mode
of the free vibrations of the structure is obtained froﬁ
the formulsa:

Biq = ¥ Xy ka ¥ B Q¢ (12)

where: .
Q;~ gravitational load concemirated at point (level) kg
ks- geismic coefficient which is determined taking into
account the seismic intensity of the urban area, according
to the seismic razionalization or seismic microzoning maps,
and the concrete conditions as given at the table nr, 2
belows

THE VALUE Or %ILi COSTIICIENT Ké-

Table lir, 2

The category | Seismia intensity in degrees
of the soil (IEK = 1964 scale)
| 7 8 9
I 0.08 0,14 0e.23
IT O.11 0,22 0.35
III O.14 17 V.25 0e42
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k- importance factor, as regard to the importance, the con-
structions are classificated into 5 groups and, according

to these groups, the value of this coefficient varies from
0.5 (£ifth group) to 1.75 (first group);

kd- allowed damage factor, the value of which varies from
0.25 to 1.0; 1.0 is the construciton where are not allowed

resgidual deformations;

Y = which takes into account the material and structure
type, the v3lues of which varies from 0.8-1.7 (the factors
kd and ¢ , which may be compacted in a single one, account
for the ductility and damping in the oconstrucitons);

@; - dynamic coefficient determined as function of the pe~
riod of own vibrations of the system, T,, and the natyre of
fondation soils by curves fig. 14 €as it'is seen, we thought
to take into consideration the influence of the soils con=-
ditions twice: at k _and Bi)s

z coefficient depending on the deformation curve of stru-

("
cture at 1th mode of vibrations and on the point of appli-

cation of the load Q.
The formula (12), proposed to calculate the seismic for-

ces, allow possible improvements that may be made to its
coefficients. Special structures with horizental member spa-
ning more than 20 m will be calculated comsidering the ver-
tical seismic action as well, In these cases ® 1is proposed
to be taken as 2/3 of its value in the case of the horizo=-
ntal awtion. '

It is proposed that the combination of modal values be
carry out by taking the square root of the sum of the sou=
ares of each of the model values. Also, it is porposed that
the combination of design loads, due to the action of the
geismic horizontal componéent (refering to x and y axes) and
vertical one (refering to z axis), be carry adding the
design loads, due to the seismic action according to one
axis with those duc to two ¢ther ones, reducing the latters
by the coefficient A<0.3,
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For all kinds of constructions great importance is
attached to the problems and technical structural precauti-
OnlSe )

IV. ON Tiis LICUBD.TICI CF I'r: CONSEQUENCES OF THE ZARTH«

QU K3

Since the liberation of the country on November 29, 1944
the consequences of the earthouakes are completely liqueda-
ted, within a short period of time, with the expemces of
the state and the contribution of all our society:

Here is an examplet The eartheuake of April 15, 1979,
M=T7.2, the epecenter of which were near our Horthwestern
border, at Monte Negro (Yugoslavia), in our country rased
to the ground or made unfit for use 17122 houses, eco=
nomic and social=-cultural buildings in 551 villages and
some towns like Shkodra, Lezha, Shéngjin and Rréshen.

100 000 inhabitants were left homeless.

For the elemination of the conseauences of this earthe
quake there were involved 25 000 persons, who liquidated
completely its consequences for 5 months, on october 1, 1987,
Many new villages and many new quarters in the affected to-
vms were set up.

For the licuidation of the consecuencies of the earth-
ouakes we use to act like thiss

= the local state organs with the aid of central ones
take immediat measures and give the first help to the affe-
cted people;

-~ g gpecial group of experts as engineers, tecnicians,
etce 18 set up, thelr task being to point out the damages
caused in every object and compile the Tercpective documen=-
tationg

=the regspective Design Institutes set np special worki-
ng . groups, who study and design the objects to be builed
and compile the respective projedts for the necessary re-
pair... Following the projects, the building materials are
to be calculated.

BT
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According to the terms defined by the Council of Illini-
sters in the decision for the licuidation of the consequ-
ences, the number of the participants in the work is deter-
" mined, and other necesgary planifications are made =28 well,

A special enterprise, set up for the purpose, takes all
the measures for the elemination of the consequences.
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Influence of Geology and Topography on Earthquake Intensity

J.A.Studer, Dr.sc.techn., GSS Consulting Engineers Ltd., CH-8032
Zurich and Lecturer in Civil Engineering, Swiss Federal Institute
of Technology

1. Introduction and Summary

The widely differing damage observed locally in earthquakes lends weight to
the long held assumption that site intensity is greatly influenced by local
geology and topography. In the last 20 years, measurements and numerical
investigations have given an indication of the extent of this dependence. This
contribution gives an overview of the theoretical assumptions involved.

Based on a recent investigation, primarily the influence of the topography
will be discussed. The situation today is that although powerful methods of
analysis are available, it is still not possible in an actual case to predict
easily these site influences.

2. Influence of Geology

The first models to account for the effects of local geology were developed as
long as fifties years ago. The simplest model consists of vertically
propagating shear waves [1] - see also Fig.l. It is obviously suited to
horizontally layered ground. With the introduction of the method of linear
equivalent soil properties by Seed and Idriss [2] about 20 years this model
gained wide acceptance in practice and is still +he most popular one.

In the seventies there followed various methods of nonlinear total stress
analysis based on vertically propagating shear waves (3], (4),[5] and for
effective stress analysis, e.g. [6]. At the same time there appeared methods
of horizontal wave propagation analysis in layered media. In these cases the
number of parameters increases rapidly ( body waves with different incident
angles, different modes for Rayleigh and Love waves, etc).

One of the main problems in the practical use of all these methods is the
difficulty of obtaining, with the precent available means, the proportion of
energy in each wave type for near surface waves from existing seismological
data. In addition, there is the fact that the system of layers is often not
horizontal. For these reasons the ground motions cannot be determined
accurately using the abovementioned models. Thus in many cases one has to
resort to the finite element method. It is then possible to consider besides
irregular geometries also nonlinear material behaviour. On the negative side
the computer costs are proportionately higher. References

({7),(8) give relevant information on currently used material models.

Which of the proposed methods is the best for a particular situation is still
a matter of discussion and further research is required. One area where there
is work to be done is in the back-analysis of observed earthquake intensities.
The post earthquake analysis of the event at the Humbold Bay power plant [9)
does in fact show that such calculations can produce reasonable results.

It should be pointed out that in such complex investigations it is necessary
to have the corresponding input data for geometry and material properties.
Obtaining this data may be rather expensive. Nevertheless, the finite element
method is a useful tool to investigate local geological and topocraphical
effects for important structures. For investigations covering a wider area, on
the other hand, as in the case of microzonation, this method is precluded
because of the high expenditure and use must be made of the simpler :odels
offering g.-eater ease with regard to parameter studies.
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3. Influence of Topography
3.1 Overview

Pointers to the influence of topography on seismic intensity are quite old.
They were observed even in the last century in the 1873 Southern Italy
earthquake, in which damage to villages perched on the hilltops was greater
than that for villages located on the valley floors. Such observations of
course have to be interpreted cautiously, as in earlier times either for
defence or agricultural reasons in many places the villages were primarily
built in elevated positions, rather than in the valleys. As a result the
older, and thus poorer quality buildings, tend to be found on the hilltops and
ridges. Nevertheless there are clear indications of the influence of

topography.

Much discussion was generated by the acceleration measurement taken at the
rocky abutment of the Pacoima dam during the San Fernando earthquake of 1971.
A maximum acceleration of 1.25 g exceeding all previous observations was
measured, though the concrete dam itself was not damaged. In order to explain
this high value various investigations were carried out by different
researchers. One of the best known is that of Boore [10). The results of his
parametric study show that horizontally progagating SH waves normal to the
valley axis undergo the greatest amplification in the hilltop situation (see
Fig.2). The amplification amounts to double that for horizontal ground. In
this way it was possible to correlate the measured value with valies recorded
on level ground.

3.2 Racent Studies

Here some results of a recent investigation carried out at the Swiss Federal
Institute of Technology (Zurich) are reported. Vogt [11) is probably ocne of
the first to study the problem of a valley with layered ground. His study was
based on the indirect boundary element method in the frequency domain. He
studied the influence of arbitrary prismatic valley shapes on the seismic
intensity. The waves were assumed to be normal to the valley axis, while the
body waves may have any direction of propagation with respect to the
horizontal. The ground may be horizontally layered, enabling the combined
effect of topography and layering to be determined. The model also permits the
investigation of the influence of Love waves, which would not be possible with
a half space model. The basic idea of the analysis is illustrated in Fig.3.

The two dimensional model comprises horizontal layering with linear elastic
material properties. Material damping in the soil is considered. The analysis,
which is carried out in the frequency domain, consists of the following three
steps:

Step 1 (State F): A horizontal ground surface is assumed. For a
particular wave type and direction of propagation the stresses and
displacements can be determined at each point. Both the interface
conditions between layers and the stress-free surface condition can
be handled exactly.

Step 2 (State P): The stress-free boundary condition on the valley
surface is generated by means of a number of dynamic loadings. The
latter are determined in such a way that the stresses produced at
points lying on the ideal valley surface exactly cancel out the values
found at these points in atep 1.

-2~
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Step 3 (Superposition): In this step the results of the first two steps
are superimposed. Since the valley surface is stress-free the region
below it can bLe separated without affecting thce stresses or
displacements in the rest of the model.

The method outlined here is valid in principle also for three dimensional
situations. The computational effort, however, increases prohibitively so that
such investigations are only realistic with the new generation of
supercomputers. )

'VOgt investigated the following wave types, geometries and other parameters:

Wave Types:
Body waves: SH, SV and P waves
Surface Waves: Rayleigh and Love waves

Gaometry:
~ U valley form with and without layering, and the layer thickness
one or two times the valley depth

- Direction of propagation and type of body wave

- Frequency and relationship wavelength to valley width (ki/L)

- Direction of propagation and type of surface wave

- Relationship in the case of layering between shear wave velocity of
layer and that of half space (Cgy/Cggr)

- Ratio of so0il density in the layer to that of half space material

- Ratio of scil damping in the layer to that in the half space material

- Poisson's ratio v = 1/3,

Figs.4 to 14 present a selection of the most important results. Their
interpretation may be summarised as follows:

~ Topography becomes important when the shortest wave lengths
are smaller than about twice the dimension of the valley

- The influence of the valley is noticeable to a lateral extent of
several times that of the valley width

- The amplification of the seismic intensit; strongly depends on:
- valley geometry
- layering
- wavelength (A,)

- angle of incidence (¥) of propagating wave
- local site

- The greatest amplifications can occur at or near the valley,
depending on the parameters

- In many of the cases investigated the valley flanks lie in zones in
which the seismic intensity is strongly influenced by topography

- The valley has a shielding (isolation) effect only in a limited
number of cases:
- in homogenaous (non-layered) ground for sloping incident SH
wvaves the amplification in front of the valley is generally greater
than behind it; for layered ground, on the other hand, it is possible
for greater amplifications to occur behind the valley

-3-




- for sloping incident SV, P waves and Rayleigh waves greater
amplifications can occur in front of or behind the valley depending
on the confiquration of the parameters; thus the valley only
shields against seismic waves in relatively few cases

- In the case of layered ground the separate effect of the layering on
d amplifications can be much greater than of the other parameters
involved.

The method of analysis employed in the work of Vogt([1ll] described above, as in
most of the previous investigations, assumed elastic material properties. In
nature the ground behaviour can be strongly nonlinear, so that at first sight
it appears that the results could not be applied directly to the real life
sitvation. However, on the basis of various back-analyses of actual
earthquakes (see e.g. [9]) it may be concluded that using equivalent linear

f soil properties a reasonable approximation to reality can be achieved,
provided that the equivalent elastic parameters are properly matched to the

P corresponding strain level. Observations show that the greatest strains
generally occur near to the ground surface. When investigating topographical
influences it is usual to consider fairly thick layers, which are relatively
stiff, and so the linearized parameters do not deviate greatly from the
initial low strain values.

4. Future Prospects

In the last 10 years much progress has been made in the analyéis of the
effects of geology and topography on earthquake ground motions. Today it is
possible to investigate in some detail a particular site configuration. The
computer costs, however, can be a limiting factor. Despite this progress the
earthquake engineer must be warned against an indiscriminate use of these
complex methods in practical situations. In reality they reflect, for the
following reasons, an accuracy that does not exist in practice:

- Carrying out the complex computer analysis is justifiable only if the
input parameters (earthquake excitation, soil profile, topography and
material properties) are accurately known. To obtain these parameters
in a particular investigation usually involves excessive expenditure. It
is virtually impossible to assess the accuracy, i.e. reliability, of the
input data.

- Despite the enhanced methods of modetling available nowadays, for
cost reasons it is mostly possible to adopt only 2-dimeasional models.
True practical situations, of course, tend to be 3-dimensional.

- Again for reasons of costs in such investigations only a limited
number of computer runs are possible, i.e. parameter studies are
limited.

Consequently, due to inadequate input parameters, such calculations give an
exaggerated picture of the real situation. For this reason, in practice it is
preferable to apply simpler models allowing parameter studies. It is then
easier to estimate the influence of different parameters. This is especially
valid for regional studies as in the case of microzonation. However, for the
development and assessment of simplified methods of analysis, the more complex
methods referred to here are important.
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DISCRETE-TIME DOMAIN MODELS FOR SITE AMPLIFICATION

, Erdal Safak
. U.8. Geological Survey, MS977, Menlo Park, CA 94025, USA.

SUMMARY

Site amplification has commonly been described in terms
of spectral ratios. It can be shown that spectral ratios are
very sensitive to signal-to-noise ratios of the records, and con-
tain very large false peaks and valleys. This paper presents
an alternate approach for modeling site amplification. The
method is based on discrete-time domain filtering and stochas-
tic. approximation techniques. It is assumed that the site is a
time-varying linear filter of unknown parameters. The input
and output of the filter are the rock-site and soil-site record-
ings, respectively, both contaminated with noise. Knowing the
input and output, the parameters of the filter are calculated
recursively by using stochastic approximation techniques. The
method is applied to a site amplification problem observed
during the March 3, 1985 Chile earthguake. 'The results are
compared with those of the standard spectral ratio approach.
It is shown that the method presented is far superior to the
spectral ratio approach in modeling site amplification.

lNTRODiJCTION

Site amplification is an important factor that must be allowed for in earthquake de-
sign. Analyses of earthquake recordings have shown that surface motions are significantly
altered by the local geology and topography. In general, the alteration is in the form of
amplification of the amplitudes at frequencies near the the dominant frequency of the site,
and attenuation of the amplitudes at remaining frequencies.

Site amplification has commoniy been described in terms of spectral ratios. For a

. given site, the spectral ratio is defined as the ratio of the Fourier amplitude spectrum of

the recorded motion at the site to that recorded at a nearby rock site. Although spectral
ratios show the gross characteristics of the site amplification, they are very sensitive to
the level of noise existing in the signals, and generally contain very large false peaks an&
valleys. It can be shown that the standard deviation of the calculated spectral ratio from
the exact ratio at a particular frequency is directly proportional to the ratio of the Fourier
amplitude of the noise to that of the signal (Rake, 1980; Ljung, 1985). To eliminate the
effects of the noise, the usual method is to filter the signals by using band-pass type filters
(e.g., Butterworth filter), and to smooth each spectrurn before taking their ratio (Rabiner
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and Gold, 1975; Robinson, 1967). The magnitude of smoothing varies depending on the
noise level in the signal. For low signal to noise ratios, little smoothing does not eliminate
the false peaks, while too much smoothing alters the location and magnitude of real peaks.
Moreover, irrespective of how accurate they are, the spectral ratios are not easy to model
analytically or empirically, especially when there is more than one dominant frequency at
the site. '

This paper presents an alternate approach to describe site amplification. The tech-
nique is based on the concept of optimal filtering and stochastic approximation. It is
assumed that the site acts as a time-varying linear filter, whose parameters are initially
unknown. The input and output of the filter are the rock-site and soil-site recordings,
respectively, both contaminated by noise. The filter parameters are determined from the
input and output series based on the criterion that the difference between the recorded
output and the filter output is equivalent to white-noise.

The initial development of optimal filtering and stochastic approximation techniques

s attributed to Kolmogorov (1941) and Weiner (1949). Today, these techniques are used

extensively in various areas in science and engineering, such as analysis of speech and radar
signals, guidence systems, automatic control, and econometrics. More on the theory and
applications can be found in Jaswinski (1970), Kailath (1976), Kushner and Clark (1978),
Ljung and Soderstrom (1983), Goodwin and Sin (1984), Young (1984), and Ljung (1987).

“The paper first gives the theoretical derivations for the method. Then, the method
is applied to a site amplification problem observed in Chile during the March 3, 1985
earthquake. The results are compared with those of the standard spectral ratio approach.

THEORY

1. tem equations i e-time domain:

Assume that the site is an unknown linear system with a single input, and a single
output, as schematically given in Fig. 1. The input z(t) is the rock-site record, and the
output y(t) is the soil-site record. The noise n(t) is assumed to represent the combination
of the noise in the input and output, and is unknown. However, it will be assumed that the
noise is a stationary random process, such that it can be expressed as a filtered white-noise
process. Since site effects are assumed to be linear, the governing equations for the site
can be represented by any form of linear equation, such as a differential equation or an
integral equation. For discrete sytems with zero initial conditions and sufficiently small
time interval, it can be shown that any linear equation can be put into a finite difference
equation of the following form (Cadzow, 1973):

y(&) +ary(t —1) + -+ + an Yyt — na) = byz(t — 1) + -+ + by z(t — np)+
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where ¢(t) denotes white-noise, the index (¢t — ;) denotes the discrete time (¢t — 5T, and
T is the sampling interval of the time series. It is assumed that the output at time ¢ is
dependent on the input values up to time t — 1, but not the input at time ¢. In control
theory, the model given by Eq. 1 is known as the ARMAX model, an acronym for the
Stochastic Autoregressive Mouving-Average Model With Auziliary Input.

For simplicity, let us define the following polynomials in the backward shift operator
-1 .

q
AlgY)=1+ayqg '+ - +ap g™ (2)
B(g™") =big7  + o+ by g™ (3)
Cle)=1+eg ™+ ten g™ (4)

where the backward shift operator is defined as g~ 7y(t) = y(t — 5). With these, Eq. 1
becomes

Alg™")y(t) = B(g™")z(t) + Cg7 )e(t) (8)-

Eq. 5 can also be written in the frequency domain by taking the Z transform of both sides
in Eq. 1, that is '

A(z7")Zly()) = B(z71)Z[=z(t)] + C (™) Z[e(t)] (6)

where A(z"),v.B(z“l), and C(z~') are polynomials in the complex variable z, similar to
those given by Eqgs. 2-4,

A ) =14+a27 4+ 4+ @p, 2™ (7
B(z"Y) =biz7 4 4 by 2™ : (8)
Clz =14z 4+ dep 2™ (9)
Zly(t)] denotes the Z-transform of y(t), defined as Z[y(t)] = 10 y(nT)z~", where

t = nT. Z|z(t)] and Z[e(t)] are similar. Since e(t) is white-noise, Z|e(t)| is constant. The
ratios
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. z-] z—l
H(z) = ﬁ:z_,; and c(;):%z—;} (10)

are the transfer functions for the signal (i.e., for the actual site effect), and for the noise,
respectively. The roots of the numerator polynomial B(2~!) of H(z) are the zeros of the
transfer function, whereas the roots of the denominator polynomial A(z~!) are the poles.
(The use of the terms poles and zeros come from the observation that if H(z) is plotted in
a three dimensional cartesian coordinate system such that the horizontal axes are the real
and imaginary parts of z, and the vertical axis is H(z), the resulting shape looks like a
tent, with poles corresponding to the locations where the tent is supported, and the zeros
corresponding to the locations where the tent is tied to the ground.) For stable systexﬁs
(i.e., systems that have bounded output for any bounded input) the poles are in complex
conjugate pairs, located inside the unit circle in the complex plane.

The argument z in Z transforms can be any complex variable. For z = ¢'?*fT where
f is the cyclic frequency and ¢ = /1, the Z-transform becomes equivalent to the Fourier
transform. The commonly used spectral ratio, S(f), is then calculated as

_ 1Bl
S(-f) - ,A(e.'z,rfrn (11)
Note that the spectral ratio calculated by Eq. 11 is for \‘;he signals only (i.e., after the
noise is removed from the records). The impulse response function of the system can be
obtained recursively from Eq. 1 by putting z(0) = 1 and z(t) = 0, for t > 0 with e(t) =0
for all ¢.

2. Par o jzation 0 ig):

For ny < ng, H(z) can be put into the following form by using partial fraction expan-
sion (if ny > n,, a polynomial division is required before the partial fraction expansion):

N

H(z) = % (12)
=il - Pz~

where p; is the 5°th complex pole, and g; is the corresponding residue of H(z). The residue
g; is calculated by the equation (Tretter, 1976)

blp"—l Foeeo 4 bn,,me'
L . (13)

¢; = lim (1-p;27")H(z) =
—+py -1
] ‘(1 — PkP; )
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If the pairs of terms corresponding to pairs of complex-conjugate poles are combined, then

n./2

B = 3 H(2) (1
, i=1
with

2R(q;) — 2R(g;p;)2""

B2 = TR )e + Ip, P

(15)

where =~ and R denote the complex-conjugate and the real part, respectively. The form
given by Eq. 12 (or Eq. 14) for H(z) is known as the parallel form realization, where
the filter output y(t) is modeled as the linear combination of the outputs of second-order
filters each subjected to input z(t). A schematic of parallel form realization is given in
Fig. 2. Each H;(2) is equivalent to a simple-damped oscillator, whose damping £o, and
frequency fo are given by the equations (Safak, 1987a):

by | y
o [#2 +1n%(1/r)]* e
fo,'=%n%%—,) (17)

where r; and ¢; are the modulus and the arguments of the 5’th pole (or of its complex-
conjugate). Thus, each H;(z) can be considered as a mode of the system, whose frequency
and damping are defined by the denominator of H;(2). The numerator of H;(2) gives the
weighting factor for that mode.

3. System identification:

As the above equations show, once the coefficients a;, b;, and ¢; are determined,
the dynamic properties of the system (e.g., spectral ratio, modes, impulse response, and
noise characteristics) can all be calculated from the transfer function. Estimation of the
coeflicients is called system identification, and can be accomplished by using stochastic ap-
proximation techniques. The reson for using stochastic approach rather than deterministic
approach is because of the existence of noise in the records.

By algebraic manupulations, let us first put Eq. 5 into a form such that the white-noise
term e(t) is isolated, as

i A Bl
o) = [1- G|t + iteto + et (18)
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It can be shown by simple algebra that the highest order term in the expression {1 —
A(g~')/C(¢7")] on the right hand side of Eq. 18 is g~!. Therefore, the right hand side
contains output values only up to time ¢ — 1. If the output, input, and the parameters
of the polynomials A(g—!), B(¢g~!), and C(¢™!) are all known up to time ¢ — 1, then the
best estimate (i.e., the expected value) of the output at time ¢, §(t), is equal to (e; is
white-noise, therefore its expected value is zero)

9=[1- 5 ’]()+ e (19)

The error in the estimation, at time ¢, is then equal to -
e(t) = y(t) — ¥(¢) (20)
The total error, assuming a quadratic criterion, can be written

V(t) =) _T(s,t)e*(s) (21)

=1

where I'(s,¢) is the weighting factor. The weighting factor is needed to handle time-varying
systems, for which I'(s,t) is selected such that the recent data points have more weights
than the earlier ones. It should be noted here that the quadratic criterion is not the only
way to measure the total error. Other error critera, such as absolute value or maximum
likelihood, can also be used (for more detail, see Ljung, 1987).

The values of parameters a;, b;; and ¢; are obtained from the condition that the
criterion function V() is minimum. The minimization of V () is accomplished recursively
by using stochastic approximation techniques. There are various algorithms for stochastic
approximation. Most of them are based on the Robbins-Monro algorithm (Robbins and
Monro, 1951). The texts by Albert and Gardner (1967) and Kushner and Clark (1978)
give an extensive evaluation of stochastic approximation techniques. The aigorithm used
here is the stochastic Gauss-Newton algorithm. With this algorithm, and also using the

quadratic error criterion and an exponentially decaying weighting function, the equations

for the parameters a;, b;, and ¢; can explicitly be derived. The detail of derivations can be
found in §afak (1987a). The final form is given by the following recursive matrix equation:

0(¢) = 0t — 1) + ()R~ () w(t)e(t) (22)

g e~
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The parameters of Eq. 22 are defined as follows:

8T = (@1, ,8nys b1,y bnys €157 0+, €n,) (M = na + np + n. dimensional vector),

R- l'(t) : the Hessian (second dérivative) of V (t) with respect to § (m x m dimensional
matrix),

_ Y(t) : the gradient (first derivative) of §(t) with respect to ¢ (m dimensional vector),
and ' ‘

() =1/ E:=, T'(s,t), the gain sequence of the recursion.

In order to start the recursion initial values of the parameters need to be specified. It can
be shown that for stable systems the effect of initial values diminishes vary rapidly with
time, thus they can be assumed zero. The method just outlined for parameter estimation
is known as the Recursive Prediction Error Method, or the RPEM for short, developed for
ARMAX model structure.

In order to start calculations, first the model order (i.e., values for n,, ns, and n.)
should be specified. They can can be determined by observing the variation of total
prediction error (Eq. 21) with different model orders. Initially, the prediction error drops
sharply as the model order increases. Then the error becomes insensitive to the model
order. In other words, models beyond a certain order do not give any new information
about the system. This order is then selected as the model order.

After the model is specified and the coefficients are determined, some checks with
regards to the validity of the model need to be made. There are a number of tests available,
each with different precision. The simpliest one is to visually compare the plots of the
calculated transfer function and the spectral ratio (calculated by using Fourier transforms),
and see whether there are drastic differences. More precise tests can be made by using
the residual time series, (t) (Eq. 20). In order that the model be valid &(t) should be
a white-noise series; therefore, its Fourier amplitude spectrum should be nearly flat, and
the autocovariance function should be close to a Delta function. A statistical whiteness
test, such as the Chi-Square (x?) test, can be used for e(t). There may be cases where the
model is good for the signal, but not so good for the noise (i.e., the a; and b; terms are
estimated correctly, but not the ¢; terms). This usually occurs when the noise signal has
different pole locations than the system. In this case, although the residuals do not pass
the whiteness test, the model still describes the system transfer function accurately, since
the c; terms are not used in the calculation of H(z). This can be tested by investigating
the cross-covariance of residuals e(t) with the input z(t). In order that the model be valid,
at least for the signal, £(t) should be independent of z(t). In other words, the residual
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should not contain anj information that originates from the input. More on model validitj
can be found in Ljung (1987) and Bohlin (1987). ‘

NUMERICAL EXAMPLE

The linear §ltering approach presented above was applied to an actual site amplifica-
tion problem observed during the March 3, 1985, magnitude 7.8, Central Chile Earthquake.
The investigations after the earthquake showed that the local geological and topographical
site conditions caused large variations in ground motion amplitudes and structural damage
(Celebi, 1986).

To apply the method, two strong motion acceleration records from this earthquake
were considered. One of the records is from a rock site, and the other is from an alluvial
site. The time history of the records are shown in Fig. 3. The smoothed Fourier amplitude
spectra and the spectral ratio (alluvial/rock) are shown in Fig. 4. Although the stations are
only five miles apart, there are significant differences in the amplitudes and the frequency
contents of the motions.

The first step in the calculations is to syncronize the records. The syncronization used
in here is based on the maximum correlation criteria. The correlation R; for a time shift
k between input z; and output y; will be defined as

N
Re=> |evesrl with k=-N,--,N (23)
t=1
where N is the smaller of the lengths of the time series z, and y;. When R, is maximum
it is assumed that the series are syncronized. In reality there may be situations where the
syncronization does not mean maximum correlation, such as systems where the response
has a time delay with respect to input. However, the theoretical equations derived above
are all based on the assumption that there is no time delay between input and output (i.e.,
the response to the input is instantaneous). Therefore, the syncronization based on the
maximum correlation is appropriate for the formulation, even if it is not the real case.
Next, in order to specify the model order, the variation of error with model order is
investigated. The results are plotted in Fig. 5a, b, and ¢. It was assumed in Figs. 5b
and 5c that np = n, — 1. The reson for this is that if the site amplification can actually
be represented by a parallel system (i.e., sum of second order filters), as given by Egs.
12-17, then theoretically ny would be equal to n, — 1 (Safak, 1987a). Fig. 5a indicates
that n, > 12. The error is not very sensitive to n;, as seen in Fig. 5b; thus, np =n,—1is
acceptable. Fig. 5c shows that error is minimum for n, = 0. This suggests that the noise
in the signals is approximately white-noise.
Based on Fig. 5, a model with n, = 12, n;, = 11, and n. = 0 is chosen. The parameters
were calculated recursively by using Eq. 22. Time variations of parameters a; and §; are

=



plotted in Figs. 6a and 6b. The a; values are fairly constant beyond three seconds.
Recall that the a;’s determine the dominant frequencies of the site. The b, values show
distinct changes at 3-second and 9-second points. They are also fairly constant beyond
nine seconds. Note that the scaled values, not the exact values, of b;’s are given in Fig. 6b.
The reason for large fluctuations at the beginning can be attributed to the source effects.
The beginning of constant regions indicate that the rupture process is over.

The amplitude of the transfer function, and its match with the spectral ratio at
t = 18 sec. are given in Fig. 7. The match with the spectral ratio seems to be good, except
for very low frequencies. This can be attributed to the effects of windowing on Fourier
spectra and spectral ratios. The corresponding numerical values for the parameters, pcle
locations, modal frequencies and dampings, and the weighting factors are given in Table
1. Since n, = 12, the model gives the first six modes of the site.

The results of model validity checks on the residuals are given in Fig. 8. Fig. 8a shows
the residual time series (Eq. 20), and Fig. 8b shows its Fourier amplitude spectrum. Recall
that, for validity, the residual should be white-noise. Although the amplitude spectrum of
the residuals is not completely flat, as should for white-noise, it is fairly broad band. It
should also be remembered here that the residual plotted represents only a sample function
of the random noise process. Theoretically, the ensemble average of residual spectra should
be flat. The autocovariance of the residnals are given in Fig. 8c. The straight lines in
the figure show the values corresponding to 90-percent confidence levels in x? distribution
test. For model validity, the autocovariance should not cross the straight lines, except at
zero lag. However, the calculated autocovariance of the residuals crosses the 90-percentile
boundaries at several points. This suggests that the model for the noise is not very good.
Fig. 8d gives the cross-covariance of the residuals with the input. The straight lines are
the 90-percent confidence limits based on the standard (0,1) norsnal distribution. The
cross-covariance curve crosses the boundaries at one location. The implication of this is
that the model order should be increased.

~ Next, a higher order model with n, = 16, ny = 15, and n. = 0 is tried. The transfer
function and its match with the spectral ratio are plotted in Fig. 9, again at ¢t = 18
sec. The corresponding numerical values for the parameters and modal characteristics are
given also in Table 1. The residual tests are presented in Fig. 10, which shows slight
improvement over the previous model, Fig. 8. The cross-covariance values now are all
inside the 90-percentile confidence interval. The auto-covariance curve still exceeds the
boundaries at some points, but the amplitudes are smaller than those of the previous
model. Thus the model is still not valid for the noise, but it is valid for the signal. In
other words, the filter is accurate for site amplification (which is more important from the
engineering view point), but not accurate noise. It is possible to identify the noise better

9




by using different models than the ARMAX model (see Safak, 1987a).

Further studies on this site, done using different models and records, have shown
that (Safak and Celebi, 1987): (a) the higher the model order the more detail of the site
amplification is obtained up to about 16th order model (i.e., an increase in the model
order gives the next significant mode); beyond the 16th order the results become unstable
because of the numerical precision and the noise effects, (b) the assumption that the noise
is white-noise is appropriate (i.e., n, = 0), and (c) the amplification characteristics for this
site are approximately time invariant. ‘

SUMMARY AND CONCLUSIONS

A time domain discrete-linear recursive filtering approach is presented to character-
ize the site amplification. The site is modeled as a finite order linear filter of unknown
coefficients, represented by an ARMAX model. The input and output of the filter are the
rock-site and soil-site recordings, respectively, both contaminated with noise. The parame-
ters of the filter are determined by using recursive prediction error technique, based on the
stochastic approximation theory. The transfer function, modes, and the impulse-response
function of the site can all be calculated, once the filter parameters are known.

The theory is applied to an actual site amplification problem observed during the
March 3, 1985 Chile earthquake. The results show that the method has several advantages
over the commonly used spectral ratio technique. They can be summarized as: (a) filtering
of the noise is done over the whole frequency band, which can not be accomplished by band-
pass type (e.g., Butterworth type) filters, (b) time-varying characteristics of the site can
easily be detected, and (c) site amplification is represented analytically in the form of a
simple recursive filter.

The method presented can have various other applications in earthquake engineering
and structural dynamics. Applications for modeling spectral shape and source scaling of
ground motions are given in Safak (1987b), whereas applications for system identification
in structural dynamics for wind and earthquake excitations are given in Safak (1987c).
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TABLE 1

Filter parameters, pole locations, and the corresponding moxlal frequency, damping.
and the weighting fuctors for the site amplification example (records are from the March
3. 1985 Chilean earthquake).

J @ b; ¢ i ¢j(dec.)
0 1.000 0.000 1.000
1 -4.121 -0.008 0.000 0.928 0.912
2 .9.649 0.030 0.000 0.928 -(1.912
3 -16.660 -0.067 0.000 0.920 1.311
4 23273 0.115 0.000 0.920 -1.311
o 27382 -0.160 0.000 0.944 -1.135
6 27.639 0.18¢ 0.000 0.944 1.135
T -24082 -0.180 0.000 0.948 0.583
8 17.982 0.148 0.000 0.945 -0.583
9 -11.280 -0.097 0.000 0.927 -1.484
10 5.708 0.046 0.000 0.927 1.484
11 -2.130 -0.015 0.000 0.960 0.183
12. 0462 0.000 0.000 0.960 -0.183
J a; b ¢; ri  ¢jldeg.)
0 1.000 0.000 1.000
1 -4.523 -0.001 0.000 0.933 0.731
2 11.793  0.000 0.000 0.933 -0.731
3 -22.980 0.006 0.000 0.943 -1.513
4 30880 -0.024 0.000 0.943 1.513
5 -51.014 0.056 0.000 0.950 -1.233
] 62.412 -0.101 0.000 0.950 1.233
T -68.565° 0.147 0.000 0.944 0.502
8 68.156 -0.181 0.000 0.944 -0.502
9 -61.456 0.194 0.000 0.943 1.346
10 50.148 -0.183 0.000 0.943 -1.346
11 -36.746  0.147 0.000 0.947 -0.934
12 23817 -0.102 0.000 0.947 0.034
13 -13.295 0.057 0.000 0.939 1.016
14 6.113 -0.026 0.000 0.939 -1.016
15 -2.006  0.007 0.000 0980  0.16S
16 0.421 0.000 0.00¢ 0.980 -0.168
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1.492
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0.094
0.094
0.039
0.039
0.042
0.042
0.113
0.113
0.044
0.044
0.058
0.0G8
0.062
0.062
0.119
0.119

2R(q;)  2R(g;p))
229.574 80.451
229.574 80.451
1191.369  1052.694
1191.369 1052.694
436.193 1222136
436.193 1222.136
-262.090  106.185
-262.090  106.185
-161.601 . -557.945
-161.601  -557.945
97.607  120.498
-77.697  129.498
2R(q;)  2R(y;p,)
1195 232077
-171.195  232.077
-2345.374  -2339.007
-2345.374  -2339.007
-1912.515 -1970.833
-1012.515  -1970.833
-162.119 44.324
-162.119 44.324
763.469  -100.97?
763.469  -100.972
1321.034  -388.209
1321.034  -388.209
-45.058  -712.433
-45.038  -712.433

-G.407  107.390

6407 107.599
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Noise: n(t)

l

Input : x(t) —

Linear
System

— Output : y(t)

FIG. 1. Schematic of .a single-input, single-output system contaminated by noise.

x(t) H, . 1o
x(t) H ya(t)

. ——¥(t)
x(t) ———-Lli—j.;’}—.——'

Ya. /2 (‘)

FIG. 2. Schematic of parallel form realisation of a single-input single-output linear

system. -
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FIG. 4. Input (rock site) and output (soil site) Fourier amplitude spectra and the
smoothed spectral ratio (soil site/rock site) for the site amplification example. The records
are from the 3-March 1985 Chilean earthquake.
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R .



B
o 1114 o102 Bt
I o
' | ‘ 0
;

FIG. 6. Time variation of model parameters for the site amplification example (1985
Chilean earthquake): (a) a,, 5 =1 ~ 12; (b) b, i =1~11.
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FI1G. 8. The residual tests for (12-11-0) mode! for the site amplification example
(1985 Chilean earthquake) evaluated at t = 18 sec.: (a) time history of the residual; (b)
Fourier amplitude spectrum of the residuals; (c) autocovariance function of the residuals,
and the 90-percentile confidence limits for whiteness according to the Chi-square x? test;
(d) croes-covariance function of the residuals with input, and the 90-percentile confidence
limits according to (0,1) normal distribution law.
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SITE DEPENDENT ROOT-MEAN-SQUARE ACCELERATION

F. K. Chang and A. G. Franklin

U. S. Army Engineer Waterways Experiment Station, Corps of
Engineers, Vicksburg, Mississippi 39180, U,S.A.

PURPOSE AND SCOPE

There are unique relationships connecting peak ground accelera-
tion (PGA), root-u _an-square acceleration (RMSA), or average
acceleration, power spectral density function (PSDF), and dura-
tion (record length) of strong-motion earthquak: records. The
purpose of this study is to determine the site dependence of
the PSDF and its scaling fector, which could be correlated with
the damage intensity or Modified Mercalli Intensity (MMI), from
the above relationships. '

Factors affecting the ground motion at a particular site
include the source mechanism (nature of fault movement and mag-
nitude of energy release), propagation path characteristics,
the direction of the site relative to the fault rupture, and
local geological and soil conditions. This study, however,
deals only with the influence of local geological .and soil con-
ditions on ground motion.

PREVIOUS WORK

Seed, Ugas, and Lysmerl and Kiremidjian and Shah? presented
gimilar results of a statistical analysis of the site-dependent
response spectral shapes from ground motion accelerograms
obtained mostly in the western United States. The analysis
shows clear differences in spectral shapes for different soil
and geological conditions. Chang and Krinitzskyl studied the
duration and spectral content of strong-motion records from the
western United States according to site conditions and found
that the predominant frequencies are in the range of 1.0 to
6.67 Hz and the spectral shape depends on the source spectrum
function (magnitude), distance, and geological conditions.

Considerigg the earthquake ground hgtion to be random in
nature, Arnold and Arnold and Vanmarcke™ studied the influence
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of site azimuth relative to source fault orientation and local
soil conditions on earthquake ground motion spectra for the

San Fernando, California, earthquake of 9 February 1971 using
PSD functions. The result showed that local soil conditions
and site azimuth, as well as epicentral distance, can have &
significant effect on both the intensity and the frequency con-
tent of ground motions., This study demonstrated the potential
value of PSD functions as a tool for comparing and studying
variations in ground motion characteristics and also showed the
great utility of PSD functions as input to random vibration
analyses of structural response.

POWER SPECTRAL DENSITY FUNCTION (PSDF)

In the application of the random vibration theory of lin-
ear systems for evaluation of the effects of variations in
ground motion characteristics on structural response to earth-
quake excitation, the ground motion may be defined in the form
of a PSDF. The PSDF, G(w) , is defined as a measure of the
ground motion power or energy per unit time as a function of
frequency w (Figure 1). Usually, estimates of the PSD are
obtained from the squared amplitudes of the Fourier transform,
or the squared Fourier amplitude spectrum. In Figure 1, A
is the amplitude of the Fourier transform at frequency m1 !

o(w)
XCty=Ag o (uted)

A4 18 THE AMPLITUDE; ¢(18 THE PHASE ANGLE
OF THE 3 TH CONTRIBUTING SINUSOID

ow)

POWER DENSITY

L Y ——

L

PREQUENCY w

Figure 1. The PSDF G(w)
FOURIER TRANSFORM
Generally, the given earthquake ground motion function,

such as an acceleration versus time plot, can be represented in
the time domain as a(t) and in the frequency domain as F(w) :
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t
° _
-{wt .
F(w) = /a(t)e dt , i = \’-1 (n
o -
and
W
(o]
a(t) = '1/ Fet a, 1= 41 ()
|

Equations 1 and 2 are called the Fourier transform pair; {i.e.,
F(w) is the Fourier integral or Fourier transform of a(t) ,
and a(t) 1s the inverse Fourler transform of F(w) . The
symbols t and t denote the instant in time and total
duration, and w ,° Wy s and w, represent the frequency,

lower frequency bound w = 21r/to , and maximum frequency (in

radians per second), respectively. For practical purposes, ml
can usually be taken as zero.

TOTAL INTENSITY, AVERAGE POWER, AND PSDF

By Parseval's theorem, the relation between the energy of .
the motion as expressazd in the time domain and in the frequency
domain can be represented in the following equations. For a
nonperiodic function, the total intensity (total energy) or
Arias intensity Io delivered by the source is given by

t w :
o o
2 1 2 .
I, = /Ia(:)l dt-;/ IF(w)!‘ do (3)
0 o
The mean-square average value is expressed
to . Yo Y
:— [la(t)l 24e - %:—/lv(w)lz dw = fc(w) dw  (4)
o (]
[ (] o

in vhich G(w) 1is the energy ﬁer unit time (power), or the
pover spectral density of the function a(t) . The integrand
on the right side of Equation 4 can be written as
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C(w) = T -s—o' {M]] (5)

if so (duration of strong motion) is substituted for t, »
and

Yo Yo
2 [|F(m)|zdu'sof 6lo) dy
[+ o

The quantity lF(m)I2 1s called the power (energy) spectrum or
power spectral density function of a(t) (Bsub). The left
side of Equation 4 gives the statistical (PSDF) average power

xg of the function a(t) over the total duration of the

motion to . From Equation 4, also note that X: is equal to

the area under the curve of G(y) in Figure 1. Therefore, the
- average powar can be written as

Yo

% -[ Glo) du 6)

[+

A more effective way for dealing with the frequency
content of ground motion is through the normalized spectral
density function G*(y,) :

*(w) ~ 45 6(w) %)

Ao

If G*(y,). is an individual normalized PSD function, the
statiétical mean NPSD curve will be

n

G*(,) = ;"- E 64w » 1=1,2,...0 ()
1=l

In practice, curves of G*(y) computed from suites of actual
earthquake records show large and irregular fluctuations. To
isolate the systematic component from the random variations,
frequency smoothing with a "Hanning” window (Blackman and
Tukey?) was used. .
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DATA SELECTION AND SITE CLASSIFICATIONS

A total of 421 horizontal ground accelerograms from
89 earthquakes, mostly in the western United States and Japan
(wvith a few records from Russia, Rumania, and India), were
selected for this analysig. Based on the site classifications
of Seed, Ugas, and Lysnerl. these records have been divided
into four groups: (a) 56 records for rock sites, (b) 131 rec-
. ords for stiff soil sites (depth <150 ft), (c) 120 records. for
deep cohesionless soil sites (depth >250 ft), and (d) 114 rec-
ords for soft to mediumi clays vith-aasoctateq strata of sands
or gravels. One hundred seventy-three of the 421 records were
obtained from the California Institute of Technology® Vol-
ume II-Corrected Accelerograms (1971-75), and 220 uncorrected
records were provided by the Port and Harbour Research Insti-
tute, Japan. The digitized Gazli (USSR) and Bucharest :
(Rumania) records were provided by Dr. A.. G. Brady, U. §. Geo-
logical Survey. All 42] corrected and uncorrected records were
adjusted to zero mean before processing the PSD,

DEFINITION OF AVERAGZ POWER AND AVERAGE ACCELERATION

The main approach used in this study was to determine the nor-
malized mean and the mean plus one standard deviation PSD shape
(NPSD) for each group, and the average acceleration A _ which
is the root-mean-square of the average power A< for 8ach rav
record. Figure 1 shows G(w) , whose value .at ° s equal to
A“/28w , so that )% {g actually the power or energv density
in an accelerogram for a finite frequency band (0< f <10 Hz in
this study), and A, . is the amplitude of the jth frequency
component in centimétres per second squared. The total or
average power will become equal to the area under the con-
tinuous curve G(w) .

RECORD LENGTH, INCREMENT FREdUENCY, AND NPSD FUNCTION

The record length and spectral content (spectral amplitude and
frequency range) are two basic elements for controlling the
spectral intensity. The incremental frequency Af , used in
the PSD computer program, depends on the total record length.
Since it is necessary to use the same value for Af through-
out, all accelerograms have besn processed to give them a dura-
tion of 163.82 sec or 8192 (213) digital points with an equal
time interval At of 0.02 sec, which gives Af = 0,.006104 Rz .
Outside the time of the actual record, the amplitudes at
extended times were set to zero. In this study, the PSD func-
tion G(f) has been defined to include only the frequency
range of 0 to 10 Hz, since this is also the natural frequency-
range of many engineering structures, so that

5
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10 Hz

- / G(f) df , (9)

0

Since Af 1is 0.006104 Hz, there are 1640 points in the raw PSD
function for each accelerogram. The NPSD f!nction is defined
as the PSD amplitude divided by the area A“ under the power
density versus frequency curve. This area may also be called
the spectral density or spectral intensity. -

ANALYSIS OF SITE~DEPENDENT PSD SPECTRAL SHAPE

The NPSD functions for the horizontal accelerograms in each
group were first determined and then were analyzed statisti-
cally to obtain the average NPSD spectra and the average plus
one standard deviation (o) NPSD spectra (about 84 per-
centile). Figure 2 present these mean and mean plus one
standard deviation NPSD spectra for the four different site
conditions. The mean NPSD spectra for the different site
conditions are compared in Figure 2a, and the mean plus one
standard deviation NPSD spectra are compared in Figure 2b.
Both NPSD spectra in Figures 2a and 2b are smoothed 500 times.
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SITES (56 AECORDS; 11 EAATHQUAKES)
SITES (131 RECORDS; 39 EARTHOUAKES)
SO SITER (120 RECORDS. 47 EARTHQUAKES)
TO MEDIUM CLAY AND SAND SITES (114 RECORDS:; 28 EARTHQUAKES
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Figure 2a, Comparison of mean NPSD curves of four soil groups,
rav (left) and smoothed 500 times (right)
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Figure 2b. Comparison of mean + ¢ NPSD curves of four soil
‘ groups, raw (left) and smoothed 500 times (right)

It is clear that the differences in PSD Bpectral shapes
depend on the site conditions. 1In particular, two categories
can be distinguished: sites having soft to medium clays and
sands or deep cohesionless soils (>250 ft) are similar and form
one category, the goft group; stiff soil and rock sites form
another category, the hard group. A dividing line on the fre-
quency axis appears at 2.5 Hz (0.4-sec period). In the fre-
quency range below 2.5 Hz, spectral amplifications for the soft
group are much higher than those for the hard group; in the
frequency range above 2,5 Hz, spectral simplifications for the
hard group are higher than those for the soft group. In the
soft group, the energy peaks for the soft to medium clays and
sands and the deep cohesionless soils both occur at about the
same frequency, 1 Hz, but the amplifications are slightly dif-
ferent (0.4 and 0.35, respectively).

. The average NPSD spectrum of the deep cohesionless soil
sites has a large hump at 2.8 Hz (0.36-sec period), but the
spectrum of the soft to medium clay and sand sites does not.
The large amplitude at 0 Hz is believed to be caused by a dig-
itization error, particularly that due to the uncorrected Japa-
nese strong-motion data in the soil site group. For the hard
site group, in the frequency range below 2.5 Rz, the spectral
amplitude for the stiff soil is higher than that for the rock;
but in the frequency rangs sbove 2.5 Hz, the apectral amplitude
for the rock is slightly higher than that for the stiff soil.
The largest energy peaks for the rock sites and the stiff soil
sites are at 2,75 Hz (0,36 sec) and 0.8 Hz (1.25 sec),
respectively,
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STATISTICAL CHARACTERISTICS OF THE

~ EARTHQUAKE GROUND MOTIONS

! Table 1 1lists the statistical charactéristics of the earthquake

: ground motions.

-

Table

Statastical Characteristics of Esrthquake Ground Motior

Yrequencies
Maximum Cround of Selected Average Acceleratton,
Accelevaiion, g Paaks, PSD Nor. Wax. PSD em/sac
Condition Mean S.D. Sor. B i Mesn  Mesn + ¢ Hean $.D. Var.
Bock 0.196 0.234 0.054 30.8 38.35 1644 .8
1.06 0.146 0.369
2.7% 0,184 0.412
1.8¢ 0.160 0,352
AN .3
Stiff 0.05¢ L LA - T A 6o, -
soil w.B. v 19, [
2,45 0.18¢ 0.41.
5.20 0.127 0.327
Deep 0.063 0.272 0.07 11.2 8.3 68.5
cohesion- . 1.00 0.350 0.82%
less soil 2.80 0.1% 0.445
Sofr to 0.054 0.046 0,002 9.3 ‘8.4 70.8
wadium 1.05 0.405 1.315
clay and 4.58 0.089 0.266
sand

It is apparent from Table 1 that statistical characteris-
tics of the ground motions are strongly site-dependent. The
rock sites produce an average maximum ground acceleration of
about 0,20 g for the entire suite of 56 records. The rock site
group shows the highest maximum acceleration and average accel-
eration of the four site groups. The PSD function estimates
are almost uniform over the peak frequencies of 1.06, 2.75,
3.80, and 5.17 Hez.

The average maximum ground accelerations and PSD spectral
intengities (or squared average accelerations) for the other
three gite groups--stiff soils, deep cohesionless soils, and
soft to medium clays and sands--are relatively close together.
However, the spreads of the standard deviation of maximum
accelerations for the stiff soil and deep cohesionless soil
groups are wider than for the soft to medium clays and sand
group. This large spread is believed to be caused by the dif-
ferent magnitudes of earthquakes and the different epicentral
distances. The group of accelerograms for soft to medium clays
and sands showe relatively low ground acceleration but the
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highest PSD function estimates at the frequency of 1 Hz among
the four groups. One second (1 Hz) is probably near the pre-
dominant natural period of sites on soft to medium clays and
sands. It seems that the acceleration and the PSD gpectral

-intensity at 1 Hz are roughly in proportion and inverse pro-

portion, respectively, to the degree of stiffness of the site
material. In conclusion, the average acceleration or the mean

spectral intensity is site~dependent.

SITE-DEPENDENT NPSD FUNCTIONS AND SCALING FACTORS

In the previous sections, the four statistical site-dependent
NPSD functions of rock, stiff soil, deep cohesionless soil, and
soft to medium clay and sand based on the analysis of 421 hori-
zontal ground accelerograms have been established and are shown
in Figures 2a and 2b. The scaling factor, ¥ is defined as
the area under each PSD, G(£) versus f; its physical meaning in
an engineering sense is the average power of spectral intene-
ity. It 1is logical to use A2 as the scaling factor of the
four NI'SI spectra. It is also closely related to the degree of
damage to engineering structures. Although earthquake strong
ground motions are of primary concern in engineering problems,
we used an extended ground motion duration, t_ = 163.82 sec,
throughout the analysis. The extended duratiof was made by
adding zeros to the trailing part of the accelerogram.

From Equations (3), (4), and (9), we have

w 10 Hz
1 o]
2= / G(w) dw = 27 f G(f) df = 2722 (10)
(o]
(] (o]
For a given earthquake ground motion
2 7
I = 2ne) et = 2med oS . (11)
(o) [o] 0 [+
i.e.
2 2
Al = ae(e /s ) (12)

where Az is defined as the scaling factor for the earthquake
strong-mgtion and S , the strong-motion duration for a design
earthquake. The totd1 duration t_ 1is fixed as 163.82 sec.

If the PGA of a design earthquake Is known, A can be deter-
mined from the linear relation in the curves of PGA versus A
in Chang's study9, or Figure 3 in this paper. Therefore,

32 can be calculated. Figure 3 presents the mean values
oBtained from Chang's? PCA versus ) plots for the four site
groups. They reflect the site-dependency of the average
acceleration, A , or RMSA,
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GENERATION OF EARTHQUAKE ACCELERATION TIME-HISTORY

An important characteristic was found in the study by Chang9.
The value of XA , or root mean square acceleration (RMSA) for

t = 163,82 sec, which was defilned as the base average acceler-
afion to distinguish from the RMSA in the strong-motion dura-
tion S , was in linear relation with the PGA or A_ . Thie
is show® in Figure 3. From Equation (1), we have

to 163.82 sec
F(w) = / a(t)e'ﬂ"t dt = ‘/‘,, , a(t)e-u’t dt  (13)
[+ [

Bagsed on Equation (13), 1f a satisfying statistical results in
terms of the Fourier spectrum can be achieved, then using
inverse Fourier transform, a(t) can be derived. This has
been demonstrated by Chang et al,10, using the Chang's statis-
tical model of the NPSD, G*(f) (Figures 2a and 2b) and the
linear relation of PGA versus the average acceleration, A
(Figure 3), with the computer program EQGEN to generate a syn—
thet c earthquake acceleration time-history.

CORRELATION OF RMSA AND MMI

It will be of much benefit to the engineering community if a
quantitative earthquake intensity scale, such as root-mean-
square acceleration (RMSA) of the strong-motion duration, can
be correlated with the Modified Mercalli Intensity (MMI)
(Figure 4 for hard sites and Figure 5 for soft sites).
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Figure 4. Correlation of upper-bound average acceleration
versus MMI - hard sites (rock and stiff soil)
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Figure 5. Correlation of upper-bound average acceleration
" versus MMI - soft sites (deep cohesionless soil
and soft to medium clay and sand sites)

Table 2 shows the upper bound of site-dependent RMSA intensity
(square root of the sum of two horizontal average powers, Ag )
versus MMI.

Table 2, Correlation of Upper-Bound RMSA versus MMI

Upper bound of the site-dependent RMSA intensity, cm/aec2

(square root of the sum of 2-horizontal variances, 1: )

T Hard Sites ~Soft Sites
bis i : “300-500 —250-400
- XI 290-400 200-250
x . 200-290 150-200
IX 150-200 100-150
VIIl 100-150 70-100
vII 70-100 50-70
VI 50-70 30-50
v 40-50 20-30
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To obtain the bounds shown in the above table, the rock and
stiff soil sites were combined as hard sites and the deep
cohesionless s0il and soft soil sites as soft sites. The
Pacoima Dam, Karakyr Point (Gazli earthquake), Koyna Dam, and
Lake Hughes Array No. 12 sites were located in the epfcentral
regions and near the faults (3 kms R < 20 km). They possessed
the maximum average accelerations seen and these might be
called epicentral average accelerations. It seems from these
limited data that the maximum average acceleratign at the
epicentral region might not be over 550.0 cm/sec®. However,
the power A2 or the average acceleration A2 s inversely

: proportionaloto the duration, i.e,, the small®r the duration of

strong shaking, the higher the average acceleration or RMSA.

CORRELATION OF I° AND MMI

The correlations of total intensity I  with the MMI based on
the data of hard sites (Group 1 and 2)%and soft sites (Group 3
and 4), are plotted in Figures 6 and 7, respectively. The
upper bound line of Figure 6 is established by five earthquakes
(San Fernando, Gazli, Parkfield, Koyna, and Tokachi Oki).

There are four sites located in the epicentral region, so the
values are named as epicentral intensities. The extrapolation
from these values, the upper-bound epicentral seismic
intensities versus the MMI, are listed as in Table 3 below:

Table 3. Upper-Bound Seismic Epicentral Intensity

Hard Sites Soft Sites
MMI 10%(cm /sec3) loa(cmzlsec3)
XI11 : 135-160 120
X1 82-92 70
X 52-54 40
X 30-24 24
VIII 17-20 14
Vi1 10-13 8
Vi 6-8 5
v ' 3-5 3
IV 2-3 2

The upper-bound line of Figure 7 indicates that the great-
est seismic intensity at soft sites is lower than at hard
sites. Also, the rate of attenuation is lower for soft sites
than for hard sites. Of course, the upper-bound seismic
intensities for both the hard sites (Figure 6) and the soft
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sites (Figure 7) are in the near field. The data under the
upper-bound line (both Figures 6 and 7) spread widely because
of various earthquake magnitudes and distances.

Dsmage to structures in the epicentral area is generally
more severe on goft sites than on hard sites, bassd on past
axperience and observations. However, this study showed the
seismic total intensity (seismic energy) at soft sites to be
lower than at hard sites. Thus, the degree of damage to struc-
turas does not correlate with the seismic total intensity in
the epicentral region. Furthermore, the predominant fre-
quencies at soft sites are in the range of O to 2.5 Hz; the
seismic energy in this low-frequency range deserves .urther
investigation as it relates to structural damage.
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CONCLUSIONS

The statistical analysis of 421 accelerograms shows clear dif-
ferences in spectral shapes for different soil and geological
conditions. Within the high-frequeucy range of 2.5 to 10 Hz,
the spectrum for the rock sites contains the highest energy or
intensity; the spectrum of the stiff sofl sites is slightly
lower than for the rock sites; and the spectra of the soft clay
and sand sites and the deep cohesionless soil sites are lower
still and almost the same. However, in the low-frequency range
of 0 to 2.5 Hz, the reverse relation exists: the soft sites
indicate the highest snergy, the deep cohesionless soil sites
are next, the stiff soil sites are third, and finally, the rock
sites, Generally, the spectra of rock sites and stiff soil
gites of similar characteristics can be classified together as
hard sites; the other two site types can be classified together
as soft gites,
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The site dependence of NPSD spectra have been established
by statistical analysis as expected. The most significant
finding of the study is the approximate linear correlation of
the PGA (a_ ) and base average acceleration for an arbitrary
record lengiﬁ of 163.82 sec (1). However, the area, A2 under
the PSDF curve of a strong-motion duration s » OT anyorecord
length (S_ < 163.82 gec) can be determined by the following
relation:

2 2  163.82
Ao =2 e '_§;—.

A can be fourd from the establighed charts. If the PGA and
So for the design earthquake are given, the scaling factor,

A2 for the NPSDF curve can also be obtained. Therefore, the
sfandard NPSD spectrum can be amplified by Ag to become a
design PSD spectrum. Furthermore, the design PSD spectrum can
be used to generate a design accelerogram with the computer
program-EQGEN by Chang, et al.
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ALARM SYSTEMS BASED ON A PRIR OF SHORT-TERM EARTHQUAKE PRECURSORS
by Giuseppe Grandori, Elisa Guagenti and Federico Perotti
ABSTRACT

A statistical analysis of the foreshock-main shock correlation for an
Italian seismic zone is here preseﬂted. It is found that the probability
that a weak shock will be followed within two days by a sain shock is of
the order of 2 per cent, while the probability that a main shock is
preceded by a foreshock is of the order of 30 per cent. These results are
quite similar to those found by L.Jones (198%) for Southern California.

The effectiveness of alarm systems based on a pair of short-tera
earthquake precursors in then analysed. In particular, the analysis shows
under what conditions the precursor consisting of potential foreshocks
could be combined with another précursor to provide a reasonably
effectivé alara systes.

INTRODUCTION

Increasing attention has been paid in recent years to the short-ters
earthquake precursor consisting of weak seispic shocks regarded as
potential foreshocks (e.g. Jones, 198%; Kagan and Knopoff, 1987). In
Italy, on January 23rd 1985 the zone of Garfagnana (NW of Florence) was
evacuated after the occurrence of a potential foreshock.

The statistical analysis for Southern California (Jones, 198%) shows
that the probability that a weak shock will be followed within 5 days by
an M ) 5.0 main shock increases with the magnitude of the wesk shock fros
‘less than 1 per cent at H = 3 to 9§ per cent at i = 4.5,

As far as the Garfagnana scismic warning is concerned, no scientific
report has been published as yet. So a statistical analysis of the
foreshock-aain shock correlation seemed necessary for that zone. In the
first of the following sections this analysis will be briefly described.




As will be seen, the results are in good agreeaent with those obtained by
L.Jones for Southern California.

As pointed out by L.Jones, although the hazard level after a potential
foreshock is several orders of sagnitude above the background rate, ®the
absolute pro bility that an earthquake will occur is still quite low*.
In other words the percentage of false alaras is very high. As a possible
way to reduce the expected number of false alaras, L.Jones suggests
cosbining together two or more independent precursors.

Yhe theory of -ulti-precu;sor systess has been developed quite
extensively over the last few years (Utsuy, 1979; Rki, 1981; E.Grandori et
al., 1983). In particular a more recent paper (G.Grandori et al., 198¢4)
has shown that the effectiveness of a wmulti-precursor systea does
actually depend on a number of factors, and may indeed be smaller than
the effectiveness of a system based on the use of only one of the
component precursors. So it seemed useful to carry out a detailed
analysis of the conditions under which a multi-precursor system could be
more effective (if possible, much aore effective) than each component
precursor. This analysis is contained in the second of the following
sections. Both for the sake of sisplicity and because it does not sees
realistic, nowadays, to assume that amore than two precursors are
available with statistically documented characteristics, the analysis
will be limited to the case of a pair of precursors. Thi§ analysis will
first use the theory that is already known and that is founded on twe
a3in hypotheses. The first is that the two precursors are independent of
each other, and the other that the occurrence process of sain shocks is a
stationary Poisson process. Aftervards, the case of non independent
precursors, not so far trested in the litterature, will be studied. It
will be shown that even a small degree of correlation between precursors
reduces drastically the effectiveness of the systes.

The last section considers a single precursor, with the assumption
that the occurrence process of main shocks is not a stationary Poisson
process. In particular it is assused that the background hazard level
depends on the time to elapsed since the preceding earthquake (reneval
process). This case can be forsally handled (Jones, 198%) by using the




same equations that govern the systems based on two independent
precursors., In these equations, the time to plays the role of the second
precursor. The advantages and drawbacks of this kind of application will
be discussed, with particular attention to the searing of the
independence conditions.

FORESHOCK-MAIN SHOCK CORRELATION IN THE GARFAGNANAR ZONE

Qefinitions. Let F be the precursor, E the potentially damaging
earthquake and &t the alarm lifetime. 1If F occurs, but not E in the
ismediately following time interval &t, this will be called a false
alara.

In order to define the carrelstion between F and E, the following
quantities will be assumed:

‘p is the ‘“probability of false alara®, i.e. the probability that, given
f, there will be no E within the interval A&t,

p = P(EWF Y

q is the “probability of wmissed alara®, i.e. the probability that in the
interval &t iwmediately before E there has been no F,

q = P(F/E) . 2)

Finally, let P(E) be the background probability of the event E, i.e.
the probuﬁility of E in the next interval Ot, evaluated at a given tise
instant by ignoring any precursors,

P(E) is actually 2 conditional probability, given all the information
provided by the knowledge of the occurrence process at the time instant
at which the prediction is performed. Probabilities p and q depend on the
characteristics of the coupled point process of events € and F. In
general nor are the values of p and q constant in time and they depend on
the history of the stochastic process.
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Provided that the quantities &, »p, q, P(E) are known, all the
probabilities involved in decision-taking processes can be calculated. In
particular, the probability that, given F, there will be an event E

within & is obviously

PE/F) =1 -p ., o (3)

For the sake of completion it ii also necessary to allow for the fact
that, if q ) 0, there will anyway be unpredicted earthquakes.

A quantity to provide a concise measure of the effectiveness of the
alaras system, allowing for both p and q, could be defined as follows:

U= ??g‘; ; (&)
where:

s is the expected number of successes (alares followed by an event E
within At) over a long period of tise in vhich the systes is actually
operating;

f and » are the expected numbers of false and missed alaras over the same
period of time.

The effectiveness U defined by (4) is thus substantially the ratio
betuween the expected number of favorable cases and the expected number of
unfavorable cases. .

Expression (4) wsay be suitably modified whenever social, econowic or
psychological factors make it seesm preferable to attribute different
relative weights to the successes, the false alarss and the sissed
alares. If expression (&) is accepted, the effectiveness U in stationary
conditions can be calculated as a function of p and q (G.Grandori et al.,
1984) :

{(1-p) (1-q)
Us 5{1-q) + q(1-p] ) . (S)

The exPsriesnt. The events that occurred in the period 1700-1980 in
the CGarfagnana zone (Fig. 1) were analysed. Seissic shocks of intensity




between & and 4 on the MCS scale were considered as potential foreshocks.
Potentially danagiiq earthquakes were taken to have I(NC?)LB. fAn alare
lifetine At = 2 days was assumed, while for the space window 2 maximum
faoreshock-aain shock distance of 30 ka was considered.

Four main shocks (Fig. 2) were not preceded by foreshocks, two by an
intensity & foreshock, one by an intensity 5 foreshock and one by two
foreshocks (I = &4 and I = &),

The following figures were obtained from the catalog of the Italian
National Research Council (see Table A):

- the number n(E) of events with I )} 8

. = the nuaber n(F) of events with & (I C6&

-~ the number n(FAE) of events with & (I ( 6 followed, within 2 days, by
an event with I ) 8. '

In the case of “swarms” of eveéts F, i.e. when several weak shocks
follow each other within an intefval of time not greater than one day,
only the first shock was computed, but the alarm lifetime was extended to
two days after the last shock of the swaras. All shocks in the 3 years
followin~ each of the shocks uith I ) 8 vere excluded.

The Jata obtained in this way wmade it possible to arrive at an
estimate of wmean values of the probagilities of false alare and missed
alare over a long time period (see Table R). '

The first three lines of the table assume that only weak shocks with I
= &, I =9%5or I=4respectively are considered. In the fourth line the
figures asre given for the case of any shock with ¢ ( I ( 6 being
considered as a potential foreshock.

TRBLE A

1 n(F) n(FaE) P q
GARFAGNANA 4 137 3 0.978 0.62
n(E) = 8 L] 81 2 0.97% 0.7%
6 27 1 0.963 0.87
44146 210 B 0.981 0.%0




Table A shows that the probability of false alars decreases when the
intensity [ of the potential foreshock increases. On the other hand, the
probability of wmissed alara { increases considerably with I. The most
attractive precursor corresponds to the class ¢ (1 { &, for which the
probability of false alarm is practically the same as for the other
classes, while the probability of missed alarm is considerably smaller.

It is interesting to note that these results are quite similar to
those obtained by L.Jones for Southern California. Moreover, it is worth
sentioning that the analysis of two other Italian seisaic zones (Friuli,
North Eastern Italy, and Irpinia, Southern Italy) leads to results that
are practically the saae. In Table B the average figures obtained froa
the three zones asre presented.

TABLE 8
1 n(F) n(FAE) P q
CARFAGNANA + 4 361 8 0.977 0.69
FRIULI + IRPINIA 5 187 1] 0.973 0.81
n(E) = 24 ] 77 3 0.961 0.88
4LIC6 530 12 0.977 0.5¢

In conclusion, it seems that the short-tera precursor consisting of
potential foreshocks has practically the same characteristics in many
different regions, namely a high probability of false alara (p = ~ 0.98)
and a relatively low probability of missed alara (g = ~ 0.9).

ALARM SYSTEMS BﬁSED'dR A PAIR OF INDEPENDENT PRECURSORS.

Basic equations. Consider two independent precursors F1 and Fz. It
should be made clear that the independence of the two Precursors Joes not
sean that the two gvents F1 and Fz are statistically independent events.
This would be in contradiction to the fact that both are related to
events E. We say that the two precursors are independent if events F1 and

Fz are correlated to each other gnly through events E, with no other




direct correlations. Such a conditional indipendence of events F1 and Fz
exists if and only if:

: n n

P(f\. F /E) = 1"‘\' P(F./E) (6)
im1 i=1
n - n _

POCONF/E) =TT P(F/EY . n
i=1 i=l

1f the state of alarm is proclaised only when the two warning signals

overlap, the probability of false alarm p(2) of the systea is given by:
2 _, _ ey

po =1 13) p P 8
L 4 mommee R W
1-P(E) l-p1 1-92

1f the quantities invalved in eq. (8) refer to a finite alarm lifetime
&t, this equation is rigously valid under the assumption that, when the
two signals overlap, they occur together at the begifning of &t. In
general this is obviouslg only an approximation (G.Grandori et al.,
1984). Later on, however, it will be seen that in the specific
application suggested by L..Jones (1985)'eq. (8) is rigorously valid even
for a finite alarm lifetime.

fis far as the praobability of missed alaras q(Z) is concerned, from eq.
(6) one obtains:

2) _ - _
qQq =1 (a qi) (1 qz). (9)

Combination of weak Precyrsors. A precursor will here be classified as
*weak® either if both p and q are very high, or if at least one of thea
is very high. Only weak precursors will be considered here because,
obviously, should a strong precursor be available (i.e. with both p and q
sufficiently small) the problem would be satisfactorily solved by this
single precursor.

The examples "of Table C show what happens when changing over fros a
single precursor to a pair of independent precursors. Three types of




precursors are considered (to the left in the table): type 3 with both p
and q very high, type b with q very high and p relatively low, type ¢
viceversa. To the right the table shows the characteristics of the alars
systems based on a pair of independent precursors, bothA ype 3, or both
of type b, or both of type ¢ respectively. The value of P(E) in eq. (8)
has been assumed P(E) = 0.00025. In stationary conditions this value
corresponds to a wmean interoccurrence time between main shocks T(E)=22
years, with an alara lifetime Ot = 2 days.,

The probability of false alarm of the double-precursor systes is
always extremely small comspared to the single precursor. As an obvious
counfcrbtlance, the probability of sissed alara is larger than that of
the single precursor. In particular, in cases 3 and § only two in a
thousand main shocks would be predicted. The influence of this fact aon
the effectiveness of the double-precursor system is such that U(Z) is ten
times smaller than U in case 2 and twenty times smaller in case ).

On the contrary, two precursors of type ¢ provide a such more

effective alarm system than the single precursor. Another advantage of

TABLE C
M B
, ! SINGLE PAIR
| Py™Po%P . 4,%a,=q
2) (2) (2)
type p q v, p! p vt
a 0.96 0.96 0.02 0.125  0.998 0.002
b 0.4  0.96 0.04 0.0001 0.998 0.002 |
g 0.96 0.4 0.0¢ 0.125 0.4 0.52 1|
PIE/FAF,) = 0.879 -
s P(E/F) = 0.04 [
. ! P(E/F aF,) = 0.016 |

the coabination of two weak precursors of type ¢ ' shown in the lower
part of the table. When one of the precursors occcurs, but not the other,




the conditional probability of a msain shock, P(E/F‘niz), is noticeably
smaller than the conditional probability P(E/F) for a single precursor.
This fact gives value ta the criterion "proclaimse the alaras only when the
two signals overlap®.

The values of U and 0(2)

of table C have been obtained from eq. (95),
and so, in particular, by assigning the same weight to false and sissed
. alarms. It is worth pointing out, however, that to assign different
weights to false and missed alarms would hardly change the conclusions
regarding cases a and b, In fact, if missed alaras were considered more
unfavorable than false alarms, tha ratio U(2)/U would be even saaller,
and only if the weight of false alarms is assumed to be much larger than

that of wmissed alarass may U(Z) become comparable with U, For example in

case 3, in order to obtain U(2)4= U it would be necessary to assuame that

the weight of false alaras is 12 tiwmes as large as the weight of missed
alarms. This does not seem realistic. It is true, in fact, that false
alarms give rise to economic damage and to a decrease of confidence in
the alarm system. However, a missed alarm means failing in the very aim
of an alara systea,

In conclusion, only the combination of weak precursors of type ¢
offers valuable advantages. In other words, an alara systeam based on s
pair of indepgndent precursors, even if the probability of false alara of
each single precursor is very high, seess to have remarkable interesting
characteristics provided that the probability of missed alarms of each
precursor is relatively low. As pointed out in the preceding sectionm,
potential foreshocks constitute a precursor that does in fact hive the
properties just sentioned.

Unfortunately, a second precursor, independent of foreshocks, and with
similar characteristics, is not available at present. Howvever, the
observations contained in this section clarify the way in which it will
perhaps be possible in the future to obtain an effective alare systes
based on » pair of wesk precursors., On the other hand, these observations
are & necessary preaise for the discussion that will be presented in the
last section of the present paper.




-~y v ——e-. -

10

It remains to be seen what hlppons if the precursors are not
independen:. It is worth discussing the probles first with the help of a
wuserical exasple, based on a calculation process that is not rigorous,
but that has great heuristic value. The exasple sakes clear in 2 simple
way the role of independence of the two precursors in the calculation of
p2. woreover, it helps the istuitive understanding of the conditions
under which the probasbility of false alara of the pair of precursors cay
be very such ssaller than that of each component precursor.

Q@ bheuristic exsspPle  Consider two precursors with the sape
characteristics, namely

p‘:pzap.o,? R q‘-qzuq-o'

Suppose, for the soment, that the precursors are independent of each
other.

Let the mean interoccurresce tise between events E be T(E) = 82 At,

Let that precursor F1 be a natural phenomenon that occurs at sunrise
when in the 2¢ hours ¢Following there will be the earthquake E. fAs a
consequence, Ot = 1 day. Note that, since q = O, F1 certainly occurs on
the day of the earthquake.

There qill be an average of 81 days without strong earthquakes between
two events E. At sunrise on some of these days there will be false Fl'
Since, by hypothesis, p = 0.9, the expected number of days which contain
a false Fl sust be 9, so that on average for every 10 alarms 9 will be
false. Let the 9 days containing false F1 have a randoa distribution over
the 81 days without E.

The precursor Fz has the ssee charscteristics as F‘, and so, like Fl'
will certainly oceur on the day of the earthquake. There are also 9 false
'2 randosly distributed over the 81 days without E, as required by the
independence of the precursors. So the nusber “12 of false Fz that occur
gn the 9 days that contain false Fl (and thus give rise to a false alara
of the systeam based on the use of both precursors) is:
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: 2.
UPRREE TR RN (10)

In conlusion, every 82 days there will be on average one successful
alara and one false alara. The probability of false alaras p(Z) of the

double-precursor system is thus

K
- i‘l%I = 0.5 . : (11)
12

2)

However, T(E) = B2 days = 0,22 years is a very short intcréccurrtnce
time for main shocks. In stationary conditions it corresponds to a
background probability P(E) = 0.012, With the same characteristics of the
precursors (p = 0.9 and q = 0), if T(E) is longer and so P(E) is swaller,
the only thing that changes in expression (10) is the denominator, with
the results shown in the following table.

T(E) years 0.22 2.2, . 22
P(E) 0.012 0.0012 0.00012
p@ 0.5 0.1 0.01

The probability of false alara of the double-precursor systes (given p
and q) is thus greatly influenced Ly the value of the background
probability P(E). This clearly depends on the f.ct that the ssaller the
P(E), i.e. the greater the T(E), the smaller will be the probability of a
false F2 overlapping a false F1 thus giving rise to a false alara froa
the double-precursor systes.

It would be ewsy to show that, in the same way as for eq. (11), it is
also possible to arrive at a heuristic proof of eq. (8),

THE CASE OF NON INDEPENDENT PRECURSORS
1f the two precursors are not independent, eq. (8) is no longer valid.

From the Bayes theores and from the theorea of total probabilities one
obtaines:

TS T e S WU o YRE < v >
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P (F AF ,nE)
PUE/FAF, = - 1.2 . -1 2
| ) P(F) P (E/F ) P (F /F )
P(FlannE) + P(FlannE) 1+ P(Fl) 3 (E/ﬂ) 3 (FZ/FtnE)
i 1-92 = pE/FaFy = __. : 12)
PIF/F B p
1e g2l
P 7F aE1 " 1775,

In eq. (12) subscripts 1 and 2 can obviously be perauted.
In order to point out the quantitative influence of a possible non
independence, let us consider again a partiéular case defined as follows:

Py =Pp=P qltqz-qso , T(E) = (r4) &M .

Let K be the average number of false F
intervals &t without E. Rs q = 0, then:

1 (mdr false. Fz) in the r

P (FZIFI“E) =1 . ’ (13)
Horeover:
H "12
P(leFlnE) = N (14)

vhere KIZ' as in the preceding section, is the average number of false
FinF, in the r intervals & without E. '
- Taking into account (13) and (14), eq. (12) becoses:

1-p? weeengie - (1)

12 B

The ratio K.,/K is 3 measure of the correlation between the two
precursors, In the case of independence, eg. (10) holds, so that
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while in the case of a coaplete and positive correlation between false

alaras K12 coincides with K. Thus

For example, if p = 0,98, the values of p(Z) corresponding to
different values of the correlation index KIZ/K are shown in the
following table,

x&,/x 0.012 0.1 0.5 1
pt2? 0.37 0.83 0.9 0.98

The lower limit K12/K = 0.012 coincides with the value of K/r
corresponding to T(E) = 22 years and At = 2 days. The probability of
false alarm p(Z) as 2 function of K12/K, for different values of p, is
represented in Fig. 3.

s can be seen, the independence of precursors is of crucial
importance: even a small degree of correlation between precursors will
drastically reduce the advantage of the double-precursor system, comspared

with the single precursor, in teras of probability of false alars.
THE CASE OF NON STATIONARY CONDITIONS

Now consider a single precursor F1 associated with msain shocks that
follow a renewal process, i.e, with a background probability P(E) that
depends on the time to elapsed since the priccding earthquake. In this
case the conditional probability P(E/Fi) will also depend in general on
to‘ R simple example of 2 case of this type was developed by the present
aythors (1984).

L.Jones (198%) essentially suggests considering to as a second
precursor. This stimulating suggestion deserves a more detailed analysis.

In order to wmske clear the role of t° as second precursor, it is
convenient to consider the beginning of &t as a randos time point and to
call P(Er) the probability of a sain shock within &, P(Er) coincides

T T e e TP L ¢

EAT -
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with the “Poissonian® probability &t/T(E) and is constant in time. Then
for the sake of simplicity call to the following event: "the backwards
time is included betveen to and to+dt'. Given these definitions, it is
easy to see that the actual background probability P(E) defined in the

previous sections is:
P(E) = P(Er/to)

The conditional probability P(Er,rlnto) can now be derived, again on
the basis of the Bayes theorem and of the theores of total probabilities,
If Fl and t° are conditionally independent, one obtains:

(16)

o

PIE/Fint ) = P(E/F,) = —==o—pie—3 1P IPET7EY
1 + __--.':-- . r_ 1 r..e
COTRTE 7R
r o

l-P(Er) P(Er/Fl)

vhere 1 -~ P(Er/Fl) = 51 is the average percentage of.false alaras. Note
that the probability of false alara p1 at a given instant to is
i-P(E/Fl).

1f P(Er) is very small compared with unity, and in general this is the
case, expression (16) depends, from the numerical point of view, only on
61 and on the ratio P(Er,to)/P‘Er)' In the following table a few examples
of Py = 1 - P(E/Fl) for different values of Py and of P(Er/te)/P(Er) are

presented.
TABLE D

Py = 1 - P(E/Fl)

PUE /% ) /PLE) $, = 0.98 Py = 0.96
0.98 0.96

5 , 0.91 0.83

10 0.83 0.7

20 , 0.71 0.5%

.;_gj..‘ .
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The procedure suggested by L.Jones, expressed by eq. (16), has two
sain ;dvaﬁtages. First, the “precursor" to has probability of sissed
alars q = 0, so that the probability of missed alars of the double~
1 Second, both the “events® F1
and t° occur at the beginning of &t, so that eq. (16) is rigorously

precursor system coincides with that of F

valid,

However, it must be pointed out that eq. (14), like eq. (8), is valid
only for independent precursors. In particular this requires that P(F /E)
= P(F /Eat ), i.e. the rate of occurrence of events F in the gap betuocn
two ovents £ must be 1ndopendont of t . In tho particular case of
foreshocks, this independence should be carafully checked, taking into
account that, as pointed out in the preceding section, even a small

degree of caorrelation would drastically increase the probability of false
| alara of the systea.

Moreover, the numerical exasples of Table D show that rather large
values of the ratio P(Er/to”P(Er’ are necesarry in order to obfain a
substantial reduction of the probability of false alara. In other vords,
the occurrence process of wmain shocks wust be a process with a very
strong weemory, i.e. @ain shocks should follow each other in a quasi-
periodic sequence.

CONCLUSIONS

The short-term earthquake precursor consisting of potential foreshocks
in some Italian seismic zaones have quite similar characteristics to those
found by L.Jones for Southern California, nasely a high probability of
false alara (p = ~ 0.98) and & relatively small probability of missed
alars (q = ~ 0.5. Should a second precursor be ever singled out,
independent of the foreshocks, and with similar characteristics, the
alars system wmade up of the pair of precursors (with the state of alara
proclaised only when the two varnings overlap) seess to offer much more
interesting prospects. In particular, the probability of false alars
vould be reduced to values 30 low that there could be no doubts about the
suyitability of toking esergency measures should the two warnings overlap.

Wyt
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It is hovever of crucial ilportaﬁce that the two proéursors should be
independent. So the probles that arises is how to distinguish, from the
various possible short-ters precursors, those that from the physical
point of view can be judged as independent of the foreshocks. This would
be a suitable field in which to concentrate research effort, bearing in
aind that the second precursor can be extresely useful even if its
probability of false alara is very high, provided that the probability of
sissed alaram is roliiivoly seall.

If the occurrence process of main shocks is not a stationary Poisson
process, and the background probability depends on the time to elapsed
since the preceding earthquake, the value of to can be used as » second
precursor, with the chief asdvantage that this particular type of
precursor has probability of aissed alarma q = 0. Hovever, careful
scrutiny should be applied, in this case, to the indepandence of the two
precursors. Horeover, the combination of foreshocks with to boconis
useful only if the ratio between the conditional probability P(Er/to) and
the "Poissonian® probability P(Er) is very high.
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: AN ENGINEER'S APPROACH TO THE SCALING
OF GROUND MOTION INTENSITIES

H.Sandi*
ABSTRACT

Recognizing the importance of the concept of seismic intensity, the paper is
intended to contribute to a more consistent approach to this concept. The state
of the art is discussed, essentjally in connection with the MSK scale. An improved
approach is proposed, consideri&g instrumental criteria as basic criteria, and
macroseismic criteria as derived criteria, to avoid bias raised at present. Two
conplementary ways of defxnxng instrumental criteria are proposed. The development
of macroseismic criteria is related to vulnerability analyses for various classes
of structures. -

1. INTRODUCTION.

The concept of seismic intensity is at present a common concept for seismo-
logists, structural engineers and other specxallsts, or even non-spec1a11sts.
Persons working with this concept are recognlz1ng at the same time its importance
and some current shortcomings of it. The most important shortcomings that must be
emphasized at this place consist of the imperfect definition of the concept, of
the fact that the main criteria for intensity estimate are based on vulnerability
characteristics which, at their turn, are defined conditionally upon the intensity
(building thus a source of bias and tautology), of the lack of satisfactory crite-
ria of this kind connected with earthquake resistant construction, of the non-satis
factory ccrrelation between the macroseismic intensity on one hand and the instru-
mental criteria on the other hand. .

The activities of the fields of engineering seismology and of earthquake
engineering require the use of a conceptual and methodological basis free of the
shortcomings referred to. This paper is, intended to discuss the state of the art
of this field, present some proposals for a more consistent approach to the concept
of seismic intensity and, accordingly, to the definition of intensity scales and,
thus, to contribute to progress in this basic field.

2. SOME REMARKS ON THE STATE OF THE ART.

The main reasons to use the concept of intensity are :

a)the need of quantifying the severities of different,actual,ground motions.

b) the current limitations in the possibilities of obtaining actual accelero-
grams, generated by the limited instrumentation density.

¢)the need to relate hazard maps to one, or a few, parameters characterizing
ground motions.

d)the needs raised by the quantification of seismic vulnerability of the
various artifacts of man.

The MSK scale[ 9],[10}is,according to the information available to the author,
the most complete and best organized scale of seismic intensity. The intensity is
estimated in this frame mainly on the basis of observation of seismic effects upon:

a) the behaviour of humans and animals ;

b)the performance of buildings and other artifacts of man;

c)the effects on landscape and natural enviromment;
vwhich are referred to as macroseismic criteria.

The most significant criteria are related to the effects of category b),i.e.

#)INCERC (Building Research Institute),Bucharest.
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‘the performance of buildings or other artifacts. The performance of buildings
and other works is evaluated having in view three basic coordinates:

b.1.) the category of buildings or other works,with a view on their resis-
tance to earthquake action; ' _ '

b.2.) the degree of damage undergone subsequently to a seismic event;

b.3.) the proportion of buildings or other worke of a definite category
(b.1), having undergone the damage degrees referred to under item
(b.2). '

Instrumental criteria(related to the peak ground acceleration, to the peak
ground velocity or to the peak displacement of a standard seismoscope [10])are
used as secondary estimation criteria. :

The macroseismic criteria are considered in first place due to two factors:

a) the availability of much more information of this kind;

b) the unsufficiently strong correlation of macroseismic data with instru-
mental criteria (moreover, as it is emphasized further on, the relative
nature of the accepted instrumental criteria).

The macroseismic criteria are essentially statements on the vulnerability
of structures, presented in a rather qualitative manner. Consider in this connec~
tion:
_ a) several categories of structures, S. ;
b) a discrete quantification of intensity, q.(e.g. integer values of it) ;
¢c) a discrete quantification of damage, d (é.g. given integer values rang-
ing from O-no damage to 5-collapse [19 ). The vulnerability of the class
S; can be expressed under these circumstances by means of the matrix of
conditional probabilities (or frequencies) péz), corresponding from a
qualitative viewpoint to the macroseismic cri lria. The use of macroseismic
criteria as a basik®Bubsequent vulnerability estimates leads to tautology,
since some rather.vague data p 2. are used to derive more accurate data
pk}j)' Some more in depth discubdion on this subject is given in [15)(16].
Given the problems raised by the current approach to the intensity estimate,
some proposals are formulated futher on. They are related to the development .of
instrumental criteria (section 3), to the development of macroseismic criteria
(section 4) and to the structure of an improved intensity scale as a whole (sect-
ion 5).

3. DEVELOPMENT OF INSTRUMENTAL CRITERIA.

An attempt is made at this place to develop a convenient system of characte-
ristics and criteria, to lie at the basis of a more consistent intensity scale.

A categorization of instrumental characteristics based on accelerographic
records was adopted in [16] in this view. The approach adopted at this place
-consists of two fairly compatible steps, that rely, both, on the use of proper
(corrected) accelerograms :

a) a first step, aimed primarily to provide on the basis of simple analyses

some general data on the intensity and frequency content of ground motion;

b) a second step, aimed to give a flexible insight into the ground motion

characteristics, going up to a desired degree of detail.

The first step consists of the combined use of EPA (effective peak accele-
ration) and EPV Zefie?tive peak velocity)as defined ig)[23l on the basis of spec-
tral acceleration §.°/ an' spectral pseudovelocity S for 0.05 critical damping
(£ig.3.1.): LA

EPA = s£°)/ 2.5 (measured in ﬂ/lz) . (3.1a)
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EPV = s;:’ /2.5  (nieasured in m/s) | (3.1b)
It is possible to define on this basis the corner circular frequency w !

w, = ,EPA/EPV_ (measured in s_l) | < (3.2)

Given the quite extensive and classical studies on the destructiveness of
steady-state vibration on structures [8] ,which put to evidence the significancy
of the product of acceleration and velocity amplitudes, it is proposed to cons-
ider for the earthquake motions, which are of transient nature as known, the
product of EPA and EPV and to define (for a single direction first), an instru-
mental intensity given by the expression :

I=10g, (EPAXEPV)+I_=log,EPA"log,w _+I_=log,EPV+log,w *I_ (3.3)

This definition is r.ompat:. le with the classical ratio 2.0 of increase of
instrumental criteria for a uni mcreue of intensity [10] . Conversely, one
can write: .

EPA = EPVxw = 2° ° x\fu = I.I"I°/zrv (3.4a)
S Y el !
EPV. = EPA /u c 2 Uc 4 o/ EPA . : (3.4b)
A value @ ' S
Io = 8,0 (or VIII) i (3.5)

can be conveniently postulated. In case one considers simultaneously the motion
along two axes, Ox and Oy, the definition (3.3) may be generalized :

I = log(EPA_ x EPV_ + EPA x nrvy)lzl+ I, 3.6)

The system of relations (3.2) to (3.6) corresponds to the graphic representa-

uon of £fig.3.2. In case one wants to use the expression (3.6), for which w _ is

no more defined, it appeau to be convenient to locate the point corresponding to
the value I (3. 6) on a straight segment determined by the couples of points GPA,,
EPV_) and (m +EPV )

The use of previous relations is illuntratcd in table 3.1 and in fig.3.2 for
some recent, well known,records.

Table 3.1
" No. Barthquake Record . Ditcction EPA EPV  w, 1 PGA
___(u/s2) (m/s) 1/s (w/s2)

1. Romania,4 March INCERC N-8 2.5 (.625) 4. (8.3). 2.2
1977 (2] . Bucharest

2, -"o -" - E-W 1.6 (.32) 5. (7.5 1.8

3. -". -" . Horisx, - (1.04) - (8.0)

’ plane {product)

4. Off the Adriatic Petrovac, Long. 7 0.6 (11.7) (9.0) 4.4
Coast, 15 April Q'iva ‘ :
1979 (121 Hotel '

s' " Ulcillj. m‘. 303 0.‘2 (709) (8.2) 2-6

Olympic ’ :
Hotel. .
6’ -"a ht,'l.'m w. 4 006‘ (6025) (807) 3.7
~ Assembly .
Mildin.
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.Ne , Earthquake Record Direction EPA, EFV w 1 PGA
: (w/s?) (n/s) 1]s (a/s2)
7. San Fernando, 8244 Orion W (2.4) 0.4 6. (8.0) 1.4
9 February Blvd.l-st floor
1971 [7) -
8. -" o -"a N (2.4) 0.4 6. (8.0) 2.7
9, ~". 445 South NS2w (1.36) 0.17 8. (6.9) 1.5
Figueroa St.Stat .
lo. ="~ - - 8§38 W (1.08) 0.18 6, (6.8) 1.3
11. =" - [21] Pacoima Dam S7%w (11.2) 0.75 15. (9.5) 12.5
12, =" = -" . S16 R (11.9) 0.7 17, (9.5) 12.4
13.Mexico City, Comm,Transp. - N-§ 2.8 0.8 (3.5)(8.6) 1.1
19 Sept.1985 (3] Building .
14, -" - -" - E~-W 4.2 1.3 (3.2)(9.2) 1.8
15, =" - UNAM N-§ 0.48 0.13 (3.7)(6.0) 0.35
16, - " - -" - E~W 0.48 0.10 (4.8)(5.8) 0.38

Note:Values under parentheses are derived from (3.2) to (3.6).

The instrumental intensity estimates of table 3.1 are in at least good a-
eement with macroseismic estimates, while the use of instrumental criteria .of
[10] would have led in several cases to important gaps. Note the pcssibility

of use of the relations (3.4) for retrodiction of EPA and EPV if estimates on
are available. Note also, what is more important, that the acceptance
of relations (3.3) to (3.6) puts to evidence the relative significancy of EPA
‘or EPV (and hencemore of PGA and PGV), The representation of fig.3.2 shows that
. one must go along a straight line w _= const. in case one wants to use a (rela-
tive) system of values EPA or EPV. For example, the

MSK scale correspond to the assumption w, - 12.5s ~.

" The second step consists of the use of the system developed in 03l , [4l,
for which some basic elements are recalled. The absolute velocity of the mass of

_jnstrumental criteria of the

an SDOF system with undamped natural frequency f and fraction of critical damp-
i?&bl.l’ subjected to the component i of ground motion (i=1,2,3) is denoted by
v (

f,n,t). The destructiveness tensor of the ground motion is defined under

tﬁese conditions by the expression :

. (abs 4
Dij(f.n) -Svi }f,n,t) vj

(vhere i,j = 1,2,3 and where it is assumed that there was no disturbance applied

to the SDOF system for t<o). The horizontal plane destructiveness is given by the

expression @

Db lane

(abs

{fonot)

dt

(vh;te i =1,2 are the indices of the orthoioml, horizontal, axes).

(3.7)

(3.8)

The destructiveness can be averaged over a definite frequency interval.Without
specifying the kind of destructiveness by means of any subscript, one can write for
the sveraged destructiveness D (f', £";n) the expression

D(£',f";n)=

In(E"/£%)

£ .
1 S b(gsm) O
f

f'

(3.9)
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The specific (engineering, horizontal plane) intensity Iplanggf) is qivgn
by an expression : - reoo EC B oo Ee

1 (£) = log, Dplane(f“°5) + 1(® ' (3.10)

plane plane

where I(T) is a constant, related to the case of 2-D definition. It is possible
to pasupxﬁnghe same way from the averaged destructiveness D (f',£";.05) to the
averaged intensity I lane (£',£"). The overall intensity is postulated to be an
average intemsity cogresponding to the bounds

£' = 0.25 Hz;£" = 16.0 Hz (3.11)

The use of the tensor Di.(f;u)makes it possible to define principal axes
and destructiveness ellipses for various frequencies (f). It is pecasible to
consider also averaging for the principal axes and destructiveness ellipses,
starting from the averaged destructiveness tensor. To account for the spectral
content of ground motion,using a discretized representation, it is possible to
use a sequence of values I lane (£, ) for £ = 0.25,0.5, 1., ... 16. Hz or
£, = 0.25, 0.35, 0.5, 0.7, Y,'...16. z or to consider averaged values I lane
(¥k’£k+1) related to the sequences referred to. P

It appears to be reasonable to adopt a calibration

(o) . \
Iplane = 5,5 (or V 1/2) - (3.12)
for the constaqt'lpizze introduced in expression (3.10).

To illustrate the possibilities of this approach on the basis of the record
of INCERC~Buchareat of 4 March 1977, for which the absolute acceleration response
spectra of horizontal directions are given in fig.3.3a,b, the sequences of speci-
fic intensities are reproduced in fig.3.4a, while the sequence of destructiveness
ellipses is reproduced in fig.3.4b. The destructiveness ellipses represented are
well correlated with the directivity of motion, put to evidence by the damage
distribution observed. Note in relation to fig.3.4a that therepresentation for

corresponds to the hypothetical case of zero E-S component, using further
on” the calibration (3.12). The representation for IEw coressponds to homologous
assumptions. .

4. DEVELOPMENT OF MACROSEISMIC CRITERIA

The develoignt of vulnerability-based macroseismic criteria must rely
essentially on vulnerability analyses for various categories of structures.

Vulnerability analyses require primarily dealing with following problems :

a) definition of some categories of buildings or other works, S.,including
a thorough qualitative description and a quantitative characterization
by means of some parameters that are significant from the structural
engineering view point and may be relatively easily estimated for exist-
ing structures;

b) definition of a damage measure or damage degree, that is at the same
time easily observable and, if possible, makes sense from the view point
of the degree of exhaustion of the resistance to seismic action;

c) definition of an appropriate system of quantification of the seismic
intensity; . .

d) development of an adequate methodology .for deriving the discrete condit-
ional probabilities pk}} introduced in section 2.

More developments on this subject tre'givcn in (17] , where conceptual and
methodological aspects are discussed, a summsry of data available in Europe is

e ———— = 1
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'gim and the use of the outcome of vulnerability and risk sualyses is dealt vith.

* 5. SUGGESTIONS FOR A MORE CONSISTENT APPROACH
. TO THE DEVELOPMENT OF INTENSITY SCALE.

- 1.. The main body of an up~to-date intensity scale should consist of two partes
Part I tinetrumental eriteria
Part II:macroseiswic criteria

. 2. The basic criteria for intensity estimationmust be postilated in the form
of instrumental cn:ena, to avoid the bias raised by the tautological approach of
current scales. It is proposed in this connection to define (at least provisionally)
the (instrumental) intensity by means of the couple of expressions (3.3) (or (3.6) )
and (3. 5). unless a more detailed analysis makes it possible to further refine the
expression (3.6) and/or to introduce the influence of the vcrticalcolponent,whxch
was_neglected in previous developments. In order to introduce a more detailed in-
sight into the ground motion characteristics, it is proposed to use, complementa-
rily , the spectral aand directional characterisation introduced by a set of specific
(or averaged) intensities, as provided by the expressions (3.9) or (3.1l0),together
with the provisional calibration (3. 12) ,until a better calibration beco-u available.

D et -

v 3. The vulnerability-based (macroseisamic) criteria, which represent at present -
the main body of the intensity scale, should be applied further on extencively
fven more extensively than at present), but must be regarded as derived criteria,
and not as basic criteria. The development of & satisfactory set of macroseismic
triteris must be considered ss a dynamic process of cumulation of information and ;
of development of a comprehensive data bank. The statements of the macroseismic ) ,
part of the intensity ncnle should make explicit reference to tables comtaining i
‘information of tho type pk} (ucuon 2), for various catcgoriu of structures ;.

S 'l.'ln use of mrouiuic criteria should be regarded essentially as a means ‘;
»f approximste, but consistent, cowpletion of information provided by the instrumental '
lata which = will be available in a li-n:.d quantity in the previsible future.

5. CONCLUDING REMARKS. | ‘ | e )

1. The concept of seismic intensity represents a necessary tool for various
woblems of engineering seismology and of earthquake engineering and consequently,
' lule of seismic intensities is equally necessary.

2, The analysis of the ntate of the art puts to evidence on one hand the use
»f the concept of seismic intensity but, on the other hand, the current conceptual
nd methodological shortcouinga.

3. The qualitative inprovuont of the concepts referred to requires a more .
‘igorous and consistent approach. The possible way of removing the current conceptual
ias is represented by the definition of seismic intensity primarily on the basis
‘£ instrumental parsmeters. The macrrseismic criteria will becowe under these condi-
ions derived criteria, losing the current position of primary criteria.

4. The systems of {nstrumental parameters lying at the basis of the intensity
cale must be flexible, making it possible to determine for a given ground motion
more precisely for a 3~D sccelerogram) either one single parameter (instrumental
ntensity) ,or several paramsters, to account for the spectral, directional ete.
satures of ground motion. Some proposals were developed in this sense in sectiom.

S. The macroseismic criuth should be gradually dcvclopcd,- considering vario-
cat ies of structures, for which vulnerability characteristics are to be
hnd and derived. The work in this field should encompass ‘doquu definitions

v:iu—.. P—




———

Lt 2= 2 et ~~
B

¥

and descriprions [or the catepories nf structures dealt with,for the (observable)

damage and for the intemnsity of grouwid motiun (providing,of course,the necessary
compatibility between the primary definitien of instrumental seismic intensiiy on
one hand and the parameters cousidered in the definition of vulnerability charac~
teristics on the other hand).

6. The development of a more refined concept of acismic intensity and ..cord-
ingly of a more refined scale, must be rcparded as a long lasting process,requir-
ing sample applications of intermedinte results besides a particularly extensive
work of gathering of information.
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AMALYSIS OF STRCMG GROUND MOTICHMS IN AMPLITUDE DOMAIN
- REVIEW AND APFPLICATIONS

Viadimir Schenk
Georh.Inst., Czechosl.Acad.Sci., 14131 Praha

ABSTRACT

The present analysis extends the current methods of studying
the . kinematic and dynamic parameters of seismic waves applied in
the time and frequency domains to the third amplitude domain.
This approach makes it possible to determine the maximum ampli-
tude of vibration, the total values of - its duration, energy,
impulse, and root-mean-square amplitude, effective amplitudes and
durations, which are defined by the probability of amplitude
occu: irences in the seiasmic signal, Applications of these quanti-
ties in standard seismological practice allow us to calculate the
duration magnitude of small and’/or local earthquakes in a more
effective way, to find the attenuation curves of seismic motions
and to estimate the quality factor @ of a medium, to assess the
values of effective amplitudes and durations, which can be appli-
ed in the engineering seismology, and to classify ground motions
with respect to macroseismic effects. The last application is
2lso successfully used 'in the selection of analogous strong
ground motions for purposes of earthquake engineering.

1, INTRODUCTION

A ground motion record is the sum of a seismic signal gene-
rated by an earthquake or by any other artificial event, and of
seismic noise. The present signal analysis involves the methods
of studying the kinematic and dynamic parameters of seismic waves
appl fed in the time and fregquency domains. 'Since recently, most
ground motions have been recorded in the digital form, the compu-
ter techniques of their analysds can be easily introduced to the
common practice. From this wievpoint, the present seismic signal
analysis often involves routine spectral processing of the sig-
nals and, as presented in this paper, this processing can be also
extended to the new ampl itude domain.

An attempt to study the frequency of different amplitudes
within a certain time period of the ground motion record has
already been made by BOLT and ABRAHAMSON (1782). However, only a
part of a seismic record with maximum amplitudes exceeding 0,02
and 0.04 g was investigated. Contrary to this approach, SCHENK
<1983a) analyzed all digitized amplitudes of a seismic record
without any restriction. By using the absolute values of digitiz-
ed amplitudes and by classifying them according to their magni-
tudes, a <frequency distribution of these amplitudes within a
seismic record was obtained. Just like in the study of a seismic
wave in the time domain we need the time history of vibrations
and in the frequency domain we have to know the amplitude and
phase spectra, in analyzing a wave in the amplitude domain we
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have the amplitude-frequency distributions (AFD). Since the ana-
lysis of seismic waves in the amplitude domain is a new approach
in standard processing techniques and, therefore, it is not so’
widely known, this paper summarizes the results achieved recent-
l1y. The methodology of AFD calculation and the description of new
wave parameters as well as their application to standard seis-
mological and earthquake-engineering practice ara discussed.

2. THEORETICAL BACKGROUND

A record of seismic particle ground motion consists of
various wave types and their phases arriving at the observation
place at different times and from different dirrections. In the
first approximation it can thus be presumed that the record is a
series of  individuai seismic signals, whose character can be
expressed by a simple vibrating motion described by the differen-
tial equation of the second order in the following form

a¥x & dx x®
. — + — = 0@ <1
at. m dt m

. where 4§ is the constant of proportionality between the medium
resistance (proportional to the inner friction of the medium) and
the velocity of a particle vibration, % is the constant of
proportional ity giving the magnitude of the force that caused the
. harmonic motion in direction x, m being the weight of the medium
particle. The solution of equation (1) yields the amplitude A in
direction x at arbitrary time t

A-Ao cos w t exp (-ﬁt) o 2>

where 3 = s/ 2m is the constant of attenuation of a particle
vibration with time, w = Vw.! - ﬁz is the angular wvibration
frequency, and &, is the angular frequency in time t, when the
deviation of a partidle from its equilibrium position in direc-
tion. x was the greatest ( A = Ag >. From relation (2) it ensues
that the amplitudes of the vibration motion A bhaving originated
decay with time according to the relation

where 3 is referred to as the vibration attenuation of the me-
dium particles.

As relation (3), corresponding to the envelope of abso-
lute values of particle motion amplitudes with time, is a conti-
nuous and purely monotonous function over the entire interval of
the values of time ¢t , there is also an inverse function (JARNIK
1938%5) to this function in the following form

t=t, exp (- pt) . 4

The invorio function makes it possible to transfer the strong
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ground motion analwysis frcom the time domain to the amplitude
domain. -

In analyzing the wave pattern of particle motionsz in the
ampl itude domain, we determine the number of occurrences M of
the sampled amplitudes in individual amplitude clazses A& A of a
constant size (SCHENK 1935a, 11°83b). Relaticn (32) makes it evi-
dent that the decreasze of the-amplitudes of the vibrating attenu-
ated motion by a constant difference A A of amplitudes (size of
the. amplitude class) corresponds to the =uponential law, which
means that the decrease of the lower vibration amplitudes by the
H A value lasts a longer time period than the same decreasze in

the range of higher amplitudes. Therefore, we can write

t; -ty = N Aot ’ S

where times 't; and t; are those between which amplitude AL
attenuates to amplitude A; , At being the sampling interwval
of the record. From relation (3) it then follows that

[a; -ac] = Ay exp {--p(tj—t;, >} , &>

and ‘the inverse function to relation (4> can be written in the
following form

Ct; - g ) = t, exp (-[&‘Aj-A-J ) . P
After taking the logarithm, we obtained the following relation
Inct; -tg > = Int, - pla; -a , @

which after the introduction of relation ¢(5) can be rewritten
into the form of the amplitude-frequency distribution of ground
motion (SCHENK 1983a)

InN = 1n Ns - R ana ’ $2)

where Ns = Ts /At is the total number of the amplitude samples
which belong to the investigated seismic signal of an overall
duration Ts and A A =|Aj - A;| is the amplitude class in the
ampl itude-frequency distribution.

3. AMPLITUDE-FREQUENCY DISTRIBUTIONS

Let us take a digital ground motion record, e.Q. 2 series of
amplitudes A in times t during an observation period T } the
at between two successive amplitudes is a sampling interval which
has to be constant (Fig. 1. 1t is cbvious that adequate density
of digitization is necessary to express the proper character of
the motion. Since the goal of our analysis is to find the ampli-
tude-frequency distribution of digitized ampl itudes according to
their magnitudes, thus the maximum amplitude Amax defines the
upper limit of a set of amplitude classes AA for which the
distribution {s to be found and the set of the amplitude classes
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is e¢reated by simple linear division of this value into the
required number of classes. Then by simple statistical assortment
of the absolute amplitude values of a seismic record into indivi-
dual amplitude classes we obtain the density amplitude-frequency
distribution <(AFD). 1In conformity with the presumption that the
attenuation of the seismic signal amplitudes with time corres-
ponds to the exponential law (see relation (#)) , the AFD can be
aproximated by the exponential dependence. In principle, we dis-
tinguish density and cumulative AFD, and we can express it either
in dependence on the sequential order 04 the amplitude class K
in the set or in dependence on the absolyte value ©f the ampli-
tude A of ground motion.

For density AFD we thus write

log Ny, & a «- b class K] (10&)
or >  J D(m) [

log Ny = ap = Dy [amp1 1tude Al (109
and $or cumulative AFD . *

log IN; = ag = bg(,y [class k] C11ad
or

log EN;, = a, = bgeca [amplituden] 11D

where N: is the number of seismic wave ampl itudes that belong
to amplitude class K , index i=§,2,.., Kmax , coefficients ay,
Aoy b»(% v Dbpeays be(a) and be(x) are determined empir.ically
from the approximation of the central signal part of the respec-
tive AFD by the least-square method. Figure 2 shows the AFD of
the known accelerogram E) Centro 1940, vertical component.

In the approximation of both AFD types, an important role is
played by the selection of the range 0f values N3 that will
characterize the seismic Ssignal sufficiently well. The N
values that correspond to the lowest amplitude classes Nhave
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Fig.2. Amplitude-frequency distributions

proved to be affected by seismic noise, while the chaotic ("zig-
zag" or "comb-like"> character of the N wvalues of the highest
ampl itude classes is given by the irregular occurrence of random
peak ampl itudes of the signal, often due to the local seismogeo-
logical inhomogeneities of the medium (SCHENK 198%5a). For this
reason, both marginal parts of the AFD should first be separated
from the central part of the distribution, which then provides
mdre or less reliable characteristics of the seismic signal, and
only then approximated by relations (10> and <(11).

The question of separating the ampl itudes of seismic noise
from those of the signal and the methods of optimum approximation
of amplitude-frequency distributions were solved earlier (SCHENK
198%a). A successful separation of the noise amplitudes from the
signal amplitudes generally depends on two ratios:

i> the signal amplitudes As to the noise amplitudes An , and

11> the duration of the entire investigated period T to the
signal duration Ts.

In some cases, if As >> An and/or T = Ts , the "noise" part of
the AFD does not appear, but sometimes, if T > Ts or As does
not differ from An by more than one order, it is very pronounc-
ed especially in the density AFD. To select the "noise” part of
the distribution from the whole AFD and to find only its repre-
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sentgiivé part for @ roliabie approximatian by relation
loo ™M = & - b A ; . €12) -

where M is the number of amplitudes of the ground motion record
which corrasponds to the given amplitude class A , we applied the
procedure that follows. .

Theoretically, a determination of a suitable range of ampli-
tude classes depends on the ratio between the maximum amplitude
of the signal Amax and the seismic noise amplitudes An (Fig.1>.
Let us have K amplitude classes, then the lower limit of the
class range, in which the values N , where index i={,2,..K , can
be used for the approximation, is

KL = ( An / Amax > K (13a’

and for the upper limit of this range, according to our experi-
ence, the value

Ky = K - n K_ €13b>

can be recommended: coefficient n is approximately 3 - 3.5 for
the density AFD and approximately close to 2 for the cumulative
one. Of course, these values have to be determined .ndividually
for each record. Therefore, after testing several records (SCHENK

198%a), we can recommend the limits

KL = nil K and Ktl = n2 K (14)

for routine processing of strong ground motion records, where 0.1
€ nl € 0.1 and 0.65 < n2 < 0.75 for the density AFD and 0.75
¢ n2 < 0.8 for the cumulative AFD; these coefficients were

ichecked by visually.

Another way of finding a reliable central part of the AFD is
based on the application of a mutual correlation of all values N
of the AFD and by a sequantial cutting off its margial values to
find the highest correlation coefficient. Then we assume that the
remaining central part of the AFD represents the distribution of

the seismic signal.

4. PROPERTIES OF THE "AFD* COEFFICIENTS

The number of ampl itude classes does not only determine the
character of the AFD, but it mostly affects also the actual
course of density distribution. Figure 3 demonstrates examples of
the density AFD (thin line) and the cumulative AFD (bold line) of
seismic signal, component SP0W, recorded at El Centro site during
the Imperial Valley earthquake, May 18, (940, constructed for
eight different numbers of Kmax classes. A comparison of the
distributions obtained for different values of Kmax has re-
vealed that the parameters of the cumulative AFD of a¢ v Be(x)
and bc(A) as well as the parameters of the density AFD b)(K) and




bypca)y do not necessarily depend cn  ¥max , whil2 values ayp
directly depend on the maximum number o5f amplitude classes.
fact it car be written

I 1.3\;[-1 KTian «“) e Kms\xq) ')] s  CL153

Rp ey = R -

D) D)
where ¥ma are the maximum numbers of amplitude classes used
to forming the AFD, ap(ww hezing the corresponding parameters of

the density AFD.
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Figq.3. Dependence of density and cumulative AFDs on the Kmax.

In principle, different combinations of the density and
cumulative AFDs can be made (Fig.3) depending on the wvalues of
Kmax . It appears that the approximation of the cumulative AFD by
relation (11>, adherence to this value is not essential since a
change of Kmax does not affect the course of this distribution
very much. From the point of view of the character and the course
of the density AFD, however, the maximum number of amplitude
classes Kmax equal to S0 seems to be the optimum number: the
character of the AFDs are quite distinct for an objective appro-
ximation by relations (10> and (11>, The greater the number of
Kmax classes, the greater the scatter of N values in the part
of higher amplitudes of the density AFD (see Fig. 3), in other
words, a more extensive part of the "zig-zag" values is formed.
For this reascon, all the following relations in the present paper
correspond to the AFDs with Kmax = S50. 1§ they are to be modi-
fied to another number of amplitude classes, it is necessary to
use relation (15,




The other, not less important parameters of the AFD, are pa-
rameters a and b , which characterize the relationship of the
ampl itude number in individual amplitude classes. From relations -
€10 and (11> it follows that thase parameters can be expressad
in following ways:

agp .e«s corresponding to the density AFDs,

2 e «s« corresponding to the cumulative AFDs,

bn(*)... corresponding to the denzity AFD constructed in depen-
dence on the number of K classes, \

bpea) -»» corresponding to the dansity AFD constructed in depen-
dence on a physical quantity of a seismic wave amplitude, e.
9., on acceleration cm %], etc. '

bc(u)'-- corresponding to the cdmulative AFD constructed in de-
pendence on the number of K classes and

beea) - -+ corresponding to the cumulative AFD constructed in de-
pendence on a physical quantity of a seismic wave amplitude.

A study of the character of parameters a and b of the density
and cumulative AFDs was performed on a set of accelerograms of
five Californian earthquakes <(Parkfield M=35.5; Borrego Mtn.
M=é.0, Imperial Valley M=6.4, San Fernando M=6.5 and Kern County
M=7.2), 1i.e. 1463 horizontal and 82 vertical components (SCHENK
1985a,b>. The obtained results are summarized under the following
items and figures:

i> the reliability of determining the dependence of the cumula-
tive AFD, and the be wvalues connected with it, is greater
than with the density AFD.

ii) amplitude relations of the density and cumulative AFDs are
invariable with the increasing distance from the source and
the following approximate relation is valid

aa = ay + 0.878 & 0.2589 . (16>
iif) the values of coefficients ao, and ayp increase with the
_increasing distance from the source (Figs 4a and 4b).

iv? between the “b" pafametirs of the density and cumulative AFD
of the same récord, the following dependence can be found

be = 1.3 by ' €17>

v) the values of coefficients be(x) and be¢a), and consequent-
ly also those of b (w) and bb(A) s appear to be indepen-
dent on the source sf;e,

vi) coefficients bp(k) and bec(x) do not change with the dis-
tance from the source and it appears that there is no dif-
ference in the behaviour of the coefficients that belong to
the horizontal or vertical component of a seismic wave (Fig.
S,

vii) the values of coefficients bb(A') and b c(a) increase with
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the increasing distance from the source (FiQ.&8); for the
vertical component we can write

log beeay = 1.41 log R+ 3.63 Ci8ad

and for the horizontal one

10g begay = 1-41 log R + 3.89 . (18b)




where R [km] is the distance of the recording site from the
earthquaka apicentre of a magnitude 5.3 (=M {= 2,2 ,
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=, “STANDGRD" AFD

The corditions for the computation of the AFC have to be
defined in s3such a way as Yo make the wvalues charazterizing the
ground motion dynamics comparabla, As it follows from the pre-
vious part of the paper, the AFDs may not be affected onl, by the
differences in the records cf szeismic waves, bu! alsc by the
parameters that determine their computation. In standardizing the

- computation, we have to adhera %o the following rules:

i) keenirg an identical sampling interval at of a record,

iid expressing the record amplitudes in identical physical units
of the ground motion and ‘

iii) preserving the same total number of amplitude classes Kmax
in the AFD computation.

A great majority of accelearograms of the world data bank are
sampled at t = 0.02 sec (SCHENK and VOJTISEK, 185> and this
value has proved to be sufficient for determining the AFD too
(SCHENK 198%5a). In the future, the sampling interval 0.02 sec of
a seismic record is most 1likely to be regarded as the standard
sampl ing interval o ts.r .

If a seismic record is sampled at an interval Aty differ-
ent from Atgy, there occurs a change in the amplitude number of
a record, which is also reflected in different numbers of N, am-
plitude occurrences in amplitude classes A A, . The shorter the
interval &t , the greater the numbers of N¢ s and thus we can
write

Ngr = Ny € oty 7 atgye) ; €19

where Ngy is the number of seismic ground motion ampl itudes con-
tained in the respective amplitude class at sampled interval a&ter

" and Nx is the number of amplitudes if interval & ty is used.

Thus, the following relations are val id between these AFDs
log/Ny = a, = b, A s (20a>

determined from a seismic record at sampling interval a tey s and
by an analogous "standard" AFD

log Ngr = agr -~ bgr A ' (20b)
determined at sampling interval A tgr 1

Agr = ay + log ot sote.) 20
and

bS'\' = by . (220

The other condition that has to be satisfied for standard

AFD (s giving the amplitudes of seismic ground motion always in

the same physical units : for accelerations in [cm 6’-] sy for velo-

11
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city in | cm ;4]'and for displacement in cde. The necessity to
satisfy his condition i3 evident and nee not be explained-
fur ther.

The standardization of the computation of the AFD of a seis-
mic record reguires preserving the same maximum number of ampli-
tude claszes i each analysis. As mentioned above, a change in
the maximum number of amplitude classes alsoc produces a change in
the total number of amplitudes N of each class of the density
AFD, and consequently, the computed coafficient a in relation
(10> will always be different ; the greater the number of Kmax
ampl itude classes, the smaller the value of coefficient a .

The experience in computing the density AFD gained by compu-
ter processing of a test set of acceélerograms (SCHENK 1985a) has

shown that for the purposes of routine computations fifty ampli-

tude classes (Kmax = S0) seem to be a sufficient number. For Kmax

‘C 30 , objective «pproximation cannot be ensured in all cases, on

the other hand, an increasing number of amplitude classes, e.g.
Kmax > 100 , demands not only more computar time, especially what
concerns Qraphical plotting of the AFD, but also a chaotic ("zig-
zag®") pattern of the density AFD in the range of its highest
ampl itude classes. For this reason we recommend using a maxi- mum
number of S0 amplitude classes as a standard value of Kmax . For
this value we also defined a criterion to eliminate automatically
the lowest and the highest amplitude classes in approximating the
central "signal® part of the AFD (SCHENK 198Sa).

é. AFD GROUND MOTION PARAMETERS
The knowledge of the density and cumulative AFDs enables us
to establish new as yet unused parameters of seismic wave motion.
In essence it involvgs three types of data :

i) data of amplitude character

. a. statistically determined maximum seismic signal ampli-
tude ¢ Amax(s)>, Amax(ref) ), -

b. effective seismic signal amplitudes ¢ Aeff ) and

€. the total value of the root-mean-square amplitude of the
seismic signal ¢ RMS ),

11i) data on the energy content of wave motion

d. the total kinetic energy carried by the seismic signal
(E) []

‘@, the total impulse of the geismic signal ¢ IMP ),
i1i) data characterizing the timé duration. of the signal

f. the total duration of th& seisimic signal ¢ Ts >, and




R
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g. effective durations of the seismic signal ¢ Teff .

In this part of the paper a discussion of the relation of these
parameters %o the =2arthgquaka magnitude M , to the epicential
distance R and to the macroseismic intensity will be prasented.

4.1 Statistically determined max imum ampl itude of ground mction.

The density AFD allcws a statistical value of ths probable
max imum amp! itude Ama<3d to be determined. This wvalu2 iz de-
fined by the occurrence lawvel of one ampl itude digit, i.e. N = 1.
This makes Amax(s> dependent on the entire course of the densi-
ty AFD of the deismic signal and it may be regarded az= a more
representative wvalue of the maximum ampl itude of the seismic

. signal than a possible accidental peak amplitude ¢ Amax ) in the

record. From the above mentipned condition it follows that
. - Amax(s) = ap / bp ’ (22>

wﬁere ayp and bS> are the coefficients of the density AFD of the

signal.
N 51 . PARKFIEID M:5.$

SORREGO MTN. M:6.0

sl | IMPERIAL VALLEY Me6.8

§ NEAN COUNTY M»3.2

;.

o 10 20 30 40

Fig.7. Histogram of the Np values in dependence magnitude M.
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{ ’ From relation (15> it further follows that Amax<(s> i3z di-
’ rectly dependent also on the= max imum .numbar of amplitude classes
Kmax . Since value Kmax = 50 was usad for the analysis of all
accelerograms of the five Californian earthquakes mentioned above
we observed the number of the highast amplitude digits between
Amax and Amax(s) that were 2liminated in each record. The num-
ber of these digits was denoted by the symbol Np . Figure 7
- presents histograms of the Np values in dependence on the
earthquake magnitude M . 1t appears that in the majority of cases
Mp{= 10 , {.e. of the total number of all the amplitude digits of
a record, as 2 rule containing a few thousand amplitude digits, a
maximum of | X of values is eliminated. This relation can be
considered reasonable, for some extreme ampl itudes - of a record
| are given by the time superposition of two or more wave gQroups in
a particular site, or by the local seismological inhomogeneities
‘ of the site.

T s e

) 1¥f we compare the dependence of the observed peak amplitude
Amax on the epicentral distance R (Fig.8a) with that of the

! statistical maximum amplitude Amax(s)> (Fig.8b>, we can readily

find that the amplitude scatter of the latter dependence is ap-
proximately 30 - 40 smaller. Therefore, we believe that the
1 values Amax(s) will not be so much affected by the random
changes of the local seismogeological conditions in the site as
the maximum ampl itudes of ground motion observed.

.
'

wn| w s

Aman

fems] .

» v
! » = )

Fig.8a. Dependence of the Amax value on the epicentral distance
R: empty points - vertical component, full points - horizontal
componer t, O - Parkfield M=S.5, ¢ - Borrego Mtn. M=é,0, Q -
Imperial Valley M=mé.4, O - San Fernando Mm4.3 and A - Kern
County M=?7.2 .,

The relaticn between the Amax and Amax(s) values (Fig.?)
shows that the Amax(s) amplitude is almost always smaller than
the Amax amplitude. We estimate that
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Fig.8b. Dependence of the aAmax(s) value on the epicentral

distance R ; for symbols see Fig.S8a.

Amax = 1.486 Amax(s) - 0,367 . (23

Likewise, the cumulative AFD can be used for finding another
statistically determineéd maximum amplitude of the seismic signal,
which is called the "reference” maximum amplitude Amax{(ref) and

is given by the relation

Amax(ref) = ao / b, s (24)
/7 .
1000 - '// .
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Fig.?. Correlation between the Amax and the Amax(s) values;

for symbols see Fig.8a.
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where a and b are now the coefficients of the cumulative
AFD (11b>., It is clear that amaxiref) has no physical meaning,
nevertheless we balieve it could be applied in some strong motion
analysis; for example as any maximum possible amplitude or at
least as any pilot value to the Amax(s> amplitude,

4.2 Effective amplitude of ground motion

Under the term effactive amplitude we understand such an
ampl itude level which involves the required number of amplitudes
of a ground motion record according to their percentile level P.

Let us assume a digital ground motion record of a seismic
signal consisting, for example, of 100 digit amplitudes and let
us try to find an effective amplitude aAeff involving 98 % of
all digit amplitudes. The simplest way would be to neglect the
two Qreatest extreme amplitudes and define an effective amplitude
as a value that has to be smaller than the two greatest ampli-
tudes and gQreater than the other %8 remaining amplitudes. It is
understandable that this simplest approach would often be affect-
ed by random superposition of different wave groups of ground
motions. Thus if we apply the entire signal AFD, we are not using
only individual digit amplitudes, excluding seismic noise ampli-
tudes, but the whole amplitude content of the seismic signal.

To determine the effective amplitude Aeff , the cumulative
"AFD is used. We extend relation ¢(11b) approximated by this dis-
tribution up to the lowest amplitude class and determine the
number Nc , which gives the number of digit amplitudes of the
seismic signal in that class, i.e. log Nc = a . The value Nc
is assumed to be the number of all the digit amplitudes of the
seismic- signal. Then the effective amplitude Aeff , which is
defined by the percentile level P EZ of the occurrence of
amplitudes in the signal, can be calculated by the following
relation )

Aeff(P) = ( a. + 1log P/100 ) / beg(a) (252
where a. and bg(a) are the coefficients of the cumulativa AFD
and

P >= 100 ~ 103¢ . ¢25b)

The effective amplitude is limited both from below by zero ampli-
tude, which corresponds to the P = 0 % and eliminates all
signal amplitudes, and from above by the Amax(s) ampl itude,
which corresponds to the P = 100 % and on the contrary involves
all signal amplitudes. '

Unfortunately, the dependence of Aeff on the earthquake
magnitude M could not be estimeted due to the small range of M
of the five Californian earthquakes. Consegquently, the obtained
data alldw us to find only a relation between Aeff [cm s'a] and
R [km] in the form ¢

14

© e mr e gy n

[ ey



N

log Aeff = q - k 1leocg R ’ {28
where for the horizontal component

q=0.07 P - 2,386 and k

1]
Ly
o
(8]
k1

'
o
4]
[ 8]
P
(8]
™~
™)

and for the'vertical component

qa=0.07P - 2.94 and k .02 P - 0.87 . (26b>

It is known that the relations beatween the peak amplitudes
Amax of ground motions and the values of macroseismic intensi-
ties of the site Is, where those motions were recorded, show a
scattering over two orders of values Amax (SHEBALIN 1975, SCHENK
and SCHENKOVA 1981, SCHENK 1984),. This fact is explained by the
influence of the local seismogecological conditions on the site.
Since +for some sites ground motion records can be directly com-
pared to the observed macroseismic intensities 1s , we tried to
find for these records some dependences between Reff by means
of a different percentile level P .

246 such records were available, for which the wvalues of Aeff
versus 13 <for four percentile levels P = 99.5, 98, 95 and 90 %

H pesox H possy

© log A Pid -~ e
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Fig.10a. Correlation between the Aeff<(P> of horizontal components
and macroseismic intensity Is jfull points - mean value, dashed
lines - range of accelerations recommended for s in MSKé4 Scale.
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Fig.10b. Correlation between the Aeff(P> of vertical components
and macroseismic intensity ls ; for symbols see Fig.10a.

were determined (Figs 10>, The values Aeff were compared with
the acceleration values recommended by the MSK-464 scale for the
macroseismic intensitiesy] the upper and lower limits of. the
values are indicated by dashed lines in the graphs of Fig.10. The
most suitable coincidence of the mean values of Aeff (full
points) with the recommended values of acceleration for macro-
seismic intensities Is belongs to the percentile level of 90 X
for the horizontal component (Fig. 10a) and to 95 % for the
vertical component (Fig. 10b)>. This finding also follows from the
fact that the amplitudes of horizontal components are wusually
greater than those of vertical ones.

To conclude this paragrzaph, we can emphasize that correla-
tions between the effective values of ground motions and other
parameters (in our case with the macroseiamic intensity) can
probably give more reliable relations than those, which use the
peak ampl itudes directly measured.

4.3 Total root-moan-square ampl { tude

In a few recent papers (MORTGAT 1979, McCANN and BOORE 1783)
the value of "root-mean-square® amplitude RMS of ground motions

18
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is introduced to be a new quantity for an evaluation of seismic
vibrations. The RMS3 amplitude is defined by the following
expression (McCANMN and BOCRE 183>

t2 1/"2
.
RMS =[—--— /A" Cty dt ~( . 27>
£2 -t J
£l

where wvalues of t! and t2 are integration time 1limits between
those the zignal amplitucdes ACt) are used for a calculation pf
the RMS, The RMS amplitudes are variable with time over the
entire seismic signal and, therefore it is clear that the indivi-
dual time-sequential wvalues of the RMS amplitudes cannot be
calculated with the use of the AFD. However, the knowledge of the
density AFD of the seismic signal allows us to determine the
total RMS amplitude of the signal in the form

. m m 172
RMS = [Z Ay N‘-]/[( 2. Ny - 1} , (28>
‘ i=1

i=1

SV AL
where. Ny = |10°P W ‘,}, AL = ¢ 2i - 1> Kmax / 2 Amax  and
the upper 1l1imit m of the summation is defined by following
condition: for log N 2>= 0 it is 1 <= i <=m and for log Ni
€ 0 it is m < i <= Kmax.

A dependence of the total RMS ampl itudes, obtained by this
process, on the epicentral distance R 1is similar to that of the
Amax(s) (Fig. 11)>. A distinct relation between the total RMS
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Fig.11. Dependence of the RMS acceleration on the epicentral
‘distance} for symbols see Fig.S8a.
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Fig.12. Dependence of the RMS acceleration on the Amax(s) wvaluesj
for symbols see Fig.Ba.

ampl itudes of seismic signals and their Amax(s> amplitudes (Fig.
12) explains the similarity mentioned above (see Paragraph &4.1).

We estimate that

log RMS = 1.048 1log Amax(s) =~ 0.468 . (29>

It seems that the total RMS amplitude could become one of the
important dynamic parameters of seismic ground motions.

4.4 Total amount of the kinetic energy

The energy the seismic vibrations contains is one of the
most important dynamic parameters on which we depend not only for
understanding the energy release processes within an earthquake
focus but also for assessing the damage caused in the near <(or
epicentral) zone of the shock. The total amount of the kinetic
energy can be determined from the density AFD of the seismic
signal in the form

m 2
E-[< At/'r.'s>+x] . A: Ng , <30
. imy

where A are the ampl itude digits of a seismic vibration, At is
the sampl ing interval of the vibration, Ts being the total time
duration of the signal (see below).

In order to obtain the energy values in standard physical

units Lorg or Joule] , it is essential that the digitized
ampl i{tutes should correspond to the particle velocity.
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4.8 Total impulss of seismic

[t

igral

parameter, which characterizes the amount of energy

The next
of the seismic signal, iz-its impulse. S5incs the impuize corres-
pondz to the changes of particle motion in time, then it can be

expressed by the following relation
IMPv = [( At 7 Ts > ¢ :] At 20 AL N'L . (31>

where A, are amplitudes of particfe velocity., If a record of the
particle acceleration is available, it holds

IMPa = IMPv / At . (32>

6.6 Total duration of ground motion

The determinaticn of the duration of a seismic signal Tg is
related to the precblem of its identification within the entire
record of seismic vibrations. 11t is not easy to decide how long
the signal code lasts, i.2., to find the termination of the
signal in the seismic noise. Therefore, in common practice, the
elapsed time between the first and the last amplitude of a given
level (e.g. 0.05 g ) is taken as a representative period of the
duration, referred to as the "bracketed duration® (BOLT 1974).

Using the AFD we can suggéest the following way of determin-
ing the total duration of the seismic signal. Le’ us have a
cumulative AFD, which was compiled from ground motion amplitudes
successively pointed out through the entire record at constant
sampl ing intervals at, 1t is evident that the total number of
amplitude digits in the signal coincides with the Nc wvalue of
the lowest amplitude class of the cumulative AFD. We obtain

h ac-becay A/Q\

Ne = |10 . (33a>

Then the total duration of the signal is given in the form
Ts = C(Nc - 1> At . (33b)

1f a distribution pattern of the Ts wvalues determined in
this way is correlated with the epicentral distance R [kml, we
observe their positive dependence (Fig. 13> : the greater the
epicentral distance, the greater the total duration of a seismic
signal. Thia fact is understandable because with increasing dis-
tance the time intervals among the onsets of individual types of
seismic waves ( P, S, surface ) become greater due to different
wave velocities. Therefore, the total duration of a signal has to
be 1longer too. For R<(= 30 km this correlation can be roughly
expressed in the form

log Ts = 1.05 &+ 0.57 (34a)
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Fig.13. Depsndence of the Ts value on the epicentral distance R;
for symbols see Fig.B8a.

and for R > 30 km _
log Ts = i.19 log R - (0.71 & 0.61> . (34b)

The dependence between the total signal duration Ts and
the Amax(s) amplitude of gQround motion shows an opposite pattern
(Fig. 14)31 the greater the signal duration Ts , the smaller the
amplitude Amax(s). We estimate that

log Ts = (3.19 & 0.34) -t¢1.05 &+ 0.04) log Amax(s) . (3%

- This fact is obvious, because if the distance is greater, the Ts
values are also greater (Fig. 13) and simultaneously the maximum
ampl { tudes become smaller (Fig. 14). The significant character of
this dependence evidences that the attenuation of the amplitudes
of the signal wave pattern is more dependent on the distribution
of seismic energy into various kinds of wave groups and types,
and on their expanding space propagation than on the actual
decrease of the energy caused by the material properties of the
geological media.

6.7 Effective duration of ground motion
Likewise, the same method can be used to dotorﬁino the
effective ‘"bracketed®" duration for different levels of ampli-

tudes. Under the term effective duration we understand the sum of
time periods during which the amplitudes of the signal exceed a
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Fig. 14, Dependence of the Ts wvalue on the Amax(s) valuej
for symbols see Fig.S8a.

given effective amplitude level Aeff . Since the cumulative AFD
of a seismic signal is approximated by relation (11b), the effec-
tive amplitude level Aeff determines the total number of ampli-
tudes greater than Aeff by expression

- b A
Neff '= | 102¢” "e(®) 'ff\. (37a)

The effective duration, bracketed by the Aeff value, is then
Teff = (¢ Neff - 1) At ' . (37b)

In this way, the effective duration Teff for the Aeff wvalues
given in absolute units of ground motions (acceleration, velocity
or displacement) can be calculated. We analyzed the set of acce-
lerograms of those five Californian earthquakes to determine the
dependence of Teff wversus the Amax(s) amplitudes for the fol-
lowing levels of Aeff 1 S, 10, 20, 40, &5, 100 and 200 cm &%
(Fig.15). For Aeff = 0 cm st , the Teff value becomes the Ts
value. .

Figure 18 shows the way the dJdistribution pattern of
dependence Teff on Amax(s) changes with increasing effective
ampl itudes Aeff 1 the above described character of the dependence
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Ts wversus AmMmax<(s) gradually assumes (for Aeff = 5 cm st . an
opposite character ¢($ar Aeff = 10 cm 3~ ), which becomes more
pronounced for Aeff 3= 20 cm "% , This change of the dependence
Teff wversus Amax(s) can easil, bz explained by the AFD of the
seismic signal : ths greater the wvalus of Amax(s) , the highar
the number of effective amplitudes of a c=rtain level, e.g., in
zczordance with ¢(24b), longer effective duration Teff . -

7. CLASSIFICATION OF GROUMD MOTICNS ACCCORDING TO
MACRQSEISMIC EFFECTS

7.1 Significance of the parameters for record classification
according to macroseismic intensity

The parameters described in Paragraph &4 were determined for
the accelerograms of the Californian earthquakes and statis-
tically analyzed. The statistical analysis was performed for
vertical and horizontal! components separately and for three mac-
roseismic classes (Table 1.). Each component was considered to be
one object characterized by a vector of the parameters.

macroseismic class
Table 1 class 1. class 2 class 3 .
I217° I=6° 1< 5°
vertical
component 47 29 "
horizontal
component 95 38 26

The multidimensional dispersional analysis can be used under
the assumption that inside each macroseismic class the vectors of
the parameters are normally distributed with respect to the mean
vector of this class and that the covariation matrixes of the
vectors of the three macroseismic classes are equal (AHRENS and
LAUTER 1981>. The parameters characterizing amplitude and energy
quantities (see Paragraphs 4.1, 4.2, 4.4, 6.5 and peak amplitude
AMmax were taken in the logarithmic form to make their distribu-
tions inside the classes closer to the normal ones.

The mean values of the parameters, e.g., the components of
the mean vector together with their standard deviations, were
_ determined separately for vertical and for horizontal components

of acceleration (Table 2). Applying the F-statistics (AHRENS and
LAUTER 1(981) to these mean values, one can find that the mean
vectors of all the three macroseismic classes differ with a
confidence level of 0.01 . Table 3a contains the coefficients of
correlation of the parameters of vertical components, Table 3b of
horizontal components.
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Table 2.

‘vertical

component

e S A

Para- class | slass 2 class 3 | 5
Aeter Mean S.D. Mean | 3.D. . Mean| S.D. l
RNS . .82 .14 .73 [ .15 .72 ST S §
E 3.863 .37 3.27 © .s8 2.92, .48 . .21
NP .03 .27 -.16 230 -.21 W31 .13
AeBO 2.32 .27 2.04 .33 1.79 .20 ¢ .48
Ae90 2.44 .30 2.24 .29 .95 .19 .37
Ae9S 2.56 .28 2.36 ;.30 2.06 .19 .38
Ae98 ' 2.65 . .28 2.456 .31 2.15 .19 .36
Ae99 2,70, .29 2.51 .38 2.20 .19 .35
taus 34.35 © 21.39 28.67 | 25,10 36.74 | 28.30 .02
teos 31.59 18.33 24,40 | 19.45 29.93F 21.94 .03
telo 29.21 . 15.97 21.356 | 14,91 24.52 ] 17.13 .06
te20 25.27 - 12.487 16.61 9.94 16.74 1 10.71 .15
tedo 19.52 ; 9.44 11.08 6.93 8.33 4.94. .34
tess 14.68 ° 7.80 7.50 | 5.81 3.86( 2.8b .42
tel00 10.31 b.46 4,85 4.30 1.52 1.4 .40
logF 1.1, .22 1.12 .22 1.10 .22 .00
Asax 2,82 . .29 2.6b .33 2.30 .21 .35
ab 2,14, .29 2.03 .37 2.08 .33 .03
- bD -.01 { - .0l -.01. .01 -.01 .01 .18
aC 3.16 ;.27 3.01 .36 3.19 .24 . 06
bC -.01 1 .01 -.01 .01 -.02 .01 .20
bDK -.05;: .01 -.05 .01 -.05 .01 .04
bCK -. 06 .01 -.06 .01 -.06 .01 .03
As 2.74 .29 2.56 .32 2.25 .20 .34
Aref 2.8% .30 2.87 .32 2.34 .19 .33
horizontal component
Para- class 1 .class 2 class 3 D
meter Mean S.D. Mean ! S.D.. Mean s.D..
RMS .95 .13 .85 .13 .82 .16 .14
E 4.22 .53 3.77 .62 3.39 .57 .31
inp .28 .28 .09 .30 L0101 .33 .14
Ae80 2.58 .30 2.32 .34 2.02 .27 .44
Ae90 2.75 .27 2.48 .38 2.19 .26 44
Ae9S 2.87 .27 2.64 310 2.31 .26 .50
Ae98 2.97 .27 2.75% .32 ! 2.40 : .26 .49
Ae99 3.02 .27 2.81 .32 2.45! .27 .47
taus 28.74 19.07 24,24 1 24.52 29.72 , 25.97 .01
“te05 27.70 | 17.94 22.58 | 21.87 26.10: 21.74 .01
te1o 26.74 | 156.93 21.08 | 19.58 23.03 . 18.37 .02
te20 25.00 | 15.20 18,48 | 15.89 | 18.18; 13.45 . 0S
tedo 22.04 : 12.41 14.52 ; 11,11 " 11.88; 7.96 .14
tess 19.05 & 10.50 11.13‘ 7.96 1 7.49% 5.10 \27
tel00 15.76  8.82 8.12 5.93 4,35 3.7 .39
logF ~.26 . 11.73 .39 0 641 2.11  6.88 .01
hmax 3.14 .2 2.96 .38 2.59 .28 : .38
ol 2.03 .28 1.95 .40 2,06, 33 .02
bD 00 - 00 00 . .00 -01. .01 )} .54
aC 3.08 .27 2.91 ¢ .28 3.07 .28 1 .06
bC .00 .00 L00 W00 -.01§ 01 .35
bOK -.035 .01 -, 09 . .01 -. 05! .01 \ .03
bCK -.06 ., .0t -.06 ; 0Ot -.06 L0t ' o4
As. 3.06 y 2 2.85 | 33 2.49, 27 .47
wreé 3.17 .28 2.98 .33, 2.60 27 LA
2¢
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statisztizal quantity "d.;u ance"™ D of =2azh parameter was introduc-
ed 2 thisz evaluation (AHREMT and LAUTER (P21:j the higher the O,
th2 mores informative the caramatsr f3r the classification. For
avample, -the Amax of vertical and horizontal < mponent= are less
i informative than Aeff(22) and Teff(lich.,

After the statistizal analysis of the parameters, the pat-
tern recognition algeorithmes were intrcduced to solve the inverse
problem : a classification of the accelercgram, which is describ-
ed by the 25 parameters of each of its cocmponents according to
macroseismic effects. We Used the following algorithms :

i> MAH - the Mahalancbiz distance

ii) FACT - the estimate of F-statistics { unbiased estimate of
Mahalanobis distance?

) iii> APR - the estimate with regards to "a priori" probabilities
of classes

iv) DCOR - the estimate with regard to different covariations in
classes, and

v) DAPR - the estimate with regard to all these possible dis-
tinctions between classes.

Table 4.
Percentage of Failures in the
Classification
Pattern :
Recognition Horizontal | Vertical
Algorithm Component
1 11 I II
FACT 24.7 3.1 24.0 2.1
MAH 24.2 3.1 25.0 2.1
DCOR 23.7 | 10.3 | 19.8 | 33.3
APR 1 a35.3 | 3.1 | 22,9 2.
DAPR 22.7 10.3 | 19.8 | 33.3

I - objects referred to the adjacent class
II - objects referred to the opposite class
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The inaccuracy of different pattern recogrnition algorithms ap-
plied in the process of classification is given in Table 4. The
Mahalanobis algorithm gives the meost effective classification for
the horizontal component, while the "a priori® probabilities
algorithm gives the moat effective classification for the verti-
cal component. Table 4 also shows that the pattern recognition
algorithms allow us to classify successfully three out of four
acceleration components, the vertical or horizontal ones.

7.2 "Destructive” and "Save" récords

An attempt at establishing the characteristics of the object
belonging to the first (I >= 7 MSK) and the third (I <= S MSK) °
classes is made. These characteristics are determined by the
CORA~3 algorithm of pattern recognition (GELFAND et al. 1976).
This algorithm uses binary vectors, i.e., 0 and i, to detect the
characteristic features (traits) of vectors in each of the two
given macroseismic classes. rach parameter is coded by 0 if
higher than the corresponding thresholds and by 1 if smaller than
this threshold. An example of the thresholds for some more infor-
mative parameters of vertical and horizontal components is pre-
sented in Table 5. By using the CORA-3 algorithm eight parameters
were finally selected as the most informative for the classifica-
tion of vertical and horizontal components of acceleration. It is
also necessary to point out that two horizontal components of the

same accelerograms create a single vector consisting of the maxi-

mum values, which were always elected from two values of the same

parameter. The advantage of that approach was discussed in GVI-
SHIANI et al. (1987) and therefore we apply it too.

The necessary criteria for a classification of accelerograﬁél
into the "destructive® class (1 >= ? M5K) are the following:

A. for vertical components

1. Teff(é5) > 8 sec,
- 2. Ts > 28.53 sec, Aeff(80> > 93 cm/sec?,
3. Aeff(80) > 92 cm/sect, RMS < 7 cmvsec™®,
4. beocay € 0.01019, Ts ¢ 28.53 sec, RMS < 7 cm/sec?,

8. for horizontal components

\

1. TeffC100) > 8 sec, Teffcs%) > 18.65 sec,
2. Tef$¢(100) > 8 sec, E < 15000,
3. bcm) < 0.0028 ,

Likewise, to clasify the accelerograms into the "save" class (I
={ 3 MSK), the following conditions have to be satisfied:

A. for vertical components

1. Tef£(é%) < 8 sec, Aeff(80) ¢ 92 em/secd, beca) > 0.01019
2, Tef$(4%) ¢ B sec, Aeff(B80) < 92 cm/sec*, Ts > 28.53 sec
3. Teff(s5) ¢ 8 sec, RMS > ? cm/sec?,
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Table 5.
Vertical Horizontal
Parameter Component Component
ag 3.15 2,98
bC(A)A °f°1019 0.00250
bD(A) 0.00999 0.00210
Amax(s’ 300 1;46
Apax(ref) 459 1225
Aeff(BO) 92 » 2o
Aeﬁ.(90) 150 524
Aeff(gs 300 650
RMS 7.0 12.4
E 3500 15000
IMP 1.5 2.0
28.53 38.0
e (s) - 6
eff(65) 8.0 12.05
i;ff(loo) 4.5 .

B. for herizontal components

1. Teff(85) < 18.65 sec, Teff(100) ¢ 8 sec, becay > 0.0025
2. Teff(&5) < 18.45 sec, £ > 15000, Amax(ref) < 1255 cm/sec®

-
8. ATTENUATION COEFFICIENTS OF THE GROUND MOTIONS

Let us have a digitized seismic signal, whose amplitude
envelope is attenuated exponentially according to relation (3.
Unlike the formerly used AFDs, i.e. a distribution with a cons-
tant amplitude class, for calculating the attenuation of the
seismic vibrations it has proved more effective to select nonli-
near amplitude distribution so that for the limits of the i-th
amplitude class it should hold

AL = Amax exp (- te) (372
and
Aty ™ Amax exp (- Aty ) (37t ,
where ties » td = T is the constant time, during which the

signal will be attenuated from amplitude A
From these
practices,

to amplitude AJey.
relations it follows that contrary to the previous
indexes { in amplitude classes will be numbered in
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Fig.16. Amplitude classes of the nonlinear AFD

tho'upward"order, beginning with the class of a maximum ampl itude
and ending with the class of amplitudes close above the boundary
of seismic noise. Inserting relation (37) into (3>, we get

T = ¢CInAgwy =~ InpA, >/ A . (38)

" The number of amplitude'samples in the i-th class in then given

by CFig.18)
Ne = T /at = 'In Ay 720> /A at . (39

where O t is the constant sampling interval. Relation (39) makes
it evident that with a constant ratio of the boundary amplitudes
of the new-created ampl itude nonlinear AFD, the number of samples
in these classes will be constant and in indirect proportion to
the attenuation coefficient- '3 of the seismic signal.

As pointed out above, relation (39) is valid under the
assumption that all signal samples belong to the exponentially
attenuated envelope of ampl itudes <(3), This assumption is obvi-
ously not satisfied since, in addition to the samples on the
envelope or in its close aproximity, the signal alsoc comprises
the samples lying below ‘the envelope and constituting the “"con-
tent® of the signal. If, however, the signal is a periodical one,
we can show that the envelope can not be approximated by the
signal extremes but also by any other samples within one period
range. Relation (39) will also hold for this envelope, only the
absolute ampl itude of the signal will be lower, It means that for
each class the contributions of the lower envelopes will be
constant too, but in accordance with the conditions given by
relations ¢(3?7), it will become manifest only in the higher class-
es. From all the above stated facts it thus ensues that for the

32
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Pig.17. Approximation of a real ®ignal by the relation (41

periodical signal, which is attenusted according to the exponen-
tial law (3>, we can write

B= 1im ___In CAgy /Ay > 7/ Ny oat . <aD

This relation can already be used for digitized seismic signals
to determine attenuation coefficient,

Due to the fact that the new logarithmic AFD is not ter-
minated in higher amplitude classes because the amplitudes that
belong to them continuously in pass into seismic noise ampli-
tudes, in determining the coefficionts@of real seismic records,
it 1is necessary to define the maximum value of index i . This
index ' is determined from relation (37b) in such a way as to
exclude ¢the classes containing seismic noise amplitudes +rom
processing. The nonlinear logarithmic AFD is than unambiguously
defined by index 1,4 .




—— -

In order to determine the'value of the occurrence frequency
of amplitudes in the >articular logarithmic amplitude classes, in -
the set of N values wa approximate by the least-square method
the function

NC(id> = al exp 2 ¢ a2 § - a3 s {422

the wvalue of the curve maximum being considered the limit <40).
In analytically defined signals, also other approximations were
tested to determine the limit (40>; in the end, relation (41>
proved to be the most convenient. Figure 17 i3 an example of such
an approximation in a real signal in order to determine the
coefficient by the above-mentioned methodology.

The calculation of the quality factor @ , which character-
izes the attenuation properties of a rock medium, is given by the
relation ‘

@ = ¢ r n , (43>

where f is the predominat frequency of the seismic signal. 1t
is obvious that this relation has a correct validity for the
signal of harmonic wave motion, . for real seismic - signals its
validity is only approximate. Frequency { can be determined by
means of the Fourier spectrum or from the frequency distribution
of the signal half-periods (SCHENK 1987)>. The latter method is
based on the same principle as the determination of the AFD.

9. CONCLUSION

An analysis of a seismic record in the amplitude domain does
not only enable us to obtain new parameters characterizing
seismic vibration, but also contributes tc the classification of
seismic wave motion. The introduction of this analysis to routine
seismic interpretation procedures together with the analysis of
waves in the time and frequency domains extend the present
possibilities of studying dynamic parameters and contributes to
their more objective and more general evaluation.

These new-defined dynamic parameters can be expected to find
a wide application in the methods of earthquake engineering, in
particular the wvalues of the statistically determined maximum
ampl {tude, of the effective amplitudes and durations of the
seismic sighal. A treatment of the records in the amplitude
domain has revealed that some parameters change with the earth-
quake magnitude or with the epicentral distance as opposed to
some that remain invariant. The knowledge of the parameters in
the near-field of the earthquake, together with the known depen-
dences of the amplitude-fraquency distributions and of spectra of
seismic waves, contribute to classifying strong ground motions
recorded up to now and to selecting more objectively analogous
motions C(accelerograms, etc.) that express the seismic hazard in
a form suitable for the design of ®marthquake resistant struc-
tures.
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THIRTEENTH EUROPEAN SEMINAR ON EARTHQUAKE ENGINEERING

GEOLOGICAL FAULTS AND EARTHQUAKE CODES

INTRODUCTION

It is accepted that earthquakes take phce on faults but not on all faults
with'equal likelihood. Whether or not, in a particular setting, a kmown
fault contributes significantly to the seismic hazard is & matter of prime
concern in engineering seismology and a theme of much current research.

B With the increasing capability of numerical hazard modelling, especially

when a logic tree fonul_ation is adopted, there is an increasing tendency,
if not a temptation, to model faults sources explicitly even where the
assignation of the necessary parameters to them is little more than

constrained guesswork.

It is not surprising therefore to see in recent 'general' earthquake codes
(viz Draft, 1S0/DIS 3010.2) and EC8 reference being made to 'active'
faults and the restictions on the siting of important buildings which

their proven presence imposes.

In many regions crustal faults are ubiqutous so that the mean distance to
the outcrop may be small (<1 km). The chance of siting away from a fault
is therefore small for a major construction project or urban development.

The significance of faults so labelled ‘'sctive' is well established when
it comes to the siting of NPP's dams, LNG facilities (see Meehan 1984) but
the incursion of the category into general earthquake codes has wide
ranging implications and warrants a brief review of the concept of
‘sctivity’, how it can be recognised and what impact on & hazard
calculations such recognition may have.

The lecture will review the extent to which 'faults' as such are dealt
with or referred to in genral earthquake codes and a number of specialised
regulatory documents. The ‘'scientific' basis of a rational comcept of




" 'activity' will be discussed, leading to & set of 'pointers' aiding
decisions regarding the incorpration of faults in hazard cslculations.
Recent advances in geological technigues for the hting of 'last movement'
will be referred to. Attention will be drawn to some fundamental
limitations in the extent to which a full picture of fault activity can be
developed. '

CURRENT CODE AND RECULATORY POSITION

0f the 34 c'arthquke codes cou;cted in the World List (1984) only a
handful specificslly refer to faults, usually in very general ten-s
recommending that :gtive ones be avoided. The Draft Rurocode 8 goes
further in tbat it requires that “"Buildings belonging to classes I and II
according to section 15,31 ihould not be built within ? m from a distance
of potentialy active fault (to be specified by the competent national
asuthority)”.

The issue is also touched upon in regulations in Italy (Seismic act ,# 64
1974 and p 741 1981) and California. It is however from the power
industry with its large dams, nuclear facilities, LNG storage, that the
most detailed guidance has emsnated.

Faults have been seen as having the potential for surface rupture as well
as constituting sites for earthjuaskes and so affecting the shaking hazard.
The wmost influential document hss been the United States Nuclear
Regulatory Commission's Rules and Regulations part 100. Reactor Site
Criteria NUREG 100A and the derivative but not entirely identical
Internstional Atomic Energy Agency Safety Guide no 50-SG~51 1979. The
subject is also touched upon in the American national Stan;htd Criteria
and Guidelines for Assessing Capability for Surface Faulting at Nuclear
Power Station Sites (1982) and the Draft International Standards
Organisation's DIS 6258~RKuclear Power Plants-Design against seismic
hasards 1983. Although the nuclear industry has been to the fore fromt in
these matters other agencies have been drawn in.

The formal and detailed listing of criteris which label & fault as
‘capable’ in the USNRC sense, that is, capable of rupturing at the




“surface (implicity a co-seismic rupture) were deveioped_vith the US West
Coast settings in mind and have been subject to critical appraisal since
the late 70's (Minogue 1979, EPRI 1986). The limitations of the USNRC
‘approach from a ‘scientific' point of view will be considered later.

In Japan, for nuclear installations, faults are classified according to
deformation rates and on this basis participate in a seismotectonic
(deterainistic) hazard calculation.

This lecture will not go jinto details as to the calculation procedures
prescribed in the foregoing guides but will concentrate upon the problem
of defining and identifying 'activity'.

It is instructive however to examine more closely the provisions of the
various regulations in order to uncover any counsistent basis for the
criteria adopted.

——

USﬁRC NUREG 100 A

The full designation of this influential document is:

Title 10 Chapter 1, Code of Federal Regulations—Energy
Reactor Site Criteria
Part 100

N

The date of the text use in the following discussion is May 31 1984/

i D Ay e o

Appendix A entitled 'Seismic and Geologic Siting Criteria for Nuclear
i Power Plants'. It consists of six sections:

-

Purpose

11 Scope.

111 Definitions

Required Iuvtu:ig;tionn

Seismic nﬁd Geologic Design Bases
Application to Eugineering Design
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Ia Section III dealing with licfinitions. subsections (‘). to (k) appurtsin
to faults:

(e) A 'fault' is & tccﬁonic structure along with differential slippage of
the adjscent earth materials hes occurred parallel to the fracture plane,
it is distinct from other types of ground disruption such as landslides,
if fiesures and craters. A fault msy have gauge or brecciz between its
two walls snd includes sny associated monoclinal flexure or other similar
geologic structural feature.

(£f) 'Surface fnlulting' is differnetial ground displacement at or near the
surface caused dirictly by fault aovement and is distinect from non
tectonic types of irnnd discruptions such as lnioideo fissures and
craters. '

(g8) A 'capabdle fault' is a fault which has exhibited one or more of the
following characteristics: '

1) Movement at or near the ground surface at lease once within the
past 35000 years or movement of s recurring nature with the past
500000 years.

2) Macro~seismicity instrumentally determined with records of
sufficient precision -to demonstrate a direct relationship with
the fault.

3) A structural relationship to a capable fault according to the
characteristics (1) or (2) of this .paragraph such that a
movemsnt Oon one could reasonably be expected to be accompanied
by a movement on the other.

In some cases the geologic evidence of past sctivity at or near the ground
surface along a particular fault may be obscured at a particular site.
the might occur, for example, at s site having a deep ovarburden. For
these cases evidence may exist elsewhare along the fault from which an
evalustion of 1its characteristics 1in the vicinity of the site can




Rl L TITE

RGN QI (. renn,

reasonably be based. Such evidence shall be used in deterimining whether
the fault is a capable fault within this definition.

Notwithstanding the foregoing paragraphs II (g) (1), (2) and (3),
structural association of a fault with geologic features which are
geologically old (at least pre-Quaternary) ‘such as many of those found in
the Eastern region of the United States shall, in the absence of
conflicting evidence deomonstrate that the fault iu not capable within
this definition. ‘

(k) The 'control width' of a fault 1s the maximum width of the zone
containing all <faults which carn be inferred to have experienced
differentisl movement during Quaternmary times and which join or can
reasonably be inferred to join the main fault trace meagsured within ten
miles along the fault trend in both directions from the point of nearest
approach to the site (see Fig 1 of this Appendix).

Section IV of the rcgu]rationc goes on to give in detail the required
1n§estigation for surface faults and calls for determination of the
capabdllity or otherwise of all faults over 1000 ft any part of v;hich is
within 5 miles of the site. A Table 1 (of Appﬁndix A in the NUREC) gives
a minimum length of fault versus distance which is to be considered for
possible capability. ' "

It calls for the 1listing of all historical earthquskes which can

ressonably be associated with capable faults greater than 1000 ft long any
part of which is within 5 miles of the site together with date of
occurrence magnitude intensity and a plot of epicentral region. For such
faults the epicentres are to be correlated with capable faults over
1000 ft long any part of which is within 5 miles of the site. 1In
considering these small fault within 5 aile from the site the lemght, the
relationship to regional tectonics, the history nature and especially
Quaternary movement associated with any one earthquake has to be estimated.

"Section V part b deals with the determinstion of th need to design for

surface faulting and lays down the distances to be closely investigated as
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function of the so called control width of a fault expressed as multiplier
times the control width depending on the largest potential earthquake
which can be associated withn the fault. For a magnitude between 5,5 and
6,4 the width of zone requiring detsiled fault investigation is twice the
control width as described in a Figure 1 of the (NUREG) document.

Section VI trutl'the' application to engineering design and where a power
plant is to be located within the zone requiring detailed investigation
and requires extensive data to justify an approach not explicity taking
surface displacement into account.

It is clear that all fsults greater than 1000 £t long near the sgite have
to be closely examined and their date of last movement established. There
are however no guides as i:o what could be construed as a ‘reasonable
association' of an epicentre with a fault.

There would also sppear to be room for interpretation of II g (3) in
geologically old areas. The regulations are however backed up by the
USNRC Standard Review Plan which calls for ‘redundant methods and
techniques' to be used in demonstrating non capability and emphasises thaé
no plant has ever been built on a capsble fault and that is is doubtful if
one can design for surface or near surface displacement.

From the exagesis given above it is clear that the designation 'capable'
rtefers specifically to the likelihood of ground surface rupture and
although not explicitly defined it is implied that the ground movement of
concern is what is generally called ‘co~seismic'.

ANSI-ANS 2.7 1982 Criteria and Guidelines for Assessing Capability for
Surface Faulting st Nuclear Power Plant Sites

This document is really USNRC 100A pressnted in the style an Amsrican
National Standard. 1t does however give a definition : "A capable fault
as used in these guidelines i{s one capadle of surface rupture but which
may Or may not gemerate an earthquake”. It then uses as {ts primary
criteria those same ones presented in 100A.

e
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Fault ig defined as a.ruptdre or zone of rock fracture along which there
has been displacement included are growth faults, excluded are the effects
of surface processes. It may be noted that a seismic displacement is now

recogniged. . {

The sgtandard goes on to define the usage of 'may' 'should' and ‘'shall’

. according to the usual code conventions and then 1lists the procedures

vhich may be followed in order to establish whether or not a fault is to
be regarded as 'capable'.

Other reference to surface faults in US regulatory practice are listed by
Bonilla (1982) and reproduced here as Table 1.

Draft International Standard 1SO/DIS 6258 1983; Nuclear power plants deisgn

against seismic hazards.

This document presents an extensive set of definitions and those of

particular relevance are as follows:

2.1.10 inactive fault: A fault showing no signs of recent 3eolog1ca1
novenent or of significant seismic activity.

2.1.11 asctive fault: A fault presenting any proper significant
seigmic activity or any potential of proper seismic activity
whether or not existence of recent geologic movement relsted
to it .can be proven.

2.1.12 capable fault (fault capable of oiisnic activity): A fault
which has significant potential for relative displacement at
or near the ground surface.

2.1.13 surface faulting: The cracks or off-sets on the ground
surface caused by the movement of a fault at or beneath the
ground surface.

2.1.18 earthquake prone structure: geologic structures likely to
bring about eathquakes.
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The French Approsch-Basic Safety Regulations, Regulation No 1.2¢

(Provisional opertion from October 1981)

Taults enter the French methodology as 'seéismogenic accidents' defined as
a 'fault resulting in one or more earth tremors'. It is recognised tht
such faults are rare outside active areas and the term is regarded as
synomomous with the ‘'capable fault' of internationsl usage. An elaborate
set of diagnostics is not included in the regulations.

The Japanese Appoach

In the estimate of hazard for nuclear facilities the Japanese recognise
two 'main cateogries of faults; those generating the maximum deisgn
earthquake and those generating the extreme design earthquake.

The first utcgox;y is further subdivided into feults with s historical
record of earthquskes, Class A faults with evidence of movement in the
past 10,000 years or associated event with a return period of less than
10,000 years and faults with significant microtremor activity.

The second cateogory is divided into first faults of class A and second,
faults of classes B and C having evidence of movement within the 1last
50,000 yesrs or associated events with s return period of less than 50,000

years.

The classification of fault asctivity, following Matsuda (1975) is based on
geomorphological criteris reduced to deformstion rates:

Deformation rate mm/yr

Class A 1.0
Class B 0.1
Class B 0.1
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CLASSIFICATIOR OF FAULT ACTIVITY-non regulatory sources

From the foregoing discussion it 1s evident that clear scientific
framework 1s not explicit in regulartory provisions or criteria’ although
the recognition of the concept of what may be called the Current Tectonmic
Regime (CTR): can be discerned in some approaches.

The general literature does contain a number of helpful classification
schemes, Ambraseys and Jackson 1984 recognise faults which are; 'Aetive',
'Potentially Active', of 'Uncertain Activity' and ‘'Inactive' based upon
mainly geological evidence or lack or evidence for recent movement. They

properly draw attention to the need to appreciate the uncertainty of

’earthquake location before using seismological data to label a fault as

active. The Sub-Committee on European Earthquake Geotechnical problems of
the International Society of Soil Mechanics and Foundation Engineering has
suggested that faults may divided into:- ’

a8) Seismogenic (rare) with recent movements
b) Only recent movements
¢) No movements in neotectonic epoch

Recently there has been increasing awareness that logic tree formulation
enables subjective judgements on activity of a narticular feature to be
rationally handled within a probabilistic hazard model. A notable advance
has been made in the EPRI NP-4726 report 'seismic Hazard Methodology for
the Eastern United States (1986). 1In this report a 'candidate tectonic
features' wvhich may be seismic sources are pinpointed by a suite of
experts having regard to a diversity of ‘'tectonic hypotheses' (Table 2)
vith the constraint that they be judged capable of sustaining a moderate
to large earthquake. A tectonic feature is defined as a "‘hrze scale
geologic structure or element of the earth’'s crust, ﬁcr!upl manifested
only as a geophysical anomaly". 1In this sense a candidate feature, for
the purposes of hazard modelling, may not be a specific fault. It has to
be recognised that although every earthquake is on a fault until the
location and status of a potential source can be identified the expedient
of a 'area' source has to be maintained. The EPRI procedure follows the
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route of developing matrices (which refer specifically to eastern USA)
relating to wvarfious characteristics ~ spatial association of the feature
with seismicity, geometry of the feature relative to stress orientation
and or semse of slip, date of ll‘lt drittle slip movement on the feature,
(see Fig 1).

From these matrices the probability that any one  of them or auny
combination participates in a hazard model is quantified. Thereafter the
appropriate seismotectonic parameters have to be selected and logic. tree
foraulation permits a distribution of each parameter to be incorporated.

Eabedded in these procedures are the judgements of experts which permit
the compilation of the matrices.

WHAT IS AN ACTIVE FAULT?

An ‘active fault' 1s most sensibly defined as a fault which has acted as
the locus of movement within the duration of the (CIR).

Geological studies from many different tectonic regions have shown that
once a fault has move it tends to be the locus of continuing movement
within the same tectonic regime. (Schwartz and Coppersmith, 1984). it is
also revealed by the numerous individual displacements that are required
to explain the offset of large faults. The phenomenon of earthquake
recurrence demonstrates that a fault provides a preferred zone on which
strain energy is repeatedly released. The period from one significant
fault movement until its recurrence was termed by Reid (1910) the 'Seismic
Cycle'.

It follows from the definition given above that the geological time-scale
over which observations must be collected to prove or disprove fault
activity is that over which the curreant tectonic regime (CTR) has been in
existence.

Theoretically, the CTR can be considered as belng defined by the boundary
conditions of deformation existing arund a given volume of crust or
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lithosphere. The base of this volume can be considered to be at the level
where brittle behaviour ceases, either in the lower crust or at the base
of the lithosphere. Laterally, the volume should ideally span between
tectonic plate boundaries. However, as a result of intraplate deformation
and the fact that coherent conditions in reality do not exist throughout
an individual plate, it is preferable to consider a sub~plate scale. 1In
any case, the boundary conditions cannot be measured directly and instead
the determination of the CTR must be based on the manfestations of
deformation within the volume, most 1importently from observations of
internal stregs and strain. By definition, the CTR has been in operation
for as long as the current configuration of requiréd stress and gtrain has
existed. There is no a priori definition for this period, and it must be
estimated by careful analysis of local geological and tectonic data.

One important measure of strain within a region is provided by fault
movement and as the recurrence of individual fault movements (and the
concept of characteristic earthquakes) suggests cyclic behaviour, implicit
in any understanding of the duration of a CTR is the need to assess the
period of this cycle.

The ‘Average Seismic Cycle' (ASC) of many faults in a crustal province of
consistent strain, is the minimum period over which observations would
have to be collected to ensure that a complete pattern of earthquakes had
been recorded. The duratidn of its individual seismic cycle defines the
history over which an individual fault shold strictly be studied in order
to decide whether it 18 or 1s not active within the CTR. Ian practice
however it may be necessary to use the ASC.

Thus the study of active faulting in any particular region must address a
time period which is longer than: the average seismic cycle (ASC) yeé
within the duraction of the current tectonic regime (CTR). As, in
general, the duration of the ASC 1is difficult to &eterline and as
observations of earthquake recurrence suggest a range of earthquake return
periods for the same fsult, the ASC should not be relied upon to better
than an order of magnitude even where its duration cen be quantified. 1In
practice, the duration of the CTR is more robust, more reliable and,
particularly in intraplate ar.ss, slways toc be preferred.




-12 -

The ‘'Extinct' fault—an ideal scientific definitiom.
Faults that bave not been active in the CTR are effectively 'extinct’.

Extinct faults were active in some previous tectonic regime, but as they
are not zones of movement within the current tectonic regime, their
presence is of no consequence. In the case of healed faults, their
constituent mineralogy makes them mechanically continuous with the rocks
they displace. Whilst they are currently frozen or immobilised this does
not discount the possibility that, in some future tectonic regime, these
faults could become reactivated. '

There are two important circumstances in which a fault may move without
precedent in the CTR. (N.B. a fault is not, unti{l it moves, ar ‘active’
fault). Because such circumstances undermine the philosophy of using past
data to evaluate future hazard levels they must be considered:

1 The ASC has not not been completed within the duration of the CIR, in

low strain regions where the ASC would be of extremely long duration
(intraplate areas) and the plate tectonic boundary conditions could
alter before the seismic cycle 1s complete, and in a region where
there are very rapid changes in tectonics regime precluding a full
development of earthquakes on individual faults.
The best demonstration that the CTR has prevailed for a period which
is longer than the duration of the ASC is provided by evidence that
currently active faults have experienced multiple movements within
the CTR.

2 Internal deformation is not steady-state, but shows evolutionary
properties. The simple seismic cycle model of the replication and
recurrance of fault movements can only be an approximetion because
each fault movement changes the state of the crust. When such
changes feedback sufficiently to wmodify the configuration of
faulting, evolutionary rather than cyclical tectonics is manifest.
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There 1s also the question of the creation of new faults. Evidence
from many tectonic and experimental studies, hovever; suggest that
deformation everywhere involves the preferential reactivation - of
existing crustal faults, except when the crust is suffering severe

deformation, in particular around plate boundaries.

Problems in labelling fault as 'active'

As discussed above, an active fault can only be discriminated by .

evidence of wmovement within the CTR. Such evidence exists in two
distinct forms: surface displacenent.;nd seismicity. 1t is important
to recognise that an 'active' fault defined by movement observed from
geological data is not always homologous with an 'active' fault
defined by movement observed from seismological data;

Seismological evidence for fault activity

As any sudden episode of fault-rupture generates a seismic event,
where an earthquake can be proved to have originated along a fault,
that fault is deemed to be active.

However, the subsurface location of both earthquakes and faults
presents great difficulties. No general formula can be propsed by
which the elements of a proof of association and hence of fault
activity, can be quantified. It is necessary to assess the nature of
the available data.

The most important parameters to consider are:
1) the accuracy with which the fault itself can be located.
11) the accuracy with which the earthquake hypocentre can be located.

111) the size of the rupture ares (and hence the likelihood that the
sarthquake must have occurred along a significant fault).

Y
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iv) the seismological evidence concerning the orientation of the
causative fault and its style of movement.

The parameters are now considered in turm.

Only for a well-mapped crustal fault, of known hade, can the
subsurface fault location be determined with accuracy. For many
crustal faults there exists an inevitable imprecision in wmapping
their subsurface course, must particularly where crustal structure is
complex.

The precision with which an earthquake main geismic hypocentre can be
located reflects the availability of local data, and at its best is
rarely better than 5.0 ka.

It 1g, therefore, vwery rarely possible from macroseismic evidence
alone to gain sufficient precision to confidently attribute an
earthquake to a known fasult.

For 4ingtrumentally determined hypocentres unkown crustal velocities
prevent the accuate location of events for any circumstance except
that in which the event is surrounded by nearby seismic recorders.
Even with a local network, precision is ultimately dependent on thr
degree of heterogeneity of crustal velocities, and locational
accuracies more precise than 0.5 km are probably rare. However the
numericai stability and confidence in such hypocentre location is now
capable of evaluation by computer programs.

As only big fault movements pass through to the surface, only the
larger crustal faults outcrop and can be identified from surface
observations. Most smaller earthquakes could occur Jon small crustal
faults that do not outcrop. Clearly the larger the earthquake and
the larger the rupture area, the graater the probability that the
earthquake occurred on a fault known from surface outcrop.
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The probability that a small earthquake originated on a known (and
therefore lirge) crustal fault is'hnrd to quantify. Using the
assumption that the gradient of the regional earthquake recurrence
relationship (the b-value) reflects the actual fractual dimension of
failhre surface of different sizes within the crust (King, 1983),
comparative calculations can be carried out. For example, 1f the
chance of a magnitude 6.5 earthquake occurring on a known fault is
taken as unity, for a magnitude 4.5 earthquake this probability will
be only 1Z. Application of the statistics of line.search for mineral
‘bodies would indicate a greater probability but within the same order.

Some of the most important evidence for an association of seismic
events with faults, comes from information on source orientation and
location contained with in the seismological data.

Thus 1f the orientation of one of the focal planes of a
well-constrained double-couple "  source mechanisa (requiting
seismograms obtained from & good azimuthal spread of seisaic
instruments) corresponds with the orientation of a known fult at that
location, then evidence for fault nc;ivity becomes fortified.

Furthermore if the hypocentres of many events, as in swarms or
aftershocks, define a single plane, then an active fault may also be
presumed even one that was not previously known.

It is very rare to gain seismological proof that a fault has produced
earthquakes within the period of monitoring. The degree of 'proof'
required depends on whether s rigorous proof required by a scientific
argument, or whether in a hazard =model, the probability of fault
activity can itself be incorporated.

Geological evidence for fault activity

Where fault movement has passed through to the surface and can be
dated as having occurred within the current tcctonih regime, the
geological definition of an active fault is explicit. As most
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crustal faults are chiefly known from sutface oboemiiou,_ they
must, by definition, at some period have been active faults on which
movements were large enough to outcrop. Therefore curremt activity
on the same crustal fault should be reflected by continued s'urface
displacement. Hence surface geological observations can hope to
discriminate active crustal faults. However, where the surface
manifestation of the underlying crustal fault movements is complex

surface geological evidence must be used with care.

As only the largest fault ruptures are generally associated with
surface fault displacement geological evidence for fault activity
only records the largest earthquakes. This has dimportant
implications for the estimation of fault activity rates from
geological data.

The time=-scales for determining whether a fault is or is not active
in those regions close to plate boundaries and involved in fairly
rapid crustal deformation referred to in Section 2 have not been
exlicitly founded on a model of the ASC and the CTR. The time-scales
previously employed for deaiguting fault activity are conservative
with regard to the ASC, these same time-scales have often been
inappropriately exported to intraplate regions.

As described above the US NRC definition on geological grounds of a
‘capable fault' focuses on one movement in the last 35,000 years or
more than one in 5000,000 years. This effectively requires that the
length of the ASC is in the first instance less than 35,000, and in
the second less than 250,000 years. As & single movement in 500,000
years does not mske a fault 'capable', in a region where the ASC is
longer than 250,000 years and the CTR longer than 500,000 years a
fault can be designated as 'not capable' but may still be active and
therefore be able to generating a msjor earthquake. Therefors, away
from regions of active deformation in which the ASC is shorter than
35,000 years, the US NRC definitions of fault capability are
inappropriate, are not necessarily conservation as has been a common
aisconception.
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The IAEA definition on geological grounds of fault capability
requires evidence of movement in the 'la;e Qunternnfy' which implies
tht the ASC is probably less than 105 years. Until seismic cycles
for intraplate regions are ascertained directly, such an assumption
cannot be confirmed as valid. 7

In California the geological definition for designating a fault as
‘asctive' has generally been chosen as movement in the Holocene. The

period of 10,000 years is probably conservative for the ASC in

California, but may not be appropriate for all active faults even
there. In Japan the understanding of the significance of the ASC is
implicit in the discrimination between faults with a return period of
less than 10,000 years, and those with a return period between 10,000
and 50,000 years. '

The assessment of the time period by which faults are differentiated

as active or extinct should ;ggg_ be constrained by the limitations

implicit in the duration of the historical recor4 of earthquakes, or
by the limitations implicit in some dating techiques. It is exactly

such limitationc that are imposed in some regulatory definitions of a

'capable’' fault. Such definitions canunot be scientifically justified

and this is why, 1in the absence of the direct measure of the

duration of local seismic cycles, the definition of an extinct fault

is preferably based on the whole geological time period over which

the CTR has existed, so laying a burden upon geological studies.

Therefore, in studying a fault, great attention should be paid to
identifying and dating the oldest geological formation which is not
offset: in particular an overlying deposit, igneous intrusiomn, or
vein material. 1f a fault can be shown not to have moved within the
CIR ‘it can be considered extinct as shown in Table 3.

If a fault can be shown unequivocally to have been the locus of
movement within the CTR uring either seismological or geological
evidence then, as previously disucssed, it Bust be regarded as
active, again as shown in Table 3.
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There are many faults which, for lack of evidence, cannot be proved
to be definitely active or definitely extinct. Away from plate
boundaries the time span of historical seismicity forms only a small
fraction of the average seismic cycle and the locatlonmal 1mprecision
of hiai:drical earthquakes almost Vinvufubly hinders any association
of earthquakes with particular faults. In addition, evidence of
surface fault displacements asnd non-intersected formations may have
been obliterated by erosion.

A third category of faults is therfore required (see Table 3) in
which activity remains unproven. Such a category contains faults of
all descriptions ranging from those that are probably active,
nltﬁouzh such ncﬂvity csnnot be provemn, to those that are probably,
but not demonstrably, extinct.

As has already been remarked, geological and seismological evidence
of fault activity are different in nature. It is necessary therefore
to consider separately those types of observations (see Table 1) that
affect the status of an unproven fault.

'

Sc‘:loiological observations

For one or more v earthquakes to be sssigned to a known fault with
sufficient confifdence to define the fault as active the position of
both the fault and the earthquaes must be known with great accuracy.
Ideally there should also be agreement between the orientation of the
fault and one of the two nodal planes of the focal mechanisa. 1In

practice, hypocentral locations camnot be sufficiently precise unless .

they are obtained from nearby instrumental records and local crustal
velocities are well-coustrained. In addition reliable fault place
solutions required not only high quality data but also & euitable
disposition of the local instrumentstion.
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In almogt all other eases' earthquake n@crOcentres. epicentres and
hypocentrés are not known with cufficieﬁt precision to define a known
fhultAis being active. The only circumstance in which there is a
stroﬁg argument ‘for an imprecisely located earthquake having occurred
on a specific known fauit i{s when the earthquake is _s0 large that
there iz no others known fault large enough.

Geological observations

As Table 3 shows, only geological evidence can prove a fault to be
extinct. An extinct fault is one that can be shown not to have moved
within the duration of the CTR or within a period which is larger
than the longest such cycle 1f it can be ascertained. '

For a fault to be proved to be active by geological data it must
penetrate and displace material younger than the CIR.

For the majority of faults, which cannot be definitely categoriged as
active or extinct (sge Table 3) some discussion is necessary of the
nature of the geological evidence available for assessment within the
range 'probably active' to 'probably extinct'.

A significant vertical component of fault displacement at the surface
produces a fault-scarp which degrades with time. The rate of erosion
is dependent on the natufe of its congitutent materials and the
effects of the agents of erosifon, including wind, rain and man. In
some arid areas of western USA fault-scarps have been dated according

to their state of preservation. As a result of the depredations of

the Ice Age, over much of Europe and North America and the whole of
Britain, any fault ecarp that can be sghown unequivocally to have
resulted from movement and not from differential erocgion 1is &
positive demonstration of an sctive fault. However, the absence of a
fault-scarp cennot be taken as conclusive evidence that a fault is
extinct.
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It is common to f£find that faults lie parallel to one another within a
givcn region. Within any prcvaiiing. tectonic regime, and in
\ particular within the CIR, vhere one fault is reactivated others with
the same orientation may be active. Hence, 1f it 1is possible to
prove that one of a set of faults is either active or extinct, then
this is a strong argument that other analogous parallel faults, share
a similar status. ‘

Faults which have undergone multiple reactivation since the last
[ major orogenic episode have demonstrated their vulnerability through
geolagical time placing them under suspicion of being active.

Seismotectonic arguments as to vhether a fault is active can be
raised on the ‘buia ~f the faults orientation and movement history
with respect to the .TR and this is an important disgnostic in the
EPRI 1986 study. 1In view of the uncertainties in determining the
stress tensor over an appropriate volume of crust and the
uncertainties in the fault constitutive relations, the wmost robust
statement based on crustal stress 1s the likely low vulnerability of
a strike slip fault normal to the direction of principal compression.

It will be seen from this discusssion that the use of Table 3
requires judgement. The implication of this judgement with respect
to hazard modelling decisions is discussed in more detail later. The
ideal categories of 'active' and