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FRACTAL PROPERTIES OF SEISMICITY IN GREECE 

VLADIMIR B. SMIRNOV*, ALEXANDER V. PONOMAREVt AND 

ALEXEY D. ZAVYALovt 

*Physics dept. of Moscow State University, 119899, Moscow, Russia. 
t Seismology Institute of United Shmidt Institute of Physics of the Earth Russian 

Academy of Science, Bol.Gruzinskaya, 10, 123810, Moscow, Russia. 

ABSTRACT 

The fractal approach was used for investigation of seismicity in Greece. Fractal 
dimension (FD) of epicenters set and GR b-value are the base of analysis. The areas 
of decreased FD followed by the decreased b-value areas. The similar result was ob
tained for Caucasus seismicity earlier. These results confirm the proposal that the spatial 
structure of medium inhomogeneities controls the energy structure of seismicity. The 
proposed generalized frequency-magnitude relation takes into account fractal properties 
of seismicity. According to this assumption the frequency of earthquakes of some mag
nitude is constant in the space area proportional to the earthquake source size. This 
hypothesis has been verified for Greece. The laboratory modeling of fault system and 
seismicity structure origin was made on granite samples under confining pressure. The 
general rupture is a model for fault system and acoustic emission (AE) is a model for 
seismicity. Axial post-failure stress curve has been followed quasistatically, extending to 
hours the fault growth process. As a result, the nucleation and evolution of macroscopic 
fault planes were studied in details. The origin of the fault system in rock is found to 
lead to synchronous decreasing FD and b-value of AE structure. 

INTRODUCTION 

The self-similarity is one of the bright feature of seismicity. This feature is seen in 
keeping of certain statistical proper~ies in different scales. The feature of stochastic 
self-similarity indicates physical self-similarity - the self-similarity of the failure 
process. 

Most known exhibition of self-similarity is Gutenberg- Richter law: lg N = 
-b(M - Mo)+ const or lgN = -bElgE + const, where bE = b/q and 
lg E = qM +canst. It shows the relation between earthquake "energy size" M and 
a number of earthquakes of volume M. 

Self-similarity in space is considered in nonuniformity of earthquake distribution 
on space. This nonuniformity has specific statistic regularity. Seismicity in the space 
consists of "spots", and each "spot" consists of more little "spots" and so on. The 
objects having such structure are named fractals [4] . 

. The relation between the size of "spot" and the number of "spots" of this value 
L: lg N = -dlg L + const defines the fractal dimension d. 

This relation has the same form as the GR frequency-magnitude relation. Is 
the frequency-magnitude relation connected with the self-similarity of seismicity in 
space? This work is devoted to the experimental investigation of connection between 
frequency- magnitude relation and fractal structure of seismicity (with reference to 
Greece). 
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INITIAL DATA 

The regional catalogue of Greece earthquakes was used. The catalogue contains 
about 40 thousand events during 1964-1993 years. 

Aftershocks have been removed from catalogue as a first step of analysis. The 
analysis of representativeness of catalogue data was the second one. The earthquake 
magnitude distribution is presented in fig. 1. Special algorithm, designed by pro
fessor Pisarenko [2], allows us to estimate the representative magnitude Mmin on 
defined significance level. The distribution of Mmin on space has been computed 
(fig. 2). 

Catalogue data has been selected according to fig. 2. Parameters b and d were 
computed in space boxes of size lOOxlOO km2 are showen in fig. 2 by dashed lines. 
We took in to account earthquakes with depth H :::; 42 km according to their 
distribution on depth. 

RESULTS 

The map of b-value distribution on space is presented in fig. 3a. The interval 
between the isolines is equal to average error of b-value assessment. b-value decreases 
in north-west direction (fig. 3a). 

Analogous results are presented in fig. 3b for fractal dimension. Figure shows 
that d-value also decreases in north-west direction. 

Thus the b- and d-value space distributions are similar. The b- and d-value 
scatterplot is shown in fig. 4a. The correlation coefficient r = 0.5±0.15 is significant 
on the level 0.01. Linear regression of b by d is composed by: b = (0.6 ± 0.2)d or 
bE = (0.4 ± O.l)d ~ bE/3. 

DISCUSSION 

The results, obtained by us, point out the exi8tence of connection between 
frequency-magnitude relation and fractal structure of seismicity. What is the na
ture of seismicity structure in the space? It may be supposed that the fault system 
of lithosphere determines the structure of seismicity. In this case we may conclude, 
that the fault system controls the frequency-magnitude relation. 

Results obtained for Caucasus verifies this assumption. We have the map of 
active faults for Caucasus region in digital form. We have computed the map of 
fractal dimension of the set of active faults and then we have compared it with b
value map for the same region. The d- and b-value scatterplot is presented in fig. 4b. 
The correlation of b- and d-value is significant on 0.05 level. The regression of b by 
dis: bE = (0.3 ± 0.l)d ~ bE/3. The b-value is connected with fractal dimension of 
fault system and regression equation is matched with regression for Greece. 

We have used the results of laboratory experiments with aim to examine the 
assumption about connection of b-value with the structure of medium failure. These 
experiments have been made in the laboratory of Rock Mechanics, US Geological 
Survey [1]. 

Samples of granite Westerly were deformed by uniaxial loading under the condi
tion of constant confining pressure of 50 MPa. The speed of loading was controlled 
by acoustic activity using of negative feedback. The increase of acoustic activity 

causes the decrease of loading speed. This loading regime allows us to spread origin 
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and growth of macrofault in time; System of sensors placed on the sample allows 
one to locate acoustic events and to form a catalogue. 

The history of sample loading is presented in fig. 5. The nucleation of macrofaults 
was at the time moment about t ~ 14200 s. Macrofault grew during time interval 
14200__:15100 s. The loading has been stopped at the time moment about t = 15100 s 
and the growth of macrofault has been broken out. 

We consider formation of macrofault as a physical laboratory model of fault zone 
formation. The b- and d-values were computed in moving time window containing 
1000 acoustic events. Results are presented in fig. 5. According to the latter, the 
origin and evolution of macrofault are followed by d-value decrease from 2.5 to 2 
and by synchronous decrease of b-value from 1.1 to 0.7. 

In our opinion this experiment demonstrates connection of b-value with structure 
of failure directly. 

Follow postulates could explain the connection between frequency-magnitude 
relation and the structure of seismicity [3]. 

1. The earthquake with the source size 10 causes the stress drop in some vicinity 
R around the source. As result, earthquakes with the source size l "' 10 are 
prohibited during some time interval r. Adopting to self-similar approach to 
seismicity, R =.>..Lg and r =(Ilg, where.>.., a,() and /3 are parameters. 

2. Seismicity has fractal structure. If we cover space region of size L by boxes of 
size b., then the number of boxes containing earthquakes will be: N = ( L /b. { 

3. The size of earthquake source determines the energy of earthquake: E = £1~ . 

According to the first postulate the earthquake R-vicinities can't be overlaped 
during time interval T. Let's cover region of size L by not overlapping earthquakes. 
The number of such earthquakes is given by second postulate, setting b. = R. Thus 
(L/R)d earthquakes can occur during time interval rand (L/R)d · (T/r) - during 
time interval T. Substituting expressions for R and r in to this expressio we find 
out, that 

lgN = -bElgE + dlgL + lgT +B, (1) 

where: 

ad+/3 bE = a , B = bE lg£ - dlg).. - lg 0. (2) 

Adopting a = 1 and a = 3 according to known statistical results [2] we take 
from (2): bE = 1/3d + /3. 

For typical values bE = 0.5 and d = 1.5 we will have: /3 = 0. It means that 
T = Olg = const, i. e. the frequency of earthquake repetition inside region of size 
R = )../0 does not depend on magnitude of e~rthquake. 

This conclusion needs a special examination. But preliminary results are promis
ing. The estimate of r for Greece is presented in fig. 6. The catalogue of strong 
earthquakes of Greece (M :'.:'. 5, 1900-1993 years) was used. The value T is equal 
to average time interval between two consecutive earthquakes taking place inside 
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region of size R = 310 , where [0 is size of earthquake source. The assessment of T 

does not depend on earthquake magnitude (fig. 6). 

SUMMARY 

1. Longtime values of parameters of frequency- magnitude relation b and fractal 
structure of seismicity (fractal dimension d) in Greece are connected with each 
other. 

2. Connection of b- and d-values can be explained by failure of inhomogeneities 
of lithosphere having a fractal structure. 
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MODELING OF BLOCK STRUCTURE DYNAMICS AND SEISMICITY 

A.A.Soloviev 

Internatational Institute of Earthquake Prediction Theory 
and Mathematical Geophysics 

Russian Academy of Sciences, Moscow, Russia 

Abstract 
A seismically active region is represented as a system of 

absolutely rigid blocks divided by infinitely thin plane 
faults. Blocks interact between themselves and with the 
underlyine; medium. The system of blocks moves as a consequence 
of prescribed motion of boundary blocks and the underlying 
medlum. All deformation takes place 1n the fault zones and the 
block bottoms separating the blocks and the underlying medium. 
The relative displacements of the blocks take place along the 
fault .Planes and are supposed to be infinitely small compared 
with geometric size ol the structure. The blocks are in 
viscous-elastic interaction with the underlying medium. The 
dependence of stress on the value of relative displacement is 
assumed to be linear elastic. The motion of the blocks of the 
structure is determined in such a way that the system is in 
quasistatic equilibrium state. The interaction of the blocks 
along the fauit planes is viscous-elastic ("normal state") 
while the stress ls below a certain strength level. When the 
level is surpassed for some part of a fault plane a stress-drop 
("a failure") occurs. It can cause afailure for other parts ol 
fault planes. Each sequence of such failures is considered as 
an earthquake. After the earthquake the corresponding parts of 
the fault planes are in creep state which lasts until the 
stress falls below a certain other level. In this state the 
interaction along the fault plane is viscous-elastic but the 
values of constants are different from those in normal state. 
As a result of the numerical simulation a synthetic earthquake 
catalog is produced. The numerical simulation was made for 
different block structures and such features as the linear 
frequency-magnitude relation, the long-range interaction, the 
time clustering of events, and the positive influence before 
after strong events were detected for synthetic earthquake 
catalogs. 

Introduction 
The model suggested was developed by using the ideas of 

A.Gabrielov (Gabrielov et al., 1990). The following features of 
the lithosphere are considered by the model. 

- The llthosphere presents a hierarchy of volumes or blocks, 
which move relative to each other. The largest blocks are the 
major tectonic plates themselves. They are divided into smaller 
blocks, like shlelds or mountain countries. 

- The blocks are separated by less rigid boundary zones, 
considerably thinner than corresponding blocks. 
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- The relative movement of the lithosphere blocks against 
the forces of friction and cohesion is realized to a large 
extent through earthquakes. 

- Major ueformatfon and most earthquakes occur in the 
boundary (fault) zones. 

These features form the basis for the model development. 

Description of the Model 
Block structure geometry. A layer with thickness H between 

two horizontal planes is considered. A block structure is a 
part of this layer bounded and divided into blocks by planes 
lntersecting the layer. Parts of these planes which are lnside 
the block structure or adjacent to it are called "faults". 

Block structure geometry is defined by lines of intersection 
between the faults and the upper plane (they will also be 
called faults below) and by angles of dip for the fault planes. 

It is considered that three or more faults cannot have a 
common point on the upper plane. A common point of two faults 
is called "vertex". 

The angle of dip for the fault plane is measured on the left 
of the fault. The fault direction ls the direction from its 
initial point to its end point. 

The structure is separated by the faults into blocks. A 
common part of any block with the upper plane is a polygon. 

"Boundary blocks" are defined in the structure. A ooundary 
block is a continuous part of the boundary between two 
vertices. It is defined by indicating its initial and end 
vertices. The direction is selected to have the structure on 
the right. 

Movement of blocks and underlying medium. The blocks are 
assumed to be rigid and all their relative displacements take 
place along the bounding fault planes. 

The displacements of the blocks are described by their shear 
vectors and the angles of their rotation around of the 
geometrical centers of their bottoms. 

The movements of the boundaries of the block structure 
(boundary blocks) and the medium underlying the blocks is 
assumed to be an external force on the structure. The rates of 
these movements are considered to be horizontal and known. 

If (X, Y) are coordinates of a point of a boundary block or 
of the underlying medium then the ln the case of a boundary 
block the displacement (x, y) of this point at a moment t is 
defined by formulas 

x = V t - YWt, y = V t + X.Wt (1) x y 
or in the case of the underlying medium the displacement 
(xu,yu) of the point is defined by formulas 

xu = Vxt - (Y - Y0 )Wt, Yu= Vyt + (X - X0 )Wt. (2) 
Here V , V , and W are the components of the progressive x y 
movement velocity vector and angle velocity of the boundary 
block or the underlying medium; X and Y are coordinates of 

c c 
the geometrical center of the block bottom under which the 
underlying medium is considered. 

V , V , and W can be different for different boundary blocks x y 
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or underlying medium under different blocks. 
All displacements ·are supposed to be infinitely small 

compared with block size. 
Interaction between a oiock and the underiying medium. The 

elastic force which is due to relative displacement of the 
block and the underlying medium at some point of the block 
bottom is supposed to be proportional to the difference between 
the total relative displacement vector and the vector of 
slippage (inelastic displacement) at the point. 

The elastic force density fb = (fb,fb) at the point with x y 
coordinates (X,Y) at a moment t is defined by 

fb = K (rb- ru - wb) . (3) 
u 

Here rb = (x,y) is the vector of block displacement at the 
point (X,Y); ru = (x ,y ) - the vector of displacement of the 

u u 
underlying medium at the same point; wb - the vector of 
inelastic displacement at the potilt. 

The components of the vector ru are defined by (2). The 
components of the vector rb are defined by 

' X = xb - (Y - Y0 )~b' y = yb + (X - X0 )~b' (4) 
Here (xb,yb) and ~b are the shear vector of the block and the 
angle of its rotation around the geometrical center of its 
bottom at the moment t; X and Y are the coordinates of the c c 
geometrical center of the block bottom. 

The evolution of the inelastic displacement at the point is 
described by the equations 
~ b ar = Vuf • (5) 

The coefficients K and V in (3) and (5) may be different 
u u 

for different blocks. 
f Interaction between biocks aiong fauit pianes. The density 

f of the elastic force which is due to relative displacement 
of blocks along the fault plane is defined by 

ff = K(rf- wf) . (6) 

Here rf is the vector of relative displacement of the blocks at 
the point of the fault plane f(this aisplacement takes place 
along the fault plane); w - the vector of inelastic 
displacement along the fault plane at the point. 

The evolution of the inelastic displacement at the point of 
the fault plane is described by the equations 

f 
~ = Vff (7) 

The coefficients K and V in (6) and (7) may be different for 
different blocks. 

The density of the block reaction force p0 is also 
calculated at the point of the fault pl~ne. This force is 
normal to the fault plane and the vector f + p0 lies in the 
horizontal plane. · 

Space cftscretization is defined by the parameter £ . 
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Discretization is made for the surfaces of fault segments and 
block bottoms. Here and below a fault segment means a part of 
the fault plane limited by the upper and lower planes and by 
the lines which connect positions on the upper and lower planes 
of two consecutive vertices of the fault. 

Discretization of a fault segment is performed as follows. 
Note that any fault segment is a trapezium. Let a and b be the 
bases of the trapezium. The trapezium height h is given by 
h = H/sina, where H is the thickness of the layer, a is the dip 
angle of the fault plane. Let 

n1 = ENTIRE(h/8) + 1, n2 = ENTIRE(max(a,b)/8) + 1. 
The trapezium is divided into n1n2 small trapeziums by two 
groups of lines inside it: n1-1 lines parallel to the trapezium 
bases spaced at intervals of h!n1 and n2-1 lines connecting the 
points spaced at intervals of a/n2 and b/n2 , respectively, on 
the bases. The small trapeziums obtained will be called cells. 
The coordinates X, Y of the center of the mean line of the cell 
are assigned to all its points. The vector of inelastic 
displacement wf, is supposed to be the same for all points of 
the cell. 

A block bottom is a polygon. Before discretization it is 
divided into trapeziums (triangles) by lines passing through 
its vertices and parallel to tne Y axis. The discretization of 
these trapeziums (triangles) is performed in the same way as in 
the case of fault segments. The small trapeziums (triangles) 
are also called cells. For all points of the cell the 
coordinates X, Y and the vector inelastic displacement wb are 
sup~sed to be the same. 

namics of the biock structure. The displacements of the 
bloc s are determined by the condition: For each block the 
total force and the total moment of forces acting on it are 
equal to zero. This is the condition of the quasi-static 
eguilibrium of the system and at the same time the condition of 
tlie energy minimum. 

This condition leads to the system of linear equations 
Az = b , (8) 

where the components of the unknown vector z = (z1 , z2 , ••• , 

z3 n) are the components of the shear vectors of t~e blocks and 
the angles of their rotation around the geometrical centers of 
the bottoms (n is the number of blocks). 

The block structure state is considered for discrete moments 
of time t 1 = t 0 + i6t (i = 1, 2, ... ), where t 0 is the initial 
moment, 6t - a time step. 

Transition from the state at t 1 to the state at t 1 + 1 is made 
as follows. First, new values of the inelastic displacements 
Wb, wf are calculated from equations (5) and (7). Next the 
displacements of the boundary blocks and the underlying medium 
at t 1 + 1 are calculated. Then the components of b in equations 
(8) are calculated and the equations are used to define the 
shear vectors and the angles of rotation for the bloGks. As the 
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elements of the matrix A in (8) do not depend on time, A ana 
the associated inverse matrix can be calculated just once at 
~he beginning of the calculation. 

Earthq'l.1.GJ?,e and creep. Denote for a cell of a fault plane 
~ = llffll/(P ± llP0 11) (9) 

where ff is the density vector of the elastic force given by 
(6); P - the difference between lithostatic and hydrostatic 
pressure which has the same value for all faults; p0 - the 
density of the reaction force in the same cell. The sign in (9) 
is "+" if there is compression of blocks at the cell and "-" if 
there is extension. 

For each fault the values of the following three levels are 
specified 

B > Hf ~ H8 • 

The initial conditions for numerical simulation of block 
structure dynamics are supposed to satisfy the inequality ~ < B 
for all cells of the fault segments. If at some moment t 1 the 
value of ~ in any cell of a fault segment reaches the level B, 
failure ("earthquake") occurs. Failure meansf slippage during 
which the vector of inelastic displacement w in the cell 
change abruptly to reduce the value of ~ to the level Hf. 

After calculating the new values of inelastic displacements 
for the failed cells, the new components of the vector b are 
calculated and from the system of equations (8) the shear 
vectors and the angles of rotation for the blocks are found. If 
for some cell of tfie fault segments ~ ~ B, the procedure given 
above is repeated for this cell (or cells). Otherwise the 
earthquake has ended, and the state of the block structure at 
time t 1+1 is calculated in the ordinary manner. 

The cells in which failures occurred are considered to be in 
the creep state. It means that for these cells the parameter V 

s 
(V8 ~ V) is used instead of V in equations (7) which describe 
the evolution of inelastic displacement. '11he values of V may 

s 
be different for different faults. A cell is in the creep state 
while ~ > H for it. When ~ ~ H , the cell returns to the s s 
ordinary state and henceforth the parameter v is used in (7) 
for this cell. 

The parameters of an earthquake are defined as follows: time 
is t 1 ; coordinates and depth are weighted sums of coordinates 
and depths of the cells in which failures occurred (the weights 
of the cells are their squares divided by the sum of squares of 
these cells); magnitude fs calculated as 

M = Dlgp + E, ( 1 0 ) 
where D and E ~re constants; S is the sum of the squares of the 
cells (in km ) in which failures occurred during the 
earthquake. 

Hierarchy of fauits. The hierarchy of faults is defined by 
the hierarchY of structures separated by the faults: larger 
structures are separated by larger faults. It can be taken into 
consideration through the values of K, V, V , B, Hf, and H . s s 
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For the larger fault: . 
- the same displacement leads to a smaller force: the· value 

of K is smaller; 
- the fault zone is more strongly fractured and less 

consolidated and the same force leads to larger slippage 
(inelas.tic displacement): the values of V and V are larger; 

s 
- failures (earthquakes) occur for smaller values of ~= the 

values of B, Hf' and H5 are smaller. 

Examples o.f Structures Examined 
The simplest structure is shown in Figure 1 . It consists of 

four square blocks formed by six faults. The thickness of the 
layer fs H = 20 km. All faults have dip angle of 85° and the 
same values of the parameters: K = 1 bars/cm, V = 0.05 cm/bars, 
V = 200 cm/bars, B = 0.1, Hf = 0.085, H = 0.07. The s . s 
parameters which define the interaction between the blocks and 
the unde~lying medium have the same values for all blocks: 
K = 1 bars/cm, V = 0.05 cm/bars. 

u u 
The boundary block which borders with the structure along 

the axis X moves progressively with V = 20 cm and V = -5 cm x y 
and rotates around the coordinate origin with W = 10-6 rad. 
These values correspond to the non-dimensional time. The other 
boundaries of the structure and the underlying medium are 
immovable. 

The difference between lithostatic and hydrost~tic pressure 

y ,km 

N 
100 

1 0. 

1 0, 

1 0, 

50 

1 0 ' 

M 
1 - fTTTTTTrllTrrrTTTTmTTTT/-rrn 

4.00 5.00 6.00 7 .00 

50 100 x. km 

FIGURE 1 The first block structure and the accumulative 
frequency-magnitude relation for the synthetic earthquake flow. 
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FIGURE 2 The second block structure (the numbers of the 
vertices are indicated) and the accumulative 
frequency-magnitude relation for the synthetic earthquake flow. 

P in formula (9) equals 2 Kbars. The parameters of 
discretizat1on are: ~t = 0.01, s = 5 km. 

The synthetic earthquake catalog was obtained with zero 
initial conditions for the period of 500 units of 
non-dimensional time. It contalns 9600 events. Earthquake 
magnitude is calculated with the following values of the 
constants in. ( 1 O) : D = O :98, E = 3. 93. The frequency-magnitude 
(Gutenberg-Richter) relation is shown in ""Figure 1 1n 
accumulative form. 

The second block structure (Figure 2) is an attempt to 
approximate the tectonic structure of the Vrancea region. The 
polnt with the geographic coordinates 44.2°N and 26.1°E was 
selected as the coordlnate origin. The X axis ·is the east
looking parallel passing through the coordinate origin. Y axis 
is the north-looking meridian passing through the coordinate 
origin. The thickness of the layer is H = 100 km. 

The vertices with the numbers 1-7 have the following 
coordinates (in 10km): (-33; -21), (-27; 48), (45; 9), 
(11; -27), (O; 27), (-9; 9), (-21; 7.5) . The vertices 8-11 have 
the following relative pgsitions on the faults to which they 
belong: 0.3, 0.33, 0.5, 0.667. The relative position of the 
vertex is the ratio of the distance from the initial point of 
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TABLE 1 Faults of the second block structure 

# Vertices Dip K, v, vs, B Hf H 
angle bars/cm cm/bars cm/bars s 

1 1 ' 8, 2 45° 0 0 0 0.1 0.085 0.07 
2 2, 5 120° 1 0.05 200 0.1 0.085 0.07 
3 5, 9, 3 120° 1 0.05 200 0.1 0.085 0.07 
4 3, 10, 4 45° 0 0 0 0.1 0.085 0.07 
5 4, 1 45° 0 0 0 0.1 0.085 0.07 
6 10, 11 ' 6 100° 1 0.05 200 0.1 0.085 0.07 
7 6, 7 100° 1 0.05 200 0.1 0.085 0.07 
8 7' 8, 100° 1 0.05 200 0.1 0.085 0.07 
9 11 ' 9 60° 1 0.05 200 0.1 0.085 0.07 

TABLE 2 Blocks of the second block structure 

# Vertices K ,bars/cm V ,cm/bars V ,cm V ,cm 
, u u x y 

1 2, 8, 7' 6, 11' 9, 5 1 0.05 20 10 
2 3, 9, 11 ' 10 1 0.05 -20 10 
3 4, 10, 11, 6, 7, 8, 1 1 0.05 -20 10 

the fault to the vertex to the length of the fault. The 
vertices 1, 5, 3, and 10 are considered to be initial for the 
faults while the relative positions of the vertices 8-11 are 
determined. 

The structure has 9 faults. The values of the constants for 
these faults are given in Table 1. The values of constants for 
3 blocks are given in Table 2. The movement of the underlying 
medium is specified to be progressive. The components of the 
velocity (V-, V ) of this movement are also given in Table 2. x y 
Note that the non-dimensional time is used in numerical 
simulation and the values of V and V in Table 1 as well as 

s 
values of Vu and velocities below correspond to the non-
dimensional time. 

It is specified that the boundary which consists of the 
faults 2 and 3 moves progressively with the velocities: 
V = V = -16 cm (fault 2) and V = -10 cm, v. = -20 cm (fault 

x y x •Y 
3). The boundary faults 1, 4, and 5 does not move. Note that 
K = O for these faults (Table 1) and therefore in accordance 
with formula (6) all forces in these faults are equal to zero. 

The values of P, D, and E are the same as in the case of the 
first structure. The parameters of discretization are: 
bt = 0.001' 8 = 7.5 km. 

The synthetic earthquake catalog was obtained for the second 
structure with zero initial conditions for the period of 150 
units of non-dimensional time. It contains 79447 events. The 
frequency-magnitude relation in accumulative form is shown in 
Figure 2. 

The third structure is constructed on the basis of the 
scheme of morphostructural lineaments of the Western Alps 
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FIGURE 3 The scheme of morphostructural lineaments of the 
Western Alps (the basis of the third block structure) and the 
accumulative frequency-magnitude relation for the synthetic 
earthquake flow. 

(Cisternas et al., 1985). It is described in details in 
Gabrielov et al., 1993 and shown in Figure 3. The 
frequency-magnitude relation for the synthetic earthquake 
catalog obtained for this structure with zero initial 
conditions for the period of 100 units of non-dimensional time 
is also shown in Figure 3 in accumulative form. This catalog 
contains 26689 events. 

Preliminary Results of Numerical Simulation 
The first feature of the synthetic earthquake catalogs which 

can be seen in figures 1-3 is the closeness of the frequency
magnitude relation for them to the linear law. The steepness is 
different for the curves obtained for different structures. It 
is the least in the case of the first structure. Jags in the 
curves are explained by discreteness of the model,. i.e. there 
are the most typical values of the magnitude which correspond 
to the areas of one cell, two cells, three cells and so on. 

The second feature of the synthetic earthquake flow is the 
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long-range interaction. It was detected for all structures 
considered by different ways. One of the ways is to repeat 
simulation for some time segment with the increased value o! B 
for a fault in which earthquakes occurred during this time 
segment. If the increase is enough then the · earthquakes 
disappear in this fault. But it commonly changes eartnquake 
flows in other faults of the structure at a great distance. 

The third . feature is time clustering of events in a 
synthetic earthquake catalog. It is clearly detected for all 
structures considered. 

The fourth feature is the positive influence in time-space 
vicinities of strong earthquakes in the synthetic catalogs. It 
was analysed for the catalog obtained for the second structure 
by using local statistics technique (Keilis-Borok et al., 
1971 ). It was found that there is statistically significant 
increase of number of events in time-space vicinities of strong 
events (before and after) of the synthetic catalog. This 
influence is stronger before the strong events but it is also 
present after them. The positive influence before strong events 
can be considered as foreshock activity, after strong events -
as aftershock activity. 

Conclusions 
The results of numerical simulation show that the model of 

block structure dynamics can be useful both to understand 
general mechanisms of seismicity by using model structure 
examples and to study seismicity of specific regions by using 
block structures constructed on a basis of their tectonic 
structures. 
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INTERMEDIATE· TIME EARTHQUAKE PREDICTION: A METHOD 
USING EXTENSIOMETER RECORDS IN ACTIVE TECTONIC FAULT 

St. Shanov - Problem Laboratory of Seimotectonics, Geological Institute, 
Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 

lNTRODUCTJON 
In Kresna seismic zone (SW Bulgaria), known by its extreme seismic 

aclivity <luring the. last century au<l by the strongest earthquake in SE Europe 
with M=7.8 of 4th of April 1904, active faults have been monitored, using· TM 
extensiometers since l 982. An attempt was made for quantitative assessment of 
the relation between the total displacement and the seismic events for 
determining a possible earthquake precursor, using the extensiometer records 
(monitoring by crack gauges) and special mathematical approacq {the method of 
inverse probability). The aim of this work is not only to show the possibility for 
intermediate time earthquake predictions, but mor~ - to be an approach for 
un<lerstaudiug of U1e processes of the stress evolution in the crust before strong 
earthquakes, reflected in the non-linear displacement along an active tectonic 
fault. 

EQUIPMENT 
In 1982, the Institute of Geology and Geotechnics of the Czech Academy 

of Sciences. together with the Geotechnical Laboratory of the Bulgarian Academy 
of Sciences, installed three crack gauges (TM-71 extensiometers - Kostak patent 
from 1968) for monitoring of deformations along active faults in Kresna fault 
zone in SW Bulgaria. This extensiometers use the Moire effect (mechanical 
intcrfetention). The equipment has two Moire elements - glass plates with 
detraction grids. The moire extensiometers indicate displacements by moire 
patterns produced by superposition of two grids, connected directly with the 
moving objects, here the opposite faces of the fracture zone. The movement is 
recorded on a steel bridge across the zqne. This bridge must be well anchored 
into the opposite walls. The susceptibility of the equipment is 0.01 mm. 

In 1988, after 5 years of monitoring, Kostak and Avrarnova-Tacheva 
publishPd a paper, presenting the first results - graph of displacements along x,y 
and z axes (fig. l ). The authors mentioned, that there was some relationship 
between the deformations and the strong earthquakes in the Balkan Peninsula for 
the period of monitoring. Later, in 1992, a group of scientists from the Czech 
Republic and Russia (Kostak et all., 1992) published the results from the 
monitoring in the faults in Garm test-area with the same equipment. They point 
out on the reactions of the extensiorneters before some local earthquakes (Fig.2). 
RecenUy, it was published a paper in "Ada Montana· (Shanov, 1993) presenting 
the first prognosis based on the records in Kresna fault zone. 

GEOLOGICAL BACKGROUND 
The extensiometers were installed in three different places, but only No 6 

can be used for correct prognosis (Fig.3), because it is best situated from tectonic 
point of view. It is installed in the so called Brejani fault, in the border between 
the sedimentary rocks and the crystalline rocks. Brejani fault is part of the longer 
Kresna fault, crossing the deep Strurna fault zone. All this region is submitted 
now at W-E compression and N-S extP.nsion (Fig.4.), according the data from the 
earthquakes fault-plane solutions (Georgiev, 1987). 

DEFORM..ATION RATES 
The deformations detected in three components and drawn by x, y and z 

graphs can he easily converted into total deformation D. The obtained values 
during 2700 days of monitoring (records every 20 days) were plotted on Fig.5. 

1268 



mm 
12 

10 

8 

4 

TM-6 

/ .. 
$ ... ... ~·~· 

I 

(,..-·-·--.\. ../"·-..... ,_... . .:~- ........... ..: ..... . ---·-··· ... ___ /' 
I ,._ .. rl '•- , ,,,• .. , ... , _ ...... •--·''•', I ' f ,'-1-
I I ', I 

?. ,: ·: 5 z 3.2 4 1
1 [' ;2 ~u nie 

I I I Ill I 

0 .... "' I ,,,._. • -'., : 'I,. ... I r 1I 
1
1 I I I 

\<:-•~I ,...·• ~ .. ...1 ~ 1· ! l! 

-~ '·-- \_! ' \ /: 
• 2 ,,. '\. \,. // \/ \.~~:::/:--\ 1 •·/ \ ' • 21/-'l.:f. 
• 6 1982 1983 1~8~· -... ...... / \ 1985 1986 

·a '--. .. -~C\ 0,,,..~\.$9 
1..\ / . ., 

~io \ -- ....... /: ...... / ' · 
\ .. ·12 

Fig. I Diagram of the displacements at observation point TM-6 
(after Kostak, Avramova-Taceva, 1988): x- contact opening; y - horizontal 
shearing; z - vertical shearing. 

y,MM 

0,1 

-0,1 

0,1 

-0,1 

.:,MM 

0,1 

-0,11 
:zr .xr 

1990 ,-------

Fig. 2 Detailed draphs of the displacements along faults, recorded by TM-
71 in adits in Garm test-area for the period September-November 1990 (after . 
Kostak et all., 1992). The arrows indicate the moments of earthquakes. · 
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Fig. 3 The fault junction in SW Bulgaria and the location of the 
observation points (after Kostak, Avramova-Taceva, 1988). L-Struma fault zone; 
T-Kresna fault zone. 

;; /~ /1 ;. .e,5 
fig. 4 Scheme of the main faults and the fault plane solutions from 

earthquakes in SW Bulgaria. 
1-first range faults: 1) Kresna fault; 2) Struma fault; 2-second and third range 
faults; 3-faults recovered by YQUJiger sediments; 4-nonnal faults; 5-fault plane 
solution. 
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Fig. 5 Total deformation as observed at No.6 observation point on 
the Kresna fault. linear regression (Shanov, 1993). 
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Fig. 6 Autocorrelation function of the total deformations for the 
period November 1982 to December 1989. R1-I - radius of correlation in the time. 
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The linear regression gives a very high correlation coefficient of 0.97. 
Hence, the average deformation rates approaches 0.00918 mm per day or 3.35 
mm per year. However, the first impression does not imply that the deformation 
rate should be linear, the fluctuation in time is ratter well expressed. The 
deformation rate exhibits alternating periods of rate decrease and increase. A 
qualitative review of this fluctuations with the seismic activity in the radius of 
300-400 km has shown, U1al several rnoulhs before earthquakes with M>5, the 
total deformation rate deer.ease, followed later by an increase. This non-linear type 
of the displacements in the time was subject to a more detailed quantitative 
analysis. 

EVALUATION or TII.C A1JTO CORRELATION RATE 
When defining statistical parameters tor correlation. attention must be paid 

on the method of separation of the anomalous observations from the recorded 
dala. This cau be made using U1e radius of correlation for determining t11e 
minimum month interval in which the data were correlated (Fig.6). 

The auto correlation function is: 

} m-µ 

R(1-1) = ~ V(x. )v(x ·+ ) c1> m-µLt J )µ 

where m is the number of observations, J1 the interval between the first month 
and the month of comparison: 

(2) 

V c(xj) is the calculated deformation rate for each month, V is the average value 
of the deformation rate: 

(3) 

m 
The ratio RH = R(µ)/R(O) is the normalised auto correlation function. 
The rate Rtt = o.:~ rleterminPs normally the radius of auto correlation. In 

this case the radius is less than one month. This means, that any anomaly of a 
period shorter than one month will be situated in the auto correlation zone and it 
will be impossible to detect the anomaly. 

DEFINITION OF THE WARNING ANOMALY 
The first step for defining the width of the anomaly was to analyse the 

normalised records 5 months before earthquakes with magnitude M>5 in the S
SW sertor from the point of observation. In N-NE sector no reaction of the fault. 
displacement was find. It is easy to see that there is some similarity in the 
behaviour of the curves (Fig.7). On this base, it was formulated the terms of the 
expected anomaly and its graph (Fig.8): 1) If the correlation radius is at 
minimum for one month, the expected anomaly should last for three months at 
least; 2) To be useful for a prognosis, it should have faded at least one month 
before the earthquake; 3) Using normalised data, the expected anomaly should 
have a dispersion ot a2= 1. 
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Fig. 7 Deformation rates 5 months before strong earthquakes in S
SW sector as observed at point No.6 on the Kresna fault. Normalized (Shanov, 
1993). 
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Fig. 8 Model warning anomaly 5 months before the earthquake. 
Normalized (Shanov, 1993). 
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INVERSE PROBABILITY METHOD 
for establishing whether an effective anomaly exists or not, it is possible 

to use the solution, based on Bayes'formula of inverse probability. The correlation 
is obtained by interval, constant step multiplication of the observed values F(x) 
by m ordinates of the expected anomaly and by summarising the products 
obtained (cumulative function): 

KF = f F(x)a(xJ (4) 

j=l 
The amount is attributed to the final measurement of the data interval. 

The probability of any anomaly could be expressed as follows: 

e KF-r 

p = KF-r } e -
(5) 

r is half of the length of the expected anomaly. 

RESULTS 
As a first step, records of TM-71 in point No 6 were transformed into 

monthly total deformation rate changes for the period from 1982 to 1989 and 
normalised. Then the diagram of cumulative function KF was drawn with the use 
of the elaborated anomaly model. The probability for the existence of such real 
anomalies was evaluated, too (Fig.9). The P-values, exceeding the threshold of 20 
% were designed as alarm indicators. There were 15 indicators noticed in the 
given period. At the same time, from regional earthquake catalogues were 
checked all earthquakes with M>5 in the radius of 400 km. The success of the 
alarm indication was analysed. 
~ I 1963 I . 1984 I 1965 I 1985 I 1987 ·m==r 1gri::J year 

'J-JL. -1 

~:~~~~~~ 
60 

40 

lrm tim~.L-l'Y-~l-tir-1~~..,.-r-ll.,1.~4----..~--!-+'-l.~~-=-~--=~ 

Magnitude 5.0 I 6.915.215.4 15,115,0 I 

I I I I I I I I I I I I 
Direct Ion SW IS· SEjSEI SWISWjNWI S·SWf.iW1SE1NE NE I t S· SW1 

Fig. 9 Alarm indicators. Probability P of strong earthquake 
occurrence from the cumulative function KF. Earthquakes are within the radius of 
400 km and M>5.0. 
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For the studied period there are 6 cases, when strong earthquakes occur 
one month after the alarm and 2 cases with 2 month's delay (successful alarms). 
There are 2 cases, when strong earthquakes occur within the alarm month. 
Among 12 strong earthquakes, recorded during that period, two were missed 
without any alarm. Among 15 alarms 5 are false. Considering strictly successful 
alarms only, we come to the chance of 60 % for predicting of approaching 
earthquakes. 

CONCLUSION 
The presented method for use of the extensiometer records in active fault 

zone as intermediate time earthquake precursors can be more successful if the 
interval of recording is shorter (about 1 record every week). The analysis of the 
total deformation vector can be complicated with the analyses of the ·rotation of 
the tau.It blocks. It is clear, that before strong earthquakes a large stress field 
changes occur, probably the so called "stress waves" reflect in the non-linear type 
of deformations along the active faults, expressed in the space oscillation of the 
total vector of deformation. Now, we need to make comparative investigations and 
to use data from other points of TM crack gauges, installed in tectonic active 
faults. 
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IMAGE PROCESSING AND MODELLING 
OFEARTHQUAKECATALOG 

V. B. Kostousor 

Institute of Mathematics and Mechanics of the Ural Branch of the Russian 
Academy of Sciences, Ekaterinburg, Russia 

ABSTRACT 
The method of fractal modelling of earthquake epicentre set is discussed. 

This method allows to study self-similar spatial structure of seismicity. 
Program complex REFRACT is described. The program complex is designed 
for construction of a fractal model. The results of seismicity modelling for 
South California region are discussed. 

1. INTRODUCTION 
One of the seismology problems is to describe an information on region 

seismicity (earthquake catalog, epicentre cloud) using small number of 
parameters. The frequency-magnitude relation (Gutenberg-Richter law) is 
the simplest form (trivial approximation) of such representation. The 
calculation of functions on the earthquake stream is the next approximation 
[Allen, Keilis-Borok, Rotvain, Hatten, 1986]. The present paper attempts to 
describe epicentre cloud by the relatively small number of parameters using 
assumption about the fractal nature of image. 

At the present time the fractal nature of seismicity is being studied 
intensively. In the [Geilikman, Golubeva, Pisarenko, 1990] the spatial self
similarity of seismicity is investigated by means of multifractal measures. 
The spatial self-similarity of the epicentre set is subject of investigation of 
the present work. The spatio-temporal structure of seismicity will be 
considered later. 

The suggested method of analysis of spatial self-similarity is based on 
fractal geometry. According to this method the original fragment is replaced 
by a fractal self-similar object. The object is called attractor of the Iterated 
Functions System (IFS). The IFS-attractor is uniquely determined by IFS
code, which consists of a set of n affine transformations { .~ ,s2 .... s11 } and n-
vector of weight coefficients {fi.'z ..... r,,}, (r1>0, 'i+r2+ ... +r,,=I). Two
dimensional IFS-code is specified by 7n real numbers. If the structure of 
image fragment is close to a self-similar one, then a sufficiently small 
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number n may be selected. The search of appropriate IFS-code is effected by 
interactive program REFRACT written for IBM PC. The image restoration 
is produced with . "Chaos Game" algorithm suggested by M.Barnsley 
[Barnsley, 1988]. 

2. FRACTAL MODEL OF THE EPICENTRE SET. 
Let us consider the image of the set E of earthquake epicentre points. Let 

the level of grey colour of each point be proportional to earthquake 
magnitude. The magnitude with appropriate normalization may be 
described by probability measure m concentrated in the set E. Thus, the 
original image is described by the pair { E,m}, that is plane set and the 
measure concentrated on this set. 

The image of the epicentre set for South California and North Mexico 
region is shown in Fig. l. The image is obtained by the use of earthquake 
catalog [Southern California hypocenters data file, 1994] covering 1932-1994 
time period and containing 27 491 events. The minimal magnitude of the 
events incoming in catalog is equal to 3. 

California Earth uake Catala 
I . . 1 

·····-!··~- ··- ... -··---· -··- ···-t-,,.. ....... ,, ......... ··-· 
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The proposed method of investigation of the self-similar structure of the 
set E consists in construction of an image of a fractal model in the form of a 
certain self-similar fractal set A and invariant measure µ concentrated on it. 
This model is used in Barnsley's works (see, for example, [Barnsley, 1988]) 
for solving image compressing problem. Fractal modelling is based on the 
mathematical apparatus of fractal geometry, which is intensively developed 
at present. A description of this apparatus suitable for our purpose can be 
found in [Hutchinson, 1981]. 

Let us consider system S consisting of n transformations S = { .\'1 ,s2 , ••• s11 } • 

Every transformation s; maps R 2 ~ R 1 and is contractive i.e. si closes 
together any pair of plane points x, ,x2 : 

d(.\j(.Y,),.\j(X2)) < a;d(x,,X1), 

where d(x"x1 ) is the distance function between x, and x2 ; a; - contraction 
coefficient (0 < a; < 1 ). 

Let us define map S of the plane subsets according to following rule: if 
M is the plane subset then 

II 

S(M) = u S;(M). 
i=I 

The Hausdorff distance h between two closed bounded subsets M 1 and 
M1 of R1 is defined as 

h( M,, M 2) == max(maxd(x, M 2), maxd(x, M1)), 
XEM1 XE.\11 

where d(x,M) = mind(x,y), 
)'Elf 

It is known (see [Hutchinson, 1981]) that there is a unique closed bounded 
set A which is invariant with respect to S : A=S(A) . Such set is called the 
attractor of the IFS. An important property of the attractor is that for 
arbitrary bounded M 

limS,,(M) =A in the Hausdorff metric, (1) 
P~"' 

where SP(M) = S(S,,_1(M)) and S 0(M) = S(M). 
The set A has often non-integral Hausdorff dimension (fractal 

dimension). If sets .\j(A) are mutually disjoint then fractal dimension D of 
attractor A is determined by the equation 

«i> +~+ ... +a~ = l, (2) 
where a; are contraction coefficients of the maps s;. 

For the rest of this paper all maps are supposed to be affine. Every affine 
map s; is determined by six real parameters: 2x2-matrix P; and two
dimensional vector l/;: 
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Further we shall try to select the system S , so that the attractor A is 
close (in Hausdorff metric) to the epicentre set E. 

To simulate magnitude distribution m, let us consider an invariant (with 
respect to S) measureµ [Hutchinson, 1981). This measure is determined by 
the vector of weight coefficients r ={ 1j ,r1 ..... r,,} ('i >O, lj + 11 + ... +r,, =I). 

The pair { S, r} is called [Barnsley, 1988] the IFS-code of a fractal model 
{A,µ}. The algorithm, which restores fractal model {A,µ} starting from 
IFS-code, was suggested in [Barnsley, 1988]. This algorithm is based on the 
attracting property ( 1) of the set A. It uses random diffracting mechanism 
for restoration of the set A. Therefore the author has named the algorithm 
as "Chaos Game". 

3. ALGORITHM FOR FRACTAL MODEL CONSTRUCTION 
The main purpose of the further investigation is to find IFS-code, which 

generates the fractal model {A,µ} similar to initial image {E,m} in the sense 
that h(E,A) <c. where c> 0 is a small enough number. 

The idea of the IFS searching algorithm is based on the following 
theorem. 

Collage Theorem (Barnsley, Ervin, Hardin, Lancaster, 1985): Let { .\j, 1; 
,i=l,2, ... ,n} he an IFS code of contractire affine maps. Let a<I denote the 
lar[;est Upsclzil':: constant for the maps. Let c he any positive numher. Let E 
he a [;iren closed bounded subset (~l R2• and suppose the maps ·\ hare been 
chosen so tlwl 

Then 
c 

h(E,A) < l- a 

ll'here A de1101es the atlractor of 1/ze IFS. 

(3) 

The Collage Theorem allows to replace the problem of searching of self
similar model A with more simple problem: to construct the suitable self
similar fragmentation of the initial set E so that according to formula (3) the 
join of its n reduced copies .\/ (E) would be closed to itself. Let us name the 
procedure of solving of the last problem as "self-similar packing". 

The rest part of this paper is devoted to the discussion of self-similar 
packing procedure, which may be considered as a method of investigation of 
self-similar geometric structure of the earthquake epicentre set E. The 
magnitude distribution m or other distributions, connected with epicentre 
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set will be considered later on. In this paper all weight coefficients r; are 
accepted to be the same and·equal to Jin. 

The self-similar packing procedure combines automatic image processing 
of the epicentre set and human participation for the solution of the most 
detailed and difficult operations. The problem of construction of a 
completely formalized automatic algorithm of self-similar segmentatfon 
seems difficult to solve. 

The self-similar packing procedure consists of two main stages: 
1. Construction of a polygon, which approximates the boundary of 

investigated set E. This operation can be done manually with the help of the 
developed means of computer service, or automatically by means of well- · 
known algorithms of image processing. Figure 2 illustrates this operation 
realized overthe image of investigated earthquake epicentre set. 

i 
.-··-····--.··~···~ ~ .... . ............ .......... ·--

i 

. 2. Packing of reduced copies of constructed polygon inside the polygon 
in such a way, that these copies cover the whole polygon and at the same 
time the number of copies is as small as possible and mutual overlapping 
between copies is minimal. · 

Placing of each copy determines one affine map. Thus, during the self
similar packing process the IFS code (i.e. a fractal model of the image) is 
constructed. The quality of packing determines the adequacy of constructed 
fractal model. 
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The second stage is the most laborious part of the procedure. It is solved 
by attraction of both ~pecial image segmentation algorithms and computer 
service tools. Figure 3 illustrates the process of construction of a reduced 
copy of the initial contour (reduced copy is marked by arrow in the picture) 
and the packing of copies. 

1: I 

i . 

' ! 
;··· 

l 

. ., J .. 

;--

In the next section the program complex REFRACT is described. It 
helps to realize the self-similar packing procedure. 

4. PROGRAM COMPLEX REFRACT 
The program complex REFRACT is designed for investigation of self

similar structure of image by construction of its fractal model. The complex 
is developed in accordance with the module principle so that each module 
(subsystem) executes certain functions. Five subsystems are realized in the 
first version of the complex REFRACT. 

1) The subsystem LOAD_PCX loads an image which is performed in 
PCX-format [Romanov, 1992]. If loading is not realized or a name of a non
existent file is composed, then the further work is done on a clear screen. 

2) The subsystem WORK allows to construct a fractal model of the 
image by means of interactive image processing. The processing involves 
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manipulating with contours on the screen and thus realizes the procedure of 
self-similar packing. This procedure is described in the previous section. 

3) The subsystem RENDER_IFS is used to reproduce a fractal model of 
image by means of "Chaos Game" algorithm on the basis of current Iterated 
Function System (IFS). 

4) The subsystem SAVE_IFS_&_PLAN is used to write IFS and a 
collection of image object contours on disk. The collection of contours is a 
result of an interactive dialogue. 

5) The subsystem HELP contains complex REFRACT user's guide. 
The choice of each subsystem is effected from main menu by standard 

computer service means: by pressure of either control cursor arrows and 
ENTER, or highlighted symbols in corresponding menu items, or else by 
means of manipulator "mouse". 

Let us dwell on interactive procedure of image processing. 
The subsystem WORK allows to draw contours over image and to form 

IFS by means of self-similar packing. 
The work is handled by the use of keyboard and "mouse". At the entry 

into subsystem WORK the mode of contours construction is realized. A 
passage to mode of construction of IFS by self-similar packing of a last 
introduced contour is realized by means of pressure of a certain key. The 
keyboard is a main instrument in this mode. The "mouse" is more handy for 
construction of contours. 

Current coordinates of graphical cursor are presented in the right upper 
corner of the screen. During the working in the subsystem WORK this 
coordinates are renovated after each pressure of keys. Means for editing of 
constructed contours (addition I removal of ribs and tops, etc.) are available 
in the contour construction mode. 

At the entry into the mode of IFS construction the last introduced 
contour becomes current modifying contour. The following data on forming 
affine maps appear at the upper screen row on a light background: 

- current contraction coefficients for axis X and Y, 
- an angle of rotation around the gravity centre of current contour 

points, 
- values of displacements of the gravity centre of a current contour 

relatively to the initial contour for axis X and Y, 
- indication of contour reflection with respect to vertical axis, 
- coordinates of the gravity centre for initial contour. 

It is easy to change this parameters using the keyboard and "mouse". The 
change of parameters leads to modification of the polygon on the screen. 

The complex REFRACT is realized on Microsoft-C (version 5.0) for 
personal IBM PC/ AT, and works under the control of operation system MS
DOS. 
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5. RESULTS OF FRACTAL MODELLING 
Let us describe the results of fractal modelling of the earthquake 

epicentre set-for South California region. The fractal self-similar model was 
constructed using the complex REFRACT in accordance with the method, 
described in previous sections. Namely, the system of 45 affine maps and 
corresponding attractor were constructed. The main purpose of this 
construction is to show the possibilities of the discussed method of seismicity 
modelling and to reveal the problems, arising when this method is used for 
analysis of self-similar spatial structure of epicentre cloud. It occurred that 
the number of maps is sufficiently large. It is a consequence of the fact that 
the reproduction accuracy for initial set of epicentres E was taken as a main 
criterion of model quality. 

The constructed map system S is presented in Table I. The elements of 
the Table determine transformations in accordance with the formula 

(a. h J (e. J s;(x) = P;x + q;, where P; = c; ~ and q; = -~· . Matrices P; describe 

rotations and compressions of the contour of the set E, fulfilled in order to 
obtain its reduced copies. Vectors q; determine location of these copies with 
respect to the initial contour. 

Table 1 
· ) O; b; c 

I <I; e; J; I a; b; c. 
I di e; J; 

I 0.04 0.04 239.29 -0.04 0.04 301.73 24 0.08 0.01 222.30 -0.0 I 0.07 299.74 
2 0.03 0.01 344. 76 -0.00 0.11 276.12 25 -0.10 0.00 292.37 0.00 0.10 218.63 
3 0.10 -0.01 354.33 0.01 0.08 393.95 26 0.00 -0.04 248.11 -0.04 -0.00 283.67 
4 0.03 0.00 275.34 0.00 0.03 230.66 27 -0.02 0.00 238.62 -0.00 -0.02 341.43 
5 0.05 -0.20 170.00 -0.11 -0.10 255.0~ 28 -0.05 0.01 183.53 -0.02 -0.02 240.18 
6 0.05 0.00 340.95 0.00 0.04 331.94 29 -0.04 -0.03 270.97 -0.03 0.04 154.10 
7 0.06 -0.01 296.77 0.01 0.05 295.61 30 0.06 -0.01 346.09 0.03 0.02 351.41 
8 -0.03 0.00 243.51 0.00 0.03 261.66 31 0.01 0.04 239.88 -0.04 0.01 266.94 
9 0.06 -0.00 261.60 0.00 0.07 307.51 

32 0.08 0.01 316.06 -0.01 0.08 289.03 JO -0.07 0.06 290.28 0.06 0.07 177.49 
11 -0.04 0.00 274.20 0.00 0.04 291.94 33 0.09 -0.01 158.19 0.02 0.05 194.76 

12 -0.05 0.01 266.28 0.04 0.01 251.53 34 0.09 0.05 211.17 -0.05 0.09 144.04 

13 0.01 -0.02 295.60 -0.03 -0.0 I 185.48 35 -0.01 0.07 192.85 0.05 0.02 286.62 

14 0.04 -0.01 232.98 0.01 0.05 140.14 36 0.03 0.03 319.50 -0.05 0.02 314.45 

15. 0.02 0.04 337.28 -0.02 0.04 337.69 37 0.10 0.00 312.48 0.00 0.04 261.94 
16 0.04 0.00 223.65 0.00 0.04 260.94 38 0.03 0.00 299.34 0.00 0.03 322.66 
17 0.04 . 0.01 381.15 -0.00 0.09 339.61 39 -0.10 0.00 324.37 0.00 0.05 305.22 
18 0.07 0.00 394.57 0.00 0.08 374.07 40 0.04 0.00 243.65 0.00 0.04 291.94 . 
19 0.04 -0.02 290.60 0.02 0.03 223.15 41 -0.03 0.00 252.51 0.00 0.02 248.38 
20 0.05 0.00 281.95 0.00 0.05 352.22 42 0.09 -0.06 385.06 -0.06 -0.08 450.92 
21 0.05 0.00 382.95 0.00 0.04 396.94 43 -0.02 0.01 123.14 0.01 0.02 281.65 
22 0.10 -0.04 319.74 0.05 0.08 286.30 44 -0.02 -0.03 129.37 -0.04 0.01 193.1: 
23 0.00 -0.06 272.97 -0.03 -0.01 263.2~ 45 0.04 0.05 353.92 -0.03 0.07 349.73 
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Figure 4 presents an image of a self-similar fractal model (attractor A of 
the system S). In order to imitate accidental isolated points, the dispersion 
model in a form of independent random noise is introduced into "Chaos 
Game". The figure allows to estimate visually the quality of modelling for 
the initial epicentre cloud. 

. ---- -·· .... !- --· -···--- -·-· ·- ..1-... ·-·---·--· -·· -·-~ -·--·-
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Fig.4. Self-similar fractal model 
of the earthquake epicentre set E shown at fig. l 

It is men.tioned above, that the fractal dimension of self-similar set A 
may be calculated as a solution of equation (2). In accordance with this, the 
dimension of constructed fractal model approximately is equal to 1.3. 

6. RESUME 
1. The program complex REFRACT for fractal modelling of real images 

was developed. It is an interactive program written for IBM PC. 
2. The earthquake catalogue image was processed with the use of 

complex REFRACT. A set of 45 contractive affine transformations was 
found. 

3. Being applied repeatedly for sequential time periods the advanced 
procedure allows to gain some kind of seismic dynamics description. 
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4. The presented image processing method can be applied to halftone 
Landsat images of the mountain countries. In this case a compact 
description of the relief structure of active seismic region would be a useful 
result. 
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SPACE AND TIME VARIATIONS OF THE FREQUENCY-ENERGY RF:LATION 
FOR MINING INDUCED SF:ISMICITY 

Karel HOLUB 
Institute of Geonics, Academy of Sciences of the Czech Republic, Studentska 1768, 

708 00 Ostrava-Pornba, Czech Republic 

ABSTRACT 
The values of parameters of the relation log N = a - b log E characterize in general the 

level of seismicity of individual regions. A detailed analysis of b-values of the frequency
energy distributions was carried out with the aid of database of seismic events induced by 
mining in the Ostrava-Karviifa Coal Mine District (Czech Republic) using the least square 
method. It can be generally stated that lower b-values correspond to a higher level of 
induced seismic activity, while the higher ones correspond to a low and/or moderate 
seismic activity. 

INTRODUCTION 
In view of a certain analogy between earthquakes and rockbursts, analogous 

statistical methods in data processing can be applied. It was ascertained that the slope 
of the frequency-energy distribution curve obtained for mining induced seismic events served 
for describing the degree of seismic hazard of high energetic events. The implemented 
software enables us, besides the foci location and energetic size determination, also to use some 
statistical methods. During the monitoring, different time intervals, regions of interest and 
classes of energies in the frequency-energy relations were investigated. a and b values in 
the formula log N = a - b log E were determined for a number of regions monitored and 
for different duration of time series of observation. Some results concerning frequency
energy distributions and their space and time variations are discussed . 

PROCEDURES USED JN OBSERVATION EVALUATION 
The relations between the number of seismic events N and their energy size E in joules can 

be approximated in log-log scale by the equation in the form 
log N = a - b log E. (I) 

The b parameter in equation (1) generally characterizes the ratio of weak and strong se1sm1c 
events, while the a parameter represents an average of seismic regime background. With the 
aim of maintaining an equal span of individual energetic classes, dE ·.~ f - C/2 was 
introduced. The lower and upper limits of energy classes E were defined by the expression 

log 0.15 + (C-1)/3 <log E <log 0.15 + C/3, (2) 
where C represents an arbitrary unit of seismic energy. It is well-known that the N(E) 
dependence in a certain interval of energies is of linear character and that the deviations 
from the typical linear course are usually caused by the absence of representative number 
of seismic events with appropriate energy and/or by the lapse between the medium and high 
energetic lesser frequent events. For approximation of data sets, the least square method 
was applied and parameters a and b of the straight line were determined. The application 
of this method was justified by the fact that software applied made it possible to take a 
primary interactive decision on the range of arbitrary units C for straight line 
approximation. The reliability of calculations performed was estimated by using the 
correlation coefficient r NE· For detailed investigation of b-value in the region of one of 
longwall faces a set of 191 I events having the energy size E > 102.J (C 2':9) was divided 
into subsets containing 100 events each and b-value using moving window of AN = 50 
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events were calculated 

RESULTS OF STATISTICAL DATA EVALUATION 
In Table I, quantities of frequency-energy distribution approxinrntion of a clnta set for 

one year interval are given . In the column of the Mhitrary unit C. a lower and upper limits for 
linear approximation arc introduced. 

Table I. Parameters of linear data sets approximation for the Ostrava-Karvina Mine District. 

Time N h a Interval log Emax 
interval ofC ~_l!l_ 
1989 30550 0.76 4.97 9-24 7.0 

--·--·-- ·---- - -·--- -·----- ·- - -

1990 27704 0.68 4 79 9-23 6.7 -- ---------- ---- ------------
1991 20348 0. 79 'i . 15 9-22 (d 

--- - - ,___ __ _ __ 
1992 20491 0.94 5.54 9-24 7.0 
1993 26751 0.84 5.37 9-20 7.0 

Typical examples of b-value variations in space and time for selected tectonic blocks of 
individual coal fields are given in Table 2. 

Table 2. Parameters of linear data sets approximation observed within the time period 
January 1989 - June 1993. 

Mine Tectonic N h a Interval logEmax 
block ofC (J) 

CSA 3 10 856 0.54 4.15 9-24 7.0 
Doubrava 0 2 942 0.64 3.62 9-17 4.7 
Doubrava 4 6 614 0.66 4.20 9-19 7.0 
Duk la 2 5 261 0.68 4.02 9-20 5.7 
CSA 5 6 384 0.70 4.42 9-18 5.0 
CSA 7 3 196 0.70 3.85 9-16 6.3 
CSA I 9 673 0.76 4.62 9-19 6.7 
CSA 0 5 102 0.89 5.06 9-21 6.0 
Duk la 4 14 929 0.91 5.02 9- 18 6.0 
Darkov I 14 514 1.00 5.32 9-19 6.3 
Lazy 7 5 556 1.14 4.99 9-16 5.0 

During the time period October 1993 - August 1994, 1911 seismic events exceeding the 
energetic threshold of E ~I 02J were recorded in the wider neighbourhood of one of the 
Jongwall faces in the Lazy Mine. The applied approach discussed before resi.1lted in 
determination of a and b parameters in 38 subsets containing IOOcvents each , b-value being 
ascertained within the interval of values 0.4 - 1.1. The observed variations of b-value during 
this experiment performed, made it possible to compare directly the appropriate b-value 
with different mining situations in situ, e.g. preparation phase of mining, interruption and/or 
reduction of coal winning, fully developed face and/or undergoing of left pillars in the 
overburden. It was generally proved that variations of b-values in space and time do exist, b
value being inversely proportional to the level of induced seismicity which was investigated 
by using Benioff's graph and its gradient, by frequency and/or energy time series of the 
observed seismic events. 
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TECTONIC ANALYSIS OF MINE TREMOR MECHANISMS 

FROM THE UPPER SILESIAN COAL BASIN (POLAND) 

Grzegorz Sagan, Leslaw Teper and Waclaw M. Zuberek 

Silesian University, Faculty of Earth Sciences, 

ul. Bedzinska 60, 41-200 Sosnowiec, Poland 

EXTENDED ABSTRACT * 
The Wujek mine coal field situated in the zone of one of the bigger discontinuities in the 

Upper Silesian Coal Basin (the USCB) was chosen as a study area . The algorithm used in 

the research was the amplitude inversion in time domain computed by the latest version of 

the Seismic Moment Tensor program. 202 mining tremors were processed. Almost all 

tremors were closely related to active mine longwalls, but a few occurred far from the 

exploitation area. Each event was registered by a 12 station seismic network. Digital 

seismograms were used to calculate the shape or the seismic moment tensor, as well as the 

proportion of the three different components causing the fracture process at the focus: the 

isotropic component (1), corresponding to the volumetric change; the compensated linear 

vector dipole (CLVD), corresponding to the uniaxial compression; and the double couple 

(DC} component corresponding to the shear failure. Additionally the spatial orientation of the 

two nodal planes and the P and T axis was estimated. For about 70% of the events the double 

couple component exceeds 60% and its maximum is between 60 and 70'!f,. The other main 

types of event consist of those having large I and CLYD components (between 40 and 50%) 

and a small DC part (less than 10% ). The decomposition of the seismic moment tensor into 

the CL VD and DC components was also performed (zero trace tensor) removing any 

isotropic component from the solution, as well as the calculation of the tensor with both trace 

and determinant brought to zero. Such a decomposition showed the unimodal distribution of 

the dominant DC component. 

*) Full text is submited to Pure and applied geophysics Special Issue "New studies of induced seismic events" 
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The main type of focal solution has one approximately vertical plane and one 

approximately horizontal plane. Two major directions are dominant in the azimuth 

distribution: N-S (azimuth about 340-360), and the minor one NE-SW (azimuth about 

40-60). The directions arc not related to the trends of longwall excavation whereas similar 

distribution of fractures orientation can be observed. 

According to the model postulated earlier (Teper et al., 1992) neotectonic deformation in 

the region is a typical product of force couple that has acted along the deep-rooted fracture of 

crystalline basement situated evenly with the latitude. The tectonic activity, as one of the 

components, results in generation of seismic events whose types of focal mechanism, as well 

as spatial distribution are well-defined and true to the model. 

Typical strike-slip faults develop in stress field with a vertical intermediate principal 

stress axis, cr2• Such a stress field is possible within narrow range of conditions. Any change 

in overburden pressure outside certain limits means that the vertical stress becomes either 

greatest or the least principal stress. In consequence dip-slip faults are formed. Such vertical 

movement has been performed along the NNE-SSW ledge faults. This is the main cause that 

the biggest population of events has one subvertical nodal plane while the second one is 

horizontal. 

Some events gave a strike-slip mechanism for faulting. This kind of mechanism is typical 

for natural events rather than for mining induced ones, because it demands the existence of 

the horizontal tectonic stress. Solution of this group of tremors points to a strike slip as a 

cause of the events. The tremors were generated due to horizontal, dextral tectonic transport 

on NNE-SSW oriented discontinuities of rockmass and/or due to horizontal, sinistral 

displacement on latitudinally oriented faults. 

Solution of another tremors suggests that displacement on NW-SE oriented reverse faults 

may occur; it may be an evidence that local or regional compression with NE-SW directed 

axis has existed in study area. 

Acknowledgements: This research was funded by Polish Government KBN Programme (grant number 

KBN 9 S602 045 03). 
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VARIATION OF CERTAIN PARAMETERS OF REGIONAL STRESS 
TENSOR UNDER CONDITIONS OF ROCKBURST HAZARD 

The feasibility of gaining valuable geomechanical information derived from seismological data and 
its specialist interpretation for utilisation in the area of assessing hazards due to mining tremors and rockburst 
has become a development of signal importance in mining seismology. Undoubtedly of particular interest is 
a certain knowledge of the directions of the principal stresses a 1, o2, o3 of the regional stress tensor. For 
their determination use is made of a set of parameters from the mining tremors' regional focal mechanism 
solutions (angular parameters of nodal planes and axes of principal stresses· in the tremor focus - P and T). 
Results of research conducted at the mines Szombierki and Wujek and analysis of calctilated results for 
parameters. of regional stress tensor show that there exist appreciable differences -between values of these 
parameters and also a clear correlation with local extraction conditions that is of significance from the point 
of view of seismic hazards. 

1. INTRODUCTION 

The mining seismology method is in practice the only one which provide measured values 
of the parameters, in the case of a tremor induced by mining operations, and simultaneously 
permits conclusions to be drawn as to the physical processes taking place during these tremors. 
Carefully directed interpretation of seismological data can yield significant information from the 
geomechanical point of view which could offer a clearer insight into the nature of the mining 
tremors and rock bursts and hence lead to improvements in effectiveness of prediction and also 
combating of these hazards. 

The group of parameters that may be determined from on an interpretation of this kind 
includes the direction of the principal stresses a 1, a 2 , a 3 , the so called regional stress tensor and 
also the scalar magnitude R, which directly expresses the relation between these stresses. It is 
noteworthy that the spatial system of axes of these stresses governs which type of tremor focal 
mechanism will be found. It is obviously not possible to establish absolute values of these stresses 
on the basis of seismological data alone. 

The possibility of determining directions of the principal stresses a 1' u 2, u 3 by a 
seismological method is of special significance since at present neither science nor mining practice 
has available other comparably rapid techniques and in particular for observation of its changes 
with time. The fact that these parameters correlate with local extraction conditions gives well -
grounded justification for considering them as precursors of changes in seismic hazard states. 

• Central Mining lnstirute, Katowice 
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2. PHISICAL PRINCIPLES OF THE SOLUTIONS 

From study of numerous sets of data on seismic effects of mining origin (Gibowicz, 1989) 
it is dear that the most frequently occurring focal mechanism is disruption or slip along the focal 
plane. This is particularly noticeable among the higher energy tremors. The motive force for the 
existence of such a mechanism is a double couple of forces and the processe is of purely shearing 
type. In this case the stress tensor matrix contains only components lying along its diagonal, i. e. 
the principal stresses a 1, a 2, a 3 • Hence the position of the shear plane corresponding to the focal 
plane will be dependent on the ~patial orientation of the directions of these stresses. Contemporary 
seismology has at its disposal iqterpretation methods making it possible to establish the position of 
focal plane, among which is for example, the solution based on the signs of the first arrivals of 
seismic waves on the seismograms (Stec et al. 1992). 

The essential feature in inversion type solutions is thus to find, basing on knowledge of the 
~ clescnbing the SJX11ia1 position of the focal plane, the directions of the princiJlll stresses a 1, a 2 , a 3 

and also the magnitude R expressing their mutual relationship. 

3.METHOD PROCEDURE FOR DETERMINING REGIONAL STRESS TENSOR 

The relation between the slip vector ii in the fracture plane and the directions of principaI 
stresses a 1, a 2 , a 3 was established by McKenzie (1969). The solution was derived from the 
following assumptions: 

- the fracture process in the focus develops along a specific plane. 
- the slip vector is parallel to the shear stress lying in this plane. 
The stress tensor evoking this course of the destruction process may be written as follows: 

Where: sl ?:Sz?:S3 

-s1 o o 
S = 0 -S2 0 

0 0 -S3 

Equation (1) may be written in the form: 

where: 
0 1 = S1 - S3, 
az = Sz - S3' 
U3 = S3, 
al ~ az, 

I - unit matrix. 

s 
t 0 0 

-J~· ~' ~' -s,1 

(!) 

(2) 

After introducing the coordinates associated with the fracture plane in the focus, the form 

of tensor S changes to S 1 as in the relation: 
(3) 
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where: 
A - unit matrix transforming any arbitrary coordinate system ·to a system related to 
the fracture plane. 

Equation (3) may by expressed in the form: 
(4) 

where: 
B = A -1 - matrix transforming the coordinates system of the fracture plane to a 
system determined by the principal axes of the stress tensor. 

After introducing angles 0, <I>, 'I' denoted as on Fig. I, the matrix B (B = B1 B2B3 ) is the 
combination of successive revolutions B1, B2 , B3 about axes x t> x 2 , x 3 and is expressed as follows 
(Gephart, 1990): 

Fs 'ltos ~ 
B= n 'ltos ~ 

sin ~ 

-cos '&in <l>sin 0-sin 'itos 0, -cos '&in cflcos 0+sin '&in 1· 
-sin '&in <l>sin 0+cos 'itos ~ -sin '&in cflcos 0-cos '&in 

cos t'llsin 0, cos <l>cos 0 

Fig. I. Stereographic projection of angles 
determining directions of principal 
stresses. 
0 - plunge of axis u 1 , u3 , 

'F - azimuth of axis u 1 , u 3 , 

<I> - angle of inclination of axis u 2 to the plane 
containing axes u1 , u3 , 

y s, y P - range of variation of directions of 
determined stresses about the initial estimates 

Ultimately the following form is _obtained: 

S f3 = -[ u 1 cos ~in <l>-u 2sin ~ cos ~in <biin 0 + sin 'H:os 0) ] cos <I> 

(5) 

(6) 

Equation (6) permits the existence of a solution for the principal directions of a triaxial stress tensor 
when the following condition is satisfied: 

Ul = Sin 20+.$-!sin ~OS @ 
Uz SID <I> 

The shear stress Sf 2 then has the value: 

S f2 = -u 1 sin 'H:os 'R:os 2<1>-u 2 ( cos 'Ein <biin 0+sin 'ltos 0) · 
( sin 'Ein <biin 0-cos 'R:os 0) 
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The calculation procedure described here is of the nature of an algorithm for determining 
the directions of the stress tensor causing slip in the positive direction of axis x 2 in the fracture 
plane in the focus. Basing on these calculations a computer programme FMSI (Gephart, 1990) was 
developed for calculation of selected parameters of the regional stress field. Among these are the 
azimuth plunge angles determining directions of axes of principal stresses a 1, a2, a 3 and also the 
scalar magnitude R (Etchecopar et al., 1981), where: 

(9) 

where: 
f3ij - cosines of angles between the coordinates of the system x 1, x 2, x 3 associated 

with 

the directions of principal stresses and coordinates of the system x f, x {, x j 
associated 

with the fracture plane in the focus. 
When making the assumption a 1 ;::v.2 ;::r,3 the parameter R takes the value 0 ~g . 
The data base for calculation of the magnitudes given above is formed by the parameters 

of tremors focal mechanism solutions. Depending on the set of parameters of the focal mechanism, 
six alternative data sets may be derived: 

1. Angular parameters of two nodal planes (azimuth, dip) and direction of slip vector taking 
into account weighted values, 
2. Angular parameters of axes of principal stresses P and T (azimuth, plunge), 
3. Angular parameters of fracture plane ( azimuth, dip) and also azimuth and plunge of 
direction of slip vector, 
4. Angular parameters of fracture plane (azimuth, dip) and also sign of direction of slip 
vector("+" or"-"), 
5. Angular parameters of fracture plane (azimuth, dip) and also designation of direction 
index of value of index of slip vector (from 1 to 4), 
6. Angular parameters of fracture plane (azimuth, dip) and also value of slip angle. 

The weighted values taken depend on the energy of the seismic events and the accuracy of 
the solutions of their mechanisms. The sign of the slip vector signifies the direction of dip slip 
(" +" is taken for normal model of focus; "-" for inverted model of focus). Designation of the slip 
direction is as follows: 1 - for events with normal dip slip, 2 - for events with inverted dip slip, 
3 - for events with dextral strike slip, 4 - for events with sinistral strike slip. 

Results of calculations of regional stress tensor are presented in tables, giving the error 
expressing the mean misfit for values R and <I>. Table 1 is an example of this. The forme of 
presentation of results is very important for a realistic evaluation of their reliability and the 
feasibility of determining allowable models. As the final solution is taken the model with the least 
sum of errors, for which, after reading off R and <I>, are determined the angular parameters 
(azimuth, plunge) of directions of axes of the principal stresses a" a 2 , a 3 • 
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Table I. 

Sum of misfit errors for stress parameters a 1, a 2, a 3 . 

I s.9 I 14.9 123.9 141.9 I so.9 I s9.9 168.9 I 11.9 186.9 I 
** 

I I I I I I I I 

0.00 82.584 I 62.049 I 54.210 I 35.358 I 34.623 I 40.966 I 48.210 I 54.735 I 60.656 
I I I I I I I I 

0.10 ~~~~~~ [~;~~~I~~~~~I~~~2!~I~~~~~I~;~5!~I~~~~~I~;~0~I~~~~~~1 
0.20 25~~~- ~~<:~13_-f_:~~.2.?_-f-~~~!_-f_:~~2.?_-f_:~:2L-f-~<:~8!_-f-~~:~-+:~~~~-I 
0.30 ::~~- ~:~:9!_-f-:S..::s~-+~~:2!_-f_:~:~-+:~~6.!--f-~:::6.?_-f-~~:9!_-f_:~~:~_ I 
0.40 :~:?~- ~:~~~-+:~~1:!--f-~~~7_?_-f-:~~3!_-f_:~~!--f-~~:~-+~~:s_!_-f_:~~~~-1 
0.50 ~~:?~~- ~:~:6~-+:~~~-+~~~L+:~~o_:-+::::4-7_-f-~~~3!_-f-~~~s:_+:~:?~_ I 
0.60 28.60~- ~:<:!3.?_-f-:<::2!_-f-~~~7.?_-f-:~~9:_+:~~~-+:~~9_!_+~::~9.?_-f-:~:7:~_ I 
0.70 2~~~:- ~:<:~3:_+:<:~~-+~~:'!?_-f-:~~s:-+:~~.?-+:~:3!_+:~:~-+~~~~:_ I 
0.80 2~!~:- ~:~~5_!_-f-:~!.~-+~~~8!_-f-:~~13_-f_:~~7!_-f_:~~32_-f_:~:s.?_-f_~:!~~-I 
0.90 26.181 ~:<:!6!_-f_:~~9_?_-f_:<::3L-f_:~:~-+~~3_:>_-f_:~~:?--f-:~~~-+::!~~-I 
1.00 57.480 : 57.480 : 57.480 : 57.480 : 57.480 : 57.480 : 57.480 : 57.480 : 57.480 
R - Etcbecopar's parameter, <P - inclination angle a 2 , **Sum of errors is expressed in degrees 

4. CALCULATION EXAMPLES 

Calculations were performed making use of the FMSI programme which made it possible, 
basing on data formed by angular parameters the tremors' focal mechanism solutions, to determine 
the directions (azimuth, plunge) of principal stresses al' a 2 , a 3 • Research was carried out in the 
Szombierki mine, longwalls 21E and 22E, and in the Wujek mine, longwalls 1 lb and 12b. The 
relevant geological and mining situation is shown in Fig.2 and 3. 

-.. ··---...... -.. -.. -·-,··-·-·-·-::::;;,·9-.,._._·-·-.... : r;-~:..-.-"' 
• ' ; · ~·-·-·-·"n·- ·-·-!·:·f ..... 

· - · " · -·- · -..- . : I I • . : ; 
I I . 
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I 
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I 
I 

- ,"' 
i ~ 

• I 
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§ .. : t ! 
i ./1 : j . '. I; - "-· .; 

·1 ·- .' I' . ' 
I 
~ 

i --{ ~--i ~-i -~~1~i --~--i -~-~ --i ~J i .. . 
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Fig. 2. Geological and mining situation in the region of longwalls 21E and 22E at the Szombierk.i mine. 
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Fig.3. Geological and mining situation in the region of longwalls llb and 12b at the Wujek mine. 

In order to show up regularities in the space - time variations of the chosen regional stress 
tensor parameters, the set of input data was systematised according to the criteria of position of the 
tremor focus relative to the extraction front. Calculations· were made for monthly extraction 
periods, distinguishing groups of events situated in advance of, and behind the longwall front. 

As a result of applying this procedure, for each data set a series of results tables was found 
(Table 2 shows an example) containing: 

- angular parameters of directions of principal stresses at> a 2, a 3 (azimuth 'Pi, 2, 3 , plunge 
81,2,3), 

- coefficient R, 
- error in angles' determination. 

Table 2. 
Results of determinations of directions of the axis of regional stress tensor 

S 1 2 3 - plunge of the stress axes a 1, a 2, a 3 ; 1PJ., 2, 3 - azimuth of the stress axes a 1, 2, 3 ; 
' ' R Etchcopar's coefficient -

Szombierki mine, longwall 2IE. 
Focuses of mining tremors occurring in advance of the extraction front. 

Months C71 Uz C73 Eri:or 
R (0) 

.S 1 
I l>2 I 

S3 I 
<P3 I 'Pi I <Pi I 

10 32 I 287 58 I 98 i 4 I 149 0.2 6 
11 19 ! 272 68 I 62 10 I 178 0.4 5 
12 17 I 268 73 I 85 3 I 176 0.4 7 

~--------+-------- --------+-------- --------+-------- -------- ---------~------

l 67 I 308 II 92 12 I 186 0.7 5 
2 s1 I 276 17 29 34 131 0.6 6 
3 26 1 200 28 95 so 325 0.5 7 
4 25 I 

I 183 15 91 65 349 0.8 4 
s 21 1 201 23 94 51 328 0.7 9 
6 44 I 

I 201 27 82 35 332 0.7 8 
7 69 I 148 7 39 19 307 0.4 6 
8 19 I 269 67 60 11 180 0.4 5 
9 18 I 266 72 86 1 178 0.3 4 

10 61 
I 

51 21 144 68 396 0.6 s 
11 71 

I 
25 53 123 38 289 0.5 6 

26 78 39 326 0.4 7 12 40 I 193 
-------.+--------~--------+-------- --------+-------- --------- --------------

1 17 I 222 54 I 101 31 I 322 0.2 7 
2 21 I 121 63 I 283 3 I 19 0.1 4 

I 
3 28 I 124 42 I 242 30 I 11 0.J 6 
4 18 ! 115 69 I 315 8 ! 203 0.4 7 
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5. ANALYSIS OF RESULTS 
Analysis of calculated results obtained for angular parameters of principal stresses of the 

regional stress tensor and for coefficient R determined basing on the set of parameters of the 
mining tremors focal mechanisms'solutions, show a clear differentiation in the test regions and also 
show correlation with changes in the stress - strain state in the rock body induced by mining 
extraction. 

Results from the mine Szombierki for the region of longwalls 21 E and 22E show that the 
distribution of directions of stresses a 1, a2, a 3 and parameter R change together with the level of 
seismic activity described by the parameter b of the Gutenberg - Richter distribution and by 
parametr ERR expressing the quantity of energy released per unit area of exposed roof (Fig. 4a,b). 

In the initial period of extraction of longwall 2 IE (XI/89) were observed low values of 
parameter R (0.9) giving evidence that at this time a compression process predomonated, while as 
from the following month the value of R increased, indicating the appearance of tensile processes. 
These processes are also reflected in the change in parameters of the focal mechanism. At this time 
the longwall extraction front lay underneath the non - extracted part of seam 504 and the unmined 
strip left in seam 501. At this time the seismic activitv was hi!!h. 

The next R parameter found over the six successive months of extraction of longwall 21E 
show, characteristically, values greater than 0.5, indicating the presence of increased tensile stresses 
in the rock body. For the majority of tremors throughout the whole period, the angular axis 
parameters P and Tare approximately the same except for the month of June 1989, when a very 
clear change in dir~tion of stress T was observed. This change was confirmed by the occurrence 

of a very severe tremor of energy E = 3 ·10 8 J , which caused the formation of a new stress 
distribution, which then lasted through the following months up to the end of extraction of longwall 
21E. Throughout virtually the whole of this period the parameter R exhibited values less than o.5 
(compressive stresses predominating) with•the exception of October 1989 (R :=: 0.6). Increase in 
value of parameter R correlated here with the passing of the longwall extraction front under the 
edges of over-lying seams. 

The analysis for longwall 2 IE presented here may be seen to indicate a clear relationship 
between the conditions of extraction in this longwall and changes in distribution of stress field, the 
occurrence of focal mechanisms of various type and also the level of seismic activity. 
The characteristic features of these relationships include: 

1. During the period when the longwall extraction front was passing through the area under 
mined out seams, compression stresses predominated in the rock body. Value of parameter R was 
less than 0.5. The principal focal mechanism was the dip - slip normal mechanism with focal 
motion approximately vertical. 

2. When the extraction front was passing under unmined sections of the rock body and also 
in places where the influence of edges was shown, chiefly tensile stresses (R > 0.5) were found. 
The most frequent type of focal mechanism was the slip with horizontal motion in the focus. 

3. The occurrence of increased seismic activity was observed, manifested by a greater 
quantity of seismic events during the time when parameter R was achieving a value greater than 
0.5, i.e.during the period when tensile stresses dominate. In the geomechanical interpretation of 
results presented the fact should be noted that induced seismic events resulting from extraction of 
the longwall and local stress - strain states (e.g. extraction edges) are associated with a certain 
distance displacement, due to the stress distribution ahead of the advancing longwall front. 

In the case of longwall 22E, calculated results for regional stress tensor also show several 
characteristic festures. In longwall 22E, throughout virtually the whole extraction time compression 
stresses predominated (R < 0.5). The first change in stress distribution was found in June and July 
of 1990. The parameter R then reached a value of the order of 0.6 - 0.7. This change may be 
associated with the occurrence of extraction edges in seams 501 and 514. 
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Fig. 4. Distribution of parameters b, ERR, R during extraction of longwalls 21 E and 22E. 

The analysis conducted indicates that the occurrence of values of parameter P close to 1 is 
linked with increased level of seismic activitjt. 

Analysis of parameters of regional str~ss tensor was also performed for the set of tremors' 
mechanism so~utions in t?e vicinity of tongw~lls I lb and 12b at the Wujek mine (Fig. 5). It .was 
found that dunng the penod when the extracttpn front of longwall 1 lb was taken under the mmed 
out part of seam 416 (June - July 1990) low Rlvalues of the order of 0.2 occurred, giving evidence 
of distinct predomination of compressive stresses. Focuses of tremors occuring in this period 
exhibited mainly slip - inverted mechanism. In September 1990 was noted a very marked rise in 
parameter R to a value of 0.8. This high value ofR indicated a strong domination of tensile stresses 
caused most probably by an extraction edge seam in 416 parallel to the longwall front. 

During the next period of extraction of longwalls 1 lb 12b (October 1990) R had a value of 
about 0.4, dropping further to 0.1 in November 1990. The occurrence of high tensile stresses in 
this period was found when longwall 1 lb was being worked under the unmined part of seam 416 
and longwall 12b under the mined out part. · 

During the following extraction penod (up to the middle of July 1991) the extraction fronts 
of longwalls llb and 12b wer~ passing under the unmined section of seam 416. · 
This situation is reflected in the stress distribution and the focal mechanism. At this time parameter 
R took a vaI:ue greater than 0.5, indicating the domination of tensile stresses. The principal type of 
focal mechanism occurring at that time was the mechanism of slip with horizontal motion of the 
ground in the focus, i. e. the strike - slip mechanism. From the middle of July 1991 both longwalls 
were worked under the safety pillar protecting the main cross- cuts left in seam 416. The parameter· 
R took low values, that is compression predominated. Tremors occurring in this period mostly 
exhibited the normal slip mechanism. · 

In general, it may be said that in the case of longwalls I lb and 12b a very clear correlation 
could be observed between heightened level of seismic activity and the domination of tensile stresses 
(R > 0.5). 
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Fig. S. Distribution of parameters b, ERR, R during extraction of longwalls l lb and 12b at the Wujek mine. 

CONCLUSIONS 

1. Analysis of selected parameters of the regional stress tensor, calculated on the basis of 
a set of parameters of mining tremors' focal mechanisms solutions, demonstrated the existance of 
a distinctly differentiated stress field in the tested regions. 

2. The parameter R expressed by the relationship: 

R = az-a1 
a3-a1 

proved to carry valuable information and to correlate well with local extraction condition from the 

aspect of seismic hazard. 

3. The procedure developed for interpretation of seismological data may serve to broaden 
the range of results parameters and to enable fuller utilisation of information contained in the 
tremors' seismograms. This procedure offers a high potential for practical application and also the 
feasibility of achieving improvements in effectiveness of rocburst hazard seismological assessment. 
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BEHAVIOUR OF THE SALT DIAPIR OF MIROVOIBULGARIA UNDER 
STATIC AND DYNAMIC LOADING CONDITIONS 

P. KnolP); I. Paskaleva2); B. Schreiberl); M. Kouteva2); G. Kowallel); M. Hanke3); 
K. Rotherl) 

1. Introduction 

Since 1992 we have dealt with the problem of the Mirovo salt deposit in the North of Bulgaria 
within the frame of a joint research work between GTU and the Bulgarian Academy of 
Sciences. This project has been sponsored by the Ministry of Science, Research and Culture of 
the State of Brandenburg (Germany). 

2. Situation 

The salt deposit Mirovo in the North of Bulgaria is a diapir structure with the shape of an 
irregular frustum of a cone. The diapir gradually transforms into a horizontal layer at a depth 
of about 3500 m. 

The main part of the rock salt massif is the mineral halite but the diapir generally shows a 
strong inhomogenity. The body is enclosed into limestones and dolomites of Cretaceous age 
and Paleogene marls. A salt-marl cover (breccia) has wrapped up the salt body and prevented 
it from the fresh water of the surrounding rocks. 

The salt is being extracted in a depth between 600 m and 2,500 m by leaching. As a result of 
mining within the time period 1952 - 1992 about 5.3 * 106 t of salt (dry material equivalent) 
have been extracted from the salt diapir. This is nearly a value of 0.65 % of the material 
content of the diapir from the surface up to a depth of 2,500 m. The final state after further 
about 20 years of mining will be nearly 2,83 %. 

With the installation of the National Seismological Network of Bulgaria in 1980 the detection 
capability for Bulgarian microearthquakes was increased, and therefore a new data base for 
seisrnicity studies has been created. There are proposals that the recent rnicroearthquake 
activity of this area is mostly induced by the mining activities. 

But due to the position of the Mirovo salt deposit at the border of the Bulgarian seismological 
network the accuracy of location seems to be within the range of± l 0 km or so. Up to now 
there is no clear evidence that the increased seismicity of the area is an result of salt extraction 
and not of the increased detection capability of the seismic network. 

I) GTU lNGENIEURBORO KNOLL, Teltow/Gennany; 
2) Bulgarian Academy of Sciences, Central Laboratory of Seismic Mechanics and Earthquake Engineering, Sofia/Bulgaria; 
3) Consultant for FEM-modelling, Berlin/Germany 
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3. Investigations: Strategy and tactics 

One digital seismic recording station was installed by GTU in the area of the mine to improve 
the seismic database for our area of investigation. The station mainly consists of one three
component accelerometer and one seismic recording unit REF TEK 72A-07 with 24-bit ADC 
and 250 Mbyte Harddisk. 

By means of our investigations we tried to find answers to the following main questions: 

1. Which features has the mining induced stress field? Could it - superimposed with the 
tectonic stresses - lead to a reduction of stresses on fault zones in the neighbourhood? 

2. What can we find out about the stability of the system caverns - diapir - surroundings in 
case of an earthquake? 

The first idea to solve these problems would be a dynamic analysis in which a numerical model 
is loaded with a more or less typical spectrum. This way is normally used in earthquake 
engineering. In spite of all model simplifications one could find a relatively good solution. 

The first step of a spectrum analysis is a modal analysis to calculate the eigenfrequencies of the 
system which are only dependent on dimensions and shape of the structure under study. Since 
our model as part of the underground has no defined boundaries, model dimensions can be 
chosen more or less free. In this way one can produce each frequency one likes to. 

Searching for an alternative we have tried to estimate the maximal loads on the system and to 
decide whether they are dangerous or not. To go a step towards the solution of our problems 
we followed this strategy: 

1. static analysis (loading with gravity): 
• estimation of subsidence and comparison with reality 
• numerical prerequisite for following dynamic analyses 
• Which influence has the mining activity on the surface? 
• Which influence could mining have on fault systems in the surroundings? 
• Could it possibly trigger earthquakes ? 

2. harmonic analysis (loading with monochromatic shear waves): 
• first statements about the stress loading of the system 
• estimation of stress distribution in and around the salt body 
• • behaviour of the system in case of the maximal possible natural earthquake 

3. transient analysis (loading with an envelope ofa displacement curve in time domain): 
• validation, enlargement and improvement of the results of point 2 
• stress distributions 

4. submodeling: 
• more detailed results on the basis of point 3 
• loading of the "pillars" between the caverns 
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4. Numerical models of the salt dome 

The structure under study is very complex in structure, including both varying mechanical 
parameters and geological faults. So it demands for a 3D-calculation. The Finite Elemente 
Program ANSYS, version 5.0 has been used for dynamic calculations. 

One of the biggest problems of this investigation is the conflict between the dimensions of salt 
dome on one hand and of the caverns on the other hand. It is impossible to build one model 
which is detailed enough to calculate the behaviour of each cavern and extended enough to 
contain the whole salt dome and surrounding rock layers. 

The only possibility is to construct some several models with different dimensions and aims. 

Model A (fig. 1) 
This model contains the salt body, its salt-marl cover and surrounding rocks in a depth range 
between 0 and :2500 m. Both North-South- (x-) and East-West- (y-) dimension are 5000 m . 

..: 
0 

"' 

Fig. 1: Model A in frontal view and cross section 
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The surroundings are modelled as two layers, limestone and a "mixed" material near the 
surface which is composed of all materials except the limestone (sandstone, marl, soil). 
Material parameters of the "mixed" material are derived by averaging from values of all 
materials existing in this region. A saturated brine is assumed as cavern filling. 

For calculations with this model no additional horizontal stress state has been taken into 
account, there are only stresses resulting from gravitation. 

For some calculation steps a certain number of elements was changed from the properties of 
salt to them of brine to realize the leaching process. The brine elements are situated in three 
levels, approximated to the reality. 

Model C 
This model is rather abstract, but it is an excellent means for a detailed investigation of the 
cavern system. It consists of two "bricks" containing each a cavern filled with brine (fig. 2). 
For symmetry reasons there have been used only parts of the caverns for calculation. 

< 
0 

"' 

Fig. 2: Model C 

Model C represents a detail of the big model A. It is characterized by the following details: 
• x-dimension: 400 m 
• y-dimension: 150 m 
• z-dimension: -1350 ... -1950 m 
• Material properties were taken from model A. 
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5. First results 
5.1. Static analysis 

In fig. 3a and bare printed vertical displacements of model A under the influence of gravity at 
present and in future. The subsidence reaches 0,23 m whereas the maximal rising is 0, 17 m for 
present. For the future state the values are -0,43 m and +0,37 m. 

Detailed subsidence rates at the surface are printed in fig. 4a and b. The subsidence reaches the 
surface in the range of maximal 0, 08 m at present and maximal 0, 16 m in future. 

Fig. 3a: Subsidence values for current state of mining 

Fig. 3b: Subsidence values for final state of mining 
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Fig. 4a: Subsidence on the surface for current state of mining 

Fig. 4b: Subsidence on the surface for final state of mining 

5.2. Harmonic analysis 
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An acceleration spectrum derived from several strong motion records under typical conditions 
in central Europe has been used to estimate the dynamic loading for harmonic analyses. This 
curve is valid for an intensity of 8,02° (MSK) and the subsoil classification solid rock. Basing 
on this spectrum there have been calculated amplitudes of displacement smax for the four 
frequencies 0.5, 1.0, 1.5 and 2.0 Hz. 
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Fig. 5 shows the reaction of model A in case of harmonic loading on the base with f = 0,5 Hz 
and oscillation in x-direction. The displacements (in m) are printed superelevated. 

Fig. 5: Reaction of Model A in case of harmonic loading with 0.5 Hz 
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Fig. 6a is a representation of stress distribution under harmonic loading at 0.5 Hz (sum of final 
static state and dynamic loading). The stresses are printed along a path through the centre of 
the diapir between z = 0 and z = -2500 m. It is drawn the failure criterion according to 
Bieniawski labelled Sk- The values of sx, Sy and Sz do not reach the one of Sk. For comparison 
it is shown a stress distribution resulting from the static analysis (final state) along the same 
path in fig. 6b. Both distributions are very similar, the additional stresses caused by dynamic 
loading are in the range of less than I % ofloading in static case. 
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Fig. 6a: Stresses in the centre of the diapir under harmonic loading with 0.5 Hz 
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Fig. 6b: 
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Transient analysis 

An envelope of a displacement curve in time domain was used as loading for transient analysis. 
It is an event of the source region Friuli with an intensity at recording station of 4.5 °. 

Fig. 7 represents again distribution of stresses sx, sy and sz at the time of the strongest 
displacement which is in the range of the one in harmonic calculation step. Location of the path 
is the same as before. In fig. 7a one can see the reaction of the virgin diapir without caverns 
and in fig. 7b the one of the system in final state. These results seem to be in good agreement 
with harmonic analysis. 
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Fig. 7b: Stress distribution in the diapir final state of mining, transient loading 

The results of transient calculation were loaded as constraint to the detailed model C 
Unfortunately the calculation is very time-consuming and results are not yet available in a 
presentable form but they show the tendency that there will not occur a critical state. 

6. Conclusions 

Finally we can try to answer our two main questions according to our numerical calculations: 

I. There are no hints that mining activities in the Mirovo salt deposit cause induced 
earthquakes. According to the results of static analyses we can say that the influence of this 
process is much to small to reach the fault zones and to trigger earthquakes. 

2. In case of dynamic loading we can assess that the regions between the caverns will not be 
in danger as long as their planned dimensions are taken into consideration. 

Finally it must be mentioned that these results were gained on the base of very insufficient data 
concerning geological, seismological, rock mechanical and technological information. So, these 
are no final statements and they have to be improved with more detailed data. It should be 
shown here the general way to solve this kind of problem. 

1308 



LOCAL SEISMICITY IN THE PROVADIA REGION (NE BULGARIA) 
(PROJECT FOR LOCAL EARTHQUAKE MONITORING) 

S. Dineva, D. Mihajlov, D. Sokerova, E. Botev, D. Ouzounov, L. Petrov, 
L. Dimitrova 

Geophysical Institute of BAS, Acad. G. Bonchev St., bi. 3, 1113 Sofia, 
Bulgaria 

Sv. Popov 

"Geology & Geophysics" Co., 23 Sitnyakovo blvd., 1505 Sofia, Bulgaria 

ABSTRACT 
The region of the town of Provadia is remarkable with the Mirovo salt 

diapir, which has been processed by the method of underground leaching 
since 1956 by approximately 40 wells. There are evidences from the 
beginning of this century that moderate earthquakes occur in this region, 
but after a few earthquakes with magnitudes around 4.0 in 1976-1993 an 
opinion that earthquakes are induced by the adopted method of salt 

. extraction has been formed. 
To prove or reject the relation between the human activity for salt 

extraction and earthquakes a comprehensive program for investigations in 
the region of Provadia has been proposed. The first results, concerning 
the seismic characteristics of the region and summarizing of the 
geological, geophysical and tectonic data, are presented. It is found out 
that available data are not enough to answer the question if there existed 
a relation between the salt extraction and earthquakes. That is why a local 
seismic network project for permanent monitoring of the seismicity in the 
region, designed by borehole seismometers, is proposed. 

INTRODUCTION 
The region of the town of Provadia has attracted the attention since the 

earthquake on February 7th, 1976 with M=3.7 and lo=6 by MSK. The 
earthquakes that followed in 1981 (M=4.1, lo=6 and M=3.6, lo=6-7), in 
1983 (M=4.2, lo=6-7), 1985 (M=4.0, lo=6) and in 1993 (M=4.0, lo=5-6) 
started worrying the population. There were rumours that the earthquakes 
had been induced by the Mirovo salt deposit processed close to Provadia. 

The Mirovo salt deposit with dimensions approximately 2 to 3 km 
(isohyps -2000 m) is located at about 5 km to the SE from Provadia. It has 
been processed by the method of underground leaching since 1956 by 
approximately 40 wells. Hermetically sealed cameras with 100+200 m 
diameter and 150+300 m height are formed in the stock at depth of -1 OOO 
+2000 m during exploitation. 55 million tons of salt have been extracted up 
to now. The existence of caverns in the salt stock, resulting from human 
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activity, as well as the technological input of water in them, change· its 
stress-deformed state. Alteration of the hydrogeological regime in the 
tectonically deformed rock complex comprising the salt diapir is also 
possible. 

By proposal of the Geophysical Institute of BAS the municipality 
authorities of Provadia and the chief executives of "Geosalt" LTD -
Provadia acted jointly to obtain a financial assistance by the Government 
of the Republic of Bulgaria for the construction of a local seismic network 
in the Provadia region and for the investigation of the earthquakes 
character using a program developed by the Geophysical Institute. 

The program includes geological, geophysical and tectonic studies of an 
area with dimensions approximately 80x80 km; studies of the seismicity 
using available historical and instrumental data; design and construction of 
local seismic network; study of the kinematic and dynamic parameters of 
the earthquakes in the area and a preliminary assessment of the seismic 
risk in the region. 

GEOLOGICAL, GEOPHYSICAL AND TECTONIC CHARACTERISTICS 
OF THE REGION 

The area studied is located in the eastern part of the South Moesian 
Periplatform area, between the Eastern Forebalkan and the Moesian 
Platform (Fig. 1 ). Three tectonic structures are observed in the area: the 
Provadia syncline, the Gorni Chiflick horst and the Daina Kamchia lowland. 
They are limited by the subequatorial North Forebalkan and South 
Moesian faults and submeridian tectonic breaks (Bokov and Chembersky, 
1987; Georgiev et al., 1985). 

The Mirovo salt deposit is in the central part of the Provadia syncline. 
The character of the magnetic field in the area is comparatively calm 

with a magnetic maximum (Vetrino) to the north-northeast of Provadia with 
amplitude of 1.2 nT. It is supposed to be caused by magnetic disturbants 
at a depth below 13 km (Dachev, 1988). 

Some local gravitational minima in the subequatorial stripe between the 
town of Varna and the village of Nevsha (Dachev, 1988) are observed. 
They are related with the South Moesian fault, though could have been 
caused by the deeply lying Permian salt bodies. 

The crystalline basement, accepted as epibajkal, is of a complex fault
block structure. The separate blocks established by the tectonic zoning 
(Fig. 1) are confirmed in depth by the interpretation of the magnetic and 
gravitation fields. They lie between the -7000 m and the -9000 m (Bokov 
and Chembersky, 1987). 

The Phanerozoic is represented in the sediment cover above the 
crystalline basement. Two structural complexes: the Caledonian-Herzinian 
(Palaeozoic) and the Alpine (Mesozoic) (Bokov and Chembersky, 1987) 
are observed. 

The data on the Palaeozoic structural complex reveal considerable 
variety of the paleogeological settings during its formation and the post 
sedimentary tectonic settings (Fig. 2a) (Bokov and Chembersky, 1987). 
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Fig. 1. Tectonic scheme of the Provadia town region 
(acc. to Bokov and Chembersky, 1987 and Georgiev et al., 1985) 
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Fig. 1. Tectonic scheme of the Provadia town region 
{acc. to Bokov and Chembersky, 1987 and Georgiev et al., 1985) 

and epicenters of earthquakes occurred up to 1980 
(legend) 

1 - Boundary between the Stara Planina mountain structural zone and the 
Eastern Forebalkan; 2 - Boundary between the Eastern Forebalkan and the 
Moesian Platform; 3 - overthrust; 4 - faults: 1 - South-Moesian, 2 - North
Forebalkan, 3 - Drumevo, 4 - Hrabrovo, 5 - Provadia, 6 - Padino, 7 - Sultan, 8 -
Sindel-Vetrino, 9 - Bliznaci, 10 - Venelin-Tolbuhin, 11 - Batovo, 12 - Kichevo; 5 -
Anticline axes; 6 - Salt stock with 8-km zone; 7 - epicentres; Sa - points of 
microseismic noise measurements, Sb - selected points for seismic stations of 
the local network; 9 - regional seismic station "Provadia"; 10 - Provadia syncline; 
11 - Gorni Chiflick horst; 12 - Avren step; 13 - Dolna Kamchia lowland. 

Below left: location of the area studied on the map of the Republic of Bulgaria 
and location of the regional seismic stations. 

The Permian structural stage is well distinguished lying discordantly over 
older Palaeozoic rocks of various age. The Mirovo salt deposit has been 
formed during the Permian. The top boundary of the Permian is 
represented by a denudation surface. The denudation section reaches the 
Lower Devonian in the north-northeastern parts of the area studied, while 
the washed out surface sinks from north ·co south {from :-1000+-2000 m to 
-4600+-4800 m). A horst structure with subequatorial direction limited by 
tectonic faults - the Padino and Sultan faults contains the salt body 
{Fig. 1 ). 

Five stages are separated by distinct regional discordance form the 
Alpine {Meso-Neozoic) structural complex. The Triassic is the most 
strongly divided and deeply denuded as a result of Late Cimmerian 
tectonic phase. Therefore the next Jurassic-Lower Cretaceous stage lies 
over different stratigraphic Triassic and Palaeozoic stages {Fig. 2b) {Bokov 
and Chembersky, 1987). The horst structure containing the Mirovo salt 
body is developed in this structural plan too. 

The recent tectonic structure of the area has been the result of the joint 
action of various tectonic settings since the Palaeozoic until nowadays. As 
a result the Mirovo salt body area is divided by radial tectonic disturbances 
separating variously displaced tectonic segments. The following faults 
influence more considerably the recent tectonic behaviour of the area: 
Sindel-Vetrino, Provadia, Sultan, Padino and the Hrabrovo faults (Fig. 1) 
(Georgiev et al., 1985). 

Obviously additional purposeful detailed seismotectonic studies using 
the local seismic network will be necessary in order to clarify the complex 
tectonic setting. · 

SEISMICITY OF THE REGION 
The seismological data include all available historical (macroseismic) 

data and instrumental earthquake observations of the area studied. 
There are data about 10 felt earthquakes with M=2.5+4.9 and intensity 

up to lo=7 MSK since the last century until 1956, i.e. seismic processes 
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Fig. 2. Paleogeological maps 
(acc. to Bokov and Chembersky, 1987) 

2a - Pre-Mesozoic surface; 
26 - Pre-Jurassic surface 

2a 

26 

(C - Carboniferous, D - Devonian, P - Permian, T - Triassic) 
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have occurred before commencing the exploitation of the salt body using 
the method of underground leaching (Fig. 1 ). 

More earthquakes have been registered after 1980, when the National 
Operating Telemetric System for Seismological Information was put in 
operation. For the period of 1980-1993 over 100 earthquakes have been 
registered in the area studied. The frequency distributions of the main 
parameters of these earthquakes - origin times, depths, magnitudes and 
determination errors of hypocenters are presented on Fig. 3. 

4 e 12 1s 20 0 12 18 20 

Fig. 3a. Latitude errors Fig. 3b. Longitude errors 

10 16 20 25 JO 10 20 ~O 40 GO 

Fig. 3c. Depth errors Fig. 3d. Depth 

12 ~.; ..................... ; .................... . 

2 5 0 4 e ~ ~ ~ M 

Fig. 3e. Magnitude Fig. 3f. Origin time (GMT) 
Fig. 3. Frequency distributions 
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Fig. 4. Epicenters of earthquakes with the determination errors 
and projected zones of localisation of earthquakes 

by the designed local seismological network 

1 - Boundary between the Stara Planina mountain zone and the Eastern Forebalkan; 
2 - Boundary between the Eastern Forebalkan and the Moezian Platform; 3 - overthrust; 
4 - faults (the same as in Fig. 1 ); 5 - Anticline axes; 6 - Salt stock with 8 km zone; 
7 - epicenters of earthquakes occurred up to 1980; 8 - selected points for seismic stations 
of the local network; 9 - regional seismic station "Provadia"; 10 - epicenters of earthquakes 
occurred after 1980 with their determination errors; 11 - projected zones of localisation of 
earthquakes with different magnitudes by the designed local seismological network. 
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The earthquakes are in the magnitude range of 1.2+4.2. The largest 
number of events are with magnitudes of 2.0+2.8. 

The determination precision of hypocentres' coordinates is low due to the 
unfavourable position of the stations from the national seismic network 
with regard to the region of Provadia. The errors reach 16 km along the 
latitude and longitude, most of them being up to 4 km (Fig. 3a and Fig. 
3b). The hypocentres' depths errors reach 30 km, most of them being up 
to 5 km (Fig. 3c). 

The distribution of the earthquakes' epicentres for the period of 1956-
1993 and the errors of their determination are revealed in Fig. 4. A certain 
concentration of a significant part of the earthquakes along the Sindel
Vetrino fault is observed. The rest of the earthquakes are located between 
the South Moesian and North Forebalkan faults. Seven events are 
registered in the salt body region (radiu_s up to 8 km, including its contact 
zone). The event of 07.02.1976 with magnitude M=3.7 is the strongest 
among them. 

The distribution of the seismic events in twenty-four hours (Fig. 3f) 
reveals that most of the events have occurred during day time. There is a 
possibility for some1 of the events to be industrial quarry blasts. 

Fig. 5 reveals the distribution of the earthquakes number in the area 
studied and close t'o the salt body (in a radius up to 8 km) and the amount 
of extracted salt by years for the period of 1980-1993. 
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Fig. 5. Relation between the quantity of the extracted salt and 
number of earthquakes in the Provadia region per year 

Obviously, the correlation between the number of earthquakes and the 
human activity, characteristic for the induced seismicity, is lacking. The 
same is valid for the earthquakes next to the salt body. The earthquake of 
1976 with M=3. 7 and depth 8 km next to the salt body cannot be 
accepted as being caused by the salt body ·exploitation yet. 
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LOCAL SEISMIC NETWORK 
Site surveys for design of the local network were carried out in 1993. 

18 sites were studied, measuring the seismic noise {Fig. 1 ). The sites for 
the seismic stations were chosen under the following regulations: 
1. The location of the station to guarantee the best precision for localising 

the earthquakes with M~1 in the 20 km zone around the salt body. 
2. The sites to be at a distance from potential sources of artificial 

microseismic noise - industrial enterprises, transport communications, 
etc. 

3. The geological-tectonic structure under each of the stations to 
guarantee the slightest attenuation of the seismic vibrations of the 
earthquakes. 

4. The location of the seismic stations to be in tectonic blocks {according 
to the known tectonic structure), participating directly in the formation 
of the local tectonic stresses and in the realisation of the earthquakes 
in the area around the salt body. 

5. The location of the sites to ensure permanent annual access to them 
and suitable communications, electric power supply and possibility for 
rad,io communications with the regional seismic station "Provadia". 

As a result of the network optimisation according to the above 
mentioned criteria, four sites, suitable for seismic stations, were chosen: 
Nevsha, Banovo, Avren and Royak {Fig. 1 and Fig. 5). We intend these 
stations to be connected to the regional seismic station "Provadia". 

Fig. 4 contains two zones of earthquakes' registration with M~1 and 
M~1.5 with the seismic stations chosen with equipment having the 
following project parameters: 

magnification - 40000 times at 1 Hz; 
· frequency band - from 0.1 to 40 Hz; 

signal/noise ratio - minimum 12 dB; 
dynamic range - more than 136 dB. 

Due to the high level of the registered surface micronoise, the allowed 
magnification of the seismological equipment at frequency of 1 Hz and 
signaljnoise ratio being 12 dB for the usual {surface) installation of the 
seismometers varies between 3000 and 10000 times in "the most quiet" 
points. 

To obtain reliable registration and exact localisation of the earthquakes 
with M~1 in the region studied, magnification of about 40000 times at 1 Hz 
and frequency band up to 40 Hz {Watanabe, 1971; Morandi and 
Matsumura, 1991) in the chosen points will be necessary. This can be 
achieved when installing the seismometers in boreholes with depth from 
30 to about 150 m. 

The information flow from the four stations in the local network to the 
regional seismic station "Provadia" will be ensured by a radio telemetric 
transmitting network. 

The local network will ensure a reliable registration and localisation of 
earthquakes with magnitudes M=1+6 with precision up to 0.2 km with the 
thus selected configuration and the correctly prepared velocity model. 
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CONCLUSIONS 
1. The Provadia region is situated in a very complex tectonic setting with 

recent seismic activity, proved by earthquakes with magnitude M::;;4.9. 
2. The existing national seismic network does not allow precise 

determination of earthquakes' parameters in this region. 
3. Part of the events, registered up to now in the region, has probably 

been caused by industrial blasts, while the rest are perhaps 
earthquakes of tectonic character. 

4. There are no evidences of influence of the salt yield by the technology 
used on the seismic regime close to the salt body. 

On the basis of the carried out investigations and the conclusions above, 
we· could summarise that precise seismological observations, using the 
described local seismic network, are necessary for conducting the 
seismicity study and determination of the seismicity regime, as well as for 
proving a potential induced seismicity. 

Carrying out detailed seismic studies in the region will provide an 
opportunity to outline seismogenic faults and zones, and construct a 
seismotectonic model as a basis for assessment of the seismic risk for the 
equipment and buildings in the region of the salt deposit and of the town 
of Provadia. The results of the studies will allow to carry out seismic 
microzoning of the town of Provadia and to make a seismological 
assessment of the technology used for salt yield. 
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1. Introduction 

The salt mine under investigation is located in the Provadia Region (43.06 N, 27.45 E). 
Exploitation has been started some 30 years ago by leaching caverns into the salt body. 
The mine is situated in a region with low or moderate seismic activity with some indications 
that seismicity has increased during the last decades. 
To study seismicity and ground shaking a local net of accelerometers has been installed some 
15 years ago, and a set of records has been collected. 
In 1993 a German-Bulgarian collaboration between the Central Laboratory for Seismic 
Mechanics and Earthquake Engineering, Sofia and GTU, Teltow for studying the seismicity in 
the Provadia region has been started. This project is supported by the Ministry of Science, 
Research and Culture of the state Brandenburg, Germany. 

2. Seismicity data 

The study of induced seismicity includes the intense investigation of historical and recent 
natural seismicity of the area and of the adjoining regions. This prerequisite allows after a 
sophisticated analysis to divide the observed seismic events into natural and induced ones. So 
the creation of the corresponding data base has to include two parts, the historical data file 
describing the seismicity of the region without anthropogenic influence, and the observational 
data dealing with the seismic regime of the studied area under conditions changing by human 
activity. Due to the fact that one has to take into consideration the whole energetic spectrum 
of seismic events as well as the development of the seismicity in time the second task can be 
solved only by the operation of seismic monitoring stations or a corresponding network. 

2.1. The seismicity of Bulgaria 

The seismicity of Bulgaria is controlled by the seismotectonics of the alpidic belt. But the 
territory of Bulgaria is outside the main active belt. It can be divided into subregions of 
different seismic activity and geotectonic development. The Thracian massif and the Moesian 
platform represent two rather stable blocks. They are divided by the folded area of the 
Ilalcanides. The seismically most active region of Bulgaria is the south-western part. The most 
active focal zones of this part are the Struma-, the Mesta- and the Rila-ones. The considered 
part of the territory is spaced from the Northern Dinarides to the Rhodopes. It is characterized 
by tensional stress ofWSW-ENE direction (DOTZEV, YUNGA, 1989). In the south-eastern 
part ofBulgaria one has established NW-SE directed compressional stress. This is in good 
agreement with the general direction of movement of crustal blocks in northern Greece and 
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Western Turkey. The earthquake generating mechanism of this subregion seems to be the 
westward movement of the Anatolian block relatively to the regions in the North. In the 
northern part of Bulgaria there has been found a NW-SE compressional stress direction. 
Within this region the seismicity is relatively low compared to the other parts of the territory. 

2.2. Seismicity of the Provadia region 

One of the most striking problems in seismicity studies of Bulgaria, and especially of the 
Provadia region is the lack of data for a time period of several hundreds of years. Only 
beginning with the end of the last century there are available reliable seismicity data. 
At the beginning of the century within the Provadia region there the following events were felt: 

26.04.1901 
05.05.190°1 
30.08.1902 
03.03.1903 

(43.11 N, 27.26 E) 
(43.13 N, 27.55 E) 
(43 04 N, 27.21 E) 
(4314 N, 27.56 E) 

M = 3.8 
M = 3.6 
M = 3.6 
M = 2.6 

lo = V (MSK) 
lo = V (MSK) 
lo = V (MSK) 
lo = II (MSK) 

Up to 1964 there are no data concerning seismicity of the Provadia region. The seismic zoning 
map of Bulgaria indicates an expected maximum magnitude for events within the Provadia 
region ofMmax = 4.0 - 4.5. The corresponding b-values of0.35 has been determined. 
For particular recent time periods the seismicity of Bulgaria has been analysed by 
GRIGOROV A& GLA VCHEVA (1979), RIZHIKOVA et al. (1980), VELICHKOVA & 
SOKEROVA (1980), GLA VCHEVA (1993). The main features maybe characterized as 
follows, the north-eastern part of Bulgaria is generally of lower seismic activity compared to 
the other parts. Within the Provadia region containing the salt deposit under study there is a 
weak recent seismic activity. The magnitudes of the events were rather small (M ::::; 3.5) during 
the ti!ne period 1970 -1975. The Provadia region is an area with recent weak seismic activity, 
but up to now the pattern of earthquake foci could not be established with high accuracy. 
Several events of magnitude 5.6 - 6.0 for an area about 1000 km2 around Provadia have been 
reported (PASKALEVA et al., 1993). 

2.3. Seismic hazard 

The Provadia region is seismically affected by strong earthquakes of distant focal regions. So 
within the region of Provadia the Shabla earthquake ( 1901) has caused a intensity of about 6 -
7 degrees, the Gorna Orjahovitza (1913) earthquake of about 6 - 7 degrees, and the Vrancea 
earthquake (1977) of6 degrees. Based on the seismicity of the period 1900 - 1974 using the 
Gumbel's third distribution of extreme values BURTON (1979) has determined the maximum 
magnitude for most of the territory of Bulgaria by M75 = 7 .1 ± 1.1. This value has been 
determined for a 4° x 4° cell with the co-ordinate of the SW corner 40 N, 24 E. The 
determined maximum magnitude seems to affected mostly by the active western part of 
Bulgaria. Investigations of the seismic hazard and risk (MAYER-ROSA, 1993; 
PROCHAZKOVA et al., 1984) have shown that within the Provadia region the maximum 
observed intensity is of about 6 degrees which is smaller than in the ·neighbouring regions of 
Bulgaria and Romania. The focal zone ofVrancea (Romania) is of high importance for 
evaluating seismic hazard and risk for the territory of Bulgaria due to the very strong 
earthquakes generates there. So the 1977 Vrancea earthquake has caused very severe damage 
all over Bulgaria. Within the Provadia region there an intensity of about 5 to 6 degrees has 
been observed (GRIGOROV A et al., 1977). The Bulgarian building code (NORM, 1987) 
indicates for Provadia a maximum intensity of 7 degrees (MSK) for a 1 OOO years time period. 
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2.4. Recent seismic observations 

Up to 1964 there are no microseismic observational data concerning seismicity of Provadia. 
After the installation of the National Seismological Network ofilulgaria in 1980 the detection 
capability also for the Provadia region has been increased and a new data base has been 
established. The recently published Atlas of Isoseismal Maps (GLA VCHEV A, l 993) and the 
Catalogue of Earthquakes, Bulgaria 1981-1990 (SOLAKOV & SJMEONOVA, 1993) 
provide the data base offelt and non-felt events within the Provadia region. 

23.07.1981 (43 .12N,27.44E) M = 4.l 
04091981 (43.13N,27.57E) M = 3.6 
1909.1981 (43.16N,27.57E) M = 3.0 
3108.1982 (43.14 N, 27.45 E) M = 3.3 
14.04.1984 (43.70 N, 27.85 E) M = 3.1 
14.06.1984 (43 .12N, 27.51E) M = 3.l 
12.06.1985 (43.llN,27.51E) M = 4.0 
02.05.1987 (43.10 N, 27.47 E) M = 3.8 
19.09.1987 (43.45 N, 27.82 E) M = 3.0 
02.01.1990 (43.10N,27.59E) M = 3.2 

lo = VI-VII 
lo = V -VI 

10 = v 

lo = VI 
10 = v 
10 = v 

The apparent increase of seismicity led to the conclusion that there is induced seismicity in the 
Provadia region. The arguments are as follows: 

- the location of the events is near the mine, 
- the depth is shallow, as determined by macroseismic methods, 
- the relative high frequency content of accelerograms, 
- there seems to be a correlation between the production of the mine and the seismicity 

Every l 00 OOO t to 200 OOO t salt extracted will generate an event with magnitude 3 
(PASKALEVA et al., 1993). 

Up to recent time there is no difinite proof of this statement. 
The National Seismological Network of Bulgaria consisting of about 14 telemetered stations 
(CHRISTOSKOV et al., 1989) was established in 1980 after the March 4, 1977 Vrancea 
earthquake, which has caused several damages in Bulgaria. Since that time the detection 
threshold for seismic events has been decreased, and the accuracy of epicenter determination 
has been improved. Nevertheless the Provadia salt deposit is situated at the southern borderline 
of the network, and the accuracy of epicenter determination by means of this network should 
be rather poor ( 2". 10 km or so). Tests of the location by means of the program ROU 
(BAUMBACH, 1990) have supported this result. When providing a location by means of the 
5 nearest stations to the salt deposit (PRY, JMB, RZG, STR, DIM) and taking the Sg-phase as 
the best one due to its large amplitude, than a change ofO 1 sec of the Sg onset-time will 
change the location of the epicenter of about 10 km. A larger number of stations will not 
change significantly the result, but also not improve it. In 1993 the seismological station 
Provadia (PRV) has been established. For more than one year data are available (Preliminary 
Bulletin of the Bulgarian Network). These data have been used to check the above stated 
arguments. Fig. I presents the distribution of the ( ts-tp )-times for near events as recorded by 
PR V. The mean value is of about 3. 9 sec with a variance of about 1. 8 sec, which is equal to a 
distance of 32 km and a variance of 15 km. The scatter is quite remarkable and it represents 
possibly the existence of different source zones near PRV The depth distribution (Fig.2) 
shows also a high scatter. The mean depth is of about 10.8 km for the time period 1981-1990 
and of 6.6 km for 1993-1994. There seems to exist a correlation between the depth and the 
magnitude of the events: the larger the manitude the deeper the earthquake has been generated. 
The rather large depth together with this possible trend are in contradiction to the possibility of 
induced origin of these events. Up to now there are no reliable fault plane solutions for events 
generated within the Provadia region. 
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Fig.2. The depth distribution of earthquakes in the Provadia region recorded during the time 
periods 1981 - 1990 and 1993 - 1994. 

The only possibility for improving the knowledge about the seismogenic process of that region 
is to distribute seismic stations around the region under investigation. During the time period 
1980-1991 in Provadia an accelerometric network consisting of SMA-1 accelerometers has 
been established. The records were analyzed at the Central Lab of Seismic Mechanics and 
Earthquake Engineering in Sofia. The magnitude threshold of the SMA-network is rather high, 
so the records contain mostly stronger events of neighbouring regions. Due to the lack of other 
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seismic recording facilities in the Provadia region a accurate location could not be performed. 
Beside the stations distribution the second source oflocation errors is the inhomogeneous 
structure of the Earth's crust. Therefore a calibration of the network seems to be needed. 

4. Seismic monitoring 

4.1. Configuration of the equipment 

Up to now there are only very few seismic records made in the vicinity of the salt deposit. 
Other strong motion records are also not available for this particular region. For solving the 
problem of possible mining induced seismicity one of the most actual items is the recording of 
seismic events in the vicinity of the mine. To monitor the seismic activity in the surroundings of 
the salt deposit in autumn 1993 a seismic recording station has been installed by GTU, Teltow. 
The station consists the following components (REF TEK, 1993): 

- 1 three component accelerometer SSA 320, 
- l high resolution digitizer REF TEK 72A-07, 
- 1 timing unit GPS 111 A, 
- l PC Portable LCD 486 DX 33, 
- 1 data streamer for mass storage and data exchange, 
- l power supply unit, 

cables, and 
software for data acquisition and analysis. 

The equipment has been installed at the lower floor of an administrative building nearby the 
salt extraction field. For a first time period of several months the equipment has been tested 
under the specific conditions. Especially test have been performed for setting the trigger level 
in accordance to the noise conditions and to the expected signals. 

4.2. First results 

The active monitoring by means of the REF TEK station has been started spring 1994. Most of 
the recorded signals were due to traffic and nearby technological activities. 
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Fig. 3. Distribution of trigger events of the Ref T ek monitoring station in Provadia. The local 
time is UT + 3 hours. 
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Fig. 3 shows the distribution of triggered events over time. It is clearly visible that most of the 
events are triggered within the time periods of08:00 to 17:00 and 18:00 to 21:00 local time. 
But nevertheless some real seismic events (natural or possibly induced ones) could be 
identified. Up to now there is no resolution concerning the question of the nature of those 
events. For this reason the data base should be increased. 
Fig. 4 and Fig. 5 show examples of small seismic event recorded by means of the REF TEK 
equipment. The epicentral distances of these events are of 3 km and 15 km and the magnitudes 
are of-0.5 - 0 (comer frequency of30 Hz) and 0 - +0.5 (comer frequency- 12 Hz), 
respectively. 

<ll 

Fig.4. Record of the vertical component ofa microearthquake (June 01 , 1994) with a 
magnitude of - 0.5 and an epicentral distance of about 3 km. 

z 

<ll 

TJME [Sll!'C] 

Fig.5. Record of microearthquake of(June 2, 1994) with a magnitude of0.5. The epicentral 
distance is of 15 km. 
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Till September 1994 there could be recorded some more events near the Provadia salt deposit. 
There are plans to install a microseismic network around the Provadia salt deposit (DINEV A 
et al., 1994). A combination of the data of the different monitoring systems of this region 
could possibly improve the location accuracy as well as the possibility of analysing the focal 
mechanisms. 

5. Conclusions 

Up to now the accuracy of determining critical parameters of seismic events in the Provadia 
region is not high enough, and therefore the question of the nature of seismic events within this 
region could not be answered with a high degree ofreliability. 
From recent data there is no clear evidence that the increased seismicity of the area is an result 
of salt extraction and not of the increased detection capability of the seismic network. 
For Provadia from the recent catalogue the location accuracy is estimated of about few 
kilometres. However some weak seismic events have been located very close to the salt mine 
and maybe caused by mining. 
For stronger events the focal depth is greater than 2 km, therefore no of the stronger events 
fulfils the focal depth criterion. 
The accuracy of determination of focal parameters, especially the focal depth and of fault plane 
solution.should be improved by installing sophisticated local stations surrounding the Provadia 
salt mine. 
The monitoring of the Provadia region is of high scientific and economic interest. It should be 
continued. Based on the accumulated seismic and technological data problems of forecasting 
seismic events, of hazard assessment and prevention should be studied. 
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GRAPHIC PRESENTATION 
OF TlfE FAULT PLANE SOLUTION 

Zdenek KALAB, Boris GRUNTORAD and Vlasta VESELA 

Institute of Geonics, Czech Academy of Sciences, 
Studentska 1768, 708 00 Ostrava - Poruba, Czech Republic 

ABSTRACT 
The fault plane solution is one of procedures of seismogram interpretation for mining-induced 

seismic events (rockbursts). Results from the geomechanical point of view represent probable 
plane of the process of rock massif failure. 

Nodal line projections to reference hemisphere or digital values of fault plane solution are 
used for type analysis. This approach makes possibility to follow the changes of parameters of 
the calculated nodal lines using method of P-wave amplitude inversion in course of coal seam 
extraction. Axonometric projection of the first amplitude values (converted to reference 
distance) for geomechanical analysis of seismic events is used. Three-dimensional projection 
enables to obtain more visual imagination of the process of rock massif failure. 

INTRODUCTION 
The knowledge of the mechanism of mining induced seismic events (rockbursts) contributes to 
solution of the process of rock massif failure. The interpretation of rockburst mechanisms is 
very exacting because many conditions are complicated, e.g. heterogeneous and discontinuous 
medium, geometry of mine workings, and therefore, very heterogeneous stress fields 
/GIBOWICZ, 1989/. It was empirically verified that in case of strong natural earthquake a 
shear plane of rupture was often predominant. However, this conclusion is not applicable a 
priori for rockbursts. Therefore, calculations are based on a modification that enables to 
include into calculation a presumption of existence not only the shear component but also the 
implosive (or explosive) one that influences the character of focal mechanism. 

METHOD OF FAULT PLANE SOLUTION 
For the research of fault plane solution of rockbursts, a method based on inversion effect of the 
first P-wave amplitude of ground motion was applied. Theoretical model of focus is a 
combined source consisting of shear and implosive components. The model of such defined 
focus was tested theoretically from the viewpoint of seismic wave radiation. A complete wave 
pattern of such a source is considerable complex, owing to the superposition of the considered 
dislocations with generally different source function. A preliminary idea of the source 
mechanism is known, however, may be obtained even from the very beginning of the wave 
pattern, provided its properties on the entire focal sphere. The radiation pattern proved to be a 
useful tool for the determination of the character of dislocations in the focus (according to 
RUDAJEV et al. /I 985/): . 

A model with combination both shear-tensional and shear-implosion sources was considered. 
For small shocks, such as rockbursts, the difference in arrival time between shear and 
implosion displacements would be negligible, and therefore both dislocations were assumed to 
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be generated simultaneously. The model of the combination rockburst focus consisted of a 
linear shear fault and perpendicular implosive component, where the presence of mining 
openings is supposed. The linear shear fault simulates the geological dislocation and it acts as a 
concentrator of stress. Both mechanisms acting in the focus were considered to be unilateral 
step-function dislocations propagating from the fault tip at a constant rupture velocity. The 
radiation pattern of the complex source under discussion is constructed as a superposition af 

radiation pattern of shear slip and implosive dislocations (according to RUDAJEV et al. 
/1985/). 

From the distribution of calculated amplitudes converted to the reference distance 
(infinitesimal sphere in the focus), two nodal lines can be plotted. It is impossible to decide 
which plane of these two ones represents the presumed plane of rupture without having 
additional geological and/or geomechanical data. 

Testing of this method on determination of rockburst focal mechanism using data from 
Ostrava-Karvina Coal Basin was performed by SiLENY /1987/ and VESELA et al. /1992/. 

AXONOMETRIC PROJECTION 
The model of the source established in such a way can be described by the following 
parameters /SiLENY, 1987/: 

- shear component: two solution of nodal planes (represented by angles of dip, strike 
and rake), 

- volumetric component (represented by a ratio of volumetric and shear dislocation). 
Digital presentation is one of possible output that is often used for statistical, type or cluster 
analyses. Projection of the nodal lines to reference hemisphere (here in lower hemisphere) is 
usually used for visual type analysis. 

Axonometric projection is considered as another type of featuring of this output. The values 
of the calculated theoretical amplitudes are displayed in 3-D projection. The focus is 
represented by an infinitesimal sphere. An example of the fault plane solution for rockburst 
occurring in the Czech Army Colliery (Ostrava-Karvina Coal Basin) is presented in Fig. 1 (left 
side - projection of nodal lines in lower hemisphere, right part - axonometric projection of 
amplitudes). 

Testing examples featuring the variations of dip, strike and rake values are shown in Fig. 2, 3 
and 4, respectively. The variations of volumetric component are shown in Fig. 5 where 
negative values are implosive components and positive values are explosive components. 

CONCLUSION 
Software for axonometric projection was developed in the Institute of Geonics of the CAS in 
Ostrava /TOTH, 1991/ and was being used on PC with DOS system and graphic colour 
monitor. Axonometric projection is used first of all for geological and/or geomechanical 
analyses of the process of rock massif failure. This three-dimensional projection enables a 
better spatial imagination. 

This work was provided by a grant from the Grant Agency of Czech Republic (reg. No. 
10519312409) and a project from the Czech -Americ an Technical Program (reg. No. 93065). 
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LIST OF FIGURES: 

Fig. 1 An example of the fault plane solution for rockburst occurring in the Czech Army 
Colliery (Ostrava-Karvina Coal Basin): 
DIP= 22.5° STRIKE= 228.4° RAKE =120.1°VOLUM. COMPONENT = -0.087 
DIP= 70.7° STRIKE= 16.4 ° RAKE= 78.3 ° 
/left side - projection of nodal lines in lower hemisphere, right part - axonometric 
projection of amplitudes/ 

· Fig. 2 The testing examples of axonometric projection of fault plane solution 
Variations of dip values: DIP= 0, 30, 60, 90°, respectively 
STRIKE = 0 ° RAKE= 0 ° VO LUM. COMPONENT = 0 

Fig. 3 The testing examples ofaxonometric projection of fault plane solution 
Variations of strike values: STRIKE= 0, 30, 60, 90°, respectively 
DIP= 60° RAKE= 0°VOLUM. COMPONENT = 0 

Fig. 4 The testing examples of axonometric projection of fault plane solution 
Variations ofrake values: RAKE= 0, 30, 60, 90°, respectively 
DIP= 60° STRIKE= 0°VOLUM. COMPONENT = 0 

Fig. 5 The testing examples ofaxonometric projection of fault plane solution 
Variations of volumetric component values: VOLUM. COMPONENT = -0.01, -0.05, 
-0.1 and + 0.1, respectively 
DIP = 60° STRIKE= 0° RAKE = 0° 
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INDUCED FORESHOCKS AS STRONG 
EARTHQUAKE PRECURSORS 

G.A.Belyankin, L.B.Slavina 
Institute of Physics of the Earth (IPE}, RAS, Moscow 

ABSTRACT 
A new method of long-term prediction of strong earthquakes 

is proposed. It is based on seicmicity increasing in the 
strong earthquake preparation zone at the time when another 
strong earthqake take place. The most probable time between 
precursors and strong events is about 10 years for earthquake 
with M>S and about 20 years for earthquake with M>6.5. All 
strong earthquakes in Caucasus region from 1972 till 1993 were 
retrospectivly predicted by this method. Maps on seismic 
hazard for this region are obtained. 

INTRODUCTION 
The question of the existence of "distant aftershocks" or 

"indicator earthquakes" was repeatedly discussed in seismology 
(Gusev A.A., 1976; Rice J.R., 1983; Prosorov A.G., 1981,1987.) 
We considered this phenomenon with a new view. 

The aim of investigation is to pick out from the regional 
catalogue earthquakes which pointed the place and time of 
future large events. We propose that the regions where large 
earthquakes are preparing become seismically active at the very 
times of previous large events. The last can be distant 
considerably from the preparing one and forestall it for years. 

METHODICAL PRINCIPLES 
We consider regional catalogue and pick out three kinds of 

events, A, 8, and C, where A is a strong earthquake which 
iniciates a series of weak events, 8, in the occurrence place of 
a future strong earthquake, C. The most of the 8 events may 
occur during a period some days before A through some days 
after A. (Belyankin G.A., Slavina L.B., 1994) 
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All the A, B, C events occur in the following conditions: 
1) the energy classes of the A and C events are higher than 

those of the B events (classes of A;;:::13,5; B;;:::S,O; C;;:::12,5); 
2) time intervals between the A and 8 events are little; 
3) distances between 8 and C are short. 
We do not assume that the events, A, B, and C, take place in 

any consequent order and - what is more important - that the 
most appreciable contribution in the B events must be given by 
the earthquakes which happened some days before the A event. 

We exclude aftershocks of A events and, moreover, we do 
not use the B events whose distance to A is more than 50 km. 
The distances between the B and C events are considered as 
short when a B event happens within a square with 65 km-long 
side centered at the C epicenter. We call such B events 
"precursors" of the C event. 

APPLICATION TO CAUCASUS 
In our investigation, we make use of data from the Caucasus 

earthquake catalogue from 1962 through 1990 for a region 
between 39° and 44°N, 42° and 52°E. 

In order to select an optimal value for the time intervals, we 
explore events occurred 60 days before A to 60 days after A. 
The whole catalogue was divided into ten-years periods. For 
defining an optimal temporal interval (OTI) between the A and B 
events, we used, at the beginning, the first period, 1962-1971. It 
appeared to be more preferable since the most of C events 
predicted by B's have enough times to occur. 

In Figure 1, there is shown a graph of the dependence of 
number of the B events during the first period (1962-1971) on 
temporal intervals between A and B (TAB) for more than 20 A 
events. This curve has a sound maximum at TAB =-5. This is 
why we rename the term "distant aftershock" into "induced 
foreshock"; however, it does not mean that we do not use the 
events with TAB >O. The term "foreshock" in our interpretation is 
attributed to a C event, not to an A one. 

1336 



.....
 

w
 

w
 

.....
, 

p
ic

tu
re

 N
 1

 

2
4
.
-
-
-
-
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 

22
 !·

-··
····

···-
-·-

····
····

····
···

·-·
·-·

-··
··-

·-·
·· ..

 ···
··-

···-
·--

····
···

-··
··-

-··
-··

-···
····

····
····

···-
····

··-
····

····
····

····
···-

····
····

····
·· 

····
····

····
···-

····
····

· ·
····

·· 
····

···
···

·-·
···

-··
·-·

···
-··

···
···

···
···

····
·i 

20
 !··

····
···

···
···

···
···

·-·
····

····
···

·-·
···

····
-··

···
···

···
···

···
···

···
···

·-·
--

···
···

·-·
···

···
···

···
···

-··
···

···
···

····
····

····
···

····
···

·-·
···

···
····

····
····

····
····

····
····

····
····

····
· 

····
····

··· 
····

···
····

···
···

···
···

··-
···

···
···

···
···

···
···

 

1 8
 !··

···
···

···
···

···
··-

···
····

····
··-

-·
·--

··-
···

·--
···

-··
···

···
-··

···
····

···
····

···
··· 

H
··

-·
···

···
···

···
···

···
···

···
···

···
··

···
··

··
··

··
··

··
--

···
···

··
···

···
···

···
···

···
···

···
···

···
 ·

···
· 

···
· ·

·· 
·· 

16
 l·

--
··

-·
··

·-
-·

··
-·

···
···

···
-·

··
··

··
-·

··
··

··
-·

··
··

··
··

-·
··

···
·-

···
···

-·
···

···
-·

·f
···

t·
··

·-
-·

··
··-

···
···

···
···

···
-·

···
···

··
-·

··
··

-·
··

··
-·

·-
···

···
···

 .
...

...
...

...
...

...
...

...
...

. 
···

···
···

···
···

·-·
···

···
···

···
···

···
·-·

···
···

···
···

··1
 

14
 !·

···
···

-·
···

···
·-

···
···

·-·
···

···
···

····
····

···
···

···
···

···
·· 

-··
···

-
. 

. 
j 

1 2
 l··

·-·
···

···
··-

···
···

···
···

···
···

···
···

···
··-

···
-··

····
····

····
····

···
··-

···
····

····
···

··-
t 

10
 !··

···
-··

···
···

···
··-

···
···

···
···

··
··

··
··

··
··

·-
··

···
-·

···
···

···
···

···
···

··•
 

21
···

···
···

···
··-

-··
···

···
···

···
· 

01
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
• 

I 
-2

0
 

-1
6

 
-1

2
 

-8
 

-4
 

0 
4 

8 
12

 
16

 
20

 
-1

8
 

-1
4

 
-1

0
 

-6
 

-
2 

2 
6 

10
 

1 4
 

18
 

T_
A

B
. 

da
ys

 

F
ig

u
re

 ·1
. 

F
re

q
u

en
cy

 o
f t

em
p

o
ra

l 
in

te
rv

al
5 

b
et

w
ee

n
 t

h
e 

A
 a

n
d

 B
 e

ve
n

ts
. 



As an OTI, we use a [-10, 10] temporal interval. The ratio of 
the B events numder to the total number of the earthquakes that 
took place during this interval ( 10 days before through 10 days 
after any A event) is equal to r=80%. 

In order to confirm the importance of the value obtained, we 
have considered, instead the B events data, an artificial 
catalogue distributed uniformly on the area along with the 
catalogue of real events. The ratio r appears to be equal to 30% 
for the first case and to 60°/o for the second one. 

The next question is the definition of the most probable 
temporal interval betw.een the B and C events (T BC ). The 
dependence graphs of the precursors number on the values of 
T BC for several classes of B events and on different temporal 
intervals are shown in Figure 2. It turns out that the most 
probable value for T BC is equal to 10 years and, for C events 
with classes K::?'.14, to 20 years. 

A retrospective analysis shows that almost all strong C 
earthquakes might be predicted with this approach. The 
numbers of the B precursors for 40 C events, 1972-1992, are 
summarized in Table 1. The precursors were absent for weak 
earthquakes happened near the region borders. But all the 
largest earthquakes with M>6,5 (Chernyye Gory, July 1976; 
Spitak, December 1988; Racha, April 1991; Barisakho, October 
1992) might be predicted with the B events, indeed. 

In order to reveal the hazardous areas with the "induced 
foreshock" parameters and to predict next large earthquakes, 
the numbers of B events were counted within 0,25x0,25 cells of 
a grid for several temporal periods. The maps for the 1962-1970 
and 1971-1980 periods are shown in Figure 3. lri the first map, 
one can see two big spots. The first spot coincides with 
Dmanissi, 1978 and Spitak, 1988 earthquakes; the other spot, 
with Chernyye Gory, 1976 earthquake. The spots are more 
numerous in the second map. They coincide with Spitak, 1988; 
Racha, 1991; Turkey, 1984 earthquakes. 
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Figure 2. Frequency of temporal intervals between the B and C events for 
a) the B events since 1962 through 1971 , classes of the B events K > 12.5; 
b) the B events since 1962 through 1971 , classes of the B events K > 14; 
c) the B events since 1962 through 1990, classes of the B events K >12.5. 
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.Table 1. THE NUMBER OF INDUCED FORESHOCKS BEFORE LARGE 
EARTHQUAKES IN CAUCASUS 

Number of 
Date Latitude Longitude Class Magnitude induced 

fore shocks 

4.08.74 42.20 45.90 12.90 5.1 6 

23.12.74 42.95 46.82 12.60 5.0 4 

9.01.75 42.90 47.05 12.60 5.0 4 

29.04.76 40.90 42.80 12.70 5.0 0 

28.07.76 43 .18 45.60 14.70 6.2 22 

24.11. 76 39.10 44.00 16.00 7.0 2 

17.01.77 39.30 43.70 13.00 5.1 1 

26.05.77 38.90 44.40 13.4Q 5.4 1, 

14.07.77 42.45 47.22 12.70 5.0 0 

15.12.77 43.20 45.00 12.70 5.0 4 

2.01.78 41.40 44.10 13.20 5.3 32 

29.11.81 40.75 48.,00 13.00 5.4 0 

30.10.83 39.98 41.60 15.70 6.8 2 

4.03.84 42.93 45.47 12.50 5.2 26 

18.09.84 40.87 42.32 13.30 5.3 9 

18.10.84 40. 72 42.25 12.70 5.0 8 

6.03.86 40.30 51.60 14.00 5.8 0 

1.05.86 40.00 51.50 13.40 5.4 1 

13.05.86 41.45 43.70 13.70 5.6 43 

11.06.86 40.10 51.40 12.80 5.0 6 

7.12.88 40.92 44.23 16.50 6.9 12 

16.09.89 40.20 51.60 16.20 6.5 6 

16.12.90 41.27 43.78 12.90 4.9 55 

29.04.91 42.40 43.68 16.40 6.9 9 

24.10.92 42.60 44.94 16.00 6.6 6 
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CONCLUSIONS 
As a result of our investigation, a new long-term precursor, 

the •induced foreshock", has been found out which allows us to 
detect.places and times (in a long-term aspect) of future large 
earthquakes. One can suggest that the process of large 
earthquake preparation proceeds in many stressed zones 
simultaneously. This can be confirmed with the concentrations 
of the B events. However, the temporal subsequence of 
earthquakes and the . exact reasons of their realization in the 
mentioned zones are not clear yet and they demand further 
investigations. 
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Characteristics of mining tremors within the near wave field 
zone 

Summary 

The analysis of the results of a dynamic interaction of tremors induced by mining activity on underground 

workings (rockburst) as well as those of seismic measurements obtained at a short distance from the focal point 

indicate explicitly a different characteristic of the motion within the near wave field zone. 

Knowledge of this characteristic is, apart from impottantcognitivereasons, of enormous practical importance 

when solving the problems of resistance of underground workings against seismic impacts. The near field wave 

is characterized by a decisive domination of the high frequency components of motion and the seismograms 

often follow the shape of a single pulse. Geomechanical interpretation of them leads to the conclusion that this 

pulse corresponds to a single exciting force. 

It assumes the apperance of a shock that influences the mining workings, often with a spatial orientation. 

This fact is also reflected in the rockbursts. 

Basing on the seismicity of the Upper Silesian Coal Basin characterized by the dynamic events with the 

maximum magnitude of 4, a range of parameters of the near wave field such as the velocity and acceleration 

of motion and dynamic increments of stress components have been obtained. 

Taking into account the fact that the extreme values of those parameters are risen within a short time period 

(of the order of several to tens of milliseconds), this is just the course of the phenomenon in which the miners 

suffer injuries and fatalities due to rockbursts. 
The seismometric data obtained from mining tests of this kind point out that the problem of neutralizing the 

consequences of mining seismicity should be looked at more broadly, taking into account a completely different 

character of the shock phenomenon within the focal zone. 

Introduction 

Coal mining in Upper Silesian Coal Basin induces every year 1000-2000 of seismic events with 

a local magnitude M ~ 1.5. Of that number only 10-20 events are the rockbursts resulting in heavy 

injuries of miners and extensive damage to mine workings. 

* Central Mining Institute, Katowice, Poland 
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In the c~se of stability of underground mine workings, defined by the system supports - rock mass, 

the knowledge of the real characteristics and values of ground motion parameters,. generated by 

seismic events in such a system, is the key factor in gaining an improvement and progress in this 
field. 

At present, the largest number of rockbursts is recorded in mines roadways, which are much 

worse supported as compared to longwall workings. The analysis of the occured rockbursts shows 

that they are directly caused by the shocks localized in overlying roof strata. In the conditions of 

Upper Silesian Coal Basin those are thick-beds (20-200m) of rigid sandstones having compression 

strengths up to I 00 MPa. 

Two main types of such rockbursts, in view of the generated effects, are mostly distinguished, 

namely: 

(El those causing destruction of the mines roadways and miners injuries ( as a result of an explosive 

disintegration of coal initiated by the pulse wave reaching the working), 

IB those causing injuries and fatal accidents, with no destruction or large damage observed within the 

.roadways (high ground motion from roof tremors) . 

The analysis of seismograms indicates that the focal points of the shock leading to an rockburst 

are localized within the roof layers to a distance of 200m from the effects in the working, and 

magnitude of those events is, as a rule, in the range of 1.5-3. Stress concentration zones resulting 

from the past mining activity, are the locations in the working where the destruction appears most 

often. These are, as an example, the edges formed after an earlier conducted mining process, left 

pillars or natural disturbances (e.g. faults). 

It follows from the above statements that only an analysis of real parameters characterizing the 

vibrations and transient stresses in the near wave field together with the knowledge of static stress 

state can bring about the progress in developing the rockburst criteria. Unfortunately, a serious lack 

of suitable records of the shocks from the direct proximity of the focal zone has been observed. For 

this reason, several recordings that can be (according to the authors opinion) of interest for those 

engaged in the problem, are cited in the paper. 

Examples of recordings and analysis of mining tremors within the near wave field 

The seismograms as 

presented here come from 

the recordings of the 

tremors occurred at a depth 

of 800m, that is from the 

2 lE and 22E longwall areas 

of "Szombierki" mine 

(Fig.1). 

One group of the records 

is composed of the far field 

recordings (SOOm and more 

from the source of the 

s.-;.-;·-----------------·; ;·-----------·- -
·-----------.i ; .. m• . 

---·· 

tremor, for the event of Fig . I Mining and geological situation near longwall N° 21E and 22E ofSzombierki mine 
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M > 1.5), characterized by 

a good shaping of different 

wave groups, relatively low 
frequency of the dominant 
ground motion (2-5 Hz) 

and low maximum particle 

velocity ( and consequently 

M 
M 
/ . 
M 

' M 

' . 
M 
M 
/ . . 
M 

' ~ 
M 
M 

' . 

·······--·· ··:·.-14T;i 

-1.3628 
J..:5695 

-1. 3898 
.l.:S9 

-.1.4.241 
28 . :545 

-38 .l. 78 
29 . 858 

-~~ :~~: 

-42 ,631 ... 
TIMI: ts~o;l 

- the small values of the 

dynamic stress field). 

Fig.2a shows an example of 

such a record (hypocentral 

distance being R= 1 lOOm) 

for the tremor with the 

magnitude M=2.2 

(E= 1 *106 J).The mechanism Fig.2a Velocity(l,2,3) and acceleration (4,5,6) for a tremor of M=2.2 (at a far-field) 

of the phenomenon has been 

defined as dip-slip normal with the azimuth being 

nearly parallel to the edge (seam 501) being the 

cause of the formation of a stress concentration 

zone in the area (Fig.1). The parameters of this 

tremor defined for Madariaga's model are: 

r= 130 m 

M0 = 6.25*1012 Nm 

Aa= 1.18 MPa 

Madariaga's model gives, under conditions of the 

Upper Silesian Coal Basin, more real dimensions 

as compared to those predicted by Brune's model 

(Gibowicz S .J., 1992), which is also confirmed by 

the results of our observations. 

Figure 3a, in tum, presents 

the seismograms of the same 

tremor, but recorded within the 

near wave field - 300m from 

the focal point. Sharp 

difference in the seismogram 

form can be seen, the shape of 

the seismogram being close to 
a single pulse. Maximum 

particle ground velocities 

reach, in this case, values of 

the order of 0.03 m/s, at the 

-10.?14 
lS.58'1 

3 

Fig. 2b Particle ground motion in a far-field wave 

dominant frequency of 5-20 Hz, Fig.Ja Velocity (1,2,3) and acceleration (4,5,6) for a tremor of magnirude M=2.2 

while the maximum accelera- recorded at a near-field distance R = 300m 

1345 



tion of the particle motion are over 5 m/s2• A 

distinct difference cari also be seen in the 

character of the ground particle motion. 

For the recordings in the near wave field the 

character of the motion is that of the pulse-shape 

with a distinctly preferred direction of the motion 

(Fig.3a and Fig.3b), while in the far field the 
particle motion is very complicated and shows no 

preferred direction (Fig.2b). 

Recordings from the near wave field related to 

the shock of M=2 · (E=4*105 J) with the 

hypocentral distance of R=210m have a similar 

pulse-shape. Maximum velocities of the ground 

motion reach here the values of the order of 0.01 

m/s. 

3 

Fig.3b Particle motion in the near-field wave (pulse-shape) 

The results of the recordings from the 22E longwall area of "Szombierki" mine are collected in 

Table 1. 

T a b I e 1. The results of the recording of underground mining tremors in the near-wave field 

magnitu energy, J hypocentral Z components N-S components E-W components 

de distance, m mm/s mm/s mm/s 

2.2 1 *106 300 21.7 15.5 30.8 

2.0 4*105 210 6.2 4.2 8.5 

1.5 1 *105 500 8.3 5.1 8.4 

2 4*105 250 20.0 6.0 9.0 

1.4 3*104 430 1.0 2.2 1.4 

1.4 3*104 390 2.0 2.0 2.4 

1.5 4*104 450 1.4 2.2 1.9 

1.6 6*104 310 1.4 0.4 2.3 

Indirect methods of defining the particle ground motion in the near-wave field 

The number of seismograms with non-overflowed recording is, unfortunately' very limited and 

the problem of obtaining them is not a very simple one. Butler and Aswegen (Butler A.G. and 

Aswegen G, 1993) give, for the gold mines in South Africa, some data from which it follows that 

particle ground motion velocity within the close proximity of the focus can exceed by far the value 

of 10 m/s for strong, intensive events. Butler and Aswegen give also the empirical relationships to 

determine the ground particle velocity in the near-wave field, vs. the energy of the events and its 

epicentral distance. 

The recordings obtained from Polish coal mines show that this form of functional relationship does 
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not always prove correct. Underground observations and rare recordings show that the tremors with 

the same seismic energy can considerably differ in the rock mass motion parameters. At the same 

time, it follows from the calculations conducted that they also seriously differ in the stress drops in 
the source. Tremors having small sized focal areas with high stress drops are more often the cause of 
destruction in the workings as compared to those with the same energy value and low stress drops. 

For this reason ,in our case, the trials are made to alleviate the difficulties in solving the problem 

by using the relationship between the particle velocity in the focal zone and the source parameters that 

are feasible to be determined by means of a direct interpretation of digital seismograms from the far

field. To do this, Brune's relationships (Brune, 1970) have been used to calculate the maximum 

particle velocity in the near-field vs. the stress drop. 

In the case when the focus of the tremor has the form of dislocation, and assuming that the stress 

drop on its surface occurs immediately (Brune's model), the stress pulse generates a pure shear wave 

that propagates perpendicularly to the surface of the focal plane. The initial velocity of particles in 

the focal area can than be expressed by the relationship (Brune, 1970): 

(I) 

where: V-particle motion, Aa-stress drop, µ-modulus of rigidity, C,-velocity of propagation of 

shear wave. 

The time variability of the initial velocity at the fissure of the disruption can, in turn, be described 

by Brune (Brune, 1970): 

!::.a -t 
V(x=O,t)=- *Cs*exp(-) 

µ, T (2) 

Calculations of particle ground velocity made for the seismic events as desribed in Chapter 2, 

show that this direction of investigation is right. It is important for such a verification to be conducted 

for the strong events recorded at the distances up to lOOm from the source. 

From the conducted investigation it follows that in the case of the near wave field, the seismic energy 

is an important but not fundamental factor from the point of view of the values of dynamic vibration 

parameters. The stress drop Aa proves to be the above fundamental factor. 

In practice the situation is often encountered when the tremor with rather not high energies, i.e. of 

the order of 105 J, but with considerable stress drops and relatively small size of focal areas are much 

more dangerous, from the point of view of their impacts on mine workings, than those with higher 

energies but with smaller stress drops . 

. Evaluation of seismic loads influencing the mine workings 

The wave field transporting the vibrational motion energy of the medium, generated by a mining 

tremor is able to cause additional dynamic (seismic) loads in the structural elements of the medium 

that will add to the existing static stress. There is the possibility to evaluate these loads when the 

values of particle velocity, velocity of propagation of seismic waves and geomechanical properties of 

the medium are known. 
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In the case when a seismic wave propagates in a homogeneous and isotropic medium along x 

direction, the resulting dynamic stresses are given by the relationship (Brady and Brown, 1985): 

ax =p cpvx (3) 

a =p C V (4) 
xy s y 

axz=pC,Vz (5) 

v a=a=a-
Y z x 1-v (6) 

where: u, , uY , u, - normal stresses; uxy , u .. - shear stresses ; p - density ; 11 - Poisson's ratio. 

The values of calculated parameters, namely - particle ground velocities and momentary increments 

of dynamic stresses near the focal zone are given below. The values of stress drops were calculated 

for chosen mining tremors from Upper Silesian Coal Basin. 

T a b I e 2 Particle ground motion and dynamic stresses from mining tremors near the focal zone 

energy, J !lu, MPa V, m/s uxy, MPa u,, MPa 

2*106 1.8 0.3 1.8 2.9 

3*108 3.64 0.6 3.2 5.8 

1 *1Q6 1.18 0.22 1.2 2.1 

2*109 10.0 1.6 9.6 15.4 

3*103 30.0 5.5 30 51.4 

There are also known in publications the empirical scales that give relationships between the 

values of particle velocity and the effect of their impact on the structure of the rock medium 

(Le.Dowding and Rosen scale, (John C.M and Zahrah T.F.,1985)). Lack of damage was observed 

in the case when particle velocity was below 0.2 m/s, and well-marked damage (large spalling) 
occurred when particle velocity was above 0.4 m/s. 

This means, in relation to mining tremors, that the events characterized by stress drops of the order 

of 1.5-2.0 MPa can be dangerous for the structure of side wall strata of mine workings and should 

be taken into account from the point of view of the stability of underground mine openings. 

Examples of application of near-source parameters for formulation of rockburst 
conditions in a mine gateroad. 

The largest rockburst problems in the Polish mining industry have recently been generated by roof 

and roof-bed rockbursts (i.e. bed rockburst initiated by a seismic shock from the root). The statistics 

from the last several years show that the roof-bed rockbursts occuring in gateroads are the most 

dangerous as their effects are, at the same time, very difficult to predict. 

Apart from the basic factors causing rockbursts of this kind ,i.e., very high effort of the rock in 
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the_ vicinity of the openings and natural liability of coal to dynamic disintegration under loading, the 

defined field of pulse stresses and deformations, initiated by roof tremors, is the third very important 

factor (initiator for the event) in this process. The possibility to determine the particle motion and 

stress field close to the source has been described in the previous chapters. Instead, the high effort 

is caused by high primary pressure at great depths and p~esence of tectonic stresses, concentration 

of stresses around the openings (particularly high for circular gateroads - circumferential stresses), 
additional concentration of stresses around unmined remnants, edges, etc. 

Knowing the effects of all those factors suitable models of the rockbursts could be developed. 

An example of the rockburst with effects in the gateroad and miners' injuries 

The rockburst in N°5 longwall at Bobrek mine at 830m depth has been taken for analysis. The 

gateroad was driven in the 6. lm coal seam in the bottom slice. The rockburst was initiated by a 

tremor with seismic moment of 8*1012 Nm (M=2. l), the hypocentre of which was at a distance of 

90m from the working. There was an edge from earlier mining in the rockburst area, and the pressure 

increase coefficient, determined from the seismic measurements (Dubinski J., 1989), was about 
150%, which gives the stress concentration coefficient in the rockburst area, k=2.5. The rockburst 

resulted in destruction of the gateroad at 50m - long section as well as in miners' injuries. 

Momentary increase of dynamic stresses was calculated according to the formula: 

(7) 

where: W=[2I(n+1)) - ground motion amplification at the rock-coal boundary; (n =pcCc I p,C": 

Pc Cc - density and velocity in the coal seam, p, C, - density and velocity in the rock) (Brady B.G. 

and Brown E.T. , 1985 ). V - particle ground motion was calculated according to the formula 2). 

flu has been calculated from scaling relation of strong tremors for Upper Silesian Coal Basin (Mutke 
G. and all,, 1993): 

10~0~l.13(log.:ia)+11.1 

Calculations were made for the model of a 

circular working situated in a thick coal seam, 

for which circumferential and radial stresses 

were calculated (according to the work: 

Cialkowski B. and Mutke G., 1994) as well as 

the radius for individual zones (elastic, plastic 

and cracked ones - Fig.4). The rockburst 
model described in the work (Cialkowski B. 

and Mutke G., 1994) is based on the 

assumption that it is generated by the rock 

mass tremor when the pulse-shaped wave 

reaches the working, causing a pulsed increase 

of hydraulic pressure (p) of the value Pd· 

After including the dynamic stresses, . the 

balance at the boundary of the elastic and 

plastic zones becomes disturbed and can be re- Fig.4 Schematic diagram of the rock mass model 
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·· stored at a radius r, > rt (see: Fig4) 
(9) 

r ~r J 1+ pd 
I I p-pl 

According to Minh (Minh V.C., 1989) the total coal disintegration energy is equal to the energy of 

the non-dilatational strain: 

r, 

E,= j <Pf1dv (10) 

't 

and the kinetic energy is equal to: 

E1 
E=E(l- -) 

( 1 1) 

k I M 

The following results were obtained: p= 48.35 MPa, pd= 1.62 MPa , r1 = 10.9m, r,= l 1.24m Ek 

= 5.76 MJ. 

This means that the dynamic pulse of the value pd = 1.62 MPa could initiate, under conditions of 

this working, disintegration of coal within a ring confined by the radii r1 and r, and with the kinetic 

energy of coal disintegration, Ek = 5 .76 MJ . 

Fig.Sa shows the record by a seismometer located in the destruction zone. After recording the 

~ ... 
--~ ~ 

Tl"lt (••nl 

fragment of oscillations the 

seismometer was damaged. 

Unfortunately, the velocity 

amplitudes are overflowed, but 

it is possible to evaluate the 

frequencies of the dominant 

amplitudes. The seismogram 

was filtered with a zero-phase 

band-pass filter in the 

frequency ranges of 0.5-2 ; 

1.5-3;2-5;4-10;9-20; 19-30;29-

40;39-50;49-75 .Analysis of Fig.Sa Records of the rockburst obtained in the destruction zone 

the calculations shows that the order 2-40 Hz 

was dominating. Frequencies belonging to this ........ 1 ~~~~1~fr'"\\~lll~f~ ~IA~l l~VIS;;;;~ 
range are comparable with the frequencies of ........ ,tt=:::;:::::::::::::;::::=::::;::;::;::;::::;::::::;::;::;::::;::j 
coal disintegration times in the Upper Silesian ........ ,1---___ ..__,,,,,..-.....__ ./'\ A .,,.---- ••• 

-e.su6% 

Coal Basin (Kidybiilski A. , 1982). This can -•·"'"11-------"--;_.r--...._..,.A-"'\~\-,~--i 

testify that, under the Polish conditions, this ....... "! • v • • • •.· • 

frequency range is important from the point of :::::~E~~~~~~~~~~~~~~···~-~~~~~~~~~ 
view of coal disintegration ( an explosive ....... "It: 
rockburst), taking place after arrival of the pulse -0·"'"!!=:::;::::;::::;::::::::;:~=::=::::=:::;::;::::=1 
from the roof tremor. Such frequencies are ... u .. ri-.-...-----------......... -------1 

..... .&••:.. •.• •.• •.• -·· ... •.• ..... •.• .. .• 
typical for the distance of 50-SOOm from the ,.,. ... .. 

wave source. It seems that the pulse with very Fig.Sb Velocity seismogram after being band-pass filtered 

high frequency (more than 100 Hz) compared with the coal disintegration time (being under the Upper 

Silesian conditions in the range 0.1 - 0.01 s) should not cause an explosive disintegration of coal . This 
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disintegration is likely to he caused by vibrations with high amplitu<les an<l li1wer frequencies, being 
then a source of high loads. 

An example of the ruckburst with miners' injuries am! without <lamage to the workings. 

In Polish mining industry such events take place more an<l more often. 

The rockburst at Miechowice mine, in the gateroad can serve as an example. The rock mass tremor 
was localized at a short distance from the gateroad. Miners' injuries (incluJing fatalities) took place 
as the result of rock mass motion. There was no injury caused by coal entombment and suffocation 
of men, and the gateroad sufTereJ· only a partial destruction so that there was the possibility of free 

passage. 
Detailed analysis of the official meJical records (Lipowczan A .. 1994) enabled to dctermmc the 

main injuries in the organisms of the six deaJ miners: 
!B skull-face injury ( 6 casualties) 

IB lungs injury ( 4 casualties) 

IB heart injury ( 3 casualties) 

IB liver injury (4 casualties) 

IB total breaking 

of the spine (5 casualties) 
The range of the resonant frequencies for the human holly and organs (CilaiMer, 1978) is 3-25 Hz 
(e.g. head 4Hz and 17-25Hz,. livcr 3-4Hz, spine Sitz. man silting 5-1211z. man standing 4-6Hz). 

These are just the frequencies typical for rccor<lings from the near-source wave field (sec Fig.Sb) 

The permissible acceleration values 

depending on the pulse duration time for acceleration [ms-2) 

standing and sitting persons are presentecl 
in Fig.6 (Lipowczan A .,1994) and the 
numerical values frir man in a standing 

position (according to Glaister) in the table 
below. 

ICHIO 

••• 

•• 
I n. 11 0.111 

tirie 

Fig.6 The permissihle 111ccdl!rnl ion for Mnmlinl-! Rllll ~i1ti11i: person 

(nflcr Glai•lcr, 1978) 

Tahle 3 

direction of pulse rise 
acceleration position notes velocity Juration time acceleration 

vector m/s2 

horizontal standing holding on to 1.8 U.6 3.U 

the balustrade 

horizontal standing free 0.8 U.7 I.I 

horizontal standing free 3 0 . 12 25.U 

In the work (Lipowczan A., 1994) an analysis has been prepared in relation to the consequences 
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of the tremor at Miechowice mine. 
From the analysis it has been found that the shock first threw up the bodies into the air and then their 

heads hit the surrounding objects. 

Conclusions 

The conducted study and observations of excavation stability (particularly of coal heading) as well 

as the analysis of miners' injuries show that for an improvement to be gained in this field the 
knowledge of real vibration parameters from the near-source wave field is indispensable. 

A trial to compensate a serious lack of in-situ recordings from the near-field can be made either 

through establishing the local-range empirical relationships or through relationships of scaling of the 

source parameters for a specific area. 

Seismograms of the near wave field show the pulse shape which can be related to a single exciting 

force of a shock character. 

In recent years, in the Polish mining industry the rockbursts in mine galledes proved to be the 

most severe in their consequences. These were the roof-bed rockbursts, triggered off in the bed by 

a stress pulse from the nearby roof tremor. The computational example proves that in a thic 

coal seam, the pulse with the stress a= 1. 8 MPa from the tremor with M = 2 and from the distance 
R=90m generates the rockburst zone limited by the radii r1 =10.9m and r,= l 1.24m, with the kinetic 

energy of the thrown out coal being Ek= 5. 76 MJ. 

The results of the mining-shock analyses point out that the following vibration parameters can be 

expected close to the dislocation zone: 

~ velocity amplitude : 0.01 m/s - 10 m/s 

~ momentary increments of the stress field : 0.1 MPa - 50 MPa 

These parameters are sufficient to cause the death of miners present in the shock zone (throwing out 

the bodies into the surrounding space). 
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PRELIMINARY STUDY OF FRACTAL DIMENSION OF FAULTS NETWORK 

~ THE UPPER SILESIAN COAL BASIN (POLAND) 

Adam Idziak and Lesl'aw Teper 

Silesian University, Faculty of Earth Sciences, 

ul.Bedzinslm 60, 41-200 Sosnowiec, Poland 

EXTENDED ABSTRACT * 
. The Upper Silesian Coal Basin (hereafter called the USCB) is situated in southern Poland, 

partially in Czech Republic. Carboniferous coal-bearing formation is composed of numerous 

sequences of sandstones, mudstones and slates. Its thickness reaches 6 OOO m. In the area of 

about 10 thousands sq. km 70 big deep collieries operate extracting coal measures. More than 

150 coal seams are documented to 1500 m depth. 

Long-drawn influence of the deep basement faults system affects the pattern of tectonics 

of the Silesia-Cracow region. Great number of the main disjunctive structures has a nature of 

secondary faults, following older tectonic directions and reflecting a kinematics of the USCB 

basement block movements. Deformational network of the USCB is built of sets of strike

slip, oblique-slip and dip-slip faults. Faults formed during Cenozoic are typical product of 

force couple that has acted evenly with the parallel of latitude since Tertiary causing 

horizontal and anti-clockwise movement of rock-mass (Teper et al., 1992). 

The USCB is the region where the great seismic activity is observed. The most of seismic 

events assumed to be induced by mining activity have the energy not exceeding 107 J. 

Rarely, the tremors with energy of 108 J or more are also registered. They are probably 

caused by tectonic processes which occur at regional scale. The fractal analysis of fault 

systems together with the · spatial and time distribution of tremors can help to verify this 

hypothesis. 

*) Full text is submited to Pure and applied geophysics Special Issue "New studies of induced seismic events" 
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For rectangular area, 24 km long and 16 km wide, there was made digital fault map 

projected on sea level with regards to every structure (974 items} having more than 1 m of 

vertical throw. The area has been subdivided into four parts. Geometry of fault systems 

differs from one part to another as faults cut various structural units of the USCB. 

To study the clustering of faults in the USCB area a geometrical probability of fault trace 

occurrence was determined on the measuring plane at different scales. The fractal analysis 

was employed as an interpretation method to prove if the geometrical probability is self

similar. Fractal dimension of probability distribution is a measure of fault clustering. It can 

change from values near to zero for faults extremely concentrated in small limited area to the 

value equal 2 for faults dense spread in the whole area studied. The fractal cluster analysis 

was made for the whole investigated area, as well as for the subdivided units. The obtained 

results show that distribution of 2-D geometrical probability of fault occurrence has not 

fractal character either in· whole studied area or in any distinguished unit and sharply depends 

on scale effect. This last conclusion is valid for the considered range of scales. 

To determine the fractal dimension of complex fault system geometries the "box counting 

method" was applied. The calculated fractal dimension D of whole fault network is 1.98. For 

fault systems in considered structural units D is about 1.58. The values of calculated fractal 

dimension suggest that for entire map it is a measure of the spatial distribution of the faults, 

while for subdivided parts it characterizes the geometry of the fault system (branching 

geometry). Fractal dimension close to 1.6 points to similarity of each separate fault system 

studied to river network. The similar result was obtained by Hirata (1989) for the fault 

systems in the central part of Japan. According to him this value is an upper limit to the 

fractal dimension of the fracture geometry that can be explained on the basis of Griffith 

energy balance concept. 

Acknowledgements: The financial support of Polish Government (grant number KBN 9 S60i 045 03) is 

acknowledged. 
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INFLUENCE OF ABANDONED COAL PILLARS 
ON SEISMICITY INDUCED BY THEIR UNDERMINING 

Petr KONECNY 

Institute of Geonics of the Czech Academy of Sciences, 
Ostrava, Czech Republic 

ABSTRACT: 
The development of seismicity during mining is affected by a number of factors especially 

geological and geomechanical structure of rock massif, intensity of actual anthropogenic; 
intervention (mining) as well as by previous interventions which created often new structural 
elements in rock massif as for instance failure zones and abandoned coal pillars. Such pillars 
act as stress concentrators of rock massif and affect thus distribution of stress fields and the 
development of rock massif failure. In the longwall face No. 13933 advanced below overlying 
abandoned coal pillars with extremely uniform advance rate during a two-year period (CSA 
Colliery, January 1990- November 1991) the mining induced seismicity was interpreted also in 
view of effects of anthropogenic structures - i.e. of abandoned coal pillars in overlying roof It 
has been found out that especially the number of induced events of low intensity occurring 
during longwall face advance could very well indicate areas of abutment stress caused by pillars 
abandoned in overlying roof strata of mined coal seam. 

1. INTRODUCTION 
Mining of longwall face No. 13933 in 3rd block in 39th hard coal seam of Ceskoslovenska 
Armada Colliery in Karvina was prepared by application of extraordinary technological and 
geomechanical measures. Strategy of working-out of reserves in 3rd block was predetermined 
by the requirement of stress release by means of undermining in the surroundings of the block 
of longwall face No. 13733 in 37th seam in which a rock stress of extraordinary intensity of 
1010 J had occurred in 1983 shortly after mining start (after SS m of face advance). The 
undermining longwall face No. 13933 was about 22S m long so that it greatly overlapped the 
ground plan oflongwall face No. 13733. Thus both maingate and tailgate oflongwall face No. 
13933 were protected by working out in 37th seam (see Fig. I). 

The face was worked at a thickness of 318 cm with pneumatic stowing of gob. The 
following equipment was installed in the longwall face: shield powered support MV IA P3, P4 
of Ostroj Co. with electrohydraulic control system of Meco International Ltd (former Dowty 
Mining Ltd), double-drum shearer KGS 320 2BPH of Polish company Famur as well as 
armoured face conveyor TH 700 of Ostroj Opava Co with German chain 29x92 mm, electric 
motors AEG and hydraulic couplings Voith (FRG), with Eicotrack haulage. A pneumatic 
stowing machine ZS-240 ofOstroj Co was applied for stowing. 

The average daily face output was 1112 tons, total face output amounted to S71 189 t and 
total advance of face (along strike) was 596.2minS13.68 working days. 

The complicated geomechanical situation enforced also a most uniform advance rate of 
longwall face which was limited to 1.2 m per day. Actually achieved average advance rate was 
1.16 m per 24 h. Such daily advance rate with immaterial deviations could be kept up during 
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almost two-year period of mining activity of longwall face No. 13933 as can be seen from the 
map in Fig. 1 where monthly advances are indicated. 

Legend: 
---- -- ------ --- 33a 

- ·-·- - - ·- 33b 

·········-············ 37c1 

------- 37c2 

-··-··-··-··-··-·· 37c1c2 

INTACT SEAM 
PART 

; 
; 

,---· 
100 m I 

Figure 1 - Diagram of advance of longwall face No. 13933 and positions of its working face 
in relation to edges ofundermined overlying seam parts during the mining period 1990-91 

Processes in rock massif induced by mining this longwall face were followed from 
seismological, seismoacoustic and geomechanical points of view (see Knejzlik et al., 1991, 
Kalab, Knejzlik, 1992) and they were regularly evaluated so that maximum mining safety could 
be safeguarded. According to results obtained by interpretation of these observations also rock 
stress control measures were applied (see Kalenda, 1991, Kalab et al., 1992, Kalab, 1992, 
Kalab, Knejzlik, 1993). 

In spite of extremely uniform face advance rate fluctuations could be observed in the 
development of seismic activity monitored by seismological network. Both frequency and 
intensity of phenomena occurring in a given monitoring period, for instance within a single 
month period, varied (Fig. 2). However, due to the existence of absolutely uniform face 
advance rate it is possible to exclude the mining intensity factor and the causes of variations 
should be searched in other geomechanical or eventually geological factors. 

2. ENERGY - FREQUENCY CHARACTERISTICS OF MONITORED EVENTS 
Depending on advance oflongwall face 13933 phenomena of various intensity were monitored 
(see Database of Regional Seismic Polygon of Ostrava-Karvina Coal Field, 1990, 1991). 
Frequency of occurrence of events depending on energy, of eventually magnitude are 
represented on Fig. 3, Fig. 3a, Fig. 4, Fig. 4a. 
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Figure 2 - Development of frequency and total energy of seismological phenomena in 
individual face mining months oflongwall face No. 13933 . 
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Figure 3 - Energy-frequency characteristics of events oflongwall face No. 13933 

It results from Fig. 3 through 4a that the number of events with energy of up to I 00 J or 
eventually ofO (zero) magnitude is less than can be expected by theoretical presumptions. It is 
justified to presume that such circumstance is affected by monitoring ability of s~ismic network, 

1358 



i.e. that only such weak phenomena are registered the focuses of which are located in the near 
vicinity of seismic sensors. Numbers of events of greater intensity, however, correspond in the 
given area roughly to theoretical distribution. 
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Figure 3a - Energy-frequency characteristics of events of longwall 13933. 
Representation by bilogarithmic scale 
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Figure 4 - Distribution of events oflongwall face 13933 according to magnitude 

1359 



10000 

.. 

1000 
~ iii • Iii 

,,,, -> ,.,. ---v .......... 
(,) 
z 
w 100 ::;) 

a 
-+-IN CLASS 

w a: 
I _._TOTAL ' I ....... 

... 

10 " 
~ 

up to O 0,5 1,5 2 2,5 

MAGNITUDE 

Figure 4a. Distribution of events in longwall face 13933 according to magnitude 
represented by semilogarithmic scale 

3. DEVELOPMENT OF SEISMICITY DURING ADVANCE OF LONGW ALL FACE 
The development of induced seismicity which is given by the number of events in individual 
months of period within which the longwall face was mined (since January 1990 until 
December 1991), is represented in Fig. 5 according to structure of intensity of events and 
similarly in Fig. 6 according to structure of magnitude. 

It is evident from Fig. 5 that the development of number of events in energy category of 100 
up to 999 J differs distinctly from numbers of events in other energy categories. Especially 
occurrence of extreme number of events of this energy category is concerned which occurred 

. from April through July 1991. During this period longwall face 13933 was passing an area 
below a compact overlying pillar of relatively small size - of about 60 x 60 m which had been 
created by unworked zones of seam groups 33 and 37. However, such pronounced increase of 
number of events does not occur during this period in other energy categories. 

The different development of number of events in the weakest energy category can be 
explained by the fact that the number of events of up to 99 J energy cannot be considered ll!\ 
characteristic. It is interesting, however, that such extreme neither has occurred in number of 
events of the neighbouring stronger energy category of events of 1000 to 9999 J, nor in higher 
energy categories (in which also the number of events for the whole advance period of 
longwall face 13933 decreased and thus possibility of detecting relationships was reduced). 
From the above-mentioned it results, therefore, that the existence of compact pillar was 
reflected during face advance by occurrence of greater number of events with relatively small 
seismic energy (up to 999 J) due to stress concentration. 

A quite analogous development can be observed when evaluating number of events in 
magnitude categories, i.e. a good parallelism of developments of activity and reactions caused 
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by the pillar left in eastern part of mining block is indicated by numbers of events with up to 0 
magnitude as well as with magnitude ranging between 0 and 0. 5. 
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Figure 5 - Development of number of events January 1990-November 1991 in individual 
energy categories according to intensity during mining oflongwall face 13933 

On the other hand no such pronounced manifestation occurred during face advancing below 
a considerably bigger compact pillar in the western part of mining block (the size of main pari 
of pillar without peripheral promontories is 90 x 150 m) in the period from May through 
August 1990 as well as from April through November 1990 when including promontories of 
the pillar. However, it could be observed that in the period in which the advancing longwall 
face was affected by this pillar isolated events of higher intensity degree occurred (energy 
10000 up to 99999 J, magnitude 1 to 1.5) at a relatively low frequency of weak energy events. 
The number of events with greater energy during longwall face life was, however, so low, that 
the above-mentioned fact cannot be overestimated or generalised. Nevertheless, it can be stated 
in connection with failure process that due to the overlying compact pillar in eastern mining 
block the nature of failure process of rock massif was different, it was not as much regular and 
cumulations of energy occurred probably during longwall face advance. 

Finally, it is evident that in all cases of statistically significant number of events a starting 
phase of longwall phase is discernible where an increase of number of events occurs after 
longwall start phase until March 1990, i. e. until the time when longwall face advanced by 
about 80 m. 

The above-mentioned high number of low-energy events which occurred during 
undermining the eastern compact pillar is so much significant for general evaluation that it 
affects distinctly also the total number curve of induced seismic events in individual months 
without structuring into individual energy categories (see Fig. 2). Similarly an increase trend of . 
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numbers of events within the frame of total number during starting phase of longwall face in its 
first three months (January to March 1990) is manifested. 
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Figure 6 - Development of number of events in the period January 1990- November 1991 in 
individual categories according to magnitude during mining oflongwall face 13933 

A somewhat different picture results from evaluation of development of summed-up seismic 
energy irradiation in individual monthly phases of longwall face advance (see Fig. 2). Here a 
distinct gradual rise is indicated since the beginning of longwall starting phase until May 1990, 
i.e. until the passage of face advance across the edge of overlying compact pillar in eastern part 
of longwall mining panel. The following part of the curve is vacillating with evident general 
decrease trend of total monthly irradiated energy which corresponds generally to notions about 
energy released at rock massif failure during longwall face advance in a mining block with 
sufficient along strike length. 

Finally, in the closing part of the curve representing irradiated energy a four-month period is 
evident (from May through .August 1991) of relatively low monthly seismic energy. This 
period corresponds to the advance of longwall face 13933 below the compact overlying pillar 
left in eastern part of longwall panel. General low energy level of this period contrasts with 
pronounced increase of number of events in its beginning (maximum in May 1991). 
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4. CONCLUSION 
The development of seismicity induced during underground mining is a result of a number of 
factors. The fongwall face 13933 in CSA Colliery with very uniform face advance rate during 
the whole longwall face life has enabled to exclude the effect of face advance rate on induced 
seismicity events. 

The evaluation of seismicity development has indicated that the starting phase of longwall 
face advance with gradual rise of number and energy of seismic events can be well identified. 
Mining below a relatively wide pillar led to events of more significant energy less frequently 
occurring (but this fact should be accepted in this case with resel"Vations regarding total low 
number of high energy events). Finally, mining in the area of effect of small overlying pillar 
which evidently caused high stress concentrations was accompanied by a great number of 
phenomena of relatively insignificant energy, even without any effect on total energy irradiated 
in the given area. 

The last-mentioned analysis indicates that when observing and evaluating induced seismicity 
it is necessary to take seriously into consideration not only high seismic energy events, but also 
weak energy phenomena which can be significant indications helpful to interpret the nature of 
failure process of rock massif in the given geological and geomechanical context. 

Acknowledgement: The present paper has been elaborated ad financial support of Grant 
Agency of Czech Republic (reg. grant No. 105/93/2409) and of Czech-American Scientific 
and Technical Program (Project No. 930 65). 
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Seismic hazard of quarry blasts 

Knoll, P., Kowalle, G., Rother, K., Schmidtke, R.. 
GTU Ingenieurburo Knoll, Potsdamer Str. 18 A, D-14513 Teltow, Germany 

1. Introduction 

Often quarries are located nearby densely populated regions and/or surface and underground 
constructions. Therefore the problem of blasting without additional hazard to those objects arises. 
For surface constructions and houses there are some national regulations and rules. But up to now 
for underground constructions such rules and regulations do not exist in a general accepted form. 
The aim of this study was the collection of ground motion data generated by quarry blasts in an 
underground tunnel system, the analysis of these data and tJ:te finding of threshold values of the 
ground motion allowing to provide blasting without hazard to the tunnel system. 

2. Description of the situation 

Within the Harz region there exists a tunnel system in an anhydrite deposit which in the thirties has 
been designed for bearing an underground weapon factory. There are large rooms with a length of 
80 m to 160 m, a width of 8 m to 14 m and a height of 6 m to I 0 m. The two main tunnels for 
transportation means have both a length of about I km. The tunnel system is overlaid by a rock 
layer of 3 5 m to I 00 m thickness. The upper part of the rock massif is created of gypsum, whereas 
the main part is of anhydrite. Fig. I presents the general scheme of the quarry with underground 
tunnel system. 

~ 
quarrying 

underground 
tunnel system 

Fig. I . General scheme of the anhydrite quarry. The thick line indicates the elevation of 300 m. 
Above this line there gypsum is located. The underground tunnel sytem is shown by broken lines. 
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From the historical point of view this underground tunnel system should be preserved. On the 
other hand the anhydrite quarry is moving into the direction of the tunnels. So the question arose 
what minimum distance is allowed for safe production and for protecting the underground tunnel 
system. 
There are two possible sources generating risk of rock cracking or destruction of the tunnels: 
• the change ofrock loading du.e to decreasing the overlaying rock ·masses and 
• the blast generated dynamic loading. 
The analysis ofreducing the load by means of FEM-techniques has shown (KNOLL et al., 1992) 
that the strength of anhydrite is large enough to compensate the decreasing the height of 
overlaying the tunnel rock masses from 100 m to some 30 m. Inside the rock-tunnel system the 
generated stresses are so that there will arise the risk of rock failure only in the very vicinity of the 
edges of the contour of the tunnels. The same result can be reported for dynamic loading of the 
model by seismic signals (KNOLL et al., 1992). 
Rock sample studies as well as the inspection of different parts of the tunnel system have 
supported this result. Therefore an experimental study of seismic ground motion within the 
underground rooms generated by blasts has been carried out. 

3. Data 

The study of blast generated ground motion has been started in the end of 1992. Since that time 
more than 100 blasts have been recorded by a seismic monitoring system installed inside the 
underground tunnel system. The seismic recording system consists of 

1 three component geophone (L4, Mark Products), 
1 amplifier and signal conditioner (SMK-3), 
1 recording unit (WR 7700). 

Additionally for controlling and calibrating purposes there were performed non-regular 
measurements by means of a well-calibrated digital equipment. 
Due to the fact that mostly the influence of ground motion on constructions is described by 
ground velocity rather than by acceleration or displacement the equipment has been calibrated to 
record the seismic signals proportional to ground velocity. 
For every blast recorded during one year of exploitation a special file containing the coordinates of 
the source, the mass of explosive (charge), and further technological parameters has been created, 
and for every record the maximum ground velocity, the distance between source and receiver, and 
the distance from source to the nearest point of the underground tunnel system have been 
determined. By means of the scaling relation (LICHTE, 1967) 

(1) 

the ground velocity at the nearest point in the underground tunnel system to the blasting location 
has been determined, where Yr is the recorded ground velocity, r - the distance source-recording 
point, rh - the distance source-underground system and vh -the corresponding ground velocity. 
The size of blasts (charge) has changed from 20 kg to 124 kg, so a normalization of data has to be 
applied to the data. This has been done by means of the following relation (HEINZE, 1993) 

v' = v (50/L)l/3 (normalized velocity to a explosive charge of 50 kg), (2) 

where L is the charge of explosives in kg. The corresponding results are represented in Fig.2. It 
can be recognized that most of the data are well correlated to the theoretical curve, but there is 
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There are deafly recognizable three groups of data showing different distance dependence of the 
ground velocity. The analysis of the first anomalous group has shown that those blasts have been 
located within a limited area of the lowermost part of the quarry nearby the main transportation 
tunnel. In this case the ground velocity is mostly very high and shows a no clear dependence on 
distance. This indicates that one has to take into account a high risk from this blasts. The second 
group of data shows always small anlplitudes of ground velocity. The corresponding blasts have 
been fired for producing gypsum in the upper part of the quarry. 
The seismic records show also some remarkable peculiarities (Fig.4): 
• most events are high frequency events (content of high frequency energy (f "" 100 - 150 Hz), 
• few records are low frequency ones (f "" 15 - 35 Hz), 
• of about 50 % of the records show an interference with long period vibrations (f"" 0.2- 1 Hz), 
• mostly(> 80 %) the horizontal ground velocity is larger than the vertical one. For blasts in the 

uppermost part of the quarry (gypsum) the horizontal ground velocities are always the 
maximum ones. 

The low frequency records are the result of vibrations in the vicinity of the recording point, 
because they are produced by the same blast which produces high frequency signals at other points 
of the underground tunnel system. In some cases the distance between two successive points was 
of about some metres. 
The long period interference signal seems to be caused by eigenvibrations of the air inside the 
tunnel (A = v air I f). Half of the wavelength of the vibrations of the air in the underground rooms 
are of the dimension of them (160 m - 800 m). It is interesting to mention that the percentage of 
long period signal interferences is in the order of about 70 % for blasts in the uppermost part of 
the quarry (gypsum). This documents that the source conditions (location of the source in relation 
to the underground rooms) are dominating the generation of these long period vibrations. 
The distribution of ground motion amplitudes is a result of interaction of the blast generated 
waves with the free surface of the quarry. If an explosion has occurred inside the rock massif 
mostly longitudinal waves (P-) have been generated. In contrast if the blast has been fired near the 
free surface of the quarry due to interaction with the free surface transversal waves (S-) shall be 
generated predominately. In this case.depending on the orientation to the surface the 
corresponding horizontal component will show maximum ground velocity. 

4. Analysis 

Of about 25 % of the blasts have generated ground velocities of 20 mm/sec or higher, and in two 
cases a velocity of 40 mm/sec has been reached within the tunnel system. The visual inspection of 
these two particular places has shown that there are no indications for rock cracking or lowering 
the rock strength. Therefore the question arose what maximum ground velocity can be allowed 
without increasing the risk of rock failure inside the tunnel system. 
CEJTLIN and SMOLIJ ( 1981) have stated that ground shaking on the surface and in the 
underground has to be taken into account in a different manner. Therefore most of critical values 
determined for surface constructions and buildings are not applicable for subsurface structures. 
It has been shown (BOUWKAMP et al., 1990; FLESCH, 1993; FOTIEVA et al., 1990; 
KAWASHIMA et al., 1988; KOMAKI et al., 1988; RASHIDOV et al., 1990; OHBA et al., 1988; 
TAMURA et al., 1988) that in soft soils and rocks the vibration properties of tunnels depend on 
the flexibility of the tunnels wall itself FLESH (1993) underlines that the behaviour of tunnels 
under seismic load is very similar to that of pipes. HEINZE (1993) has shown that the seismic 
safety distance rs for underground pipes depends on the square root of the charge of the blast L 
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also a group of data points where the ground velocity shows no dependence on normalized 
· distance or normalized size. 
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Fig.2. Dependence of the ground velocity on the charge of blasts. Crosses indicating blasts at the 
lowermost working level of the quarry. 

From this data the dependence of ground velocity on the distance to the blasting point can be 
detennined (Fig.3). 

r lml 

Fig.3. Dependence of the ground velocity on the distance, assuming a uniform charge of 50 kg. 
The broken line indicates the least square fit of the data, and the full line a threshold 
line.(Diamonds are data acquired in 1992.) 
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Fig.4. Examples ofrecorded quarry blasts. The upper two records show the ground velocity of 
the same blast recorded at different points of the underground tunnel system. The different 
frequency · content is evident. In the lower part the record of a blast in the overlaying gypsum 
deposit is shown. The long period vibration can be recognized. 
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rs = 3 k' (L)l/2 (L ::; 280 kg). (3) 

The factor k' depends on the kind of pipes and varies from 1 to 2. 75. Generally the seismic safety 
radius is a measure of the minimum distance between the blast and the construction, which has to 
be preserved safely. For providing.blasting with some mass fall (demolition of tall buildings) 
l IEINZE ( 1993) presents the following formula describing the safety radius r s 

(4) 

where 1 :::;; F :::;; 8 depending on the kind of underground construction and on the fact whether the 
blast has been fired on the Earth's surface or in the underground. In this formula the effects of 
seismic ground motion and fall induced shaking are combined. 
CEJTL~ and SMOLIJ (1981) gave the following expressions ofr5 for tunnels 

rs = 2 (L)ll3 

rs = 4 (L)l/3 

(in the case ofa single blast), and 

(for multiple blasts). 

(5) 

(6) 

On the other hand side the seismic safety distance determines a critical value of ground velocity Ve 
which is allm~ed for the construction (HEINZE, 1993) 

Depending on the conditions of blasting there will be 1 :::;; k :::;; 4. To avoid failure of the 
construction there should be realized v <Ve. 

(7) 

After the World War II there have been provided some large explosions inside the underground 
tunnel system for destructing it. However this aim could be reached only at selected places of the 
system. Visual inspections as well as specially designed seismic studies of the room-pillar system 
have shown the high stability of the underground tunnels. It has been found (GROSS, PENZEL, 
1991) that there is only a very small zone ofreduced seismic velocity near the contour ofrooms 
where explosions were carried out. This indicates that the border line between the zone of elastic 
defom1ations and zone with radial cracks due to explosions is very nearby the contour of those 
rooms. The radial stresses ar in the elastic range are determined by (CEJTLIN, SMOLIJ, 1981) 

Ur= V p Vp (8) 

where p (kg m-3) are the density and vp (m s-1) the velocity of seismic P-waves. Radial cracks in 
the rock massif will be formed by tangential stresses a1 

(9) 

u denotes the Poisson ratio. By means of these expressions it will be possible to calculate the 
critical ground velocity based on tensile strength [a] of the rock massif 

Ve= [u] I (p vp) (10) 

The tensile strength can be determined by the rock strength an 

(u) = (0.02 - 0.1) uD . (11) 
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The strength of anhydrite varies in the range 50 MPa - 170 MPa (HEINZE, 1993). This large 
variability is due to the geological and tectonic conditions of the rock massif(deposit). For this 
quarry GROSS and PENZEL (1991) have determined the strength of anhydrite of 86. 5 MPa and 
a P-wave velocity of 5 400 m sec-1 (The usage of these values is indicated by*). 

Table 1. Comparison of different estimations of the seismic safety distance r s 

87,5 ~ 200 
25 - 62,5 
53,3 
8, 1 
33,6 
54,7 
10 
20 

The large scatter of the seismic safety radius determined by different methods is evident. Therefore 
one has to compare very carefully the determined safety radius by the real conditions in the quarry. 
By means of formulae 

and Ve = fa] I (p vp) (12) 

it will be possible to determine the critical ground velocity (Table 2.). 

Table 2. Critical ground velocity determined for underground rooms in an anhydrite 
quarry 

v,. rmm/secl conditions remarks 
268 anhydrite, an = 50 MPa 
536 anhydrite, an = 100 MPa 
4562 anhydrite, an = 170 MPa 
183 anhydrite, an= 86.5 MPa ( * ), minimum value 
1000 tunnels CEJTLIN, SMOLIJ (1981) 

The critical ground velocities given in the above table are quite large and show also a remarkable 
scatter. Therefore one can conclude that the empirical relations between charge, rock type and 
ground motion determine only the magnitude of critical ground motion parameters. 
McGARR et al. ( 1981) and McGARR ( 1984) have shown for rock bursts that the product of 
epicentral distance r multiplied by the peak ground velocity Vmax is function which depends on the 
used source model, the stress drop, and the source radius. On the other hand for blast of nearly the 
same charge fired under nearly equal conditions this product can be approximated by a constant K: 

rvmax = K (13) 
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On the other hand side K is a measure of the underground failure radius. Therefore this approach 
has been used for determining the seismic safety distance. 
A statistical analysis of the recorded data has been performed. For all observed blasts the K-value 
is shown in Fig.5. The scatter of the data is quite high, but nevertheless one can outline two 
distincf groups having extreme K-values. The first group with low values has been identified to be 
originated by blasts in the uppermost gypsum horizon (320/310), and the second group having 
mostly high K-values is generated by blasts at the lowermost working level (220/210). Blast in all 
the other parts of the quarry have mostly intermediate K-values. The mean value for all blasts has 
been determined as < K > = 1605.6 m2sec·I. 

r•v 
sooo.---~~~~~~~~~~~~~~~~-, 

+ 

4000 

+ + 

2000 

0 

#le . 1fl'C * ,. 
OOO'--~--''--~--'~~--'~~--'~~--'~~~ 

0 20 40 60 80 100 
number of blast 

* gypsum (320/310) 

mean of the quarry 

+ lowermost level 

120 

Fig.5. The distribution of the <K>-values for the blast in the anhydrite quarry. 
Crosses represent blast at the lowermost level, asterisks blasts in the gypsum, and diamonds in all 
the other parts of the quarry. 

The dispersion is rather high: a= 855 m2sec·I. For blast at the lowermost level the corresponding 
values are< K > = 2428.6 m2sec-I and a= 743 m2sec·l, and for the upper gypsum level< K > = 
401. l m2sec·l and a= 212 m2sec-I. From these values it is obvious that the source at the 
lowermost working level were stronger and more uniform. 
These values have been used for determining the seismic safety distance of the blasts in the 
anhydrite quarry assuming critical ground velocities ofvc = 50 mm sec-I and Ve = 75 mm sec-1 

(table 3). These critical ground velocities have been chosen under the condition that there should 
be some reserves of safety. They are significantly smaller than those values given in table 2. 
Especially, the value determined for the rock parameters of anhydrite of the studied quarry is two 
to three times larger than the adopted critical ground velocities. 
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Table 3. Seismic safety distances for underground rooms (anhydrite quarry) 

workine area v., = 50 mm sec-1 v .. = 75 mm sec-1 
whole quany 32.l m 21.4 m 
gypsum (320/310) 8.0m 5.4 m 
lowermost level (220/210) 48.6m 32.4 m 

These rs-values are in quite good agreement with the safety distances found by the methods 
described above (table 1). Therefore taking into account the regulations for surface constructions 
as well as the need of high safety level for the underground rooms, for providing further blasts in 
this particular quarry the critical velocity has been set to v, = 75 mm/sec. 

5. Conclusions 

Seismic signals of quarry blasts recorded in underground rooms are determined by the source 
properties as well as by the source-receiver geometry and the geometry of the underground 
rooms. The amplitudes and the frequency content are both influenced. Some characteristics 
reflecting the blasting and recording conditions may be drawn. 
The safety of underground rooms due to seismic loading maybe characterized by the seismic safety 
distance as well as by the critical ground velocity. Both values depend on the rock properties. 
Experimenta:I and theoretical studies of the rock behaviour in an anhydrite quarry under loading by 
blasts have shown, that the critical values of ground motion determined for surface constructions 
are not fully applicable for underground rooms and tunnels. In this special case the critical ground 
velocity guaranteeing the safety of the subsurface structures could be set in the range of75 
mm/sec. On the other hand side the critical value of ground velocity determined based on 
experimental data of rock (anhydrite) strength is of about Ve= 180 mm/sec. This value is two to 
three times larger than the value adopted. Therefore it can be stated, that the application of the 
adopted critical ground velocity bears reserves of safety. 
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Abstract 
Seismic hazard of a wide region which comprises Albania, the western part 

of Bulgaria, the northern part of Greece and the southern part of former 
Yugoslavia is evaluated according to the Cornell approach. Particular efforts are 
dedicated to review the state-of-the-art of seismic zoning for the study region. In 
fact, starting from the work done during the UNESCO Balkan projects, a review 
of the contributions on seismotectonics of the Balkans has been performed and a 
preliminary definition of a seismogenic zonation for the above mentioned area 

' is proposed. The proposed seismogenic zonation is supported by seismicity 
evidence, which is used in the seismic hazard estimation, as well. Difficulties 
encountered in describing the seismicity of the region because of the lack of a 
general earthquake catalogue, are faced by merging the ISC catalogue with some 
national products. 

Introduction 
In the frame of the GSHAP project (Giardini and Basham, 1993) 

some test areas were chosen and the research activity for preparing the 
needed data set for seismic hazard assessment (SHA) is already on the 
way. The Adriatic region has been chosen as test area of the 
Mediterranean region (Slejko, 1994) and the scientists involved in the 
project are facing the problem of defining a suitable seismogenic 
zonation and of preparing the earthquake data set. In this framework, it 
is of interest to perform a preliminary SHA of a small region interested 
in the Adria project. 

The study area, shortly called Macedonia hereafter, is formed by 
northern Greece, southeastern Bulgaria, Albania and the southernmost 
part of former Yugoslavia. The choice of this area has been motivated 
by two main reasons: 1) the area belongs to four countries for which no 
global seismotectonic study (e. g.: tectonic map, earthquake catalogue) 
has been developed recently, and 2) the area was studied in the frame of 
the Balkan Project conducted by UNESCO in 1976 (Karnik and Radu, 
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1976) and it is of interest to verify if an improvement in the definition of 
the seismogenic zones (SZ's) and of their seismicity is possible. 

Aim of the present work is to face the problems connected with the 
preparation of the input data set for the SHA of the study area, and to 
identify which are the main subjects to be furtherly developed. 

Data Collection 
The input data needed in the hazard assessment depend on the kind of 
approach chosen in the computation. The choice of the approach 
depends on the quality of seismotectonic knowledge available for the 
study region. Europe, from this point of view, can be considered a high 
level region because of the huge amount of earthquake data, collected at 
least since the Middle Ages, and of geological studies. The situation of 
the Balkans is less favourable because of the occupations suffered by 
most of the countries during the centuries. In any case, a seismotectonic 
approach can be applied in the study area and, therefore, a 
seismotectonic model which identifies the main SZ's is needed as well as 
an earthquake catalogue, from which the seismicity of the SZ's can be 
characterized. 

Geology 
For the study area no unique seismotectonic map has been so far 

available. The seismogenic zonation proposed in the present analysis is, 
therefore, defined considering previous individual studies (Papazachos, 
1988; Stanishkova and Slejko, 1991; Meletti and Scandone, 1994) 
verified with the seismicity of the area. 

Figure 1 illustrates the geological map of Macedonia prepared in 
the frame of the Balkan projects. The most significant tectonic features, 
on the basis of which the seismogenic source delineation was attempted, 
are emphasized and discussed in the following. 

Lines 1 to 4 represent the most important (first order) geotectonic 
megafractures of Alpine age. Moving from south to north, Line 4 forms 
a NW - SE megafault zone, defining the limit between the complex 
tectonic unit of Axios (east) and the metamorphic Pelagonian zone 
(west). Line 3, running WNW - ESE orientates the main mass of Rodopi, 
which is considered as a middle microplate between the northern branch 
of the Alpine system, known as the Balkanides, and its southern branch, 
the Hellenides, and the Srednogoria unit to the north. Northern to this 
unit, limited by Line 2, is the zone of Stara Planina of Triassic age, an 
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allocht~:m, highly deformed zone, while the main Moesian platform of 
pre-Cambrian age is southward limited by Line 1. 

The system of transcurrent fault zones 5 to 8 runs normal to the 
Alpine texture, transferring the pre-existed Alpine units. The most 
significant feature of this system is the North Aegean Trough (Line 5) of 
Oligocene age, which consists of a series of deep fault - bounded basins 
(Le Pichon et al., 1984; Lyberis, 1984) with a NE and ENE trend at its 
western and eastern part, respectively. Fault plane solutions in the 
western part of the North Aegean Trough show mainly strike - slip 
faulting, consistent with right - lateral slip on NE - SW striking faults, 
while normal faulting solutions are lacking in this area. Subparallel to 
the North Aegean Trough system is the most significant structure in 
northern Greece, the Kavalla - Xanthi fault (Line 6), which orientates 
the platform of Thrace to the east and the gulf of Thermaikos to its 
western prolongation from the main mass of Rodopi to the north. The 
epicentres of many damaging historical earthquakes are associated 
with this fault (Papazachos and Papazachos, 1989). Moving towards 
the north, Line 7, running SW - NE, separates the Axios basin and the 
Strymon basin, while Line 8, runs parallel to Line 7 from Skopje 
towards the Moesian platform. 

The most recent neotectonic structure of Miocene age is finally 
represented by a system of faults running NW - SE (Line 9, more than 
one segment), orientating the block of Halkidiki peninsula from the 
Axios basin to the west and Stryrnan basin to the east. 

@I 
\ .,. 1 

\ 
42· 

41 · \ 
Figure 1. Tectonic map of the study region. 
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Seismicity 
Any SHA needs homogeneous earthquake data related to a time 

period as long as possible. This condition is not satisfied for Macedonia 
although it was already studied in the recent past. In fact, the UNESCO 
Balkan Project (Kamik and Radu, 1976) of middle Seventies produced 
notable results in terms of earthquake catalogue and isoseismal maps. 
Nevertheless, tha catalogue (Shebalin et al., 1974) is not easily available 
on magnetic format and also the following international projects (see 
UNDP Project Working Group A, 1982) did not produce earthquake data 
for automatic processing. This situation is not peculiar but reflects the 
usual situation worldwile where national catalogues are pertinent to 
country territory only with strong border problems, and formats and 
data themselves are not homogeneous from one catalogue to another. 
For this reason it was decided to assess hazard by facing trivialy the 
problem of data preparation and to see how large are the differences in 
h~zard estimates according to the data set used. It was chosen to use 
the ISC catalogue (ISC, 1990) integrated with further data available. 
The ISC catalogue was, therefore, integrated for the period preceeding 
1904 (initial date of the ISC catalogue) with data of the NOAA 
catalogue (NOAA, 1988) for the region inside the corner coordinates 
38°N, 20°E - 46°N, 30°E (data already used in the SHA of Bulgaria, 
Orozova - Stanishkova and Slejko, 1994) and with the data of the Greek 
catalogue (Papazachos and Comninakis, 1982) for the territory of 
Greece. This new catalogue is surely heterogeneous and Figure 2 shows 
how epicentres refer to time. No clear indication of regions not 
interested by the data of previous centuries can be extracted from 
Figure 2 as triangles cover quite uniformely the study region. 

The probabilistic approach chosen requests the seismicity rates of 
the modelled SZ's to be defined. These rates can be computed simply 
counting the events in the catalogue or different hypotheses on the 
completness time intervals can be made. In the present application, two 
choices of seismicity rate definition have been made. The direct choice 
consists in taking direcly the rates considering for all magnitudes the 
ISC catalogue time span (1904 - 1989). The balanced choice consists in 
using different periods of the complete catalogue span (29 A.D. - 1989) 
for counting events in the different magnitude classes (see Peruzza and 
Slejko, 1993). 

Seismotectonic model 
A general zonation for the Balkan region, derived from Karnik 

(1976), was used for hazard assessment during the Balkan project (see 
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Algermissen et al., 1976) and it is the only zonation proposed for the 
whole region. The seismogenic zonation suggested in the present study 
consists of 16 SZ's and is illustrated in Figure 3. This model is defined 
taking into consideration the above described tectonic structures and the 
earthquake epicentre distribution in the framework of a general 
seismotectonic model consisting of compression zones on the eastern 
margin of the Adria microplate which are cut by transcurrent elements 
disengaging the Hellenides from the Dinarides (Meletti and Scandone, 
1994). It can be seen that epicentres are well contained in the SZ's and 
their seismicity is very different from one zone to another. In particular 
the major activity refers to the compressive SZ's along the Adriatic 
coast and to the two transverse SZ's that cut those above cited. Almost 
only strong events are reported in the central part, suggesting 
incompleteness in the earthquake file, although it was integrated for 
Bulgaria with the NOAA catalogue. 

18 2D 
. ~ ' . 

. ~. 

-·· .. ·: 
. ' 

: ......... . 

Figure 2. Epicentre map of the earthquakes in the study region. Different symbols 
indicate data from ISC (circles), and from other sourses (triangles, see text). 
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Hazard Assessment 
The hazard assessment has been performed by using a recent 

application (Bender and Perkins, 1987) of the Cornell (1968) method 
considering horizontal peak ground acceleration (PGA) as seismological 
parametre. The seismicity rates, referred to a 0.5 magnitude step, 
calculated according to the two hypotheses cited before, have been 
associated to the seismogenic zonation of Figure 3. Magnitudes when 
not available in the catalogues have been computed from epicentral 
intensity by the Karnik (1969) relation for former Yugoslavia. The 
difference in the seismicity rates computed according to the two 
hypotheses is explained in Figure 4, where two SZ's are considered: one 
(SZ 7) on the Albanian coast and the second (SZ 12) in central Bulgaria. 

;·-· 

Figure 3. Map of the SZ's for Macedonia. The epicentres of Figure 2 are drawn 
regardless quake magnitude. 
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The large magnitude seismicity is better modelled in both cases 
considering different periods: in fact in such a way rates for magnitude 
exceeding 6 can be computed in SZ 7 and high rates of magnitude 
exceeding S, related to this century seismic crises, are flattened in SZ 12. 
The two hazard estimates of Figure S refer to the horizontal PGA with 
47S year return period and have been computed considering the 
Theodulidis (1991) attenuation relation for PGA .. 

The difference between the two maps is quite evident and can be 
explained by the different rates obtained from the two data sets 
considered. The high values of PGA (values larger than 0.5 g) in central 
Bulgaria (Figure Sa) are caused by high rates derived from this century 
seismicity (especially for SZ 13). Those (values larger than 0.5 g) along 
the Greece - Albania coast line (Figure Sb) derive from high magnitude 
quakes which occurred during the previous centuries . 
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Figure 4. Seismicity rates normalized to 100 years for two SZ's computed 
according to the direct counting (empty squares) and the balanced counting (solid 
circles): a) SZ 7 in Albania; b) SZ 12 in central Bulgaria. 
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Figure 5. Hazard maps of Macedonia where PGA with 475 year return period is 
shown: a) using only the ISC data; b) using the complete catalogue prepared. 
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Conclusions 
Macedonia, border region for four countries (Albania, Bulgaria, 

Greece, and former Yugoslavia), has been considered for seismic hazard 
assessment because it presents the common problems expected in 
Balkan border regions. A seismogenic zonation has been proposed on 
the basis of a general seismotectonic scheme (Meletti and Scandone, 
1994) integrated by tectonic and seismicity features. A test earthquake 
catalogue has been prepared by integrating the ISC data with further 
information. Seismic hazard has been assessed by applying the Cornell 
(1968) approach when seismicity has been defined according to two 
work hypotheses. The differences shown by the results obtained 
(especially inside the SZ's) stress the importance of defining an 
earthquake catalogue covering at least some centuries with major 
events adequately defined in size. 

Acknowledgments. The present study has been performed in the framework 
of the GSHAP Adria project, financially supported by Italian CNR's National 
Group for the Defence against Earthquakes. Many thanks are due to Muzio 
Bobbio for the computer graphics support. 

References 
Algermissen S.T., D. M. Perkins, W. Isherwood, D. Gordon, G. Reagor and C. 

Howard, 1976. Seismic risk evaluation of the Balkan region. In: Proceedings 
of the Seminar on Seismic Zoning Maps, Vol. 2, Karnik V. and C. Radu, 
Editors, Unesco, Skopje, pp. 172 - 240. 

Bender B. and D. M. Perkins, 1987. Seisrisk III: a computer program for seimic 
hazard estimation. U.S. Geological Survey Bulletin 1772, 48 pp. 

Cornell C.A., 1968. Engineering seismic risk analysis. Bull. Seism. Soc. Am., 58, 
1583-1606. 

Giardini D. and P. Basham P., 1993. Global Seismic Hazard Assessment Program. 
Annali di Geofisica, 33, n. 3 - 4. 

ISC, 1990. Earthquake catalogue. International Seismological Centre, Newbury, 
computer file. 

Karnik V., 1969. Seismicity of the European area /I. Reidel Publ. Co. Dordrecht, 
364pp. 

Karnik V. and D. Prochazkova, 1976. Discussion of the magnitude - frequency 
relation using the Balkan earthquakes. In: Proceedings of the Seminar on 
Seismic Zoning Maps, Vol. 1, Karnik V. and C. Radu , Editors, Unesco, 
Skopje, pp. 176 - 192. 

Karnik V. and C. Radu C., Editors, 1976. Proceedings of the seminar on seismic 
zoning maps. 2 Vols. Unesco, Skopje, 430 + 240 pp. 

Le Pichon X., N. Lyberis and F. Alvarez, 1984. Subsidence history of the North 
Aegean Trough. In: Geological evolution of the eastern Mediterranean, 

1385 



Dixon J. E. and A H. F. Robertson, Editors, Spee. Pub!. Geol. Soc. Lond. vol. 
17, Blackwell Sc. Publ., Oxford, pp. 727 - 741 . 

Lyberis N ., 1984. Tectonic evolution of the North Aegean Trough. In: Geological 
evolution of the eastern Mediterranean, Dixon J. E. and A H. F. Robertson, 
Editors, Spee. Publ. Geol. Soc. Lond. vol. 17, Blackwell Sc. Pub!., Oxford, pp. 
709- 725. 

Meletti C. and P. Scandone, 1994. Seismotectonic of the Adriatic region. A 
kinematic approach. In: ESC 24th General Assembly, Abstracts, Opt. 
Geophysics and Geothermy University, Athens, pp. 117. 

NOAA, 1988. Earthquake catalogue. NOAA, Denver, computer file. 
Orozova - Stanishkova I. and D. Slejko, 1994. Seismic hazard of Bulgaria. 

Natural Hazards, 9, 247 - 271. 
Papazachos B. C., 1988. Seismic zones in Aegean and surrounding areas. In : 

Proceedings 21st General Assembly ESC, Bulg. Acad. Sci., Sofia, pp 1 - 6 
Papazachos B.C. and P. Comninakis, 1982. A catalogue of historical earthquakes in 

Greece and surrounding areas. Publ. Geophysical Lab. Univ. Thessaloniki, 5, 
24pp. 

Papazachos B.C. and Ch. Papazachos, 1989. Earthquakes in Greece. Publ. Geophys. 
Lab. Univ. Thessaloniki, 356 pp. 

Peruzza L. and D. Slejko, 1993. Comparison of different approaches to seismic 
hazard assessment. Natural Hazards, 7, 133 - 153. 

Shebalin N.v.; V. Karnik and D. Hadzievski, Editors, 1974. Catalogue of 
earthquakes, part I, 1901 - 1970; part II, prior to 1901. UNDP Unesco Survey of 
the Seismicity of the Balkan Region, Unesco, Skopje, 606 pp. 

Slejko D., 1994. The GSHAP Adria project. In: ESC 24th General Assembly, 
Abstracts, Opt. Geophysics and Geothermy University, Athens, pp. 118. 

Stanishkova I. and D. Slejko, 1991. Seismotectonic model of Bulgaria . Boll . 
Geof. Teor. Appl., 33, 187 - 210. 

Theodulidis N., 1991. A contribution to the study of strong ground motion in the 
area of Greece. Ph.D. Thesis, Univ. Thessaloniki, 500 pp. (in Greek). 

UNDP Project Working Group A, 1982. Seismology, seismotectonics, seismic 
hazard and earthquake prediction. Final report. Unesco, Athens, 157 pp. 

1386 



Estimates of lHz maximum ground acceleration in Bulgaria for seismic risk 
reduction purposes 

lvanka M. O;:ozova-Stanishkova(l,2), Giovanni CostaCl), Franco Vaccari(l) and Peter 
Suhadoic(l) 

( 1) - Institute of Geodesy and Geophysics, University of Trieste, via dell'Universita' N.7, 
34100 Trieste, Italy 

(2) - International Centre for Theoretical Physics, B.0.Box 586, 34100 Trieste, Italy 

An estimation of the Maximum ground acceleration (AMAX) over the 
Bulgarian territory is performed by a deterministic approach, developed at the 
Institute of Geodesy and Geophysics of the University of Trieste (Costa et al., 
1993). This procedure makes use of the available information on the Earth 
structure parameters, the seismic sources and the level of the seismicity of the 
investigated area and computes synthetic seismograms. The result consists in 
the deterministic computation of acceleration time series distributed over a 
regular grid covering the studied territory. 

The different lithospheric properties of the investigated area are characterized 
by several structural models. Each model is defined within a regional polygon 
and is represented by a number of flat layers, each of which characterized by a 
thickness, density, P-and S-waves velocities and their quality factors. Six 
regional polygons have been delineated on the territory of Bulgaria. Eight flat 
layers have been proposed to define the crustal structure within each of the 
polygons. The quality factors and the parameters of the layers below the Moho 
are taken from Costa et al. (1993). 

To define the seismic sources it is necessary to use the information of the 
seismogenic zoning, earthquake catalogue and available focal mechanisms. The 
16 seismogenic areas, proposed by Stanishkova and Slejko (1991), and slightly 
revised, have been used in the present study. The revision consisted in spatial 
reduction of some of the zones in order to reduce the amount of computations. 
All the events which occur within the cell are replaced by one single double
couple (DC) point source, located in the center of the cell, having the magnitude 
of the strongest event. The orientation of the DC point source is obtained from 
the available focal-plane solutions (Stanishkova and Slejko, 1991; Shanov and 
Georgiev, 1992; Shanov et al., 1992, Solakov and Simeonova, 1993). The 
earthquake catalogue, used in the present study, is described in detail in 
Stanishkova and Slejko (1991) and Orozova-Stanishkova and Slejko (1994). 
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The above information is used as input for the computation of synthetic 
accelerations using the modal summation technique (Panza, 1985; Panza and 
Suhadolc, 1987; Florsch et al. , 1991). 

The AMAX has been chosen as the parameter representative of the strong 
ground motion and consequently of the seismic hazard. 

The estimation of AMAX in the present study takes into account only the 
Bulgarian seismicity. ·The influence on the Bulgarian seismic hazard of the 
seismicity of the surrounding countries such as Greece, Turkey, former 
Yugoslavia and Romania was not investigated here. 

The highest values estimated of the AMAX are found in southwestem 
Bulgaria, Struma zone (0.2-0.3 g). AMAX values of 0.1-0.2 g are calculated in 
SW (Mesta and westernmost Maritza zones) and NE (Shabla and Vama zones) 
Bulgaria. The Goma Oryakhovitza, Trun, Sofia, the remaining parts of Maritza 
zone, as well as the Ardino and Devin zones are characterized by 0.05-0.1 g 
AMAX. The NW and SE parts of Bulgaria are the less dangerous areas (AMAX 
< 0.02 g). 
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Abs tact 
In the earthquake resistant design of conventional structures, such as buildings, the 

parameters used to qualify the ground motion is usually the peak and the effective ground 
acceleration. On the other hand, the seismic analysis of lifelines, such as pipelines, bridges 
and dams, requires additional ground motion information. These seismic parameters may be 
difficult to acquire, particularly at sites with limited or nonexistent recorded data. Thus 
engineering seismologists have recently focused their attention to the problem of predicting 
and synthesizing strong ground motion. A promising technique for synthesizing artificial 
accelerograms is the stochastic simulation method. Based on a regionalization of 6 seismic 
hazard zones for the area of Greece and for two return periods, T R = 500 and 50 years, 
synthetic accelerograms were calculated for each zone. Source parameters as stress drop, 
fmax , f0 and moment magnitude were used. The spectral values derived from this method 
were compared with such values obtained by the probabilistic seismic hazard analysis and a 
good agreement was observed. 

Introduction 
For engineering purposes, the realistic seismic wave input motion and response studies 

have shifted emphasis in recent years. The effectiveness of seismic codes and the proposed 
regionalizations of seismic intensity have been tested in a number of recent large earth
quakes in California, Japan, Europe and elsewhere. The recorded strong motion data 
variability is much firmer after the addition of many new accelerograms. As a result, 
engineering requirements have expanded from simple spectrum scaling, using high 
frequency peak ground acceleration (pga), to emphasis on full time histories, frequency 
dependent seismic zoning, spectral attenuation and appropriate seismological wave phasing. 
The deterministic or probabilistic seismic hazard assessment essentially describes the varia

bility of ground motion parameters with distance or depth and earthquake size or 
magnitude. The observational recordings of ground motion within several hundred 
kilometers of the earthquake source can be used in several ways to predict ground motions 
for engineering design. The empirical prediction utilizes mathematical functions connecting 
response variables such as ground motion parametes with variables as distance and magni
tude. Theoretical predictions can be used both in Seismology and Engineering. These 
predictions can specify time histories for use in dynamic structural analysis, providing 
calculations of ground motion parameters in geographic regions of magnitude - distance 
space lacking observations. Deterministic simulations of ground motions from specified 
faults, was analytically studied in Engineering Seismology. These simulations can be applied 
in predicting low frequency motions. 

1389 



Engineers are used to be applied stochastic approaches in order to determine time histories 
for design purposes. A stochastic approach has been established which assumes random 
ground motion with properties determined from seismological models of the source and the 
wave propagation (McGuire and Hanks, 1980, Hanks and McGuire, 1981, Boore, 1983, 
1986, Joyner, 1984). The method proposed is based on the ground motion which is 
represented by windowed and filtered white noise, with the average spectral content 
determined by a seismological description of seismic radiation that depends on source size 
(Boore, 1987). 
Significant effort has been made in the area of Greece concerning the simulation of ground 

motion (Soufleris, 1980, Kiratzi et al., 1985, Stavrakakis et al., 1987). The stochastic 
simulation method for the same area was applied by Papastamatiou et al. (1993) using the 
seismic sequence occurred at the Ionian sea, 1983. Based on the same methodology a 
computer program has been published by Tolis and Pitilakis (1993). 

A stochastic simulation approach is attempted in this paper based on the six seismic 
hazard zones of the area of Greece proposed by Margaris and Papazachos (1994). Artificial 
time histories for each seismic hazard zone were proposed, relied on the source parameters 
as stress drop, ~a, f0 , fm and moment magnitude, ffio , for the area of Greece. In order to 
use these synthetic time histories in the seismic code, two return periods T R =500 and 50 
years were adopted in the calculations. 

Method 
The basic principle of this method is based on a model (Hanks and McGuire, 1981), in 

which the earthquake acceleration is a band-limited white noise in the band between the 
corner frequency, f0 and fm, and the spectral shape is determined by the Brune(1970, 1971) 
spectrum. Two models have been proposed for making ground motion predictions with 
stochastic simulations. The Monte Carlo simulation in time domain is the first one and the 
second is based on the random vibration theory (Joyner and Boore, 1988) . The spectrum of 
ground motion is given as a function of frequency f, by : 

R(f) = C S(f) A(f) D(f) I(f) (1) 
where the parameters C, S, A, D and I, are a scaling factor, a source spectrum, an 
amplification factor, a diminution factor and an instrument response factor. 
The scaling factor, C, is represented by the following equation : 

C = (Re"' F V) I ( 4:rtg0 ~03 G) . . (2) 
where R9"' is the radiation pattern (Boore and Boatwright, 1984), F gives the effects of free 
surface, V determines the partition of energy from a vector between the two horizontal 
components, Q0 and ~0 are the density and shear wave velocity and G is the geometric 
spreading factor. 
The source factor is given, based on an analytical work (Hanks and McGuire, 1981) : 

S(f) = Mo I [ 1 + (f lfo h l (3) 
where M0 is the seismic moment and f0 is the corner frequency, obtained by: 

f0 = 4.9*106 ~0(~a/M0) 113 (4) 
where ~a is the stress drop. The amplification factor can be determined by various ways. 
The most familiar way is that proposed by Boore and Joyner (1984) which is a frequency 
dependent transfer function that re~glts from wave propagation in a stack of layers : 

A(f) = AJAr = (Q0 ~o /Qr ~r) (5) 
where the subscripts r refers to material near the recorded site and the subscripts o refers to 
material close to seismic source. 
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The diminution factor determines the dissipation of high frequency energy, either through 
wave propagation or as a fundamental property of the source radiation not accounted for in 
the (3). The diminution factor is given by: 

D(f) = exp [ - n; fr/ Q(f) ~] P(f) (6) 
where Q is a frequency attenuation function and P is a high cut filter of arbitrary shape. 
The filter I(f) is used to shape the spectrum, so that, the predicted motions corresponds to 
the particular ground motion of interest. For example, if response spectrum or Richter 
magnitude are to be computed, I is the response of an oscillator of frequency f, , and 
damping ~- This can be presented by the following equation: 

I(f) = Mpf I [ (f2 - f/) -i (2~ ff,) (7) 
where MF is the suitable magnification factor. 

The spectrum R(f) is estimated based on the application of the time domain method. A 
gaussian white noise is generated with a random number generation. This noise is windowed 
using a duration definition as was proposed by Hanks and McGuire (1981) and Joyner 
(1984). The amplitude of the window is selected, so that, the mean level of the white 
spectrum is unity. The noise sample is then filtered by the filter R(f) from (1). Fourier 
transformation to the time domain gives the simulated time histories. This method differs 
from other engineering stochactic ones in that the windowing is done after the filetring of 
white noise. 

Seismic Hazard Simulated Time Histories in the Area of Greece 
In the probabilistic seismic hazard a single parameter of strong motion is usually assessed 

without taking into consideration parameters which determine the intensity and damagea
bility of strong motion (eg. duration of motion, frequency content etc). For this reason, the 
oo-squared model (Hanks and McGuire, 1981) is adopted and the stochastic simulation 
method (Boore, 1983, 1986) is applied in order to generate synthetic time histories based on 
the seismic hazard results for the area of Greece. 

The simulated time histories for the area of Greece are based on the 6 seismic hazard 
zones which have been proposed by Margaris and Papazachos (1994). This regionalization 
of the seismic hazard for the area of Greece, was assessed using two strong motion 
parameters, the macroseismic intensity and pga. Based on this regionalization of seismic 
hazard, an attempt is made in order to estimate synthetic time histories of the 6 seismic 
hazard zones for future needs of the Greek seismic code. 

The STOCH (DiBonna and Rovelli, 1990) computer code was used in order to estimate 
simulated time histories. This computer code is relied on the aforementioned methodology 
using a number of source parameters , as the stress drop ~a, the corner frequency f0 , the 
seimic moment m0 , and some parameters which have been empirically calculated. Table 1 
presents the three categories of the input perameters of the stochastic simulation. The site 
recording parameters include, the free-surface effect parameter, F=2 and the partition of 
energy parameter, V=l/V2 (Joyner and Boore, 1988). The x value is the parameter from 
the Anderson and Hough (1984) relation which has been proposed for the area of Greece 
x=0.04 (Tselentis, 1993, Hatzidimitriou et al., 1993). 

The propagation path parameters comprise, the quality factor, Q= 100 (Hatzidimitriou, 
1993) and the ruptute duration equal to the inverse of the corner frequency, 1/f0 • As 
representative distance used in the stochastic simulation, was adopted R=20 km, based on 
the analytical work of the attenuation of various strong motion parameters proposed by 
Theodulidis and Papazachos(1992). 
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The density Q0 , the shear wave velocity 13m and the radiation pattern coefficient, Req,, are 
included in the input source parameters of the stochastic simulation. The density and the 
shear wave velocity for the area of Greece were determined, Q0 =2.7 g/cm3 and 130 =3.4 
km/sec respectively (Papazachos, 1990). The radiation pattern, RO<p, averaged over an 
appropriate range of azimuth, was estimated by Boore and Boatwright (1984), equal to 0.63. 
Previous studies have estimated the stress drop from Greek strong earthquakes ranging 
between 4-60 bar (Kiratzi et al., 1985, Stavrakakis and Drakopoulos, 1990). Using strong 
motion data from the area of Greece recorded on rock soil conditions, Papastamatiou et al. 
(1993) determined a mean stress drop value for the area of Greece, ~a=50 bar. In order to 
use the stress drop as an input parameter on the stochastic simulation, this parameter is 
assumed ranging between 25 and 50 bar, relied on the six seismic hazard zones. For the 
seismic hazard zones with return period TR=500 years, the stress drop values, ~a=30-50 bar 
is adopted. On the other hand, generating synthetic time histories for the corresponding 6 
seismic hazard zones with T R =50 years, stress drop is taken constant, ~a=25 bar. 

Table 1. The input parameters of the stochastic simulation in the area 
of Greece based on the 6 seismic hazard zones. 

Site Recording Parameters 
F=2 x= 0.04 v = 11.../2 

Propa,l!;ation Path Parameters 
Q = 100 Ren= 20km Rup. Dur. = 1 I f0 

Seismic Source Parameters 
Q0 = 2.7 g I cm' 130 = 3.4 km I sec R0<p = 0.63 
lo,1!; mn = 1.5 M + 15.89 (C. Papazachos and Kiratzi, 1992) 
TR = 500 yrs. TR = 50 yrs. 

ZON. ~a M. ZON. ~a M. 
(bar) (bar) 

6 50 7.1 6 25 6.1 
5 40 6.8 5 25 5.8 
4 30 6.4 4 25 5.4 
3 30 6.3 3 25 5.3 
2 30 6.0 2 25 5.0 
1 30 5.7 1 25 4.7 

A basic source paremeter in the stochastic simulation approach, is the seismic moment ,ffio. 
In order to correlate the stochastic simulation time histories with the probabilistic seismic 
hazard results, the empirical equation proposed by C.Papazachos and Kiratzi (1992) was 
used, calculating the seismic moment, m0 , based on the surface wave magnitude, M •. The 
corresponding surface wave magnitudes, M., of each seismic hazard zone for two return 
periods TR =500 and 50 years, are estimated based on the magnitudes (Tab. 1), proposed by 
Papazachos and Papaioannou (1993). In the Figure 1, the simulated time histories for the 
six seismic hazard zones of the area of Greece for return period ,TR =500 years, are shown. 
In addition, the synthetic time histories for the same seismic hazard zones and return period 
T R =50 years are presented in Figure 2. 

Comparison of the frequnecy content of stochastic simulated time histories with corres
ponding probabilistic response spectra is attempted in this work as well. A simulated time 
history is synthesized, using a distance R=20 km, a surface wave magnitude M5 =6.5 and 
stress drop, ~a=25 bar. The response spectrum of this time history for a damping value 
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Figure 1. Stochastic simulated time histories based on the 6 seismic hazard zones for return 
period T R =500 years. 
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Figure 2. Stochastic simulated time histories based on the 6 seismic hazard zones for return 
period TR=50 years. 
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D=5% is calculated. This response spectrum is correlated to smoothed version of the 
average response spectrum with the same distance, surface wave magnitude and damping 
value proposed by Papaioannou et al. (1984) for the area of Greece. The good agreement of 
of these two response spectra are given in Figure 3. 
A correlation of the pga of the simulated stochastic time histories for the two return period 

T R =500 and 50 years, with the pga which have been assessed based on the probabilistic 
seismic hazard analysis for the same return periods, is accomplished. In table 2, the pga 
values resulted from the stochastic simulation method and the probabilistic seismic hazard 
assessment, are presented for two return periods.(TR =500 and 50 years). The results 
derived from two models are in good agreement (Fig. 4). 

Conlusions 
The stochastic simulation of strong ground motion is a useful method in order to generate 

synthetic time histories. The frequency content of the simulated time histories is comparable 
with the observed one in the area of Greece. The results of the stochastic simulation 
method are in good agreement with those of the probabilistic analysis for the area of 
Greece. Thus, this model can be used to estimate accurately artificial strong motion time 
histories, which can be utilized in the requirements of the aseismic design construction. 
Improvement of the results in the stochastic simulation method can be achieved, adopting 
suitable input parameters for the area of Greece. 

Table 2. The predicted pga ( cm/s2) values of the stochastic simulation 
method and the expected probabilistic pga values for two return peri_: 

d T 500 d 50 0 s R= an years. 
TR =500 YEARS 

PGA(cm/s2) 

TR =50YEARS 
PGA (cm/s2) 

ZONE PRED PROB PRED PROB 
6 626.4 607.8 225.1 265.4 
5 412.6 395.4 108.l 172.4 
4 279.9 270.4 92.9 120.7 
3 221.5 228.l 79.6 99.2 
2 161.5 167.3 59.5 81.5 
1 124.5 120.3 41.4 55.1 

0.80 
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o.oo~~-~~-~~-~-~~-~~ 
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Figure 3. Comparison of the two response spectra (R=20km, M.=6.5 and damping 5%) 
derived from (1) the stochastic simulation method and (2) average response spectrum based 
on Greek strong motion data (Papaioannou et al., 1984). 
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PC-ORIENTED SYSTEM FOR EVALUATION OF POSSIBLE 
CONSEQUENCES OF STRONG EARTHQUAKES ON THE 

TERRITORY OF BULGARIA 

L.Christoskov and D.Solakov 

Geophysical Institute, Bulgarian Academy of Sciences, Sofia 

ABSTRACT 
The first stage in the establishment of a PC-oriented system for 

assessment of the possible earthquake consequences for the territory of 
Bulgaria is realized. The system is intended to support the disaster 
mitigation tasks as immediate relief actions or pre-event measures. 

The most important part of the system is the algorithmic and 
reference data base. This base has six consistent algorithmic-reference 
levels which constitute its internal hierarchy structure. For the data 
processing and managing two program packages are elaborated. The 
first one is designed to manage the data base and the second is 
performing the actual evaluation of the earthquake consequences-the 
human casualties, building damages and damage cost. 

1. INTRODUCTION 
The automated system for evaluation of earthquake consequences 

(ASEC) is designed to support the solution of two major disaster 
mitigation tasks: (1) organization of immediate post-event relief actions 
as initial decisions and measures of central and local authorities, 
approximate assessment of the relief and recreation contingents, etc.; 
(2) performance of pre-event prevention measures as long-term disaster 
mitigation plans, education, training, etc. 

The problem of evaluation the possible consequences of future 
earthquakes, refers to the complex and relatively poorly treated in the 
world literature tasks (Christoskov et al., 1982, Earthquake ... , 1984, 
Disaster ... , 1986, Protecting ... , 1981, Hiramatsu, 1980, Christoskov and 
Solakov, 1992). The principal difficulties, on the one hand, are 
connected with the absence of methodological and practical experience, 
and on the other hand-with the incompleteness, even lack of information 
about the effects caused by the past earthquakes, as well as with the 
creation of appropriate reference data base for the territory of a 
particular interest. 
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From methodological point of view the main problems are related to 
the statistical representation of the seismic wave impact (the intensity
consequences relations) as well as to the establishment of most reliable 
extrapolation schemes and procedures. An important problem is the 
specific impact of the "random" factors or extreme cases which could 
lead to statistically unpredictable results. They produce the so called 
secondary effects as fires, floods, toxic emissions , etc. Unexpected 
consequences could be observed in the case of a specific combination 
of the time (hour, day), the season and the weather conditions. On a 
local scale, additional deviations from the average casualties estimates 
might be connected with the environment, occupation, economy, etc. 

As far as the reference data base for a given territory is concerned, it 
is obvious that, the more detailed and precise the input information is, 
the more correct evaluation of the consequences could be obtained. The 
essential input elements are the correct reference data files on: 
geographical representation of the selected territory (coordinate net, 
borders, administrative units, towns and villages, etc.); seismological 
fields and parameters: population distribution ; buildings specification 
and mapping (by type, size, vulnerability, etc.); local seismo-geological 
and landscape pattern: consequences statistics on the past events and 
so on (Christoskov et al., 1982, 1984, 1990, Christoskov and 
Samardjieva, 1984, Glavcheva et al., 1982, 1983, Boncev et al., 1982, 
Administrative map ... , 1981, 1988, Number of population ... , 1993, 
Koledarov and Mincev, 1973, Post-Code ... , 1975, etc). 

Taking into consideration all factors mentioned above, one can 
conclude that the final results on the evaluation of the possible 
consequences could differ by several times in comparison with the 
actual incurred damages and losses. This might happen even in the 
case of existence of a complete reference data base- a difficult in itself 
for completion task, and especially when the influence of the "random" 
factors is essential (Christoskov and Solakov, 1992). Thus, the ASEC 
has to be considered as a system capable to provide only approximate 
results. The way to obtain more realistic results is to apply the "large
scale" generalization approach, which means that the computation 
process has to be terminated at a certain level of the results 
generalization- a level that might ensure an acceptable statistical 
representation of the output data. Thus, the appropriate generalization 
level for the ASEC outputs is selected to be the single municipality- the 
basic territorial unit in the administrative division of the country. 

From a methodological view point, the evaluation of human 
casualties and buildings damages is of primary importance for the 
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ASEC effectiveness. Below, a short explanation of the methods for their 
evaluation is given. The other most significant methods or computational 
procedures are outlined within the description of the algorithmic and 
reference data base (AROB) - the most important part of the ASEC. 

2. EVALUATION OF THE HUMAN CASUAL TIES 
The estimation of the total number of casualities, namely the life 

losses (NL) and wounded (Nw) is based on the approach initially 
described in Christoskov et al., 1982, 1984, Christoskov and 
Samardjieva, ·1984, and later improved and adapted for the purposes of 
the ASEC (Christoskov et al., 1990, Christoskov and Solakov, 1992). 
The initial empirical relations are given by equations of the type 

(1) 

(2) 

which are valid for the average population density 0±80=const for 
affected area by earthquake of magnitude M. The coefficients k1, k2, k3 
and k4 are normalized for density 0±80 in the intervals 0-25, 26-50, 51-
75, 76-100, 101-200, 201-400, > 400 pr./km2. For the ASEC purposes a 
substantiation of NL and Nw values is implemented by separation of their 
determinations for the areas of different intensity I (1=7, 8, ~ 9 by MSK or 
MM scale). The mean radii r1 of areas of intensity I can be estimated by 
the generalized macroseismic models (Glavcheva et al., 1982, 1983). In 
that case, the values NL and Nw depend on the intensity I and on the 
population density 0. Thus, for the number of life losses within the area 
of intensity I , according to Christoskov et al., 1990, Christoskov and 
Solakov, 1992, we have the relation 

N (1>-wN L - I L, (3) 

where the weighting coefficients w1 for intensities 1=7, 8, ~9 are 

(4) 

and the value of NL is determined for the corresponding average 
population density 0 of the area of intensity I. Then, the total number of 
life losses is a simple sum of values NL(I>, so that 
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- 9 9 

NL= IwiNL= INL<1l 
1=7 1=7 

(5) 

Analogous approach could be applied for assessment of the total 
number of the wounded people, and therefore we have 

- -
Nw= NL exp(k3+k4M) . (6) 

3. EVALUATION OF BUILDING AND STRUCTURE DAMAGES 
In general, the· damages of the buildings, structures, different 

factories and installations could be divided in three major categories 
(Cristoskov et al., 1982, 1984): architectural, constructional and 
destructive. The architectural damages are relatively light and do not 
affect the basic construction elements- they are manifested in the cracks 
and plaster fall off, cracking in the filling walls, fall down of chimneys and 
ornaments, etc. The constructional damages affect and spoil some of 
the basic construction elements as columns, r.c. slabs and so on. 
Destructive damages mean a partial or utterly destruction of the 
buildings. 

The damages in the buildings and structures could be assessed by 
the so called destructive potential P which is defined by the relation 
(Tzenov, 1970, Bonceva and Tzenov, 1978, Christoskov et al., 1982): 

(7) 

where Sa is the spectral acceleration for the fundamental period of the 
building, K is a coefficient (see Tzenov, 1970), ~and Kc are the dynamic 
and seismic coefficients (Design code ... , 1987) and g is the Earth's 
acceleration. 

In fact, the potential P is the ratio between the actual horizontal force 
at the building foundation and the design force for the same building. 
The distribution in % of the affected buildings and structures by the three 
damage categories with respect to P is given in Cristoskov et al., 1982, 
1984. 

The coefficient K might vary between 0.75 and 1 and by a rough 
estimation it is as follows: r-1 for masonry buildings, r-0.8 for large 
panel buildings and r-0.75 for all other buildings. The dynamic 
coefficient ~ (2.5;?:~;?:0.8) is depending on the natural period T of the 
building and can be determined numerically or graphically for different 
subsoil condition (Design code ... , 1987). The period T can be measured 
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experimentally or evaluated approximately for different type of structures 
(Christoskov et al., 1982, 1984). 

4.ALGORITHMIC AND REFERENCE DATA BASE (ARDB) OF 
ASEC 

The ARDS has six consistent algorithmic-reference levels (ARL) 
which constitute its internal hierarchy structure (Fig.1 ). Logically, the 
highest sixth level (ARL6 ) is the task-selecting and commanding 
element of the ARDB. The lower levels from ARL5 to ALR1 are 
constituted in accordance with the hierarchical grouping of the 
necessary input reference data, in our case, in accordance with the 
administrative-territorial division of the country. In this situation, the 
following structure is established: ARL5 is referring to all the country; 
ARL4 is relevant to the regions (provinces) of the country; ARL3 is 
related to the municipalities (communes) of the regions; ARL2 has a 
bearing on the towns and villages of the municipalities; ARL 1 is relative 
to the districts (parts) of the towns and villages, single objects or group 
of objects, particular industrial structures, factories, dams, etc. (Fig.1 ). 
As mentioned above, the final output products of ASEC are a result of 
statistical generalization on ARL3 input and processing data. The 
principal content of ARL5 to ARL 1 is outlined below. 

ARL5 is containing: (1) List and reference data for all the regions Ri 
(i=1-9); (2) Rules to communicate with the other ARL; (3) Macroseismic 
models for earthquakes of magnitude M (8:2'.M:2'.4, predominant depth). 
According to Glavcheva et al., 1982, 1983, elliptical models are used 
and the semi-axes a(I) and b(I) of the contours with intensity 1=7,8,:2'.9 are 
determined by the relations: 

log [a(l)b2(1)]= c1M+d1 

log [a(l)b-2(1)]= c2M+d2, 

(8) 

(9) 

where the empirical coefficients c1, d1, c2 and d2 might vary with the 
epicentral zones (for M<5.8 intensity 9 is reduced, for M<4.8 intensity 8 
is reduced also); (4) Reference file for the position and azimuth 
distribution of seismic lineaments and source zones (see Boncev et al., 
1982) on cells of 0.2°xo.2° and used for the most probable orientation of 
intensity models; (5) Statistics on the average number of occupants BS 
of a single building dependening on the number of the inhabitants B and 
the number of buildings K at a given town (village), i.e. BS=B/K and 
K=B/BS. The simplified model for BS is presented by the dependence 
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BS= 3 logB-2 (10) 

with the assumption that BS=2 for B<1 OOO; (6) Principal reference for the 
relations between the human casualties (NL and Nw) and the earthquake 
magnitude M (intensity I) in correspondence with the data from 
Christoskov et al., 1982, 1984, 1990 and formulae (1)-(6); (7) Principal 
reference on the distribution in % of the affected buildings and structures 
by the damage categories dependening on earthquake intensity I (see 
Christoskov and Solakov, 1992); (8) Reference data for evaluation of 
damage cost. · 

ARL4 is containing: (1) List and reference data for the municipalities 
(communes) Oii for each region Ri (i=1-9), where j is the serial number of 
the municipality in region number i; (2) Rules to communicate with the 
other ARL; Comment: the internal structure is designed to accommodate 
the reference data of ARL5 at the moment it is specified for all the 
regions or for a part of them. 

ARL3 is containing: (1) List and reference data for the towns and 
villages Sik of each municipality Oii• where k is the serial number of the 
town (village) in municipality j of region i; (2) Rules to communicate with 
the other ARL; (3) Reference data for the total number of the population 
Bii for each municipality Oii; (4) Reference data for the total area Aii in 
km2 for each municipality Oii; Comment: the internal structure is 
designed to accommodate the reference data of ARL4 (ARL5) at the 
moment it is specified at level municipality or commune. 

ARL2 is containing: (1) Reference data on the type Tik of each town 
(village) Sik of municipality Oii and region Ri (1=1-9). The type 
specification is as follows: 00-town, 01-village, 02-neighborhood, 
quarter, 03-hamlet, 04-hut, 05 railway station, 20-municipality center, 21 
commune center, 10-regional center, 30-the capital or district of it (see 
Administrtive map ... , 1981, 1988, State Council. .. , 1987, Number of 
population ... , 1993, Koledarov and Mincev, 1973, Post-Code ... , 1975); 
(2) Rules to communicate with the other ARL; (3) Reference data for the 
geographical coordinates <pik and "-ik for each Sik (town, village, etc.) 
according to Administrative map ... , 1981, 1988; (4) Reference data for 
inhabitants Bik of each Sik (see Number of population ... , 1993); (5) 
Reference for the area Aik of each Sik (at that stage it is determined 
approximately by a proportional to the ratio Bik/Bii apportionment 
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ARL6 TASK SELECTING AND COMMAND LEVEL 

ARDB CONSEQUENCES EVALUATION DISASTER MITIGATION 
------------r=-- - - ·- --··--··-

MAIN- casualties extreme false recreation pre-event other TE NANCE and damage~ cases alarms contingents measures tasks 

I 
ARL5 ALL THE COUNTRY-REFERENCE DATA, MODELS, ALGORITHMS 

I 
ARL4 REGIONS(PROVINCES)-REFERENCES DATA, LISTS, MODELS 

I 
~.RL3 MUNICIPALITIES (COMMUNES)-DATA FOR POPULATION, AREAS, etc 

I 
RL2 TOWNS, VILLIGES, etc-VARIOUS REFERENCE FILES 

IARL 1 DISTRICTS, SINGLE OBJECTS OR GROUPS, PLANTS, DAMS, etc __ _, 

FIG.1 ALGORITHMIC AND REFERENCE DATA BASE (ARDB) OF ASEC 

I INPUT DATA: EARTHQUAKE PARAMETERS, I I TASK AND SOLUTION OPTIONS 

I 
I MODE LING OF INTENSITY CONTOURES FOR 1=7,8,9 I I AND THEIR SPATIAL ORIENTATION 

A I 
I DETERMINATION OF POPULATION DENSITY I I FOR DIFFERENT INTENSITY CONTOURES 

R I 
I EVALUATION OF HUMAN CASUALTIES I I (NUMBER OF LIFE LOSSES AND WOUNDED) 

D I 
I EVALUATION OF BUILDING DAMAGES I I (DAMAGED BUILDINGS BY TREE CATEGORIES) 

B I 
I EVALUATION OF INFRASTRUCTURE DAMAGE COST I 
I FOR TOWNS, VILLIGES, etc IN USO OR LEVA 

I 
I GRAPHICAL AND OTHER OUTPUT INFORMATOIN I I (SCREEN, PRINT OUT, PLOTTING) 

F!G.2. PEOCESS!NG CHN;:T OF A.SEC WITH PACl<AGf·:s /\PP /\ND PPP 
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of the Aii value); (6) Reference data for the buildings number Kik(t) 
(t=1 ,2, ... ) ofeach Sik, where the parameter t specifies the type of 
buildings (at that stage Kik is determined trough BSik values, i.e. 
Kik=Bik/BSik). 

ARL 1 is repeating the structure of ARL2 with the content for districts 
(parts) of towns or villages, for singe objects, plants, etc.: at present it is 
completed with reference data for 12 districts of Sofia. 

The ASEC processing chart is given in Fig.2 and it operates with two 
principal program packages. The first one, denoted as PPP, is designed 
to manage the ARDB, inclusive the steps of its establishment (files 
preparation and check) and updating. The second package APP is 
realizing the actual evaluation of earthquake consequences: estimation 
of human casualties, building damages and damage cost. Indeed, Fig.2 
reflects the main processing steps performed by APP with the addition 
that some of these steps are realized by PPP in managing the ·ARDS 
and its reference files. Principally, by the APP package are determined 
four aifferent by their values final assessments: the arithmetic mean 
(most probable value), the value incorporating statistical errors in 
modeling the intensity contours, the value incorporating statistical errors 
in determination of the life losses and the values involving both errors. 

The program packages PPP and APP have modules for a graphical 
representation of the processed data as maps and diagrams. Both 
packages are written on Turbo Pascal 6.0. By personal computers of 
type 486 the execution time for APP package is less than one minute. 

5. CONCLUDING REMARKS 
The first stage in the establishment of a PC-oriented system for 

assessment of the possible earthquake consequences for the territory of 
Bulgaria is realized. The system, denoted as ASEC, is design to support 
a variety of disaster mitigation tasks as organization of immediate post
event relief actions (initial decisions and measures of central and local 
authorities, approximate assessment of the relief and recreation 
contingents, etc.) as well as performance of pre-event prevention The 
most important part of ASEC is its algorithmic and reference data base 
(ARDB). The ARDB has six consistent algorithmic-reference levels 
(ARL) which constitute its internal hierarchy structure. The highest sixth 
level is the task-selecting and commanding element of ARDB. The 
lower levels are constituted in accordance with hierarchical grouping of 
the necessary input reference information, in our case, in accordance 
measures (long-term disaster mitigation plans, education, training, etc.) 
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with the administrative-territorial division of the country. For the ASEC 
data processing and managing of the ARDB two principal program 
packages-PPP and APP are elaborated. The first one is designed to 
manage the ARDB (establishment and updating of reference files) and 
the second is performing the actual evaluation of the earthquake 
consequences (at the present stage- the human casualties, building 
damages and the infrastructure damage cost). 

The design skeleton of ASEC, ARDB and program packages could 
be used and easily adapted for the establishment of analogues systems 
at any other earthquake-prone region. 

Acknowledgment: This study is supported by Contract C0-1/1992 of 
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Abstract 
Seismic intensity attenuation laws with different analytic expression have been proposed for hazard 

evaluation. In this paper, to avoid the inaccuracies of the functional model used to fit the data we propose an 
approach that doesn't require the intensity decay relationships. 

The procedure allows Bayesian estimation of the conditional probability function for the local intensity 
given the epicenter intensity 10 • Such probability estimates are based on the observed intensities of several 

earthquakes selected from homogeneous attenuation area. It is assumed that the local intensity follows a 
Binomial distribution with parameters (/0 ,p). In Bayesian approach such a parameter p is considered as a 

random variable (Beta distributed) and we have estimated it through its posterior mean. 
The probability distribution evaluated through this approach is compared with that obtained assuming 

an attenuation law and considering the intensity decay as a random variable. 
Analyses are perfonned on a case study of five test site points close to the Garfagnana - Lunigiana 

seismic source zone. The basic input data are a set of observed intensities of several earthquakes, the seismic 
catalogue and the seismotectonic zonation all coming from the National Project for Seismic Prevention 
(GNDT) of the National Research Council (CNR). 

Introduction 
The rate at which intensity dies out with distance and its regional distribution are generally perfonned 

when the observed intensities of an earthquake are a sufficiently large number of points. The parameters of 
numerous attenuation laws have been evaluated, using simple radiation model involving a point source, by 
assessing least squared method to the radii Di of the isoseismals. The inaccuracies of the model and those due 
to the data are not expressed. The values and error estimates are derived from the computing program and 
therefore they provide only a rough estimate of these variables. Generally one takes into account the uncertainty 
in both the data used and the models developed by including a random error tenn like cr = 0.0 (0.5, 1.0) 
(Mayer-Rosa and Schenk, 1989) but the use of larger variance makes estimates of seismic hazard more 
conservative over whole analysed area. 

To model the uncertainty in the data, in previous papers (Meroni et al., 1991, Zonno et al., 1993) the 
propagation itself of the intensity, from the epicenter (or ipocenter) to a site, has been considered as a process 
affected by randomness due, partly, to the ordinal and qualitative character of the seismic intensity and, partly, 
to the complex relationships between intensity decay and local seismotectonic features. To emphasize this 
aspect, we considered the intensity decay D1 as a random variable following the Beta distribution given the 

epicentral intensity 10 and the distance R between epicenter and site. 

In this paper we present an approach to the estimation of the probability distribution of the intensity Is 
at the site, given a seismic source, only considering the observed intensity points of several earthquakes 
belonging to the same isoattenuation area (figure 1). Contrary to the above mentioned method, this study does 
not need attenuation law because the estimates are based only on the data. Finally a comparison among the 
results obtained for seven test site points will be discussed. 

Estimating the conditional probability function of the intensity at site 
Let us consider an earthquake with epicentral intensity l 0 = i0 and the set of the N observed 

intensities { i!n)} N • Let d be the distance between the epicenter and a site where we have to evaluate the 
n=l 

unknown intensity ls. Likewise l 0 , we consider Is as a random variable having as conditional distribution 

given / 0 , the binomial distribution 
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Pr{/, =ilio;p} =C; }'(1-p)i,-i 

with parameters i0 and p where p E [0,1]. 

i E {0,1, ... ,io} (I) 

According to Bayesian approach we suppose that the parameter p is a random variable with prior 
Beta distribution: 

B(p· a A)= r( a+~) · JP x"-1 (1- x)P-1 dx 
' ·~ r(a)r(~) 0 

(2) 

If we draw concentric circles around the epicenter with radius increasing by a fixed step (e.g .. 10 km), 

then we subdivide the area in rings { Ri. Ri , ... ,RJ identified by their distance 'i, j = 1,2, ... ,L. We make 

the assumption that all the sites in the ring R1 have the same distance r1 from the epicenter and hence their 

intensity follows the same binomial distri~ution (1) with parameter p1. Therefore the intensities {i;n> r~1 
observed in such a ring constitute the data set by which we can estimate the parameter p1 through its posterior 

mean: 
N-

a+ !,i;n) 
f;. = E(pldata(R.)) = = 1 (3) 

1 · 1 a+~+l0 ·N1 
where i;n) is the n-th intensity data point inside the ring R1, N1 is the number of data points inside the ring 

R1 and a,~ are the parameters of the Beta distribution. 

The value of the parameters a,~ must be deduced from the prior knowledge of the process of the 
intensity decay independently of data. As the probability that the decay is equal to 0 is given, from (1), by: 

)= 1,2, ... ,L (4) 

8' 

FIGURE 1. Seismic SOUJ'Ce Garfagnana-Lunigiana (darker area from Petrini and Scandone, 1991) and assumed 
isoattenuation area (dashed area from Cella and Zonno, 1994) adopted as case of srudy in this paper. 
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it is reasonable to assume that p~0 is decreasing as the epicenter-ring distance rj increases, i.e. p~0 should be 

· larger than p~. Considering that the prior mean of p j is p j,O = E0 (p J = a. I (a. + P), we have decided to 

establish this kind of functional relation between the parameters a., P and the distance rj : 

P;P =(.,: p) = (i :,J" (5) 

where ~ = rj IC j = 1,2, ... ,L and C is a constant such that p~0 = 0.99 since we can think 1j 

corresponds to the average radius of the maximum isoseismal. Moreover, for simplicity, we have taken 

a.+P=l. Figure 2 shows the value taken (5) by f>0 =(fJ1•0 ,jJ2•0 , ... ,jJL.o)versus the distance 

r = (1j,r2 , ... ,rJ." 

FIGURE 2. Prior mean of p versus the distance, from relation (5). 
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FIGURE 3. Posterior means of the parameter p for different epicentral intensity I 0 versus the distance. 
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One could object that the probability of null decay at 180 km is too high and that another functional 
relationship should be used instead of (5). In fact, we have also studied functions such that Po decreased more 

quickly, but the posterior estimate (3) of p did not change sensibly. If in a ring Ri there are no intensity data 

points, then we have decided to assign to the parameter pi the value p j-t of the previous ring Ri_1• 

Date Lat. N Long.E lo Ill IV v VI VII VIII IX x 
1703/01/14 42.67 13.17 10 2 3 7 37 27 34 58 49 
1751/07/27 43.25 12.75 10 2 I 11 II 5 13 14 I 
1639/10/07 42.63 13.25 10 3 II 8 3 
1349/09/10 42.25 13.25 10 6 2 
1349/09/09 41.52 13.90 10 I I 8 18 8 II 
1328/12/01 42.87 13.00 10 3 I I I 4 3 
1279/04/30 43.10 12.90 10 4 7 3 I 2 

1920/09/07 44.20 10.20 9.S 2S 52 73 103 68 79 27 2 
1781/06/03 43.58 12.SO 9.S 2 3 7 2S S1 38 13 6 
1654/07/23 41.68 13.62 9.S 9 9 I 
1919/06/29 43.95 11.48 9 24 42 29 14 19 9 7 
1741/04/24 43.38 12.98 9 3 8 9 27 53 12 5 
1799/07/28 43.17 13.17 9 2 4 4 I 10 IS 9 
1747/04/17 43.20 12.82 9 3 3 I 7 s 2 s 
1688/04/11 44.40 11.97 9 2 2 I 10 8 3 2 
1661/08/22 44.03 11.90 9 3 3 2 6 II 7 4 
IS42/06/13 44.00 11.40 9 s 3 3 I 3 3 

1904/02/24 42.08 13.30 8.S 7 IS 3 4 s II I 
1832/01/13 42.9S 12.6S 8.S 2 2 18 6 
1730/05/12 42.78 13.08 8.S 10 10 2 8 3 II 
1874/12/06 41.6S 13.83 8 3 11 4 4 7 10 
1918/11/10 43.9S 11.87 8 s 14 20 19 11 4 
1878/09/IS 42.8S 12.68 8 2 8 I I 3 6 
1873/07/12 41.67 13.73 8 7 9 13 4 16 4 
1781/07/17 44.2S 12.00 8 3 3 2 6 6 2 
1768/10/19 43.98 11.93 8 3 I I 2 7 2 

1828/10/09 44.73 9.03 1.S 9 3 6 23 39 I 
1911/02/19 44.10 12.07 1.S 33 34 16 II 14 
1961/10/31 42.42 13.0S 1.S 17 12 s 9 s 3 
194S/06/29 44.82 9.10 7.S I 2 3 18 
1897/12/18 43.48 12.40 7.S 20 16 IS 7 6 2 
1877/08/24 41.67 13.42 7.S s 3 18 9 17 I 
1873/03/12 43.10 13.32 1.S 2 7 13 30 6 I 
19S8/06/24 42.33 13.47 7 2 s 8 
1922/12/29 41.72 13.63 7 II 33 11 IS 21 
1740/03/06 44.12 10.S3 7 2 8 3 IS 4 
1960/03/14 42.03 13.27 7 8 4 I 3 
1948/06/13 43.S7 12.13 7 I I 4 2 2 
1936/12/09 43.13 13.22 7 9 s 3 s 2 
1917/0S/12 42.58 12.62 7 s 4 3 3 
1885/04/10 42.02 13.25 7 2 3 20 9 3 

1915/03/26 43.07 12.62 6.S II 6 s I 2 
1922/06/08 43.13 13.28 6 7 14 10 8 
1913/01/03 41.72 13.62 6 9 4 10 2 
1902/10/23 42.40 12.83 6 7 18 10 s 
1882/02/IS 44.63 9.12 6 2 I 6 7 

TABLE 1. - List of events with available observed intensity data points occurring in the isoallcnuation area 
shown in figure I. The first right section contains the number of data points for each intensity 
level; note that, assigning them to the intensity classes (e.g. III,IV, ... ,IX,X), the values of the 
observed intensity has been approximated to the integer below. 

Now let us consider all the earthquakes belonging to the isoattenuation area under study, with the 
same epicentral intensity / 0 ; in such a case the posterior mean of pi is given by: 

N. 

a+> I>!·) 
~ :rt.) •=I 

pi= a+~+ "''f/0 ·Ni 
M(10 ) 
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where M (I 0 ) is the number of events with intensity 10 among the M earthquakes occurring in that zone. We 

remark that, if the observed intensities are larger than epicentral intensity 10 , we have assumed them equal to 

tHe value of / o. 
The figure 3 shows the values of the estimates pi obtained through the data set provided in Table 1. 

Estimating the probability function of ls 
In the previous section we have presented a method to estimate the conditional probability function of 

the local intensity 1, given 10 and the epicenter-site distance. Now we want to study the probability function of 

the intensity 1, given a seismic source. We can assume the examined zone is homogeneous from the viewpoint 

of the distribution F10 of the epicentral intensity, i.e., the probability that an event has· a certain intensity level 

is independent of its location in the source. Among the distributions proposed in "literature, the one that fits 
better our data is the double exponential; moreover, since the most significant data refer to the events 
producing damage to the buildings, i.e., ones with intensity_ greater· than or equal to a threshold i01 , (e.g. i01 =6), 

we have chosen to truncate the distribution of 10 at i01 - l. Then it is given by: 

(6) 

Following the approach proposed in (Rotondi et al., 1993), the seismic catalogue (Stucchi et al., 1993) 
related to the source area under study (figure 4) can be considered complete from 1830 onwards for 10 ~ i01 ; 

note that in the case of uncertainty between two intensity levels of 10 , we have always chosen the lower one. 

The parameters p1 = 0. 26 · 10-3 and p2 = 8. 56 of the relation (6) have been estimated, in the period of 

completeness, by the least-squared method. The average annual number of events with intensity 10 ~ 6 
referring to an area of 10.000km2 is A.= 0.436. 

4430 

4400 

1000 1030 
FIGURE 4. Geometry of the seismic source Garfagnana-Lunigiana. The test site points A(l0.29,44:29); 

B(l0.36,44.36); C(l0.43,44.43); D(l0.50,44.50); E(l0.57,44.57); F(l0.63,44.63); G(l0.70,44.70); 
are on the same line perpendicular to the boundary of the source. The epicenters of the analysed 
events are represented with a circle proportional to the epicentral intensity 10 (MCS Scale, from 

Italian Seismic CNR-GNDT Catalogue). 
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Then, assuming a uniform distribution of epicenters on the source, the probability distribution of Is is 

obtained by subdividing the region into ll sub-sources, through a regular grid, and by considering the 
contribution of all the elements of the partition. The conditional probability distribution of Is given the 

posterior mean of p is 

/;. 12-i { ( >} L L Pr I,?. il10 = i + j,p1~ ·Pr{/~= i + jl/0 ?. i0,} 

Pr{/ > ·11 >. ~1 = 6=1 j=m .. (i .. -1.0) (7) 
• - ' o -•o,,P ll 

where p~:) is the posterior estimate of the parameter p related to the a- thsubdivision given lo. 
In the following we denote this approach as Intensity Data Point (IDP) procedure. 

The estimation of the probability distribution of I, can be also performed through the relation (8) 

obtained by the method (7,onno et al., 1993) resumed in the appendix A; in the following we indicate such a 
method by the term Probabilistic (PROB) procedure. 

/;. 12-i 

L L,[B(i /(i + j);a,~)·Pr{/0 = j+il10 ?. i0,}] 

Pr{/, ?. illo ?. io,,r} = 11=1 i=max(l.,-i,O) ' (8) 
ll 

AGURE 5. Complement of conditional probability distribution of the local intensity I, evaluated by the IDP (at 

the top) and PROB (at the bottom) procedures at the seven test site points (A, B, C, D, E, F, G) of 
figure 4. 
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The conditiohal probability distribution of the local intensity i, has been evaluated (see figure 5), of 

seven test site points, by both Il)p (7) and PROB (8) procedures. 
We observe that higher values are provided by PROB procedure even if both the methods show the 

same decreasing trend with increasing the distance from the 5ource area. 
We remark that the PROB procedure (8) needs an attenuation law; therefore now we specify some details about 
the structure of adopted attenuation law and about the method used to evaluate its parameters. We have used 
the structure of attenuation law proposed by Grandori et al. (1987): 

( . )-{(1 I log'f') ·log( 1 + (r I r0 - l)('f'-1) I 'l'o] 
g 10 ,r -

0 
(9) 

where 'f', 'f'o and r0 are parameters. The parameter r0 is the equivalent radius of the isoseismal line of 

maximum intensity i0 depending on the epicentral intensity by the relation r0 (i0 = j) =cl>· r0(i0 = j-1). 
The value of the average radii of the isoseismal lines, starting from the observed intensities, and the 

related parameters are computed by using the procedure developed in the paper (Cella et al., 1994). In our case, 
the analysis of the observed intensities (Table 1) for the earthquakes belonging to the same isoattenuation area 
(figure 1) has not indicated a dependence of r0 on the epicentral intensity / 0 ; therefore we assume cl> = 1, i.e. 

the same r0 for all the epicentral intensities. Moreover we don't take into account the elliptical attenuation 

neglecting the azimuth factor which could be introduced through the value of r0 • 

The figure 6 shows the intensity decay versus the distance (solid line, model A) estimated processing 
the data of table 1; it has been used to evaluate the conditional probability function of the local intensity I, (at 

the bottom of figure 5) by the PROB procedure. Setting r0 = l Km. the estimated intensity decay changes; the 

new curve is shown in' figure 6 by dotted line (model B).About this particular choice of r0 we will discuss in 

the following. 

--ModelA 

- - - - Model B 

80 100 120 
Distance (Km) 

FIGURE 6. Intensity decay versus the distance is shown for two models: 
Model A - r0= 14.35 (km), cl> = 1, 'If = 1.28, 'If 0= 0.89 

Model B - r0= 1.0 (km), cp = 1, 'If= 1.3, 'l'o= 14.0. 

140 160 

In the next paragraph we analyze how the different methods for estimating the probability distribution 
of/, affect the exceedance probability. 

Comparison among different seismic hazard evaluations 
The exceedance probability P,"" is the probability that at least on event with fixed intensity occurs in a 

given time interval of size Tw. If we assume that the seismic occurrences follow a stationary Poisson process 

with parameter A. we have the following relation: 

PutJ = 1-exp(-A.·Pr{I, ~il/0 ~i°'}·Tw) (10) 

1414 



where the rate A. represents the annual average number of events at the source zone; Pr{/, ~ ill 0 ~ i0,} is the 

marginal distribution of I,. 
In figure 7 the exceedance probability is shown, for the intensity VI, VIl,VIII, and IX in 100 years for 

all the test site points. The values obtained by the PROB procedure (model A) are higher, at all the sites, than 
those of the IDP procedure. The differences between exceedance probabilities are decreasing, for each intensity, 
going from the point A, inside the seismic source zone, to the farthest point G. Moreover the higher intensity 
I, is, the larger such differences are. 
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FIGURE 7. Exceedance probability for the intensity VI, VII, VIII, and IX in 100 years evaluated at the test site 
points. 
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We remark that the procedure PROB uses the same intensity decay, for all the intensity, when it 
evaluates the conditional probability of the local intensity I,; on the contrary the procedure IDP considers a set 

· of posterior means of the parameter p (figure 3) different for each intensity. Nevertheless we have thought that 

a more critical point in the procedure PROB were represented by the intensity decay (model A); in fact, 
according to the adopted attenuation law, the intensity decay is fixed equal to zero for a step of 14 Km. which 
appears too large from the data analysis. To check this hypothesis we have estimated another set of attenuation 
parameters, through the same data, but setting the radius r0 (9) equal to 1 Km. In such a way we have obtained 

the model B of the intensity decay relation represented in figure 6. 
Figure 8 shows the probability of exceedance for the intensity VII in 100 years, obtained by the 

procedures PROB (model A and B) and IDP. We observe that the results of the procedure PROB (model B), for 
all the sites, are much closer to those of the method IDP proposed in this paper. 
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FIGURE 8. Exceedance probability for the intensity VII in 100 years. The results of the procedure PROB 
(model A), PROB (model B) and IDP are indicated by black, grey and whi~ bars respectively. 

Conclusions 
The proposed method for bayesian estimation of the probability of the local intensity I, seems to be 

effective because it provides a way to operate without using attenuation law, but starting directly from the 
observed data points. 

The results, obtained in this case study, could be considered as a measure of the uncertainty in the 
seismic hazard evaluation process. We can obtain a variability range for the hazard parameters (in our case the 
exceedance probability) in which the upper and lower bounds are provided by the procedure PROB and IDP 
respectively. In fact we have seen in figure 8 the new approach indicates that the procedure PROB (model A), 
assuming so large step of ~I = 0, gives a more conservative evaluation of the local seismic hazard. The IDP 
method can be generalyzed and applied to a wide territory with several seismic source zones and isoattenuation 
areas. Further improvements could be reached through a deeper analysis about the stability of the results when 
the size of the circular rings vary. Moreover a validation of the proposed method could be performed to check 
how the estimated probability of I, matches with the observed intensity data points. 
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APPENDIX A 
Here we give some details about the method exposed in the article "Probabilistic treatment of the 

seismic attenuation" (Zonno et al., 1993) presented at the XXIII General Assembly of the European 
Seismological Commission, Prague, Czechoslovakia, 7-12 September 1992. 

Conditional probabHity distribution of ls 

Let us consider a specific seismic event; let i0 and r be the realizations of the corresponding random 

variables, epicentral intensity I 0 and distance R of a site from the estimated location of the epicenter. Let the 

real function l1 = g(r,i0 ), l1 E [ O,i0 ], represent a deterministic attenuation law. If we consider the intensity 

decay D1 as a random variable, we can assume that the conditional distribution of X = D1 / / 0 , given / 0 is the 

Beta distribution B(a,p) so that: 

Pr{D1 ~ ili0 ,r}=B(i/i0 ;a,p) = ~(~+pl )Jxa-1 (1-x)~-1dx i e [O,i0 ] (I.a) 
r a +r p 0 

where E(Xli0 ,r) = ( a A) and var(Xli0,r) = ~ · p 
a+., (a+p) (cx+P+l) 

The distribution is completely defined by assigning the positive parameters a and P; it is reasonable to choose 

them so that E(Xli0 ,r) = g(r,i0 ) I i0 ; i.e., we have w: 

a= C g( r. 1) P = C ·(i0 -g(r,i0)) 
where C is a constant by which we c.an vary the concencration of the distribution around the mean according to 
our belief in the attenuation law. 
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Considering that the lower the intensity class is at a site, the larger the uncenainty of its a~scssmcnt 
is, we have decided to make the variance of X monotonically increasing when the attenuation T} int:reascs. 

Hence we set C = 1 for distances such that Tt $ i0 / 2, and, when T} ~ i0 / 2, we have: 

C = { 2T} · i0 (i0 -Tt)-(2Tt + i0 ) 2 } I {i0 [i; - 2T} · (i0 -Tt)]} (2.a) 

Let/. be the intensity at the site; being/, = / 0 - D1 , one gets the conditional distribution of/, given I o and 

R directly from (I.a): 

Pr{l,$i0 1i,r}=Pr{D1 ~i0 - ili0 ,r}= Jxa-1(1-x)fl---1dx ie[O,i0 ] (3.a) 

1-ilio 

Both the decay D1 and the intensity at site 18 , are discrete random variables and their distributions, 

conditioned on / 0 = i0 , are defined in the set {O, .... ,i0 }; hence it is necessary to fix a criterion according to 

which one assoeiates a positive probability mass with each mass point 0, 1, .... ,i0 • We have chosen to subdivide 

the interval [ O,i0 ] into the io + 1 subintervals [0,l / 2i0 ], [ l / (2i0 ),3 / (2i0 )] , ••• •• [(2i0 - 3) I (2i0 ), 

(2i0 -1) / 2i0 ]. [(2i0 -1) !(2i0 ),i0 ] and to assign respectively: 

Pr{I. = i0 li0 ,r} = B(l / 2i0 ;a,f3) 
Pr{ I, = 10 -ili0 ,r} = B((2i + 1) / 2i0 ;a,f3)- B((2i -1) / 2i0 ;a,f3) 
Pr{!, = Oli0 ,r} = 1-B( (2i0 -1) / 2i0 ;a,f3) 

i = 1, .... . ,i0 -1 (4.a) 

Now let us consider a seismic source zone and the probability distribution of the epicentral intensity. From (I .a) 
we get the following relation (5.a): 

12-i 12-i 

Pr{/, ~ i I r }= L,[Pr(D, $ }110 = i + j,r) · Pr(/0 = i+ J)] = L,[ B(J I (i + J);a,f3) · Pr{/0 = i + i}] 
j:O j:O 

with i = 0, ... , 12. The distribution of I, conditioned on I 0 ~ i01 is obtained simply by substituting the 

distribution of I 0 by its truncated distribution at (i0, -1) in (6.a): 
12-i 

Pr{!, ~ il/0 ~ i0,.r} = L,[ B(J Ii+ j;a + f3) ·Pr{ /0 = j + il/0 ~ i0,}] (6.a) 
j=max(io,-i,O) 

Assuming that the seismicity is uniformly distributed on the source, the marginal distribution of /, is obtained 
by subdividing the region into A sub-sources (with A sufficiently large) and by evaluating the (6.a) 
conditionally on the distance r5 between the baricenter of the 8- th sub-source and the site, 8=1,2, .... ,A. 
The Monte Carlo approximation of the marginal distribution of I, is given by: 

A 

Pr{I, = i} = L,Pr{l, = ilr8 } /A i=0, ... ,12. (7.a) 
6:1 

In the same way we obtain the distribution of I, only conditioned on / 0 ~ i01 from (6.a). 
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ABSTRACT 
An attempt is made to evidence some of the most important 

lessons learned from the large Romanian earthquakes. A brief 
description of the Romanian seismicity is presented, which 
emphasises the decisive role of the Vrancea intermediate depth 
earthquakes for the country's seismicity. Seismic information 
available covering about 500 years made it easier to 
establish some features of the Vrancea earthquakes; i.e., the 
unusual persistence, within a very limited seismically 
isolated space, of the distribution of foci, source mechanism, 
and the regularities of the shock occurrence as time 
distribution. Similarities in the geographical distribution of 
the earthquake effect (e.g., the highly extended macroseismic 
area, the strong attenuation of the seismic energy flow along 
the NW-SE direction, the overlapping of maximum effects in 
certain regions), are direct consequences of the above 
mentioned features. The main results obtained from the 
analysis of strong motion data recorded during the August 30, 
1986, May 30 and 31, 1990 earthquakes are presented; more or 
less, they confirmed these peculiarities . 

INTRODUCTION 
On the Romanian territory, earthquakes may occur in 

different geostructural units, however, speaking of the 
country's seismicity, one usually has in mind a very 
restricted area, at the Eastern Carpathians' Bend, known as 
the Vrancea Mountains. In this particular area the most 
devastating earthquakes in Romania were located. These are 
intermediate depth earthquakes, known in the scientific 
literature as the "Romanian earthquakes". Among the particular 
features of these earthquakes we mention, first of all, the 
unusual persistence, within a limited and seismically isolated 
space, of the distribution of their foci 1 . manifested through a 
small dispersion of the epicenters (order of magnitude not 
exceeding a few tens of kilometers as linear distances), and 
through a relatively reduced variation of the hypocentre 
depths (between about 90 and 160 km) . Secondly, two obvious 
trends are to be considered: on one hand, the dispersion of 
the epicenters along the NE-SW direction, which represents 
also a direction of preferential propagation of the seismic 
waves, and, on the other, the continuous deepening of the 
hypocentres when approaching the Carpathian Arc Bend from SE 
to NW. In accordance with their focus depths, the strong 
Vrancea earthquakes manifest themselves over large areas, 
being "perceptible at surprisingly great distances" (Gutenberg 
and Richter, 1965), but, despite these depths and though " few 
shocks having focal depths greater than 100 km cau"se damage " 
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(Wadati, 1967),. they may unfortunately be particularly 
destructive along the plains lying South and East of the 
Carpathians. 

A review of the main characteristics of the Vrancea 
earthquakes should not ignore the regularities of the shock 
occurrence as time distribution. Some loose reqularities seem 
to emerge from the existing historical information - covering 
about 500 years on the occurrence of strong Vrancea 
earthquakes and are considered to be adequate as a basis for 
long-term prediction for such earthquakes (Enescu et al., 
1974). Thus, e.g. a return period of about 35 years seems to 
come out from the time succession of these earthquakes. 

EFFECTS OF THE ROMANIAN EARTHQUAKES 
The large earthquakes occurred in this zone deeply affect 

more than one third of the Romanian territory. Among the 
former earthquakes those of 1471, 1620, 1738, 1802, 1829, 
1838, 1894 stand out in terms of their effect. In this 
century, a couple of earthquakes, in 1940 and 1977, both led 
to serious loss of life and huge property damage (Atanasiu, 
1961 ; Beles, 1941 ; Radulescu, 1941 ; Mandrescu, 1978, 1981, 
1982) . The 'former resulted in about 1, OOO deaths and some 
4,000 people were injured. The consequences of the latter were 
even more dramatic with an overall 1,570 deaths and more than 
11,300 injuries. About 33,000 dwellings have collapsed or have 
been badly damaged. Many schools and hospitals have been 
damaged. The damage caused by the 1977 earthquake is typical 
for long-period ground motion. The greatest effects of the 
earthquake were noticed on flexible, six to twelve storey high 
reinforced concrete frame structures of low ductility without 
shear walls. These structures have fundamental periods of 0.7 
to 1.6 seconds (Mandrescu, 1978). In contrast, rigid 
structures of large panel or frame construction with shear 
walls, of the same height, as well as masonry dwellings of one 
to three storeys, suffered relatively little damage. These 
structures have much shorter periods, of 0.2 to 0.7 seconds. 

The earthquakes on November 10, 1940 (M=7.4) and March 4, 
1977 (M=7.2) can both be regarded as representative of the 
hypocentral Vrancea region from the point of view of their 
occurrence in time and space and energetic features 
(Constantinescu, 1978) . The two of them have been thoroughly 
investigated, however, one should not overlook that 
observations on the Vrancea earthquakes had been recorded and 
interpreted as far back as the late XIXth century. There were 
even macroseismic maps prepared for some quakes. Availability 
of such ·maps made it easier to work out an overall map of the 
maximum observed seismic intensity for the years 1893 t.o 1984 
(Mandrescu et al.,1988). 

The earthquakes on August 30, 1986, May 30 and 31, 1990 
have a special importance because they triggered many strong 
motion instruments of the national network. Using these 
records, studies were performed for the following aims: a) 
elaboration of maximum horizontal acceleration map and . its 
comparison with the macroseismic maps of those of older 
intermediate depth Vrancea earthquakes and b) the ~nalysis of 
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maximum acceleration attenuation versus the hypocentral 
distance, azimuthal orientation of the station relative to the 
source, as well as the local conditions at the instrument site 
(Mandrescu, 1994). The results of the strongest Romanian 
events studies, confirmed many of the peculiarities of the 
intermediate depth earthquakes: 

the highly extended macroseismic area; 
the general shape of the isoseists, with the NE-SW 

orientation; 
- the strong attenuation of the seismic energy flow along 

the NW-SE direction; 
the highest individual intensity spots are found far 

from the epicentre, toward NE and SW of the extra-Carpathian 
territory . 

LESSONS LEARNED 
Regarding the Romanian strong earthquakes (M"'7 . 0) and 

their effects, it is known that: 
- the large Vrancea earthquakes are determinative for the 

seismicity of the Romanian territory; 
an earthquake as large as, or larger than the 1940 

(M=7. 4) earthquake is likely to occur in the Vrancea 
hypocentral region within the lifetime of most of the 
existing buildings and facilities; 

- such an earthquake will be felt on a very large area 
where many of the big cities are situated; 

- the seismic energy flow pattern will be similar to the 
previous large earthquakes (the preferential propagation of 
the seismic waves along the NE-SW direction, and the strong 
attenuation along the NW-SE direction) ; 

- the overlapping of maximum effects in certain regions; 
- the local geological conditions will strongly influence 

the earthquake effects; 
for a given soil condition, 

strong motion instrument sites 
source will vary widely in peak 
spectral content, and time histories; 

the ground 
equidistant 
acceleration, 

motions 
from 

at 
the 

duration, 

-the present-day geodynamical processes will amplify the 
amount of damage, even in certain areas located at great 
epicentral distances (Mandrescu, 1976, 1984, 1986, 1990) . 

RECOMMENDATIONS FOR FUTURE RESEARCH 
Taking into consideration all the data briefly mentioned 

above, we consider few urgent needs to: 
- develop national network of strong motion accelerographs; 
- install additional strong motion instruments in and 

around the Carpathian Foredeep; 
develop supporting geological, geophysical and 

geotechnical information at strong motion instrument sites; 
basic research is needed, with both theoretical and 

experimental approaches, in order to better understand some 
particular aspects of site effects (effects of strong 
lateral discontinuities, actual importance of non-linearity in 
sediment response) ; 
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identification, separation and characterization of the 
areas susceptible to sustain permanent ground deformations 
(landslides, liquefactions). 
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ABSTRACT 
Statistical methods of the maximum magnitude (Mmax) estimation are based 
usually on the assumption that the earthquake magnitudes are known exactly. 
Taking into account the values of errors in earthquake magnitudes results in 
modified distribution of observed magnitudes. The new magnitude distribution 
slightly differs from the Gutenberg-Richter's one for the large magnitudes and 
can explain non linear character of observed magnitude-frequency curves. 

Maximum likelihood estimates of Mmax based on the new distribution are 
compared with the common estimates of maximum magnitude equal to the 
maximum of observed values. On the example of artificially generated catalogues 
the behaviour of the estimates for the different sample sizes and different levels of 
the magnitude errors is analysed. It is shown that the uncertainty in the Mmax is 
usually much higher then the errors in initial magnitudes in catalogue. As an 
example the Mmax and its uncertainty was estimated for Caucasus region. 

INTRODUCTION 
To estimate the seismic hazard, a statistical model of earthquakes occurrence 

has to be selected. We restrict our analysis by the commonly asswned Gutenberg
Richter's magnitude-frequency relationship: 

lg(N) = a - bm, (1) 
where N is the number of earthquakes in interval m ± fim, a and b are 
parameters. Usually, this relationship is supposed to be valid up to maximum 
magnitude (Mmax). In practice, the earthquake magnitudes are known from some 
threshold magnitude (M). It is important that the value of M characterizes the 
completeness of our data and the equation ( 1) is still valid below M even for 
microfractures in rocks (see Scolz (1968)). 

The magnitudes of earthquakes are always defined with errors in real catalogues. 
Even instrumental magnitudes calculated by averaging are known with some 
uncertainty. Also there are round off errors. The magnitudes of the historic events 
are calculated from intensity data by inexact correlation formulas. Due to the lack 
of the completeness and reliability of the historic data, the errors in magnitude 
estimates of such earthquakes can be as much as one unit of magnitude and even 
more. However, we have to include all events in our consideration because, 
usually, the instrumental observation period is not long enough for the reliable 
maximwn magnitude estimation and often the strongest events are the historic 
ones. 
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The model with magnitude errors was introduced in (Tinti and Mulargia, 1985). 

In the beginning of our considerations we start from this model. Then we get 
more simple and easy to use magnitude distribution. Unlike the Tinti artd 
Mulargia model, our new distribution differs slightly from the Gutenberg-Richter's 
one only for the large magnitudes. 

MODIFIED GUTENBERG-RICHTER'S DISTRIBUTION OF THE 
OBSERVED MAGNITUDES 

Our derivation of the new distribution is based on four assumptions: 
a) the earthquake magnitudes obey Gutenberg-Richter's law; 
b) the observed magnitudes are measured with error; 
c) the magnitudes of successive events are independent; 
d) the magnitudes are completely recorded from some threshold magnitude. 
In the next three chapters we formulate these assumptions in mathematic form. 
As obvious from the above list, the Poisson or any other model of earthquake 
occurrence was not postulated. Such postulates are often used for Mmax 
estimation (e.g . .Kijko and Selevoll 1989,1992) but they are not necessary. 

To rewrite equation (1) in statistic form we denote by ~ the random value of 
magnitude. Then the probability density function for ~ is following: 

where 

f~(m) = c · exp(-f3m) M1~m~Mmax 
f~ (m) = 0 otherwise 

c = f3/{exp(-f3Ml)-exp(-f3Mmax)}, f3 = b/lg(e), 
MI - denotes magnitude from witch (2) is valid. 

(2) 

(3) 

(We introduce new notation MI to stress the new meaning of this parameter. For 
practical application of the model (2) we can select MI equal to threshold 
magnitude M but it is not so in the model with magnitude uncertainty). 

Next step is to take into account the values of the magnitude errors. As in 
(Tinti and Mulargia, 1985) we assume that: 

<observed magnitude rp=<true magnitude ~>+<random error e>, (4) 
where random error e is assumed to be normally distributed with zero mean and 
standard deviation equal to cr. As follows from (4) the probability density function 
(p.d.f.) for the observed magnitudes f11(m) is equal to the following expression: 

where 
f11(m) = c11 · g(m) , (5) 

c11 = c • exp(cr2f32/2), c is defined by (3), 
g(m) = {<I>[(Mmax-m)/cr+crf3)-<l>[(M1-m)/cr+crf3]} • exp(-f3m), 
<l>(x) is error function (see Abramowitz and Stegun, I970) defined by: 

x 
<l>(x) = 1/ .J2i · J exp(-t2 I 2) dt 

-00 

(6) 

The p.d.f. f 11(m) is not equal to zero for any value of magnitude m. In contrary 
to the initial model (2) this distribution has neither left no right cut-off magnitude. 
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STATISTICAL ESTIMATION .. 3 
The p.d.f. defined by (5) is equivalent to the function introduced in by Tinti and 
Mulargia when it is considered that contrary to the usual practice they normalise 
their p.d.f to total number of earthquakes. 

Usually we know that the earthquake magnitudes are completely recorded from 
some threshold magnitude M. To apply the distribution (5) to our observations, we 
use it only for m;::M. So we get the following p.d.f. fri(m): 

f ri (m) = cg · g(m) m;::M (7) 
f ri(m) = 0 otherwise, 

where g(m) is defined in (5) and norm factor cg is given by 
"' 

c8 = 11 J g(m)dm (8) 

In the Gutenberg-Richter's model (2) the parameter M 1 can be treated as 
threshold magnitude M. However in the model (7) the parameter M 1 has other 
meaning. This parameter characterizes the lowest magnitude for which the initial 
exponential law (2) is valid. But the exponential law (2) is valid even for 
microearthquakes. So, let Ml«M in (7). As can be easily proved, the second 
term of function g(m) is much less then the first term for m>M and can be 
neglected. Thus we get new distribution of observed magnitudes Pri(m) : 

Pri(m) = cp · <l>[(Mmax-m)/o+crp] · exp(-pm) m;::M (9) 
Pri(m) = 0 otherwise, 

where cp is norm factor. Our new probability density function defined by (9) 
depends upon four parameters (M, Mmax, cr, p). Two of them: magnitude 
threshold M and the standard deviation of magnitude error cr are estimated for 
every earthquake, two other parameters: slope p and maximum magnitude Mmax 
have to be estimated. 

To see how the p.d.f (9) looks like we present it in graphic form. To draw the 
magnitude distribution function here and below we multiply it by the total number 
of earthquakes NL and use logarithmic scale for ordinate axis. Such graphs are 
common for frequency- magnitude relations. 

The figure 1 illustrates the typical example of distribution (9) for three values of 
standard deviation of magnitude errors. The initial distribution (2) is also shown 
on the same figure. Both distributions coincide up to approximately Mmax-0.5. 
The greater is the value of the standard deviation cr the greater is probability to 
observe magnitudes more then Mmax. The absence of the right cut-off magnitude 
for distribution (9) results from the selected normal noise model. 
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MAGNITUDE 

Figure 1. lbree examples of magnitude-frequency cuives defined by equation (9) for three 
values of magnitude errors: cr= 0.2, 0.4, 0.6 are shown by thin lines. The initial magnitude
frequency cuive (2) is shown by solid line. (M=4.0, Mmax=7.0, f3=0.8) 

To compare the different magnitude distributions we show three of them in the 
figure 2. It is clear from the figure that the first and the second distributions differ 
slightly from each other only for the large magnitudes. The third distribution is 
shifted considerably from the first and the second ones. The shift is originated 
from the absence of left cut-off magnitude in the third model. 

N *lOo 
E 

N •10-1 
E 

N +10-2 
E 

N •10-3 
E 

Ni:•10-4 

4 5 6 7 8 
MAGNITUDE 

Figure 2. lbree types of magnitude-frequency cuives. The first cuive is Gutenberg-Richter's 
defined by (2), the second is defined by equation (9) and the third is distribution of (Tinti and 
Mulargia, 1985) - equation (5). (M=4.0, Mmax=7.0, f3=0.8, cr= 0.4) 
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STATISTICAL ESTIMATION .. 
ESTIMATION OF THE DISTRIBUTION PARAMETERS 

Let our observed magnitudes m1,m2 ... mn are measured with errors 01,02 ... crn 
and completely . recorded over magnitude M. Regarding the magnitudes of 
successive events as independent the logarithm likelihood function for the model 
(9) is given by: 

n 
L(M ,P)= 1: ln(p (m.,M,M ,cr.,p)) 

max i = 1 ri 1 - max 1 · 
(10) 

Then we have to take into account the unequal observation periods for different 
magnitude thresholds. Let magnitude records are .complete for me-Mt in the time 
interval from t I to TI, magnitudes mc-M2 are completely recorded in the time 
interval [t2,T2J and so on. Selecting mutually disjoint time intervals for every 
group of completeness we get the unique time interval [ti,Ti] and the 
corresponding threshold magnitude Mi for every observed magnitude mi. Thus we 
get the following logarithm likelihood function: 

n 
L(M ,p) = 1: ln(p (m. ,M1• ,M ,cr. ,p)) 

max i = 1 ri 1 - max 1 
(11) 

The maximum likelihood estimates of unknown parameters p and Mmax are 
obtained from the maximizing of likelihood function (10) or (11). So 

{13L, M!;0 } = arg max (L(Mmax, 13)), (12) 
where PL is estimate of p, M!;0 is estimate of Mmax. 
Here and below we denote by bold letters the estimates of parameters. 

CONFIDENCE LIMITS AND VARIANCE OF THE MAXIMUM 
MAGNITUDE ESTIMATORS 

It is possible to build confidence limits for both unknown parameters of our 
distribution (9). In the present paper we focus our attention on the study of 
uncertainties in maximum magnitude estimates and suppose that slope 13 can be 
estimated exactly. This simplification can result in the decrease of the maximum 
magnitude uncertainty. In real situation the value of the slope p is controlled by 
the large number of small earthquakes and so it can be estimated much more 
precisely then the maximum magnitude which is mainly controlled by the strongest 
events. We use two approaches for estimation of the uncertainty associated to the 
maximum magnitude estimates. The first approach is based on the asymptotic 
properties of the maximum likelihood estimates M!;0 • As shown in Cramer 
(1963), the estimator M!;0 follows the asymptotically normal distribution with 
mean equal to the true value Mmax and variance defined by: 

var(M~0 ) = l/l(M~0 ), I(Mmax) = E[aL(Mmaiof3) / aMmax] = ~li(Mmax) (14) 
I 

Ii (Mmax) = E[aln(p11 (xi>Mi'Mmax ,cri'f3)) / aMmax]. 
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This estimate of variation can be easily calculated but it is valid only for the 

large samples. 
The second approach is based on the Monte Carlo method. For a set Qf values 

Mmax we generate N samples {m1,m2 ... mn}j corresponding to the distribution (9). 
(The value of slope ~ is supposed to be the same for all values Mmax and equal to 
its estimate from (12).) Then we calculate an estimate Mmax (M~ax or M!i'1ax) for 

every sample. Treating Mmax as random variable we can calculate the estimates 
of mean value Mmax for every Mmax· Setting up the confidence level p we can 
estimate the quantile qp(Mmax) defined by equation: 

P{Mmax>qp(Mmax)} = P 
The figure 3 illustrates the typical example of 
Mmax (Mmax). 

B 8,5 0 8,5 
d "'O .§ -~8,o ~ 8,0 

! 7,5 

~ s 
"'O 7,5 
0 

~ ~ 
:.:l 7,0 $7,0 
s 0 
~ s .§ 6,5 ~ 6,5 
~ 

·;6,0 s 6 0 
' 

6,0 6,5 

(16) 
functions qp(Mmax) and 

7,0 7,5 8,0 
maximum magnitude Mmax maximum magnitude Mmax 

Figure 3. The examples of functions qP(Mmax) (solid lines) and Mmax (Mmax) (dash lines) for 
two types of maximum magnitude estimates. (a) - maximum likelihood estimate ML ; (b) -

JllaJ( 

maximum observed magnitude M~ . ll1e values of the confidence levels p are shown on the 
graph. Bold horizontal segments show 68% confidence intervals for Mmax=7. The 68% confidence 
area is shown by grey color. (M=4, p=0.8, cr= 0.4, n=500) 

If the function qp(Mmax) has inverse then the equation (16) can be rewritten as: 
P{Mmax< q;1 (Mmax)} = P (17) 

The last equation shows that q;1 (Mmax) is equal to the upper confidence limit 

corresponding to probability p. 
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RANDOM EARTHQUAKE CATALOGUES 

To study the influence of the magnitude uncertainty on the Mmax estimates the 
series of random catalogues were generated. The example of confidence intervals 
for two types of maximum magnitude estimates are shown on the figure 3. It is 
clear from the graph that maximum observed estimate M~ax results in much wider 
confidence intervals than maximum likelihood estimate M;ax . It is also clear that 

the estimate M~ax is considerably biased for Mmax far from 8. 

8,5 
II) 

"t:I 

B 
~ 

8,0 

~ 7,5 s 
::I s - - - -
·~ 7,0 - - - - - - - - - - - - - - - -

~ ~ mi ,,. 
6,5 

0 100 200 300 400 500 
Sample size 

Figure 4. Mmax confidence limits for the maximum likelihood estimation M!:.,. as a function 

of sample size. Solid lines - precise confidence limits defined by equation (17). Dash lines -
asymptotic confidence limits defined by equation (14). (M=4, ~=0.8, cr= 0.2, Mmax=7) 

There are two main factors affecting the Mmax estimates uncertainty. The first 
factor is the size of sample. The second factor is the values of magnitude errors. 
To analyse this factors we evaluate the confidence intervals for a set of sample 
sizes n and a set of magnitude errors cr. The results are shown on the figures 4 and 
5. As can be seen from the figure 4 the uncertainty in Mmax increases dramatically 
as sample size decreases. In this example the 84% upper confident limit is 1.3 
magnitude units higher then the maximum magnitude estimate when sample size is 
equal to 50. This can be explained by exponential character of initial magnitude
frequency law (2) as following. When the number of observations is small the 
probability to record magnitude near Mmax is very low and so the uncertainty is 
very high. The asymptotic confidence limits defined by equation ( 14) tend to 
precise ones when the sample size increases. 

As may be seen from the figure 5 uncertainty in Mmax is much higher then the 
corresponding standard deviation of errors cr. (The 68% confidence area between 
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upper and low limit in the figure corresponds to one standard deviation of normal 
distribution). 
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Figure 5. Mmax confidence limits for the maximum likelihood estimation M!;.,. as a function 

of magnitude error cr. Solid lines - precise confidence limits defined by equation (17). Dash lines 
- asymptotic confidence limits defined by equation (14). (M=4, ~=0.8, n= 500, Mmax=7) 

In real situation the two factors mentioned above acts together. The example of 
real catalogue is presented in the next chapter. 

THE EARTHQUAKE CATALOGUE OF CAUCASUS 
For illustration we estimated Mmax for region including main part of Great and 

Lesser Caucasus (4>=40-440, A.=41-510). We used data from two catalogues (New 
catalogue of strong earthquakes .. 1982 and General catalogue.. 1994). The 
parameters and results are presented in the table 1. 
The Mmax was estimated for two sets of parameters (a) and (b).In the fist case (a) 
the strongest earthquake (t=1668, m=7.8, cr=0.5) and its aftershocks were 
excluded from estimation of Mmax· In the second case (b) the strongest 
earthquake and its aftershocks were included in the estimation. As it can be seen 
from the table, the maximum likelihood estimate M~ax is almost the same in both 

cases. The estimates f3L and f3GR are close to each other. 
The figure 6 illustrates the confidence levels and observed magnitudes with error 

bars ±cr (in both cases the levels are practically the same). As can be seen from the 
figure the 68% confidence range for Mmax is 6.79-7.42, the 90% range is 6.67-7.96. 
(The Mmax standard deviation calculated by asymptotic formulas (14)-(15) is 
equal 0.27.) 
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TABLE 1. Two variants of b and Mmax estimation. Parameters and results. 

(a) (b) 

M · -1 ti Ti Total M· -1 t· I Ti Total 
number number 

3.75 1962 1990 215 3.75 1962 1990 215 
4.25 1950 1962 68 4.25 1950 1962 68 
4.75 1900 1950 85 4.75 1900 1950 85 
5.75 1800 1900 17 5.75 1800 1900 17 
6.75 17QO 1800 l 6.75 1650 1800 5 

ML = 7.01, MM = 6.9, ML = 7.02, MM = 7.8, 
mu. mu: max mx 

~L = 0.72, ~GR= 0.71 ~L = 0.72, ~GR= 0.71 

1700 1800 1900 1925 1950 1975 
Year 

Figure 6. Mmax confidence limits for the maximum likelihood estimation and initial 
magnitudes with error bars for region (~=40-440, A.=41-510). Parameters of estimation are given 
in Table 1. Probability levels are shown on the graph. Only m>5 are shown. (We use non linear 
scale for horizontal axis to make the graph readable). 

THE MAXIMUM MAGNITUDE UNCERTAINTY AND SEISMIC RISK 
ESTIMATION 

In the examples considered above, the significant values of maximum magnitude 
uncertainty were found. The increase of maximum magnitude by 0.5 of unit and 
more can result in considerable increase in probability of strongest quakes. 

To calculate seismic risk, Mmax have to be estimated in model (2). Similarly to 
Pisarenko (1991) it is possible to use q5J(Mmax), q8J(Mmax) or any other 
confidence limit defined by (17) as the estimate of Mmax in (2) to take into 
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account the magnitude uncertainty. It is possible to calculate several versions of 
seismic risk estimates corresponding to the different confidence limits. 

CONCLUSIONS 
A new magnitude distribution taking into account the magnitude uncertainty was 
derived. The connection between the magnitude uncertainty and the uncertainty 
in the estimates of maximum magnitude was studied. It was shown that the 
maximum magnitude can be estimated much less precisely theri the magnitudes of 
observed earthquakes. This result can be explained by the limited number of 
available observations and exponential character of the magnitude-frequency law. 
As well known, the maximum likelihood estimator is asymptotically efficient. So, 
the uncertainties in Mmax are result of the nature of the problem and can't be 
explained by the used method of estimatinn. 

The example of maximum likelihood estimation of Mmax for Caucasus region 
shows that even strongest earthquake known with big error can't alter the results 
significantly. 
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A methodology for assessing seismic risk 
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** Istituto di Ricerca sul Rischio Sismico, CNR, Milano 

Extended Abstract 

In order to take in account seismic risk in urban planning and program of mitigation of the same, a 
methodology for assessing the seimic risk passing through standard and local hazard, vulnerability of physical 
environment an\l buildings has been carried out. 

As a first step standard hazard, as a probability of occurrence for done intensity earthquake, has been 
evaluated (Grandori et al., 1984, 1987). 

The local hazard; due to the influence of geological and geomorphological conditions, has been taken in 
account through an amplification coefficient, that can modify the standard hazard. 

The geological and geomorphological conditions, producing variation on the expected motion, have been 
identified as: edge area and rocky ridge, producing amplification due to morphological condition; valley with 
inchoerent alluvium and slope deposits or talus cone producing amplification caused by loose soil overlying a 
bedrnck, and showing high impedence contrast; area affected by lithologic discontinuities producing 
differential settlements in connection with characters of lithologies; very soft soil producing permanent 
deformations (Bressan et al., 1986). For the evaluation of the vulnerability of physical environment the recent 
and ancient landslides, zone affected by superficial instability, excessive slope with debris mantle, and 
excessive slope with rock affected by fractures, that can produce active or potential landslide situations, have 
been considered (Bressan et al., 1986; Keefer, 1984). The evaluation of the displacements was due to the 
application of simplified methods (Newmark, 1975; Pergalani and Luzi, 1994) or finite element methods 
(Cividini and Pergalani, 1994). 

The vulnerability of buildings, defined such as the seismic performance v/s damages, has been evaluated 
through some characteristic parameters. In this case the vulnerability of buildings has been assessed passing 
through a preliminary survey on the total amount of buildings and a specific survey on definite statistical 
significant samples (Angeletti et. al, 1988; Benedetti and Petrini, 1984; Corsanego, 1991). 

The seismic risk due to the convolution of hazard and vulnerability has been evaluated in three different 
ways: in term of expected annual damage, in terms of expected value of the actual cost of the first damage, and 
in terms of expected value of the actual cost of all future damages (Guagenti et al., 1988). 

This metodology has been applied in Toscolano Mademo, a small town of Lombardia Region (Italy), 
characterized by low seismicity. 

For the identification of zone that can produce geological and geomorphological influence on the motion, a 
geological, a geomorphological and a lithotechnical maps have been produced. At last a map of seismic hazard 
situations has been performed. The problems of the site was due to the presence of alluvial deposits, that can 
produce an amplification due to the impedence contrast. A numerical analysis, using QUAD-4 (Idriss et al., 
1973), a finite elements program and an expected artificial accelerogram, for evaluating the possible 
amplifications, has been carried out. The results of this analysis have shown that the value of maximum 
possible amplification was two. 

The results of the seismic risk assessment are shown in fig. 1 for the expected value of actual cost of the first 
damage. Of course, the value is higher if in the analysis the influence of amplification is considered, and this 
influence is more higher in the case of low vulnerability. 
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Fig. 1 - Map of risk: expected value of actual cost. of. the first damage 
(r: ratio expected damage/cost of new building} 
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EARTHQUAKE HAZARD CORRECTION FOR EFFECTS OF NEAR-SURFACE 
SEDIMENTS: AN EXAMPLE OF THE BfLINA DISTRICT, CZECH REPUBLIC 

Vladimir Schenk, Zdenka Schenkova, Pavel Kottnauer 

Institute of Rock Structure and Mechanics, Academy of Sciences 
v Holesovickach 41, 182 09 Prague 8, Czech Republic 

e-mail: schenk@lorien.site.cas.cz 

Seismostatistical approaches used for the earthquake hazard 
calculations give mainly regional trends of the hazard values 
over the whole area under study. Recent needs of earthquake 
damage mitigation programmes ask for more sophisticated hazard 
assessments, especially they ask for an including local seismic 
effects of near-surface se~iments into hazard maps. Sediments 
and ground soil covers usually amplify the effects. An attempt 
how to include these effects into hazard calculations is shown 
on the example of Bilina district located at a marginal part of 
the Tertiary North Bohemian Brown-Coal Basin. 

A set of models of one sedimentary layer situated at rock 
basement was investigated. Utilizing G. Muller's 1-D algorithm 
and a record of particle ground accelerations of Southern Cali
fornia earthquake of November 21, 1952 transfer functions for 
the sedimentary layer of different thickness and the velocity 
P and s waves were calculated. A transfer function course 
depends on physical properties of sediments (amplification of 
seismic vibrations) and on their thickness (positions of the 
maximum amplifications in the frequency domain). 

In order to determine the earthquake hazard corrections for 
the earthquake hazard calculation within a regional scale, the 
transfer functions for the individual models and the frequency 
range of o - 25 cps were simplified in one representative 
amplification value. This frequency range was adopted by earth
quake engineers as a range of occurrence of predominant vibra
tions of most structures. 

Under the assumption that the amplitude of seismic vibra
tions will increase doubly if the macroseismic intensity 
increases for one degree, a hazard correction C expressed in 
macroseismic intensity degrees was determined in the form 

c = 1.83 - 0.67log vp + 0.06log2vp [ 0 MSK; m/s] 

where Vp is a velocity of P waves. 
The near-surface geological covers and bodies of the test 

region Bilina were divided into a few categories with respect 
to their velocity Vp and bulk density. A corrected earthquake 
hazard taking into account these categor~es of near-surface 
structure is shown for this test region in Figure. Differences 
between the regional and this corrected earthquake hazard reach 
± 0.5° - 1.5° MSK. 

This paper will be submitted for publication on Annali di 
Geofisica. 

1435 



.....
 

~
 

c.>
 

O
'I 

0 0 0 
' 

~
 

' 
~
 
~
 

4 4
.5

 

5 

5
.5

 

7
8

5
0

0
0

 
7

8
0

0
0

0
 

E
A

R
 T

H
 Q

U
A

K
E

 H
A

Z
A

R
D

 [
0

M
S

K
l 

3
.7

 

3
.8

 

3
.9

 

4 

4
.1

 

T
 =

 10
0

 y
rs

 

I 
6 

a
n

d
 

in
f 1

 u
en

ce
 
o

f 
g

eo
lo

g
ic

al
 

7
9

0
0

0
0

 
7

8
5

0
0

0
 

7
8

0
0

0
0

 

lo
 

0 0 ,o
 I~ 



The information of Fourier- and Response Spectra in earthquake risk 
analysis 

by R. Gutdeutsch, 
University of Vienna, UZA2, NordbergstraBe 17, 1090 Vienna/Austria 

M. Steinwachs and D. Kaiser, 
Niedersachsisches Landesmt fur Bodenforschung, 3000 Hannover Buchholz/ 

Germany 

Abstract The unexpected great building damage after the big earthquakes in 
Mexico 1985 lead to the suspection that the method of design response spectra 
should be critically re-discussed. One of the reasons of that great damage was the 
constructive interference between the main and one big aftershock. This paper 
studies the effect of multiple events to the Fourier- and response spectra. Die extrema 
of the Fourier- spectra lead to a smoothed undulation of the respective response 
spectra. Therefore, if the accelerogram consists of multiple interfering seismic 
signals, it would be advisable to used the envelope of the response spectrum as the 
design response spectrum. 

Unexpected great building damage in Mexico-City during the earthquake of 
September 19, 1985 

Seismologists and engineers were astonished that an earthquake with the epicentre 
at the Mexican Pacific coast caused such strong damage to a place more than 400 
km away, in Mexico City. The intensity at that place was by Af = 3 greater than 
expected. The main reason has been found in the unsafe under ground. The inner 
city has been built on very soft clay approximately 20-30m thick, a relict of the 
Texcoco-lake, which has been landed since the last centuries. The fundamental 
period of 2 s of this layer was of the same order as that of the 8-15 storage buildings 
in the city. Tnis effect has been thoroughly investigated and today is well known as 
the ,,Mexico-City effect". 

But the Mexico-City effect was not the only reason for the great damage. After the 
main shock a second one followed approximately 27 s later. Eye witnesses confirm, 
that by this second shock much more buildings have been struck and eventually 
collapsed. This circumstances have been reported by STEINWACHS (1988) and 
others. The discrimination of these two strong shocks in time can be seen in the 
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seismograms of a broad band seismometer network in Germany. It strikes, that the 
P-signal of most earthquakes happened in that region of the Mexican subduction 
area look similar with one exemption, the shock of September 19th, 1985. This 
event consists of two signals of approximately the same size and shape (figure 1). 
This event has been presented on trace 8 figure 1. 

This contribution is focused to the question which information about then seismic 
risk comes from the response spectra and therefore influences the decision of which 
designe response spectrum has to be used. At present the method of response spectra 
is the best we have for the seismic risk analysis. But we should be aware of the 
limited usefulness, which possibly could be improved. 

Not only the seismogram but also the Fourier spectrum presents the ,,double shock". 
According to the well known displacement theorem of Fourier analysis we find, 
that 

with 

I rolJ ·; 
f(t)+ /(t-1')~2F(ro)icos(-)e-•' 

2 

f(t)- /(t-1')~2IF(ro)lsin(m1')e-•;, 
. 2 

"' -i[ sin rot'J J y12 = tan 
· 1 ±cosrolJ 

where f(t) with f(t) = 0 fort< 0 is the main shock and F( ro) the respective Fourier 
transform. 1J is the time delay of the second shock, ro the frequency. If we admit 
that F(ro) varies slowly with ro, the amplitude spectrum of the two signals with 
time difference t between them causes a modulation of the Fourier spectrum F( ro). 
At equal frequency intervals 

local extrema occur as can be readily seen at f = 0.04(0.037), 0.07 (0.07 4 ), 0.12(0.11) 
cps and so onl . 

I The number in the brackes are the values calculated from f = l/'{} = 1/27 = 0.037037cps 
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The influence of multiple events of the accelerogram to Fourier- and 
Response spectra 

We have recognized, that the repitition of an earthquake increases the hazard of 
building damage greatly and therefore has to be regarded as an important factor to 
seimic risk analysis. Therefore we now will ouline the effect of a multiple shock to 
the response spectrum. Let us discuss a very simple example. A signal f(t) is followed 
by a second one - f(t-t'}) after t'} = 0.3 s, as shown in figure 3. They give rise to the 
minima of the Fourier spectra at f = 3.3, 6. 7, 10.0, 13.3. cps. The response spectral 
follows the extrema of the Fourier spectra quite well. But the minima appear much 
weaker. Even the minimum at 3.3 cps is presented not all all. Obviously Fourier
and Response spectra differ considerably where extreme small values of the Fourier 
spectrum occurs. What is the reason? 

Figure 4 presents the response spectrum of our signal where the fundamental 

frequencies f = 2: of the vibrator range between 3.0 and 0.4 cps. The circles 

indicate the position where the absolute maximum of the response has been found. 
These maxima have been used for the plot of the "maximum acceleration" = 
response spectrum or the ,,pseudo response spectrum". This plot makes clear why 
the mimum at 3.3 cps has not been found in the response spectrum. This frequency 
does not exist in the signal. Thus the vibrator reacts to that part of the signal with 
frequencies greater than 3.3 cps. The response no more forms a long train of sinus 
soidal vibrations but a short signal. It can be proved by a thorough analysis that the 
output is that of a high-pass filter with sharply defined corner frequeny . We conclude 
that the response spectrum reacts rather unsensitively to zeros of the Fourier 
spectrum. The question remains open whether the reaction of the vibrator next to 
the zeros of the Fourier spectrum comprises the same measure of damage risk as 
the reaction in other regions of the spectrum: As a matter of fact, it makes a great 
difference whether the dynamic load is a long sinus soidal vibration or a pulse of 
short duration but with the same maximum acceleration. 

A seismic record consists of many wavelets with different lengths, shapes, 
amplitudes and time lags between them. It depends on the special structure of the 
waveguide and includes reflected, refracted, diffracted and surface waves. It is 
important to note, that the time lags are unique functions of the seismic structure. 
Therefore, ifthe seismic structure is knows, the time lags are known as well. Under 
these circumstances the time lags form a deterministic set of data. It is common 
practice of response spectrum analysis to compose synthetic se.ismic records by 
adding up several wavelets with random time lags and amplitudes. Under the aspect 
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given above this method appears problematic. Let the seismogram be composed 
by N wavelets fi(t-~) with time lags 1'.}i · 
Then the total record g(t) then is given by: 

N N 
g(t) = zJ<t- t9;)~G(m) = L,IF/m>ri<-w;+4><m>> 

j~ j~ 

where 

lm(F-(<.o) 
d. ( ) - -1 J 'V. <.o - tan 

' Re(F1(m) 

and the absolute value of G( ro) is 

The root consists of two terms Hi(ro) and H2(ro). The first one 

varies slowly with the frequency and is independent of the time lags between the 
wavelets. The second one 

N-1 N 

H2 (m) = 2 L, L,jF1 (m)~F1 (m)lcos[ <I>1 - <I>1 - m( tJ1 - t91 )] 

j=l l=j+l 

varies fast with the frequency and depends on the cross products 

and the fast varying factor 

The fast varying cross terms generate the undulations of the Fourier spectrum and 
the Response spectrum. The number M of cross products increase progressively 
with N according the law 

M = N(N-1)/2 
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For 5 wavelets we have M = 8 cross terms only, but for N = 50 M amounts to 1225. 
Such ab great number gives rise to a complicated interference system, which looks 
like a random signal, though this is not true. We have to keep in mind, that the 
fluctuation follows from the interference of different wavelets. The record of the 
seismic motion above a stratified halfspace includes a series of multiply reflected 
wave trains, which gives rise to a modulation of the Fourier- and Response spectra, 

Conclusion 

The fluctuation of Response spectra is caused rather by the constructive or 
destructive interference of seismic signals than by statistical noise. If the 
incorporation of possible interference effecs to seismic risk analysis is asked, then 
the envelope of the Response spectrum as the Design spectrum should be used. In 
many cases the data are so poor, that the envelope cannot be drawn accurately 
enough. In these· cases the 84% - fractile is recommended. 
For 5 wavelets we have M = 8 cross terms only, but for N = 50 M amounts to 1225. 
Such ab great number gives rise to a complicated interference system, which look 
like a random signal, though this is not true. 
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Figure 1 

Normalized presentation of broad-band sei"smograms of 10 Mexican subduction-earthquakes, 
Seismological Central Observatory Gruenberg I Germany, Station AlZ, The first number in the 
left colum means the seismogram, the second one the normalization factor. Seismogram No. 8 is 
the record of the big double shock of 19th September 1985, after M. Steinwachs, 1988. 
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Figure 2 

Spectral density of seismogram No. 8 (solid line), noise level (dashed line) The time delay 
between the two shocks of 27 s in figure 1 generates the respective fluctuation of the spectrum, 
after M. Steinwachs, 1988. 
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Figure 4 

Response of the single-mass-vibrator to a double shock. The circles design the value of maximum 
acceleration, which are used for constructing of the Response spectrum. At the frequency of 3.4 
cps the response forms a short signal, which excludes the main contribution of 3.33 cps of the 
original signal. 
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SIMULATION OF STRONG GROUND MOTION OF THE 14JULY1993 
PATRAS EARTHQUAKE AND ITS CONTRIBUTION IN THE 

ASSESSMENT OF SEISMIC HAZARD, PATRAS REGION, W. GREECE. 

D. Diagourtas, K.C. Makropoulos (Department of Geophysics, University of Athens, 15784 
Athens, Greece) 
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·France). 

ABSTRACT 

The Empirical Green's Function method is used to try and simulate the strong 
ground motion of the 14th July Patras earthquake. This "target" event is a very 
interesting ea.rthquake to simulate, because it can provide useful contribution to 
the assessment of the seismic hazard of the Patras region, a very tectonically 
complicated area. 
The empirical Green functions come from a large data set of high quality near field 
accelerograms: almost 600 events were recorded during a 2 month field survey in summer 
1991 by a network of 12 &-channel REFTEK digital stations with ML ranging from 1.0 to 
4.0. 
In order to determine properly the parameters used by the method, i.e. fault geometry, 
velocity model, focal mechanism, we used the seismotectonic results of its aftershock 
study in comparison with the CMT focal mechanism solution. 
Finally, having in mind the possibility that this fault can produce a larger event, we try to 
simulate and predict its strong ground motion in the city of Patras, using the records of 
the main shock as empirical Green's fu.nctions and following some tectonically possible 
scenarios. 

INTRODUCTION 

The Patras region (NW Peloponnese) is one of the most seismic active areas in 
Greece. Tectonically is a transition zone between the E-W normal faulting in the eastern 
part (Gulf of Corinth) and thrust faulting in the western part (Hellenic trench). In fact, 
the area is characterised by continuous seismic activity which quite often produces major 
events. In July 14 1993 an earthquake with magnitude ML=5.3 occurred in the city of 
Patras causing considerable damage in the epicentral area. The seismic history of the area 
indicates that earthquakes consist a severe threat for the city of Patras with important 
damages reported in the past caused even by medium magnitude events like the July 14 
earthquake. This is due probably to the existence of major 'faults very close to the city and 
to the poorly consolidated superficial deposits that amplify the seismic intensity. 
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In this paper the Empirical Green's Function method is used to try and 
simulate the strong ground motion of this earthquake. Simulation efforts of Patras 
earthquake help to the better understanding of the focal procedure of this specific event, 
as well as to the research of some simulation parameters that can be. used to the synthesis 
of the characteristics of a possible future greater earthquake. The Empirical Green's 
Function method have been chosen as the most appropriate method for the 
simulation of this earthquake, because it uses the information of path and site 
characteristics that exist in the recordings of small events in combination with 
the focal characteristics and seismotectonic information, in order to represent a 
more realistic synthetic. Completely theoretical simulation methods are facing 
many problems in simulating such earthquakes because the geologic and tectonic 
complexity of the area can not be represented properly by theoretical models. 

DATA USED 

For the identification of empirical Green's functions, the records of small 
earthquakes obtained during a big seismological campaign in summer 1991 in the western 
part of Gulf of Corinth are used. Among the 60 digital seismographs installed during this 
two month project, there were also 12 6-channel REFTEK stations recording 3 channels of 
velocity and 3-channels of acceleration. Our empirical Green's function database consists 
of 600 event<; that have been recorded in more than 4 REFTEK stations (figure 1). 

38.Gor-~~~,-~~~-,-~~-.--.----:.,--~--,.--~~~..-~ . 

0 • ·. 
. . 

. . . 

38.00'7;:--~-=-:~~-~-,:-.,-L:-::-~--:,--l.---"-~~L_~~~.L._~~ 
21.40 21.60 21.80 22.00 22.20 22.40 

Figure 1. Location of the 12 REFTcK stations along with the epicentre locations of the 
600 events that produce the empirical Green's function database. 
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In order to be able to compare the synthetics produced by this method with 
observed larger earthquakes, another strong motion network (RASMON-Rio Antirio 
Strong Motion Network) consisting of 8 SSA-1 accelerographs has been also installed in 8 
of the REFfEK sites, that is in operation until now. In figure 2 there are the epicentre 
locations of the earthquakes recorded by RASMON network during the time period July 
1991-December 1993 having magnitudes more than ML=3. The Patras earthquake have been 
recorded by the two closest accelerographs of Lakka (LAK) and Sergoula (SER). 

The ML=3.l event (7-8-1991) recorded by the same Lakka (LAK) and Sergoula (SER) 
stations is located near the epicentre of Patras earthquake and is used as empirical Green's 
function (EGF) for the simulation (figure 2). 
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21.60 21.80 22.00 22.40 ~0 ~5 _k .. 

Figure 2. RASMON Strong Motion Network. SSA-1 Data (July 1991-December 1993, M>3) 

SIMULATION OF PATRAS EARTHQUAKE 

In modelling, the small events are time delayed according to the fault geometry, 
scaled in order to follow the w-2 spectral scaling model and summed properly according 
the focal mechanism of the target event in order to simulate finite rupture, (Irikura K. , 
1986). The fault dimensions have been estimated using the aftershock sequence 
(Karakostas et al., 1994) of the Patras earthquake, (figure 3). The CMT (Harvard) solution 
have been used in order to define source parameters. The NW-SE nodal plane have been 
chose as the fault plane, as this is in good agreement with the aftershock distribution. The 
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total number of summations is estimated from the moment ratio between the large and 
the small event. All the pa;.sible rupture initiation points have been tested. The best 
fitting have been achieved when the rupture starts from the middle and deeper subfaults, 
indicating a probable bilateral rupture, while it is natural that the rupture starts from the 
deeper area of the fault and propagates towards the surface. In figure 4 there is a 
summary of the parameters used for the simulation in both stations. 

... SSA-1 

• Mainshock 

• E.G.F . 

0 0<Z<10 

38.30 
D 10 <Z< 20 

" 20 <Z< 30 

t::.. Z>30 km 

• 0 0 0 0 
~ 

38.10 ~~====="'======="='==== ·---
M= 0 l 2 3 

22.10 21.50 21.70 21.90 

Figure 3. The 14th July 1993 Patras Mainshock and its aftershock sequence 

RUi)lure propagates 
with constant velocity 
vr•0.75Vs having o 
circular ruplure Iron! 

focal mechanism for both events assumed strike slip: 
CMT (Harvard) focal mechanism .s.tril<e 143-dip 73-rake -=-18 
Average moment ratio - 2000 
Total number of sumations 15 x 13 x 10 = 1950 
S wave velocity Vs=3.5 km/sec 
Rupture velocity Vr=0.75 Vs = 2.625 km/sec 

14-7-93 7-8-91 
tv\. = 5.3 tv\. - 3.1 

Mo = 3.2 102' d cm mo = 1.6 1021 d cm 
fault length L = 9 km fault lenght I = 600 m 
fault width W = 5 km fault width w = 400 m 

rise time t0 = 0.06sec rise time td = 0 .006 sec 

0 

Figure 4. Parameters used for the simulation of the 14-7-93 ML =5.3 Patras earthquake 
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Figure 5. Synthesised, Observed and EGF acceleration traces in E-W and N-S components 
of Lakka station along with the comparison of their acceleration Fourier spectra. 

N 

" " "' 
E 

E-W 

Time (sec) 
Accelerau'on Spectra 

Frequency (Hz) 

H 

" " .. 
E 

•' ... 

.. .. .. 
•.. 

J . 

N-S 

.. . 
Time (se'cl 

Acceleration Spectra 

I I ... •' 
Fre<1uency (Hz) 

Figure 6. Synthesised, Observed and EGF acceleration traces in E-W and N-S components 
of Sergoula station along with the comparison of their acceleration Fourier spectra. 
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In figures 5 and 6 are the synthetics using the above parameters, the observed and 
the empirical Green's functions acceleration time-histories in Lakka and Sergoula stations 
respectively, as well as the comparison of their Fourier spectra. 

The relatively good agreement in the waveforms and peak acceleration values 
between the synthesised and the observed ones, as well as the good fit in low and high 
frequencies demonstrates the advantages of the Empirical Green's function method. 

SIMULATION 01<~ A FUTURE LARGER EARTHQUAKE 

Geological data and the historical seismicity of the area of Patras support the idea 
that during the 14 July earthquake only a part of a major fault broke (Karakostas et 
al.,1994). This major fault has probably produced large magnitude earthquakes in the past 
like the 1789 and 1804 (Ms=6.6) earthquakes, (Papazachos and Papazachou, 1989). This fault 
constitute a severe threat for the city of Patras because it crosses the city and is relatively 
superficial, (the hypocentre depth of the 14th July 1993 earthquake was 18A km). Having 
in mind the historical information and the probable dimensions of the major fault, we 
estimate that the largest possible earthquake that can occure in the future on this major 
fault is of the order of ML =6.5. · 

In order to estimate the possible waveform, peak acceleration value as well as the 
spectral properties of this possible future earthquake in the city of Patras, the recording 
of the 14th July earthquake from the NOA's (National Observatory of Athens) SMA-1 
accelerograph installed in the city of Patras is used as empirical Green's function. 
Although theoritically is not very correct to use an event of such magnitude as empirical 
Green's function, because its waveform includes also source information, it is worthy to 
examine the results having in mind that same focal mechanism is assumed for both events. 
Moreover, several rupture scenarios are investigated assuming always the same focal 
mechanism and changing the rupture initiation point in order to investigate the variations 
caused by the directivity effect. The moment of the ML=6.5 earthquake is calculated using 
the average value of some empirical moment-magnitude relations, (Kiratzi et al. , 1985; 
Tselentis et al., 1988). The fixed parameters used during the several simulations are 
summarised in figure 7. 

----~ Rupture propoc;iotes 
with constant velocity 
vr=0.75Vs having a 
c~~lor ruplur~!?~t 

C-EE 

focal mechanism tor both events assumed strike slip: 
CMT (Harvard) focal mechanism sfJ.ikeJ4.3=dip..l.3=Cake_=-18 
moment ratio - 18 
Total number of sumations 3 x 2 x 3 = 18 
S wave velocity Vs=3.5 km/sec 
Rupture velocity Vr=0.75 Vs = 2.625 km/sec 

14-7-93 target 
tv\ = 5.3 tv\ = 6.5 

mo = 3.2 10" d cm Mo = 5.7 1020 d cm 
fault length I = 9 km fault lenght L = 27 km 
fault width w = 5 km fault width W = 10 km 
rise time Id = 0.06sec rise time 10 = 0.18 sec 

Figure 7. Parameters used for the simulation of the possible ML=6.5 target earthquake. 
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Figure 8. Synthetic acceleration time-histories for the longitudinal component for 
diff(!rent rupture scenarios along with the comparison of their Fourier spectra. The fifth 
trace is the longitudinal observed record. 
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Figure 9. Synthetic acceleration time-histories for the transversal component for different 
rupture scenarios along with the comparison of their Fourier spectra. The fifth trace is the 
transversal observed record. 
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In figures 8 and 9 there are the synthetics of the "target" ML=6.5 possible future 
earthquake for the longitudinal and transverse components respectively for the different 
rupture initiation points in comparison with the observed 14th July ML=5.3 earthquake, as 
well as the variation of their acceleration spectra. The maximum peak acceleration wlue 
is of the order of 0.4g with important strong motion duration. The variation in the 
frequency domain is in some frequencies not important but it can arrive close to one order 
of magnitude in specific frequencies. 

CONCLUSIONS 

This paper is a part of the validity tests of empirical Green's function method in 
Greece and especially in areas with complex tectonic and geologic regime like the gulf of 
Patras and the gulf of Corinth, where completely theoretical approaches are facing many 
problems in the determination of the appropriate model. The empirical Green's function 
method that uses the path and site information that exist<> in the waveforms of small 
earthquakes, gives very promising results encouraging the use of small earthquake 
recordings in the as.<;es.<>ment of the seismic hazard of an area. The frequency content, the 
peak acceleration values as well as even the waveforms of the synthesised ground motion 
is in good agreement with the observed ones. More tests have to be done in simulating 
larger earthquakes and with near field records where there should be an important spatial 
variation of the empirical Green's function. 
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ANALYSIS OF ACCELEROGRAMS OF THE PATRAS' SEISMIC SEQUENCE 
(JULY 14, 1993) RECORDED AT NATIONAL OBSERVATORY OF ATHENS 

(NOA) STATIONS 

G.N. STAVRAKAKIS, I.S. KALOGERAS and J.K. DRAKOPOULOS 

National Observatory of Athens, Seismological Institute, 
P.O.Box 20048, gr 118 10 Athens, Greece 

Abstract 
Seven strong motion records, which correspond to the Patras' 

seismic sequence (July 14, 1993), were analysed in the present 
study. The main shock occured 8 km from the city of Patras (NW 
Peloponnese) on July 14, 1993, at 12: 32 and it has a local 
magnitude of 5.1 (ATH). The earthquake was recorded at five SMA-1 
stations located in Patras and the nearby cities of Aigio, 
Amaliada, Messolongi and Nafpaktos. Two aftershocks at 12:39 and 
12:54 on the same day were recorded at Patras' station and are 
also included in the present study. The analysis is based mainly 
on the standard procedure developed at the Earthquake Engineering 
Research Labora~ory of the California Institute of Technology. 
Some seismological information for the seismic sequence, as well 
as the uncorrected and corrected data and the response spectra 
are pEesented here. Additionally, displacement spectra are also 
used to determine the source parameters of the main shock and 
attenuation relationship is extracted and is compared to similar 
relations proposed for the broader area of Greece. 

Introduction 
The main objective of this study is to calculate the 

response spectra of the earthquake of the 14th of July 1993, 
occured in the NW Peloponnese from accelerograms recorded at 
National Observatory of Athens strong motion stations, and, 
additionally, using the acceleration spectra, to study the 
seismic source parameters, namely the seismic moment, the source 
radius, the shear-stress drop and the average displacement on the 
fault plain. 

Data and Method 
On the 14th of July 1993 an earthquake of ML= 5.1 (ATH) 

ocurred in the NW Peloponnese, Greece, very close to the city of 
Patras. The shock caused some damages especially on the old 
buildings of the city (VI of the Mercalli-Sieberg intensity 
scale). The shock was followed by a relatively low number of 
aftershocks. In Figure 1 the main shock and the seimic activity 
for the period 16th to 19th July 1993 are shown as recorded by a 
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local network (Karakostas et al. 1994) 

2 1.60 21.BO 

38.15 ..,.;-~---------------;- 38. 15 
21.60 21.80 

10 .__ _____ ..__ ____ __.KM 

Figure 1. The main shock (triangle) and the aftershock activity 
between 16 and 19 July 1993, as recorded by a portable 
local network (Karakostas et al., 1994). 

The Seismological Institute of the National Observatory of 
Athens operates a strong motion network covering the most of the 
large cities of Greece. The instruments (SMA-1 analog type) which 
recorded the main shock of the 14th of July are being installed 
at the cities of Patras, Aigio, Amaliada, Messolongi and 
Nafpaktos. Moreover, the Patras' instrument recorded two 
aftershocks and the are included in this study. Table I includes 
the the eartquake parameters used in this study and the 
parameters of the instruments recorded these events. Figure 2 
shows the SMA-1 stations (triangls) and the locations of the 
events used (the star is the main shock and the circles are the 
aftershocks). 

The procedure followed for the analysis of the strong motion 
records is the one that the Seismological Institute of the 
National Observatory of Athens has developed and is based on the 
standard procedure of the CALTECH Institute. The procedure is 
decribed in details by Stavrakakis et al. (1992). The records are 
enlarged (usually three times) and are digitized on an unequal 
time basis, picking up all the significant points which are 
needed for an accurate definition of the shape of the record. The 
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Table I. Seismic parameters of the earthquakes used in this 
study (Source: NEIC) and the strong motion station 
parameters. 

Origin Epicentral Epic. M1. 
Code Date time Coordinates dist. (ATH) 

q>oN ).OE km 

PATll 14/07/93 12:32 38.22 21. 76 4 5.1 
AIG12 14/07/93 12:32 38.22 21. 76 28 5.1 
AMA19 14/07/93 12:32 38.22 21. 76 59 5.1 
MSLl 14/07/93 12:32 38.22 21. 76 33 5.1 
NAU2 14/07/93 12:32 38.22 21. 76 21 5.1 
PAT12 14/07/93 12:39 38.18 21. 64 ll 4.4 
PAT13 14/07/93 12:54 38.21 21. 68 6 3.6 

Location Natural freq. Sensitivity 
Code S.N. Hz cm/g Orien 

q> ON ). OE LONG VERT TRAN LON VER TRAN 

PATll 627 38.25 21. 7 3 17.3 17.0 18.6 4. 1 3.7 3.8 N85° 
AIG12 5097 38.25 22.08 25.4 26.2 26.0 1. 9 1. 8 1. 8 N60° 
AMA19 ll99 37.80 21. 35 17.5 17.7 17.5 4.0 3.8 3.8 N80° 
MSLl ll98 38.37 21.43 18.5 17. 7 17.5 3.7 3.7 4.0 Nll0° 
NAU2 617 38.40 21. 83 25.0 26.0 26.0 1. 8 1. 9 1. 8 N84° 
PAT12 627 38.25 21. 73 17.3 17.0 18.6 4.1 3 •. 7 3.8 N85° 
PAT13 627 38.25 21. 73 17.3 17.0 18.6 4.1 3.7 3.8 N85° 

21 .2 22.2 
38.5 ..--....--------~ 38.5 

0 E.VENT 

t>. STATION 

0 50 

km 
37 .5 '----...J.------' 37.5 

21.2 22.2 

Figure 2. The SMA-1 stations (triangles) and the locations of the 
events used in this study. 
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long and sno~t period errors that data contain are removed either 
directly on the record, or during the procedure if this is 
possible. 

Volume I of the processing results to the scaled uncorrected 
data. The resolution of the digitizing table, the magnification 
factor, the instrument sensitivity and the length of the time 
mark interval are needed in order to convert the digitizer units 
to appropriate units, namely the acceleration length to tenths of 
G and the time length to seconds. The scaled uncorrected data are 
plotted and compared to the original records. 

In Volume II of the procedure the uncorrected acceleration 
is corrected for the instrument response and integrated to obtain 
velocity and displacement. We used Ormsby filters with values 
proposed by Basili and Brady (1978). In the present study the 
filter values used are 0.200 - 0.500 Hz and 25 - 27 Hz for the 
low and the high frequencies respectively. 

At this stage of the instrument correction two modifications 
of the standard procedure of CALTECH are adopted. Shakal and 
Ragsdale (1984) assumed that errors occure at frequencies 
approaching the Nyquist frequency, and, for this reason, the 
algorithm should be used firstly just to desampling the data from 
100 to 50 points per second. Moreover the modifications proposed 

·by the same authors about the selection of the low cutoff 
frequency, led us to choose one quarter of the record length as 
primer value of the reciprocal of low cutoff frequency, but 
adjusted in connection with the results. 

The corrected acceleration, velocity and displacement data 
for each component are plotted to appropriate scales. 

The Volume III stage of the processing includes the 
calculation of the response spectra for five values of damping 
and for 30 - 35 values of period and the calculation of the 
Fourier amplitude spectra. 

Results from the strong motion analysis 
Figure 3 is a plotted example for each stage of the 

processing for the longitudinal component of the Patras' station, 
namely the uncorrected acceleration from Volume I, the corrected 
acceleration, velocity and displacement from Volume II and the 
response spectra for the five damping values. Table II includes 
the peak acceleration, velocity and displacement values for each 
station and for each component. 

We tried to correlate the peak ground acceleration, ag , of 
the Patras main shock to the empirical attenuation relationships, 
which have been proposed for the area of Greece by Theodoulidis 
and Papazachos (1992 a,b). These relationships, one for the 
vertical and one for the horizontal components, connect the peak 
ground acceleration, agv or agh' with the surface magnitude, Ms, 
the epicentral distance, R, the soil condition, S, and the 
percentile of non-exceedence, P. 
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Table II. The peak values of the corrected acceleration, 
velocity and displacement for each station and for each 
component. 

Code 

PATll 
AIG12 
AMA19 
MSLl 
NAU2 
PAT12 
PAT13 

• LO 

"' 
z 
0 .. 
I-
II - . 00 
([ 

II.I 
J 
II.I 
u 
u 
II 

-. 10 

LONG Component VERT Component 

A v D A v D 
gals kine cm gals kine cm 

115. 54 6.41 1. 03 69.76 3.42 0.29 
33.74 1. 26 0.15 29 .17 1.10 0.20 
19.30 0.68 0.09 12.25 0.47 0.06 
33.43 2.04 0.27 21. 38 1. 02 0.17 
38.01 2.57 0.25 37.99 2.39 0.16 
35.09 1.11 0.07 14.54 0.45 0.10 
12.69 0.48 0.05 6.60 0.42 0.06 

UNCORRECTED ACCELERATION 
PATI I: JUL. 14. 1993. 12:32. 38. 22N 21. 76E 
COHP LONG 
STATIOH NO. 0627. PATRA. O. T.E •• 38. 2SN 21.73E 

. 00 10. 00 20.00 
TIHE ISEC. l 

Figure 3. (Continues) 
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TRAN Component 

A v D 
gals kine cm 

186.42 10.95 0.82 
50.55 2.20 0.24 
26.89 1.10 0.10 
30.79 1. 89 0.24 
49.91 3. 92 0.34 
32.54 0.85 0.10 
12 .11 0.45 0.05 

PATii. VI 

30.00 



PATRAS Ell. OF 14/07/94. 12: 32 
REC.STATION: PATRAS. 0. T.E. COHP LONG PATii. V2 
BANDPASS FILTER LIMITS: .200- .250 25.00-27.00 
PEAK VALUES: ACC= -115. 54 VEL= 6. 41 OISP= -1. 03 

~ ''"·::~~CE:LERATION _J 
B.,,,,,~,~ J 
6.oo~~VELOCITY u 4. 00 ~ 

w 2. 00 
Ul 
, . oo I 
I: -2. 00 
u -4. 00 

-6.00.l-~~~~~~+-~~~~~~-r-~~~~~~-t-~~~~~ 

I: 
u 

u 
w 
Ul 

' z 

> 
Ul 
a.. 

I. 00 OISPUITTHENT 

• 00 

-l:OO:+-~...l:l..~~~-:-::,,!-:::~~~~~-::::~:--~~~~-::::~;--~~~ 
.0 10.0 20.0 30.0 

TIHE ISEC.l 

10 2 
RESPONSE SPECTRUM 

PATRAS ED. OF 14107 /94 l 2: 32 
REC. STAT l ON: PATRAS. a. r. E. 
COHP LONG 
STATION NO. 0627 

10 1 PAT! I. V3 

OAHPING VALUES: 
.ao 
• 02 

10 0 • OS 

.10 
• 20 

10 -1 
10 -1 

PER !OD !SEC. l 

Figure 3. Plotted example for each stage of the processing for 
the longitudinal component of Patras' .station. 
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lnagv = 5.23 + 0.87Ms - l.8lln(R + 15) + 0.04S + 0.72P 

a nd 

lnagh=. 3.88 + l.12Ms - l.65ln(R + 15) + 0.41S + 0.71P 

In our case S and P are set equal to 0 because of alluvium soil 
conditions and of 50% of non-exceedence. The left plot of figure 
4 shows the five vertical peak ground accelerations (circles) 
compared to the empirical relationship (dashed line) for an 
earthquake of surface magnitude 5.6 and for epicentral distances 
4 to 80 km. The right plot at the same figure shows the eight 
horizontal peak ground accelerations (asterisks) compared to the 
empirical relationship referred to similar parameters as above. 
A good fit is noted for both the plots. 

6 . 00 
'N' 

(j) 

"'-. 
E 
(.) 4.00 

'-" 

0 

PAT 

6.00 
'N' 

(/) 

"'-. 
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~4.0121 
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PAT ... _ 
..... 

..... 
' AIG 

..... ... '* ,MSLAMA .. 
i;, NAU ' 
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2 ... L ... , ......... , ... ~ :. ~~~ .. 

MSL J:: .. ' 
Cl NAU { 

0 •' c ' .-I 

2.121121 
, .00 2.00 3.00 4.00 1.00 2.00 3.00 4.00 

lnR (km) lnR (km) 

Figure 4. Comparison between the calculated peak accelerations 
(circles for vertical accelerations and asterisks for 
horizontal accelerations) and the empirical relations 
(dashed lines) proposed by Theodoulidis and Papazachos 
(1992a,b) for the area of Greece. 

Representation of seismic source parameters 
According to Brunes model ( 1970, 1971) the near field 

displacement spectrum is controlled by the spectral level Q0 and 
the corner frequency f 0 • Knowing these two parameters the seismic 
moment, M0 , the source radius, r 0 , the average displacement, <u>, 
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on the fault plane and the stress drop, Ao, can be calculated. 

M0 (S,P) = Q0 (S,P)4itpG(A) (a,13) 3 I (Recp(S,P)) (Keilis-Borok, 1960) 

r = 2.346 I 2itf0 (Brune, 1970, 1971) 

r = 0.3213 I f 0 P= 0.2113 I f 0 5 (Madariaga, 1976) 

( Brune , 19 7 0 , 19 71 ) 

Ao = 7M0 I 16r3 (Keilis-Borok, 1960) 

The amplitude spectra and 
estimated from either Fourier 
spectrum. 

the corner 
spectrum or 

frequency can be 
the displacement 

In the previously mentioned relations the geometrical 
spreading, G(A), has been replaced by the epicentral distance, A, 
because of the small epicentral distances, and the other 
parameters have been set as following: density, p, equal to 3.0 
gr/cm3 , P-wave velocity a, equal to 6. 0 km/s 2 , ratio of P- and S
wave velocities, a/13, equal to 1.73, and free-surface reflection 
factor, k, equal to 0.5. Table III summarize the obtain results 
for the Patras main shock and for the longitudinal component of 
each station. 

Table III. The calculated values of the corner frequency, f 0 , the 
amplitude spectra, Q 0 , the seismic moment, M0 , and 
source radius, r, for the Patras main shock and for the 
longitudinal component of each station. 

CODE f 0 (Hz) Q0 ( cm/s) M0 (xlo 24 dyn.cm) r (km) 

PATll 0.35 0.75 1. 3 3.05 
AIG12 0.25 0.27 1.9 5.47 
AMA19 0.45 0.05 1. 0 3.05 
MSLl 0.55 0.23 1. 8 2.48 
NAU2 0.31 0.25 1. 5 3.21 

The average values of seismic moment and source radius have 
been calculated as the geometric mean values of each station, 
folllowing Archuleta et al. ( 1982). This, because a simple 
arithmetic mean produces higher average values due to errors 
associated with the interpretation of Q0 and f 0 • The geometric 
means are calculated by these relations and the values obtained 
are: 
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log<r> = l/N L:logr ==> <r> = 3. 3 cm 

and from these values on Brune's model we calculated the shear
stress drop and the average displacement on the fault plane. 

Ila = 16 bars and <u> = 13 cm 

Previous studies calculated empirical relations for the 
seismic moment and for the length of the source are: 

logM0 = l.21Ms + 17.66 (Tselentis et al. 1988) 

logL = 0.51Ms - 1.85, where L = 2r (Papazachos, 1989) 

and they giver= 5.1 km and M0 = 2.73 x l0 24 dyn.cm. A comparison 
betwen the theoretical and the calculated values (r = 3.4 km and 
M0 = 1.45 X l0 24 )should take into account a high uncertainty when 
we speak about these parameters. . 

Low stress drop values, between 1 and 30 bars, have also 
been estimated for the area of Greece using Brune' s model. 
Kulhanek and Meyer (1979) obtaind a stress drop of 6.6 bars for 
the Thessaloniki earthquake of the 20th June 1978 (Ms = 6 .4). 
Kulhanek et al. (1983) estimated a stress drop of 10.2 bars for 
the Corinth main shock of the 24th February 1981 (Ms= 6.7) and 
8.0 and 6.0 bars for the largest aftershocks (25th of February 
1981, Ms= 6.4, and 4th March 1981, Ms= 6.4). On the contrary 
Stavrakakis et al. (1986) obtained higher values for these shocks 
( 60, 30 and 15 bars respectively) but using Geller' s model 
( 1976), on the basis of the total duration of the far-field 
source time function. According to Stavrakakis et al. ( 1987) the 
partial low stress drop model is realistic for earthquakes 
characterized by a multiple source mechanism. Kiratzi and 
Papazachos (1984) explained the low stress drop by Archambeau's 
model (1978), which relates the low stress drop with the ratio of 
the body- and surface- magnitude and on this basis with the 
frequency content of the earthquakes. 

Although the shear-stress drop of the earthquake examined in 
this study is low in terms of absoulute values, it is high 
compared to the shear-stress drop of other earthquakes of larg~r 
magnitudes in Greece. The use of far-field body wave records is 
proposed as a further step to investigate this observation in a 
more detailed way. 
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Gutenberg-Richter's (3 Value and Standard Deviation of 

Attenuation Law 
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Istituto di Ricerca sul Rischio Sismico, CNR, Milano 

Abstract 

Hazard analysis is commonly performed by probabilistic approach to evaluate the expected ground 
motion for a given elapsed time. Generally seismic hazard is estimated in terms of P(PGA < PGA0 /t) 
or P(I < loft). For design purposes the procedure widely adopted is: 

1. Computation of P(PGA < PGAo/t) 

2. Evaluation of the OAF (Dynamic Amplification Factor) from statistical analysis of strong motion 
recordings. 

3. Scaling of the OAF to the computed PGA to evaluate elastic response spectrum. 

4. Assuming a design return period, design spectrum is derived from 3. 

This procedure leads to nonuniform probability of the design spectra and does not consider the depen
dence of OAF on seismogenetic zone considered. This paper shows that uniform probability response 
spectrum OAF is moderately dependent on standard deviation of attenuation law and that it is strongly 
influenced by the /3 of Gutenberg-Richter. 

Introduction 

Seismic codes use design spectra to prescribe horizontal forces to account for seismic input. These 
spectra are derived by acceleration elastic response spectrum using a mixed approach: PGA as a scaling 
factor of spectral ordinates and DAF to define the spectral shape. PGA is obtained by probabilistic 
hazard analysis, generally considering 90 % probability of non exceedence in 50 years, that is to say 474 
years Return Period given that Poissonian model is ordinary adopted. The OAF is generally derived by 
the shape of the response spectra of strong motion recorded in the area or worldwide. Often two or three 
OAF are prescribed by codes to account for different soil conditions. In principle this procedure does 
not assure the equiprobability of the obtained response spectrum, or, in other words, that the spectral 
ordinates have the same non exceedence probability. From the point of view of practical application it 
means that buildings with different To can be designed assuming different safety factors. The main goal 
of this paper is to evaluate the dependence of the OAF of uniform hazard response spectrum on main 
features of the seismic zone considered, i.e. on Gutenberg Richter law and on attenuation law. The 
analysis will be performed in terms of PSV. 

Uniform Hazard Response Spectrum 

Let us consider the principal steps of hazard analysis model according to Chiang et aJ.( 1984). The 
main features can be summarized as follow. 

- Earthquake occurrence is modeled by Poisson process, the rate A is considered as random variable, so 
the marginal distribution of number of events can be written: 
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(1) 

where /~(.X) is the posterior distribution on .X. 
- Magnitude distribution follows a Binomial law, PM; is the probability of success on a Bernoulli trial 
and is considered random variable, therefore the conditional probability of r events of M;, given the 
occurrence of n events is: · 

PR(rMJn) = 11 
PR(rM;i PMJn)dPM; 

= 11 PR(rMJPM;,n)f~(PM;)dPM; 
where f~(PMJ is the posterior distibution on PM; · 
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10 

Figure 1: PSV response spectra obtained using the Tento et al. , 1992 attenuation law for different mag
nitudes at distance 10 km and hypocentral depth= 10 km. 

- The probability of r events of magnitude M; is obtained combining 1 and 2; so the marginal 
distribution on TM; can be written: 

00 

PR(rM;) = L PR(rMJn)PN(n) 
0 
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- Given a M; and a source zone, the probability ot excecit!ence of pseudo velocity response spectrum 
PSV for a given period Tk at the site is computed by the following 

P(PSV(Tk) > psv;(Tc)) = P* P(M;) + (1- (1- p)2)P(2M;) + .. . (1 - (1 - p)°)P(nM;) (4) 

where: 
p = P(PSV(Tk) > psv(Tk)/M;) 

and the computation is performed for the whole set of periods of interest. 
- Eventually the total probability P(PSV(Tk) > psv(Tk)/M;) is calculated by summing over all 
magnitudes and seismic sources. 

12· 13° 14° 15° 16° 

42° 42" 

41° 41' . ,· 

40° 'RrrenianSea 40' 

12· 13' 14° 15° 1 s· 17' 

(5) 

Figure 2: Seismic source zone. The size (18000 Sq.Km.) is chosen on the basis of characteristics of 
Southern Italy seismicity: the rate A= 0.72 ev/yr, 3.5 < M < 7. Hazard is computed at the site labeled 
6.. 

Therefore given a seismic source and a reference site and considering the parameters that enter into 
hazard analysis, i.e. a and fJ of Gutenberg Richter law and attenuation law, it is possible to note that a 
and the attenuation law mean value affect only the absolute value of the expected UHRS (Uniform Hazard 
Probability Response Spectra), while /J and standard deviation could affect both the absolute response 
values as well as the DAF. In particular the influence on DAF of /J is due to Magnitude dependence of 
the OAF on response spectra attenuation law. Figure 1 shows the PSV response spectrum as obtained 
by Tento et al.(1992) attenuation law: it is possible to note the significant dependence of the spectral 
shape on magnitude. Other spectral attenuation laws (Sabetta (1989), Stamatovska (1990)) present the 
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same features. This result of course is not unexpected, given that it reflects the well known earthquake 
scaling law. 

Results 

Seismic h1J,zard tests have been conducted on the test area shown in fig. 2. The seismicity is considered 
homogeneously distributed within the source; the temporal behavior is assumed to be Poissonian and the 
conditional distribution of attenuation law (eq.5) is assumed lognormal. To evaluate the distribution of 

o.au 

0.60 

0.40 

0.20 

0.00 
0.0 1.0 

0'=.20 
cr according to Tento et al.(1992) 

damping 5% 

2.0 
To (sec) 

3.0 4.0 

Figure 3: Normalized uniform probability PSV for constant standard-deviation and for standard devia
tions obtained by attenuation law. 

eq.l, A from Gutenberg-Richter law has been assumed for the prior and actual data for the likelihood 
function. DAF(To) does not depend on O"(To) of attenuation law but on dO"(To)/dTo, therefore it is 
not modified by the O"(To) functions with derivative dO"(To)/dTo = 0. Actually standard deviation of 
response spectra attenuation law exhibits a moderately increasing of about 50% from To = 0 to To = 3 
sec.; therefore the modification produced on the DAF is not significant (see fig.3 ). Gutenberg-Richter 
/3 reported in literature assumes values from l.2 to 3 (Yegian (1979)). The results show that the DAF 
is significantly influenced by /3 value. Visual inspection of fig.4 leads to the conclusion that the DAF is 
strongly dependent on the seismogenetic zone considered. 
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Conclusions 

The shape of elastic response spectra prescribed by seismic codes is soil-site dependent but does not 
depend on the seismic source zone considered. In fig.5 the OAF of Eurocode (1993) for the three soil 
conditions are shown superposed to the OAF obtained by probabilistic analysis (500 years Return Period) 
for three /3 values. To note that in this case we deal with OAF of PSA. The OAF variation due to /3 
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Figure 4: Normalized uniform probability PSV for 500 years Return Period for different /3 values. 

is at least as important as that due to the soil conditions in Eurocode. The OAF dependence on /3 
is a direct consequence of the adoption of probabilistic model to evaluate uniform probability response 
spectra, therefore seismic code response spectra have to be defined zone by zone. 
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Design response spectra for the 3 types of soils. 
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SEISMIC MICROZONING METHODOLOGY OF URBAN AREAS ON MONTENEGRIN 
COAST 

Stani~a lvanovic and Micko Radulovic 

Civil Engineering Faculty of Montenegro,Montenegro,Yugoslavia 

ABSTRACT 

This paper deals with analysis of seismic microzoning 
methodology applied in five urban places on the Montenegrin 
coast. The intention is, besides review of cited methodology, 
to analyze, as objective as possible, impact of different 
geoloQical media on seismic intensity modification. 

INTRODUCTION 

Although there exist more seismic microzoning methodologies, 
numerous problems which should be solved in practice are left 
over, such as: 

Survey exactness: regional, local or individual objects; 
Time factor: which recurrence interval to take for seismic 
parameters calculation; 
Scaling and exactness of necessary topographic data; 
Substantiality of hydrogeologic, engineering-geologic, 
engineering-seismic and geotechnical informations; 
Locality impact on applied methodology (field morphology, 
infrastructure) and the like. 

GENERAL LOCALITY FEATURES 

Urban areas on Montenegrin coast comprise mainly lowland 
parts of the coast including coastal towns; Ulcinj, Bar, Budva, 
Kotor and Herceg Novi. (Fig.1. and Fig.2.) 

From geological point of view, all locations 
considered as a double-layer medium built up of: 

- paleorelief (bedrock); 
- quaternary sediments (cap rock). 

can be 

Palearelief (bedrock) is represented by Mezosoic limestones 
and dolomites, flysch sediments of Triassic or Eocene 
volcanic or volcano-sedimentary rocks. These rocks 
seismic substratum having very good rigidity and 
mechanical characteristics. 

age, rare 
represent 
phisical-

Quaternary sediments have the strongest impact on 
seismotectonic characteristics of the locality. They 
represented by: 

alluvial sediments: sand and gravel; 
prolluvial torrential detritus: debris, sand and 
with variable clay content; 
alluvial-deluvial products: debris, clayly debris and 

Quaternary deposit and surface altered semi-rigid and 
rocks are adopted as amplification midium. 

High underground water level is present in coastal 
ranging from 1,0m to 2,0m from field surface, and going 
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(Vp) velocity. 

INVESTIGATIONS CARRIED OUT FOR SEISMIC MICROZONING NEEDS 

Numerous geological, seismological, engeenering-seismological 
and geotechnical investigations have preceded seismic 
microzoning. 

In the framework of geological 
prepared morphometric, 
engeenering-geological maps. 

investigation there 
hydrogeological 

were 
and 

Morphometric maps (1:5000) are prepared by analyzing 
topographic maps (1:5000) and aerial photos. On the basis of 
these maps it has been done slope categorization of the iround 
in seven categories: (from 0°-5°), (from 5°-10°),(from 10 -15°), 
(from 20°-30°), (from 30°-40°) and over 40°. 

Hydrogeologic maps (1:5000) are prepared on the basis of 
analyzing detail hydrogeological mapping, rock water 
permeability, structural types of aquifers, general soil water 
balance, regime of underground and surface water, particularly 
during hydrologic maximum. 

Engeenering-geological maps with ground stability maps 
(1:5000) are prepared on the basis of engeenering-geological 
categorization of rocks, registration of modern geological 
processes and occurances and ground zoning according to the 
degree of stability. 

Seismological investigations have included: 
earthquake catalogue M~3,5 R~100km as well as 

influencing remotely centers; 
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- seismotectonic maps (1:5000); 
defining maximum expected earthquake -magnitude and 

intensity; 
defining maximum acceleration of bedrock for recurrence 
intervals of 50, 100 and 200 years; 
izoseist maps of 15. April 1979. earthquake; 
recording of maximum accelerations of this earthquake in 
individual localities. 

Engeenering-seismological investigations have comprised: 
geoelectric exploration (ground sounding: AB/2=100m; 

AB/2=200m; AB/2=500m. Total number of carried out 
geoelectric probes is 448); 
seismic refraction surveying (Vp and Vs) of waves in the 
extent of 26239m; 
measuring of soil microtremors in 146 places (Tab. 1.) 

Locality 

Ulcinj 
Bar 
Budva 
Ko tor 
Herceg Novi 

E x 

Seismic 
refraction 
profile ( m. ) 

4492 
4000 
6712 
6300 
5035 

t e n t of 

Geoelectric 
probes 

100 
120 
70 

128 
30 

Tab. 1. Extent of c arri ed out exploratory loforks 

w 0 r k s 

Soil Test 
Micro- holes 
tremors ( m. ) 

30 400 
36 200 
22 247 
38 500 
20 203 

Geotechnical investigations have comprised exploration of 
surface layer which is laying over bedrock and which 
great influence on amplitude-frequent features of the 
midium. Samples of semicohesive and cohesive soil from 
holes have been investigated. 

SEISMIC MICROZONING METHODOLOGY 

have a 
geologic 
the test 

Seismic microzoning is performed on the basis of seismic 
parameters. They are defined by regional seismo-geological 
explorations, which have determined expected seismic effects on 
bedrock and by detail explorations of local geotechnical 
environments. 

Bedrock seismic impact 

Regional seismogeological features are defined by: 
position of earthquake center; 
mechanism of seismic waves generalization; 
size of maximum occured or expected magnitudes; 
uniformity of seismic activities; -
t ectonic anisotropy of the midium through which seismic 
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waves a re passing trough; 
distance of earthquake center; 
predominant periods of maximum movement amplitudes. 

All cited impacts are universally e>:plored and analyzed 
according to the level of today's knowledge. As a result of 
this bedrock seismic impacts are defined. They are determined 
as a expected maximum bedrock acceleration from all earthquake 
centers and for recurrence intervals of 50, 100 and 200 years 
(Tab.2.). 

Recurrence intervals (years) 50 100 200 

Ulcinj 0,13 0,18 0,23 
Expected 

Bar 0,13 0,19 0,24 average 

maximum Budva 0,14 0,18 0,21 

acceleration Ko tor 0,12 0,14 0,17 
ao(g) 

H.Novi o, 11 0,13 0,16 

Tab. Z. Expected bedrock maxi.mum accelerati.on i.n fi.ve urban 

areas on Montenegrin coast for dif ferenl recurrence interval s . 

Impacts of local geotechnical media 

Geotechnical media have influence on earthquake amplitude and 
frequency modification depending on: 

depth of the layers; 
spreading velocity of elastic waves; 
bulk specific gravity; 
soil movement attenuation parameters. 

This influence is defined through: 
a) Time history of soil acceleration from 15.04.1979. 

earthquake (M=7,1) on accelerographs SMA-1; 
b) Dynamic reaction of characteristic geotechnical models. 
For elaboration the time history of soil acceleration, eight 

records, from four measuring places, of N-S and W-E components 
were used. Two records were taken from Ulcinj locality (hotel 
"Olimpic"), where the accelerograph was placed on the bedrock 
and two respectively from localities in Ulcinj (hotel 
"Albatros"), Bar and Petrovac where the accelerograph was 
placed on the characteristic g~ound. 

All components are previously deconvoluted and as a such 
applied to the model analysis. 

Thus, for each component is made a reaction spectrum of 
absolute soil acceleration which contains amplitude-frequent 
modifications due to the local geotechnical media impacts. 

For defining the seismic impacts of local geotechnical media 
from all five areas, there are ruled characteristic models, on 
whic h there are shown their fundamental seismogeological 
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features (Tab. 3.) 

Locality Number of characteristic 
geotechnical models 

Ulcinj 43 

Bar 107 

Budva 91 

Ko tor 81 

H.Novi 90 

Tab. 3. Number of chara.cleri.slic geolechni.co.l models o.ccordi.ng 

lo locali.li.es. 

By dynamic analyze of these models there is defined their 
response on impulses from characteristic time history 
accelerations. Results of this analyze represent a base for 
defining seismic impacts of local geotechnical medium. 

However, geotechnical characteristics, in regard to applied 
investigation methods, are related to areas of faintly shearing 
deformations, where the material behaviour can be considered as 
elastic and linear. Since, during a strong earthquake, material 
suffer greater shearing deformations, bringing material to the 
state of non-linear behaviour, it was indispensably to use 
labaratory dynamic test of soil models. 

In absence of such tests, there were used mean representative 
results of known authors for appriciate materials for which are 
defined dependence of velocity attenuation, in other words 
dynamic shearing modulus, from shearing deformations increase. 

As a result of seismic impact of local geotechnical midium 
analyze, there are identified eight dynamic amplification 
factors for each analyzed geotechnical model respectively. The 
representative dynamic amplification factor DAF(rep.), is 
defined as a mean value DAF(mean), of eight values 

DAF (rep.) DAF (mean) ( 1) 

E>:pected average 
geotechnical model 
years are defined 
accelerations (a ) 

0 

maximum accelerations for each analyzed 
for recurrence intervals of 50, 100 and 200 
as a multiple of corresponding bedrock 
and representative dynamic amplification 

factors (DAF)rep. 

max 
a 0 DAF (rep.) ( 2) a 

Seismic intensity coefficient (K ) 
s 

according to individual 

zones for reinforced concrete construction 
e>:pression: 
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a max 

K 
s 

a max ~max 

g . µ 

maximum expected horizontal 

corresponding period of time 

( 3) 

acceleration for. 

maximum value of reaction spectrum with eight records 

of horizontal acceleration 
µ equivalent ductility (taken from the accustomed values 

for reinforced concrete constructions) 
In Tab. 4. there are some results of seismic microzoning of 

Budva locality. ---
Lithologic composition Vp Ve y amax 

K 
.seism~c 

(m/s > < m/s > K~~ ( g > s ~n~~8~~ty -Limestones and dolomites, 3750- 1750- 25-bedded,massive and thick-
5000 2500 27 

0,14 0,07 VI II 
bedded - -
Fainted zones in these 3000- 1150- 25-

0,14 0,07 VI II 
rocks 3750 1250 27 - -
Porphyrites and diabases, 3200- 1400- 25-
complex of tuffs and 

4200 2200 27 0,16 0,08 IX 
silicified marls 

-2350- 1100....: 25-
Weathered cherts 3200 1400 27 

0,16 0,08 IX - -
Flysch complex: marls, 2800- 900- 22-

0, 16 0,08 IX 
slates and sandstones 3500 1400 25 

- -
Weathered flysch with 2000- 500- 22-
weathering zone depth 

2800 900 25 
o, 16 0,08 IX 

of 10-20 m 

- i----

Alluvial-delluvial 
slopewash: blocks, 900- 300- 17-

0,20 0,10 IX 
debris, detritus and 1600 550 20 
clay 

- -Alluvial-prolluvial 
slopewash: gravel-clayly 2200- 600- 10- o, 20 0,10 IX 
and clayly-debris 2400 700 22 
composition - i----

Prolluvial-alluvial 
and alluvial slopewash: 1000- 200- 18-
sands, gravels and 2000 550 20 0,24 0,12 IX 
debris; clayly to 
changable degree ---

Tab. 4 . Some results of sei.smi.c mi. c rozoni.ng of Budvo. l oc ali.ty 
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Lithalagic composition 

Deluvial clayly-debris 
slapewash, depth 15-25m 

Alluvial and 
pralluvial-alluvial 
slapewash: gravels, 
sands and clays mixed 
with sea muds 

Deluvial complex of 
clayly-debris 
composition, depth 
25-40m 

Vp Vs 
(m/s) < m..-s > 

1000- 350-
2000 650 

1300- 300-
2400 650 

600- 1800-
800 2000 

r ama.x K 
Ki:Ym~ ( 9) s 

18-
21 0,24 0,12 IX 

19-
21 

0,3(> o, 15 IX 

20-
22 0,30 0,15 IX 

Ta.b. 4. Some results of sei.smi.c mi.crozoni.ng of Budva. loca.li.ty 

Besides seismic parameters, seismic zoning is done 
to the stability of local geotechnical midium 
activity (occurences of landslides, rack-slides 
gravity movements). 

CONCLUSION 

according 
on seismic 

and other 

Seismic parameter, on the base of which is made seismic 
microzoning, are represented by expected maximum accelerations 
and seismic intensity coefficients far different recurrence 
intervals. Integral parts of these parameters are 
characteristic time history of accelerations and absolute 
acceleration spectra. 
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EXPECTED GROUND ACCELERATIONS AT A SITE DUE TO HYPOTHETICAL 
REVERSE AND NORMAL FAULT MODELS 

D.I. Makaris and G.N. Stavrakakis 

Geodynamic Institute, National Observatory of Athens, 
P.O. Box 20048, 11810 Athens 

ABSTRACT 

The methods for estimating the seismic motion at the base rock 
are based on: 

- empirical relationships derived from strong motion records, 
- theoretical approaches considering a fault model for long 

period motions, 
- semi-empirical approaches considering a fault model for 

short period motions, 
- using macroseismic intensities from past earthquakes. 

Several studies have shown that the type of faulting can 
influence strong ground motions. 

It has been reported (Campbell, 1981) that accelerations from 
reverse faults are systematically about 20% to 30% higher on the 
average than those from other fault types. It has also been 
proposed (McGarr, 1982) an upper bound on peak acceleration, 
namely 2g for reverse faulting and 0.4g for normal faulting. Of 
course, these upper limits can be exceeded if local site effects 
amplify the motion. 

However, the rupture propagation on the fault plane seems to 
play a predominant role on the ground motion, and several 
attempts have been made to take it into consideration in 
computing the expected peak acceleration at a site. Midorikawa 
and Kobayashi (1980) proposed a method for estimating the 
response envelope of near-field ground motion with regard to the 
rupture propagation. The fault plane is divided into small 
subfaul ts. In this case, the envelope of the ground motion in 
short period range ( 0. 1 to 5 seconds) is represented as the 
superposition of the subfaults. The characteristic of the seismic 
wave from each subfault, such as waveform envelope and response 
spectrum are determined from various empirical relations. This 
method has been applied in the present study in order to compute 
the peak acceleration values at the base rock level due to 
hypothetical reverse and normal fault models. Considering the 
general geological conditions of the investigated area, the 
corresponding values are obtained at the ground surface. 

INTRODUCTION 

For the prediction of earthquake damages, it is necessary to 
estimate the intensities of the strong ground motions in near 
field. It has been pointed out that the intensity of the ground 
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motion reflects strongly the nature of the fault rupture. 
Propagation of seismic waves due to the rupture of the fault, 

have been studied recently and several theoretical methods were 
presented for estimation of ground motions on observed sites. 
However, these applications are applicable for rather long 
period motions and they are not adequate for short period 
motions. 

Kobayashi and Midorikawa (1980) proposed a method for 
estimation of near-field earthquake ground motions with regard to 
the shape and dimension of the fault and the direction of rupture 
propagation considering multi-point sources. 

This method has been applied in the present study in 6rder to 
compute the peak acceleration values at a base rock level of the 
Kefallonia (West. Greece) earthquake of Jan. 17,1983. 
Considering the general geological conditions of the investigated 
area, the corresponding values are obtained at the ground 
surface. 

ESTIMATION OF THE GROUND MOTION AT A BASEROCK LEVEL 

It is well known that the spectral shape of acceleration on 
the surf ace of bed-rock is influenced by the source mechanism 
of earthquakes and the formation through which seismic waves 
pass. The velocity response spectrum Sv(M0 ,X,T)with 5% damping 
ratio on free-field bed-rock is assumed to be the function of 
seismic moment (Mo) of earthquake by dyne.cm, and hypocentral 
distance X(km) in addition to period T(sec) as follows: 

logSv(Mo,S,T)= a(T).(logM0 - 26.6)- b(T).logX + 2.36(la) 

where a(T), b(T) are coefficients which depend on the period T. 
The coefficients a(T),b(T) and the velocity spectra are shown in 
Fig. 1 and 2, respectively [after Kobayashi and Midorikawa 
(1982)]. 

Ice; Sllor.l•cr.iOcc;M.·25.Sl- bCT'HQ9X 
~us 

00'--~-'--"--'-'-............. ..._~-------!. 
.I .2 .!5 · L 2. 5. 

PERIOD T SIC. 

Fig.l Variation of coefficients with period. 
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Since it's difficult to get Mo corresponding to each 
~arthquake, the empirical relation between M and Mo presented in 
earthquake lb was used; this relation was proposed by Kiratzi et 
al. (1985) for earthquakes in the area of Greece: 

logM0 = 1. 21 . Ms + 1 7 . 6 6 (lb) 

In order to compute the peak acceleration values, the 
following assu~ptions hav• been made (see and Fig.J): 

(i) The envelope of the incident wave, E(t), is assumed to be 
of a triangle form. Its duration, d, is defined as the sum 
of the dsourcJ.hat is the rupture duration, and dx that is 
the time interval between the fastest and the latest wave 
arrival at the site under consideration (Trifunac and 
Brady, 1975). 

Cl 
.E 

26 
Mo• 5 x 10 dyne·cm ( M •7) 

.:.: 
20 h•0.05 

X• 20km 

X• 50km 

X• IOOk 

X•200km 

. 5 I. 2. 5 . 
PERIOD sec. 

Fig.2 Velocity response spectra of incident waves. 

(ii) The envelope of the incident wave is regarded as the 
superposition of the impulses from the finite elements of 
the fault plane, and the shape of the impulse is regarded 
as shown in Fig. Ja. 

(iii) The envelope of an oscillator whose damping coefficient 
is relatively large, is similar to that of the input 
motion. 

(iv) The fault plane is divided into n-elements of the finite 
planes as shown in Fig. Jc. By superposition of the 
pulses from the finite elements, the response envelope is 
obtained. (Fig. 3d). 
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Fig.3. Schematic illustration on the proposed method. 

(v) The peak acceleration can be estimated from the spectrum 
intensity, by using the formula: 

~ax= 1.2 . M.S.I. (2) 

where, M.S.I. is the modified spectrum intensity. M.S.I. 
is derived by Midorikawa and Kobayashi (1978) from 
Housner' s definition ( 1965) for S. I. ( srectrum intensity). So.s 

M.S.I. = Sa(T)dt (3) 
0.1 

where, Sa(T) is acceleration response spectrum for damping 
factor h=0.05. 

(vi) Once the peak acceleration has been computed at a base 
rock level, the surface acceleration can be obtained 
following Midorikawa and Kobayashi, (1980). They defined 
as a seismic bedrock that boundary of which shear-wave 
velocity is approximately 3km/sec. The same authors found 
that the amplification factor of ground for peak 
acceleration F, is affected by the composition of soil 
layer as shown in the Fig. 4. 

The above mentioned procedure has been proposed by Midorikawa 
and Kobayashi (1980), Kobayashi and Midorikawa (1982), and has 
been applied among others, by Makaris ( 1989), to compute the 
expected peak ground acceleration for Tokai and Kanto area, 
Japan, by considering the "hypothetical Tokai eq.", as well as by 
Stavrakakis et al. ( 19 91) for the Kalama ta (Southern Greece) 
earthquake of Sep. 13, 1986, by Makaris et al. (1992) for the 
Volos (Central Greece) earthquake of July 7, 1980 and by Makaris 
et al. ( 1993), for the Corinth (Central Greece) earthquake 
sequence of 1981. 
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Fig. 4 Amplification factor versus Vs of surface layer (after 
Midorikawa and Kobayashi, 1980) 

THE CEFALLONIA (WEST. GREECE) EARTHQUAKE OF JAN. 17, 1983 

Cefallonia island is located in the northwestern part of the 
Hellenic arc. Convergent block movement in the area results in 
frequent large shallow earthquakes. The latest large event 
occured on Jan. 17,19 8 3 with Ms = 7. 0. The mains hock was 
succeeded by numerous aftershocks distibuted .,pver a distance of 
60km in the strike direction. (Fig. 5) 

0 

JB.O JS.O ~lh(lrrn) 

l5 . l5 <O~C 70 . 70 

0 
tPB D u-1.0 

0 u- 8.0 
D 0 .... 5.0 

0 ..... c.o 

0 o~ •m 
J7.0 J7.0 

19.0 20.0 21.0 22.0 

Fig.5 Aftershock distribution of the Cefallonia ( W. Greece) 
earthquake of January 17, 1983. 

The main event of Jan.17, 1983, has been interpreted from P
wave first motion analysis as strike-slip with a thrust 
component. ( Scordilis et al., 1985). 'The largest aftershock of 
Ms=6.2 is characterized as a strike-slip by the same authors. 
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Fault pl'One solutJ-on proposed by ScordJ-lis et al. ( 1985) with 
strike =41 ,dip =44 ,and rake angle =171 is used in the present 
study in order to compute seismic acceleration in the broad 
epicentral area of Jan.17,1983 Kefalonia earthquake (Fig.5). 

In all trials the fault plane of 60km length and 20km width, as 
inferred from the aftershock distribution was divided into finite 
elements. 

To compute the distribution of the seismic accelerations at a 
baserock level as defined by Midorikawa and Kobayashi (1980), we 
used the above mentioned fault plane solution and considered 
different modes of rupture propagation. 

Fig. 6 is a simplified geological map of the region under 
investigation. 

The amplification factors proposed by Midorikawa and 
Kobayashi (1980) -taking also into consideration the study of 
E.Shima, T.Imai (1982)- are the following: 

F=5.5 (Holocene) 
F=3.5 (Neogene-Pleistocene) 
F=2.5 {Preneogene) 

The surface peak accelerations were estimated by multiplying 
the obtained acceleration values at the base rock with the 
amplification factors of the surface layer. 

l 
.... 

HOLOCENE 

NEOGENE-PLEISTOCENE 

PRENEOGENE 

Fig. 6 Simplified geological map 
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At this point,we must mention that although in Greece we have 
a relevant attenuation relationship for spectra values proposed 
by Theodulidis et al.(1992), we haven't incorporated it in our 
model, mainly due to the reason that it refers to calculations at 
the surface of the earth, whereas Midorikawa's attenuation law 
refers to calculations at the seismic bedrock, where seismic 
bedrock is an ideal structure in earthquake engineering. 

Generally, layer of rock of which velocity of P-waves is more 
than 5.0 km/sec and velocity of S-waves is more than 3.0 km/sec, 
is defined as seismic bedrock. 

Figures 7a,7b show the distribution of the seismic acceleration 
at the base rock and surface respectively, obtained by assuming 
a bilateral rupture mode and Fig.8 corresponds to a unilateral 
rupture mode. · 

Additional to that, several attempts have also been made by 
using different rupture modes. Due to space limitations we 
include only those which are most representative for the 
Cefallonia island. 

Moreover, we have tried to compute the accelerations by 
changing the source parameters in .order to investigate their 
influence in the peak values. It has been found that the rise 
time and the rupture length are the most important parameters 
which affect the acceleration, especially in the near field. 

(a) (b) 

20 21 20 

MAINSHOCK - 17 JAN.1983 
Fig.7 a) Acceleration distribution at base rock for a 

bilateral rupture mode. 
b) Acceleration distribution at surface for a 

bilateral rupture mode. 
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(a) 

21 20 

(b) 
MAIN SHOCK - 17 JAN.1983 

Fig.8. a) Acceleration distribution at base rock for a 
unilateral rupture mode. 

b) Acceleration distribution at surface for a 
unilateral rupture mode. 

21 

For the main event (17/1/1983, M =7.0) peak accelerations which 
have been recorded (Theodulidis, 19~1) and the equivalent computed 
ones are: 

STATION 

ARG 
( 33km from 
epicenter) 

MAINSHOCK 117/1/1983) 
RECORDED P.G.A. COMPUTED P.G.A. 

0.162g(LONG) 0.21lg(bil.rupt.mod.) 
0.498g(unil.rup.mod.) 

Comparing the distribution of seismic acceleration at the 
earth's surface with peak accelerations recorded from various 
stations near the epicenter we led to the following conclusions: 

( i) It is obvious that the proposed model gives very good 
agreement with the observed values. The peak acceleration 
values obtained by using a bilateral rupture mode seem to 
be most realistic for the region of interest. This is 
also in consistency with the aftershock migration 
pattern.(Fig.5). 

(ii) Computed surface acceleration results were also compared 
with the rnacroseismic intensities which were observed in 
different places of the broad epicentral area (Fig. 9). 
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From this comparison we concluded that calculated results 
are in general consistency with the distribution o~the 
observed macroseismic intensities; especially those 
representing bilateral rupture mode. 

OBSBRVBD Hl\CROSBISHIC INTBNSITIBS 

MM SCALE 

.. VI DBGRBBS 

CJ V DBGRBBS 

[R.O.A., SBISH.BULL., Jl\N.1983] 

... ... 
Fig.9 Macroseismic Intensities - Main Shock Jan.17,1983 

(iii) Moreover there were 
same region the 
faulting. In that 
acceleration. 

some more trials considering for the 
thoretical possibility of normal 
case we got much lower values in 

DISCUSSION AND CONCLUSIONS 

In the present study, the seismic accelerations at a base rock 
level have been computed using a semi-empirical approach, as 
proposed by Kobayashi and Midorikawa (1982). 

Considering the focal mechanism parameters for the Cefallonia 
(Western Greece) main shock of January 17, 1983, and taking also 
into account the main geological features of the broad epicentral 
area, we finally computed the peak acceleration values at the 
surface of the earth. 

The peak values obtained by using a bilateral mode of rupture 
propagation seem to be the most realistic for the region of 
interest. 

The applied method appears to be useful for microzoning 
studies. Especially, for regions where a large earthquake is 
expected to occur, the distribution of the ground acceleration 
can be estimated by adopting "hypothetical fault models" on the 
basis of the seismotectonic characteristics of the investigated 
areas, as well as, on the past earthquakes. 

Suppose, for example, that in a region is expected to occur a 
large earthquake in terms of the results of intermediate 
earthquake prediction. 

This method seems to be of great importance to compute the 
expected ground accelerations in the broad epicentral area. 
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Abstract 
The seismic isolation technique is gaining more and more importance in 

the teduction of seismic vulnerability of relevant buildings. Because of this, it is 
now crucial to look at the seismic input in the low frequency region (0.2 - 0.5 Hz). 
The quality of strong motion data recorded with non-digital instruments is often 
not good enough for this purpose, mainly because of the low-frequency noise 
introduced in the digitization process. Furthermore, it may be very hard to 
integrate accelerograms in order to estimate the ground velocity and 
displacement during an earthquake. On the other hand, the data base of digital 
recordings is far from giving a wide range of characteristic signals that could be 
used as seismic input in the design of a seismically isolated structure. For this 
purpose, the computation of synthetic displacements can be a powerful tool to 
investigate the effects of different source and structural parameters on ground 
motion. 

We have developed an efficient procedure, based on the computation of 
synthetic seismograms by the modal summation technique, to estimate the 
characteristic seismic input at a regional level. In a first application, we have 
considered the whole Italian territory. The synthetic signals obtained for the most 
seismic areas have been processed in order to extract the relevant information 
that could be used by civil engineers in the design of seismic-resistant structures, 
like peak ground acceleration, Fourier spectra and response spectra at different 
damping values. The comparison of acceleration response spectra (5% damping) 
with seimic codes (like for instance Eurocode 8) allows us to estimate also the 
design ground acceleration. 

Introduction 
Numerical simulations are getting more and more important in the 

definition of seismic hazard. Wave propagation can be modelled in 2D and 3D 
media, taking into account all the relevant frequencies used by civil engineers 
(up to lOHz) for the design of earthquake-resistant structures. Nevertheless, the 
sophisticated computational techniques that have been developed (e.g. Fah et al., 
1993 a; 1993b) can be reasonably applied in the high-frequency range only if the 
site conditions are known with the requested detail, and the source characteristics 
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too. As a consequence, it is obvious that microzoning investigations are feasable 
only at specific sites, require the preliminary execution of expensive geophysical 
and geotechnical surveys and therefore can not be applied to the whole territory 
of a Nation. 

A wide-area seismic zonation can be performed through a deterministic 
modelling only limiting the computations in the low frequency range (::;; lHz). In 
such a case, structural models can be reasonably approximated with parallel, flat 
layers and source complexity can be in some way neglected. The results obtained 
in the low-frequency range can be immediately applied to large manufacts, like 
dams and bridges, and to special buildings like hospitals, skyscrapers and power 
plants, characterized by long resonance periods. But the combined use of 
synthetic response spectra with design spectra (like for instance Eurocode 8) 
allows to extend the validity of the computations also in the high-frequency 
range (tens of Hz). 

REGIONAL 
POLYGONS 

STRUCTURAL 
MODELS 

FOCAL 
MECHANISMS 

SEISMOGENIC 
AREAS 

SEISMIC SOURCES 

RECEIVERS 
ASSOCIATED WITH 

EACH SOURCE 

TIME SERIES 
PARAMETERS 

P-SV SH 
SYNTHETIC SYNTHETIC 

SEISMOGRAMS SEISMOGRAMS 

VERTICAL HORIZONTAL 
COMPONENT COMPONENTS 

EXTRACTION OF 
SIGNIFICANT 
PARAMETERS 

Figure 1. Flow chart of the deterministic procedure. 
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Method 
A deterministic procedure for the first-order seismic zoning of a territory, 

based on the computation of synthetic seismograms by the modal summation 
technique (Panza, 1985; Florsch et al., 1991), has been developed at the Institute of 
Geodesy and Geophysics of the Trieste University (Costa et al., 1993; Vaccari et al., 
1995) in the framework of the activities of the CNR-GNDT (Consiglio Nazionale 
delle Ricerche, Gruppo Nazionale per la Difesa dai Terremoti). 

The flow-chart of the procedure is shown in Figure 1. A knowledge about 
regional structural models is required, as well as the information about seismic 
sources: the distribution of seismogenic zones, a catalogue of historical seismicity 
and a database of fault-plane solutions. A set of seismic sources is generated 
within the seismogenic zones, and a set of grid points (0.2° x 0.2°) covering the 
whole territory is defined. The synthetic seismograms are generated at each node 
of the grid (displacements, velocities and accelerations for frequencies ~ lHz, P
SV and SH horizontal components) starting from the defined sources, limiting 
the computations to epicentral distances shorter than 90km. Each source is 
modelled by a double-couple corresponding to the fault-plane solution 
representative of the seismogenic zone to which it belongs. The scalar seismic 
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Figure 2. Distribution of sources used to generate the synthetic seismograms. The 
polygons represent the seismogenic zones defined by GNDT {1992). 
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moment is obtained from magnitude using the relation given by Kanamori and 
Anderson (1975). Source finiteness is accounted for by properly weighting the 
source spectrum in the frequency domain using the curves given by Gusev 
(1983). In this way we can adequately model the frequency content of the signals, 
but for large-magnitude events we generally underestimate the signal duration 
in the time domain, that is due to source complexity. The comparison of the 
synthetic signals with the recordings of the Irpinian (Southern Italy) earthquake 
of November 23, 1980 (characterized by a very complex rupturing process at the 
source - e.g. Vaccari et al., 1990), filtered at lHz, allows to say that the peak values 
obtained in the synthetic signals are adequate (Costa et al., 1993) and can be used 
for an "a priori" estimate of the ground motion. On the contrary, integral 
quantities obtained from the synthetics would lead to an underestimation of the 
hazard, especially for earthquakes characterized by complicated rupturing 
processes at the source. 
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Figure 3. Maximum acceleration computed at the grid points (frequency::; lHz). 

Seismic macrozoning of Italy 
At first, the necessary input data-sets have been defined. On the basis of the 

lithospheric characteristics, the Italian territory has been subdivided into 16 
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regional polygons (Costa et al., 1993), and a flat-layered anelastic model has been 
associated with each polygon. Sources are distributed within the seismogenic 
zones, defined by GNDT (1992) using seismological and seismotectonic 
observations (e.g.: Patacca et al., 1990). The available fault-plane solutions have 
been grouped in a database by Suhadolc (1990) and Suhadolc et al. (1992) and a 
characteristic focal mechanism is then assigned to each seismogenic zone. The 
magnitude associated with each source has been obtained from the new release of 
the earthquake catalogue for Italy (file NT prepared by Stucchi et. al., 1993). For 
historical seismicity, when magnitude is not given in the catalogue, it has been 
obtained from intensity using Karnik relation (1969), following the same 
procedure that was adopted for the PFG (1985) catalogue. The spatial distribution 
of m~gnitude has been properly smoothed, in order to minimize the effects of 
errors associated with the location of the events, mostly in the earlier part of the 
catalogue. In Figure 2, each symbol represents the location of one source and its 
magnitude, while polygons show the geometry of the seismogenic zones given 
byGNDT. 

For the definition of the map shown in Figure 3, after the calculation of 
synthetic seismograms, at each node of the grid the maximum acceleration 
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Figure 4. Maximum velocity computed at the grid points (frequency ::; lHz). 
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(AMAX) is selected among the available signals generated by the different 
sources. The same procedure has been applied for the maximum velocities 
(VMAX) and displacements (DMAX) shown in Figure 4 and 5 respectively. 
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1 0 . 20 . 
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38 2. 38 
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1 . 

36 36 
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Figure 5. Maximum displacement computed at the grid points (frequency :S lHz). 

From the engineer's point of view, a relevant parameter for the design of 
seismoresistant structures is the "design ground acceleration" (DGA), based on 
the computation of acceleration response spectra. So we have generated these 
spectra starting from the synthetic seismograms selected for the preparation of 
Figure 3. The narrow spectral content of the signals does not allow a 
straightforward determination of the design ground acceleration. To overcome 
this problem we can make use of the seismic codes, like for instance Eurocode 8: 
Figure 6 shows the steps used to determine DGA and a comparison between the 
theoretical results and one observation of the 1980 Irpinian (Southern Italy) 
earthquake. The thin solid line represents the synthetic acceleration response 
spectrum Sa5% (5% damping) obtained at the grid node corresponding to the 
Sturno station, close to the epicentral area of the event. The thick solid line gives 
the design spectrum defined for a rigid soil (Soil A) by Eurocode 8, properly scaled 
so that at any period T it never underestimates the synthetic one. The design 
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ground acceleration is given by Eurocode 8 at T=Os: 0.44g. The dotted line is the 
Sa5% response spectrum obtained from the NS component recorded at Sturno. 

The procedure for the determination of the design ground acceleration has 
been then applied at each node of the grid: the results are shown in Figure 7. 

SOILA 
ACCELERATION RESPONSE SPECTRA 

(5% damping) 
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T(s) 

DESIGN GROUND ACCELERATION: 0.44 g 

Figure 6. Theoretical acceleration response spectra with 5% damping obtained at. 
the grid node corresponding to the station of Sturno in Irpinia (thin solid line). 
Design spectrum for a rigid soil according to Eurocode 8 (thick solid line), that 
indicates a design ground acceleration of 0.44g. The acceleration response spectra 
obtained from the recorded NS component at Sturno is shown by the dotted line. 

Conclusions 
The synthetic seismograms generated by the deterministic procedure, and 

the relevant parameters that can be extracted from them, constitute a valuable 
information for the design of seismoresistant structures. A large amount of data 
can be generated at a very low cost, since the whole procedure can be run on 
medium-range workstations. The information about ground motion, carried by 
the synthetic signals, is very often the only one available at a site, since 
recordings of strong earthquakes will never be available on the whole territory. 

An intrinsic advantage of the deterministic procedure is given by the 
possibility of easily testing the influence of each set of input data (for instance: the 
seismotectonic model, the catalogue of seismicity and so on) on the results. 

The influence of the approximations introduced in the models (source and 
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Figure 7. Design ground acceleration obtained at each grid node using the 
synthetic response spectra in conjunctio.n with the design spectra defined by 
Eurocode 8 for a rigid soil (type A). 

structure) can be easily quantified comparing, for a limited number of sites, the 
results of the macrozoning with more detailed computations that take into 
account the rupturing process at the source and the lateral heterogeneities in the 
structure. 

The limited frequency range ($ lHz) does not preclude the possibility of 
computing the design ground acceleration, since the high-frequency part of the 
response spectra can be extrapolated by using design spectra, like for instance the 
Eurocode 8. Anyway it would be possible a comparison with the results obtained 
modelling wave propagation in 2D media at higher frequencies, but such a 
comparison would be possible only where the results of accurate geophysical and 
geotechnical surveys are available (e.g. Fah et al., 1993b; Fah e Suhadolc, 1994). 

Furthermore, the study of seismic input at frequencies lower than lHz is 
getting more and more important since the seismic isolation techniques tend to 
lower the resonance period of man-made structures, bringing it in the range 
between 0.2 and O.SHz. 

In the results shown in the present work, no probability of occurence is 
associated with the magnitude assigned to each source, and therefore with the 
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seismic moment and the ground motion. The maximum observed magnitude is 
chosen, this being the most conservative approach for the prediction of the 
strong ground motion. To include probabilities, for each seismogenic zone a 
magnitude distribution law can be determined analyzing the past seismicity. 
Then the scalar seismic moment can be assumed to be proportional to a 
magnitude for which a given probability of occurrence can be postulated, rather 
than to the maximum one. 

In this way it is possible to set up an integrated procedure that can combine 
the advantages of the deterministic and probabilistic approaches. In a short time 
we think we can produce maps where displacements, velocities and 
accelerations, as well as design ground accelerations will be associated with a 
probability of exceedance for a given return period. 
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Earthquake hazard in Austria 
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ABSTRACT 
After 15 years a new seismic hazard map for Austria has been developed. The algorithm is 
based on regressions of the recurrence of accelerations derived from a magnitude-distance 
relationship. For the purpose of establishing default focal depths, Austria was divided into 
fifteen regions which fulfilled seismological, geologica1 and statistical demands. For each 
region focal-depth statistics were carried out to reconstruct magnitudes from intensities for 
further calculations of ground motions. The resulting map of effective ground accelerations 
resembles the previous map to a large extent although accelerations are somewhat higher. The 
aver.age focal-depth of earthquakes in Austria amounts to 6 km. Maximum magnitudes 
seldom exceed M5,2 and concentrate in distinct areas. A theoretical study on the transfer
function of sediments revealed, that sediments rather amplify ground velocities than ground 
accelerations. 

INTRODUCTION 

Austria's seismicity can be considered as moderate and maybe be compared with those of 
Switzerland. On average sixteen earthquakes are felt in Austria each year. Although the 
earthquake hazard seems to be rather low - with increasing industrialization, the earthquake 
risk can reach levels of concern - especially in areas where secondary effects of earthquakes 
can cause great damage or losses. 

The following paragraphs shall give an overview of the regional seismicity in Austria and 
the employed methods for the calculation of the national hazard map. 

SEISMIC REGIONS 

The delineation of seismic regions provides the necessary background for establishing basic 
regional parameters, such as 

• default focal depth (necessary for later derivation of magnitudes from macro-seismic 
intensities) 

o maximum magnitude (incl. comparison of methods) 
• completeness of earthquake data (dependent on population density, number of seiswic 

stations etc.) 

For this purpose, Austria has been divided into fifteen seismic regions according to the 
following criteria (in order of their importance): 

• seismic activity (statistical needs must be met) 
• geological information (basins and major fault structures should form entities) 
• administrative boundaries (regions cover Austria and should not extend into foreign 

countries) 
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Figure 1 Seismic regions in Austria 

The average focal depth of earthquakes in Austria amounts to 6 km. However, deeper 
earthquakes occur down to 20 km in some regions (Nr. 6, 7, 9, 10, 12 and 15, see Fig.I). 
Although these results are based mainly on macroseismic evaluations - they give valuable 
informations, help to delineate seismic regions and to define default values. 

The lower limit of resolved magnitudes - which were again derived from macroseismic 
intensities via Shebalin's relationship (1958) 

M = 0,67*10 + 2,29*log10(z) - 2 
with 
10 . .. macroseismic intensity 
z... focal depth (km) 

varies across Austria between Ml,3 and M2,8. 
Therefore, the regional seismicity is expressed in Table 1 by the number of earthquakes 

exceeding M2,8 in 100 years, as this magnitude can be resolved definitely across whole 
Austria since 1900. 

Typical focal depths of each region are listed in the second column of Table 1. This values 
are mainly based on macroseismic interpretations of earthquakes and serve as a default depth 
in further calculations (see next paragraph), should the focal depth be unknown. 

Magnitudes of earthquakes in Austria do not seem to have exceeded M6,0 (Mhist) since 
1201 - the time, when the Austrian earthquake catalogue begins. Between 1201 and 1900, 
seventy-nine earthquakes are filed in this catalogue - twenty-four of them had an 
macroseismic intensity of degree VII or above. Since 1900 nine earthquakes occurred with 
similar intensities - thus indicating, that many earthquakes of intensity VII are still undetected 
between 1201 and 1900. 

Maximum magnitudes for each region were calculated with extreme-value-statistics 
(Gumbel, 1958) - based on earthquake data since 1900 only. The statistic is based on a 
distribution of temporal maxima, whereas the maxima are determined from consecutive time
windows, which is normally chosen to be 1 year. Several test-runs with different time
window parameters showed however, that all regions could be best approximated by a 
Gumbel III approach with time-windows of 10 years. In this case, a recurrence period of 
1000 years corresponds to a probability of 99 %. 
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Table 1. Seismological characteristics 

No. N z(km) Mhist M1~ MCE 

1 1,5 3,4 3,3 3,3 45 

2 37 2,3 3,6 3,8 4,5 

3 6,2 3,7 6,o* 3,9 601 

4 104,7 6,4 5,2 5,4 5,5 

5 19 0 4,4 4,6 4,2 50 

6 92,9 7,7 5,3 5,3 5,5 

7 58 6 6,2 5,3 4,9 5,5 

8 70 8 8,2 4,1 4,3 50 

9 41,5 6,0 4,6 4,8 5,0 

10 118,6 7,5 6,o* 5,5 6,02 

11 9,6 6,4 4,2 4,8 5,0 

12 41 ,5 7,8 5,0 ·5,6 60 

13 21,8 7,8 4,6 5,3 6ol 

14 14,9 7,5 33 3,4 4,5 

15 36,6 6,7 4,8 4,6 6 54 

remarks: 
No. : seismic region (Fig.I) 
N : number of events (M ~ 2,8) in l 00 years 
z : average focal depth (km), default value for hazard calculations (Fig.3) 
Mhist : maximum magnitude based on historical descriptions 
M1000 : maximum magnitude with 1000 years recurrence period, Gumbel III-distribution 
MCE : magnitude of maximum credible earthquake 
* : estimate from historical descriptions 

: increased because of the 1590-event (Neulengbach) 
2,3 : increased because of the 1201-event (Murau) 
4 : increased to M6,5 (proximity of Friuli) 

The M1000-magnitude represents this value of the extreme-value curve, truncated at 1000 
years (Tab.I) . 

In ten out of the fifteen regions, the difference between the M1000-magnitude and the 
historical maximum magnitude amounted to less than half a magnitude-unit. In two cases 
M1000-magnitudes grossly underestimated the seismic hazard, and in three cases Miooo 
exceeded Mhist by at least half a magnitude-unit. 

The method of extreme-value statistics should therefore be applied only if the following 
criteria are met: 

• complete data set 
• consistent data quality 
• independence of seismic events 
• no migration of seismic activity 

Besides these factors, results from extreme-value statistics can be erratic, if magnitudes are 
extrapolated from recurrence periods which are much larger than the span, from which the 
data-set was retrieved (Kijko and Dessokey, 1987). 

The most right column in Table 1 states the 'Maximum Credible Earthquake'-magnitude. 
This value is mainly based on Miooo and Mhist. whatever is greater - or rounded up to the 
next half magnitude. The 'MCE' represents therefore a deterministic value - and not a 
probabilistic one, as it is used in the Austrian earthquake hazard map. The 'MCE' is used in 
the planning of construction works with high safety demands (e.g. large dams, see also 
ICOLD, 1989). 
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SEISMIC HAZARD 

Austria's previous hazard map - which served as the basis for the national building code 
regulations - was published in the late 70's (Drimmel, 1978). Since then, a number of new 
approaches and computer programs were developed. Improvements on the technical as well 
as on theoretical side provided the necessary background for the calculation of a new hazard 
map which utilizes the experiance gained during the past years - and includes current 
requirements proposed in EUROCODE 8 (Anon., 1993). It recognizes safety issues which are 
expressed in the relationship between acceptable earthquake probabilities and the lifetime of 
buildings: 

with 
N.. . average recurrence rate (l/year) 
P... probability of earthquake occurrence 
T... lifetime of building (year) 

N = -ln(l-P)ff 

Earthquakes with average recurrence rates ofN = 0,01/year (once in 100 years) occur 
therefore in 100 years (T = 100 years) with a probability of 63 % (P = 0,63). The average 
earthquake recurrence rate for a building, which is designed to be used for 50 years (T = 50 
years), will amount to 475 years (N = 0,0021/year) - if an earthquake-probability of 10 % is 
accepted. The time-span of 475 years fulfills not only the requirement of keeping the hazard 
low - but also meets the demand of complete earthquake catalogues. Most earthquake 
catalogues in Central Europe seem to satisfy this criterion - at least for the past 500 years and 
strong earthquakes. 

Austrian earthquake catalogue 

Certain aspects must be kept in mind when dealing with earthquake data. Historical data must 
be treated with special care as they were sometimes misinterpreted. The Austrian earthquake 
catalogue contains four historical earthquakes which were or are still subject of 
investigations. The oldest of these events is believed to have occurred near Murau/Styria in 
1201 and the coordinates of this village were used for further calculations. The earthquake of 
1348 (until recently referred to as the 'Villach'-earthquake) has been studied in great detail by 
Hammed (1992). Her work indicated that the epicentre was unlikely in Villach/Carinthia but 
rather near the Austrian border in Friuli/ltaly. According to these results, the coordinates 
published by Ambraseys (1991) were used for this earthquake, as well as for the earthquake 
of 1690, which was also attributed to Villach. The 1590-earthquake, 40km west of Vienna, 
was investigated intensively by Gutdeutsch et al. (1987) which indicated the epicentre in the 
area between Neulengbach and Eichgraben/Lower Austria. 

Besides these earthquakes, the catalogue of Austrian earthquakes seems to be complete for 
events of intensities lo~ 8 from 1450 and intensities I~ 7 from 1670 onwards (Gri.inthal et 
al., 1994). In 1895 - after the earthquake in Ljubljana - an 'earthquake commission' at the 
Austrian Academy of Sciences' was founded. Since then - and especially since the begin of 
this century - earthquakes were consistently documented. 
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Method 

The calculation of the seismic hazard follows the generally accepted concept of seismic 
hazard assessment (e.g-: Hays, 1991): · 

• definition of seismic sources 
• determination of earthquake recurrences 
• attenuation of ground motions between earthquake and site 
• probability or recurrence of ground motions 

Computer programs, such as EQRISK (McGuire, 1976), FRISK (McGuire, 1978), SEISRISK 
III (Bender and Perkins, 1987) et cetera, permit the calculation of probable ground motions or 
intensities. Because of the ambiguity of defining seismic source regions and the resulting 
inaccurracy of earthquake-recurrences, another computer program was developed. The 
program follows the steps mentioned above, but uses strictly the earthquake catalogue as 
definition of seismic sources. With McGuire's (1974) relationship 

a = 10 (0,67 + 0,28*M - 1,3*log10(R+25)] 

with 
a... acceleration (m/s2) 

R ... hypocentral distance (km). Unknown focal depths are replaced by regional default values (Tab.I) 

the recurrence of accelerations due to earthquakes listed in the catalogue can be calculated for 
any arbitrary point (R < 150 km). At distances much larger than 150 km, accelerations are 
very small, and do not contribute very much to the regression of the kind (see also Molas et 
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Figure 2. Ground accelerations and recurrence 
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al., 1992) 

a - 10 [(log10(T) - c1)/c2] < a . . 
- - h1stonc 

with 
T... recurrence period (years) 
c 1,c2... constants 
a historic ... highest known (estimated) 

acceleration at site 

To avoid the remaining distance
effect totally, and to eliminate problems 
due to incomplete local earthquake data 
- which result in low accelerations too 
(larger events would have been 
recognized) - regressions were only 
calculated for recurrence periods 
exceeding 10 years. Obviously, the 
above relationship is not limited, that is, 
for any given recurrence period an 
acceleration-value can be calculated -
whether this value is meaningful or not. 
Therefore, extrapolations are limited to 
the highest known or estimated 
acceleration 'a historic'· 



This procedure was repeated for a lOkm* lOkm grid covering Austria. Figure 2 shows an 
example of the acceleration-recurrence relationship for a central point in Austria near one of 
Austria's most prominent seismic active fault structures. 

Hazard map 

The resulting hazard map (Fig.3) displays isolines of effective ground accelerations (in m/s2) 

with 10 % probability of exceedence in 50 years - which corresponds to an average 
recurrence period of 475 years. The effective value represents 70 % of the maximum ground 
acceleration derived from McGuire's magnitude-distance-acceleration relationship. 

Higher accelerations (> l m /s2) must be expected e.g. in Narnlos and Innsbruck (Tyrol), 
Arnoldstein (Carinthia), Murau, Leoben, Kindberg (Styria), Scheibbs and Wiener Neustadt 
(Lower Austria). All these areas are already known to be earthquake-prone - but their 
effective accelerations are somewhat higher than in the previous hazard map (Drimmel, 1978) 
because of the longer recurrence period considered in the new hazard map, and compare well 
with the combined intensity map for Austria, Germany and Switzerland (Grtinthal et al., 
1994). 
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Figure 3. Effective ground accelerations with 10% probability of exceedence in 50 years 
(Lenhardt, 1995) 

The recurrence of maximum ground motions - a by-product of the described algorithm -
points out the limit of the employed approach. Figure 4 illustrates the frequency at which 
certain areas in Austria experience maximum accelerations. Areas marked 'A' and 'B' 
represent recurrence periods of maximum accelerations with less than the required 475 years. 
Such high frequencies are normally linked to low accelerations due to far-field earthquake 
effects. Area 'A' in Upper Austria (at latitude 48°, longitude 14°) represents such an example. 
This region is known for its low seismicity due to very few local and small earthquakes. The 
high repetition of maximum accelerations (which are low accelerations when compared with 
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Figure 4. Recurrence of maximum ground accelerations 
(Lenhardt, 1995) 
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other areas such as Tyrol) is mainly a result of frequent occurrences of stronger earthquakes 
at greater distances. Only 30 % of Austria's surface meets the requirements of recurrence 
periods of maximum accelerations of larger than 475 years. This results indicates, that 
reliable estimates of ground accelerations for long recurrence periods are difficult to achieve 
unless the maximum acceleration is known and an asymptotic recurrence-acceleration 
function can be introduced accordingly. 

AN ESTIMATE OF THE EFFECT OF SEDIMENTS 

The influence of sediments on ground motion charactistics have been documented in 
numerous cases. Similar studies were carried out in Austria during a general microzonation
exercise for the capital of Austria, Vienna (Duma, 1988). 

For hazard studies and the development of design-spectra, it was therefore necessary to 
simulate different ground conditions. The theoretical approach from Roesset ( 1970) was 
adapted for this purpose. Although Roessef s algorithm considers vertical incident shear 
waves only - it represents the most conservative case and allows comparisons between 
different ground-models. 

Table 2. Models 
(shear-wave velocities and thickness) 

model top !aver second !aver 
A (rock) 150 m/s (5m) 800 m/s (50m) 

B (intermediate) 100 m/s (5m) 
gradient over 45m: 
200 m/s - 350 m/s 

C (soil) 150 m/s (20 m) -
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The definition of rock, 
intermediate and soft soil ground has 

,, 

-- · '. 

lrequency (Hz) 

been adapted from EUROCODE 8 
(Anon., 1993), in which models for 
three ground categories were defined 
(Tab.2). Each category includes at least 
5 m of soft sediments as a top layer. · 
The resulting amplifications of ground 
motions were normalized against 
'model A' - representing the rock-like 
site - to highlight the difference 
between the general ground models 
(Fig.5). Model 'B' seems to differ from 
model 'C' only slightly in their transfer 
function. Amplifications are mainly 
present between 0,5 and 2,5 Hz 
reaching values up to 2,7. Above 2,5 

Figure 5. Amplifications caused by sedimentary 
layers (Lenhardt and Hom, 1995) 

Hz even reductions in ground motions 
can be expected. Since earthquake ground motions are dominated in the frequency band 
between 0,5 and 2,5 Hz by ground velocities and only above 2,5 Hz by accelerations -
sediments cause higher ground velocities rather than accelerations. 

SUMMARY 

Although seismicity is moderate in Austria, some large events caused massive damage to 
buildings during the past. 

For establishing default parameters, e.g. average focal depth, Austria was subdivided into 
fifteen seismic regions. Corresponding maximum magnitudes were determined using the 
Gumbel III-approach from data since 1900 and compared with historical data. In ten out of 
fifteen regions maximum magnitudes of both data sets agreed well. However, in two regions 
extreme-value statistics led to gross under-estimations of maximum magnitudes. 

The new earthquake hazard map of Austria is based on a time span of 50 years with 10 % 
probability of exceedence of ground accelerations - which equals an average recurrence 
period of 475 years. Numerous factors had to be considered to circumvent problems 
associated with incomplete earthquake data, statistical behaviour of data sets and limits of 
extrapolations. 

Although the new hazard map resembles the previous one to a certain extent, not all data 
sets from Austria's seismic regions satisfy the criterion of the proposed 475 years recurrence 
period as some regions are exposed to rather low accelerations on a more frequent basis 
resulting from remote earthquakes. 

Finally, a comparison of three different ground models demonstrated that sediments seem 
to amplify mainly ground velocities rather than ground accelerations. This result will be 
considered in future when calculating theoretical ground- and design spectra. 
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METHODIC ASPECTS OF SEISMIC HAZARD PREDICTION 
AND PREASSIGNED SEISMIC EFFECTS 

Potapov V.A., Ivanov F.I., Maslennikova G.N. 
Institute of the Earth's crust, Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia 

Abstract 

The paper deals with the working out of an engineering-seismological model 
earthquake focal zones. A similarity of earthquakes is stated. 
Earthquakes focus zone is determined as the zone of brittle and plasto-elastic 
decomposition of rocks at accumulated energy release. The existence of energetic 
quasi-invariant stipulates equal seismic hazard of earthquakes irrespective of energy 
class at the boundary of focal zone. It is shown that potential seismic hazard of strong 
earthquakes for fixed values of adduced hypocentral distances (RH/RF =const) is 
constant at the first approximation and does not depend on energy class of earthquakes 
(M~ 5). 
As far as calculations on seismic loads are concerned, we showed that the use of 
accelerations, maximum level of those relates at earthquakes to the range of 
frequencies, exceeding own frequency values of the majority of wide-spread building 
types, leads to understating of calculated deformations and deformation velocities in 
comparison with real ones. 
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GROUND RESPONSE SPECTRA AND ATTENUATION CURVES 
OF GROUND VIBRATIONS GENERATED BY BLASTING. 

By A.I. Pantea 

National Institute for Earth Physics 
Seismological Laboratory 

P.O.Box MG-02, R-76900 Bucharest, Romania 

.ABSTRACT 

This paper reports part of the results obtained 
by the author under the programme related to the 
assessment and reducing of the seismic risk 
generated by confined industrial blastings. This 
paper was based on the analysis of the data 
provided of a large amcunt of instrumental 
observational data of complex investigations at 
important industrial sites. Achievement of a large 
number of artificial seismic events has conducted 
at establishing of reliable data. Measurements of 
strong ground motions due to blasting are of great 
interest for different applications mainly in 
seismic risk assessment. In the engineering 
design, the response spectral curves for a given 
percent critical damping and attenuation curves 
are usually computed and plotted for absolute 
acceleration, relative velocity, and relative 
displacement. Usually spectra for 2, s, 10, or 20 
percent critical damping that are computed for 
design purposes are a function of the capability 
of the structure to dissipate energy without 
deforming beyond some accepted level. 

INTRODUCTION 

To reduce the potential of blast vibration complaints from 
neighboring residential areas, a blaster should design the 
blasts to minimize low-frequency ground vibration. A simple 
method for predicting structural response to vibration has 
developed from studies of building response to earthquake. It 
is based upon the single degree of freedom ( SDF) response 
model of a structure. 

The concept of the Response Spectrum was introduced by 
Benioff in 1934. This concept mathematically models a real 
building as a damped, harmonic oscillator, and then inquires 
into the behavior of this oscillator when subject to 
earthquake (or blast) vibrations. Since its instruction , 
Response Spectra have been extensively applied and developed 
by Housner, and their co-workers (e.g., Housner et al.,1953; 
Housner, 1961; Hudson, 1956, 1962) in earthquake engineering 
investigations. 
The simplifying assumptions behind this mathematical 

idealization are as follows: 
1. The structure can be represented by a lumped mass; 

1509 



2. The relative displacement of the structure produces a 
restoring force proportional to the stiffness of structure; 

3. During vibration, energy is dissipated through viscous 
friction, which is constant regardless of the amplitude of 
motion; 

4. The structure responds or translates only in a single 
direction - hence the name single degree of freedom (SDF) . 
Incorporation of simultaneous torsional rotation or additional 
components of motion requires additional degrees of freedom. 

The response spectra method described by Medearis, (1976) 
predicts how structures respond having mass stiffness and 
damping. The actual values of mass and stiffness need not be 
known, since the effect of both factors determine the system's 
natural frequency. The system (structure) needs only to be 
defined in terms of natural frequency and damping. Damping is 
a measure of the frictional loss in energy in the structures 
as it vibrates. 

Until recently, the methods and tools to accomplish this 
were not· available. Magnetic tape recorders interfaced with 
high-speed digital computers now allows state-of-the-art 
analysis of seismograph recordings to be done routinely and 
cost effectively. This technology provides the diagnostic 
tools needed to find solutions to complex blast vibration 
problems. These solutions also require accurate detonators to 
ensure that explosive columns are detonating in proper 
sequence and on schedule. 

Ground vibration should avoid frequencies between 3 and 
12 Hz to prevent structural racking, and 6 and 209 Hz to 
prevent midwall response. Techniques using delay timed to 
control blast vibration frequencies have been reported 
by Anderson ( 1983) and are best implemented when accurate 
timing can be achieved. This method calculates the best delay 
intervals to minimize undesirable ground vibration frequencies 
and reduce peak particle velocity levels. 

To record the strong ground motions that can accompany 
larger earthquakes, accelerometers are most often used, and 
the seismograms (accelerograms) that result a're used as input 
for the determination of Response Spectra. Then, by 
mathematically varying, over the range of engineering 
interest, the natural frequency and damping of the oscillator 
model, most of the actual structures involved are modeled. 

For each oscillator natural frequency-damping combination, 
the maximum response to the forcing function (earthquake 
accelerogram)is determined. This maximum response constitutes 
one point on the Response Spectrum curve. The Response 
Spectrum, therefore, is defined as the maximum response of a 
single degree of freedom linear system to a prescribed 
exciting ground acceleration, plotted versus the natural 
frequency for various fractions of critical damping (Hudson, 
1962) . 

The Response Spectrum concept is useful because it applies 
actual earthquake data (accelerograms) to obtain an 
approximate solution of the dynamic problem of building 
response. Furthermore, it does include the site effects of the 
particular recording location, but does not (assuming the 
accelerogram was not obtained from an accelerometer in a 
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building) include the characteristics of any particular 
structure . 

Hudson, et al., (1961) made ground acceleration records of 
the vibrations at less than 2000 feet distance from two quarry 
blasts of total charge weight 185 tons and 673 tons. The 
explosions consisted of the detonation of nitramite, nilite 
and primer in a dacite porphyry quarry near Corona, 
California. 

They performed Velocity Spectrum (S analyses of the 
seismograms and noted than the Spectra were similar in many 
respects to those obtained from a short duration earthquake. 
They also noted than blast usually exhibit a Spectrum shape, 
expectable because of the relative simplicity of their 
propagation paths as compared with earthquakes . . Finally, they 
commented that, at that time, there did not seem to be any 
basically different damage mechanism. between earthquake and 
blast vibrations. 

Nadolski, (1969) employed Response Spectra to study damage 
to residential structures from blast of high explosives and 
nuclear explosives. From this study Nadolski, (1969) proposed 
a ''Pseudo-Absolute Acceleration'', (PSAA), as an effective 
damage prediction criterion where : 

PSAA = w 2 S 
0 d 

The terminology Pseudo-Velocity Spectrum for (w S ) 
Pseudo-Absolute Acceleration Spectrum for (w S ) 0 d 

introduced by Fung (1960) to note approximation~ of the 
indicated by equation : 

s "' w s 
J/ 0 d 

(1) 

and 
was 

type 

(2) 

Response Spectral analysis is accomplished on digital or 
analog computers. Caughey et al . , ( 1960) describes the latest 
of the analog devices. The seismograms must therefore be 
digitized or converted to suitable analog form before 
computation of the Spectra is possible. Because of the time 
and expense involved in the data preparation and in the 
computer calculations, this type of analysis has not seen 
extensive application in routine blast investigations. It is, 
however, a powerful tool and should be considered for 
application to appropriate situations. 

A major objective of our programme for the assessment 
and reducing of the seismic risk associated with the 
technology of ground excavation by blasting foundation 
locat i ons for the future nuclear constructions, a technology 
that has been implemented at the NPP site at Cernavoda was 
that of keeping under a strict control the magnitude of 
seismic oscillations. 

Another objective of the investigations performed was that 
of ensuring protection against seismic activity triggered by 
excavation blasting involved at one stage or another in the 
nuclear construction process. 

Instrumental seismological monitoring of the seismicity 
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generated by (excavation) blastings was initiated at the·same 
time with the work undertaken for setting up the site (Pantea, 
1981) and was not marked by any discontinuities. 

Since previous studies showed that particle velocity is 
the most suitable criterion for evaluating damage caused by 
blasting-generated seismic oscillations, by comparison with 
the dynamic parameters, displacement and acceleration (Duvall 
& Fogelson, 1962; Greenlad & Knowels, 1970; Nicholls et al., 
1971; Berger, 1971; Sain, 1973), direct monitoring of the 
amplitude of peak particle velocity has been mainly carried 
out. 

Monitoring was carried out in two successive stages . During 
the first stage the required parameters have been determined, 
the maximum permissible charge and/or minimum allowable 
distance between the blasting site and the object to be 
protected, on basis of which the envisaged rock breaking 
blastings for NPP site could be designed so that maximum 
permissible levels should be complied with. During the second 
stage, seismological observations were performed on the 
blastings carried out at the site, so that generated particle 
velocity should not exceed maximum allowable levels. 

Seismic monitoring has been carried out at the NPP 
Cernavoda site using a STRENGTHENER VS-1200 type device . 

EXPERIMENTAL PROCEDURE, 

DATA ANALYSI S 1 PROCESSING AND INTERPRETATION 

The explosive charges were placed at the lower side of 
cylindrical cavities (boreholes) whose depth ranged from 1 to 
5 m. The weight of each explosive charge, individually and 
instantly detonated, ranged between 0.2 and 6.0 Kg (TNT 
equivalent). The explosive substance was TNT . The hypocentral 
distances (between the explosive sources and the 
measuring-recording site) were between 20.0 m and 200.0 m. 

The analysis of the seismographic records resulting from 
these tests showed that the oscillation velocity of the ground 
particle, v, measured at a distance, D, from the place of 
an instant explosion, having a certain weight, w, can be 
represented by the following equation: 

h -n v = K W-D (3 ) 

where b and n are exponents and K is a constant, being a 
measure of the vibration level . 

The seismic measurements carried out on the seismic testing 
ground was aimed at determining the dynamic parameters of the 
seismic oscillations generated by explosions and were 
performed according to the methodology already applied in 
prior studies. 

The methodology is based on earlier experience in this 
field ( Crandell, 1949; Kringel, 1960; Edwards and Northwood, 
1960; Adams et al., 1961; Duvall and Fogelson, 1962; 
Bracewell, 1965; Hasegawa, 1967; Greenland and Knowels, 1970; 
Berger, 1971; Nicholls et al., 1971; Sain, 1973; Pantea et 
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al., 1980; Pantea and Marza, 1980; Pantea, 1981 a, b, c; 
Pantea et al., 1992). 

The measurement of the ground particle motion was conducted 
by following three components that are orthogonal to each 
other: the vertical component (V), the transversal component 
(T) and the radial one (R) . 

The processing of the seismic data resulting from direct 
measurements makes it possible, through Equation (3), to 
assess the level of vibration that can be produced by 
similar explosions (Table 1). 

TABLE 1 
ATTENUATION RELATION Qr THE GROUND 

PARTICLE' s OscILATION VELOCITY 

Components ~og v = log 1~ - M lo~0 (SD) Standard Correlation 
Deviation Coefficient 

Parameter K Parameter M 

Transverse 0.567 1.103 0 . 160 0 . 890 

Vertical 0.210 0.894 0 . 120 0 . 940 

Radial 0.451 0.950 0 . 130 0 . 910 

Rayleigh 0.363 0.790 0 . 100 0 . 930 

Based on the seismographic records resulting from 
explosions, the oscillation velocity for the investigated area 
(testing ground) were measured for all of the three 
components: transversal (V ) , vertical (V ) radial (V ) and 
Rayleigh waves was calculated for SD = r / W112 • A c8mputer 
program was used to process the seismic data. Calculations 
based on Equation ( 3) was used to obtain the values of the 
parameters which describe the attenuation of the ground 
particle's oscillation velocity, as well as the related 
statistic indicators: standard deviation and correlation 
coefficient. (Table 1) . Based on the results one can notice 
that: Parameters K and M varies over a narrow range . The 
different attenuations of the oscillation velocity depending 
on the distance and the seismic motion component is closely 
linked to the geological conditions where the events take 
place, i.e. where the explosion is located, where the seismic 
waves propagate, and where they are received . 

The single degree of freedom (SDF) response for two hundred 
blasting time histories an assumed 5 % damping produced the 
similar peak particle velocities; however, the mining blast 
was of lower frequency than the construction blast. At a given 
natural frequency, the resulting structure response will be 
different for the blasts . In this example, the 10 Hz natural 
frequency for a structure shows pseudo velocity response de 
lOmm/s for the construction blast and 30mm/s for the mining 
blasts. This ratio of 3.0 to 1 was typically observed between 
mining and construction blasts, for the response of low- rise 
residences. 
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Seismic Hazard Maps of Italy: 2nd Generation 
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2) Osservatorio Geofisico Sperimentale, 34016 Trieste, Italy 

Abstract 
The project for seismic hazard assessment of Italy has been undertaken in the 

frame of the activities of the "National Group for Defence against Earthquakes" by 
the National Research Council. The results obtained with a new geological and 
seismological data set and multiple methodologies will represent the basis of a 
new seismic zonation proposal, which is considered necessary after ten years from 
the first scientifically based seismic zonation. In fact a full revision of historical 
data of the earthquake catalogue has been performed, a seismotectonic zonation 
of the territory has been proposed and different probabilistic method of hazard 
assessment have been applied. The results of the application of the Cornell 
approach are presented, with reference to the pre-revision and the revised data 
set. 

The Gndt Project for the ~evision of the National Seismic 
Zonation 

More than ten years have passed since "National Research Council" 
CNR's proposal for a seismic zonation, and the research activity of the 
CNR's "National Group for Defense against Earthquakes" (GNDT) in 
the last years has been finalized to reach two main goals: 1) a proposal 
for a new seismic zonation for the national territory and 2) the definition 
of operative methodologies for seismic risk estimation and evaluation of 
strategies for its reduction. In this frame, the increase in seismotectonic 
knowledge has supported the updating of the zonation. A project for the 
seismic hazard assessment in Italian territory has been being conducted 
since 1989 by GNDT and a detailed analysis of the computational 
approaches as well as of input data set was performed before assessing 
the hazard. The five main topics of the GNDT project are: 1) collection 
and revision of the seismological data (earthquake catalogue and 
intensity maps); 2) analysis of the seismotectonic information and 
preparation of a seismogenic zonation of the whole of Italy; 3) definition 
of adequate attenuation relations (for macroseismic intensity and 
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horizontal peak ground acceleration, PGA), for the Italian earthquakes; 
4) definition and application of the most suitable probabilistic 
approaches for Italian conditions; and 5) modelling of the seismic hazard 
by deterministic approaches for checking the results obtained by 
probabilistic approaches. 

The hazard results here presented refer to the application of one of 
the chosen probabilistic approaches (Cornell) at two different moments 
of the project realization: at the very beginning (in 1991, see CNR
GNDT, 1993), when a first seismogenic zonation was tentatively 
sketched and the earthquake data were taken from the official Italian 
catalogue. compiled in 1985, and nearly at the end (1993), when the new 
earthquake data set was almost ready and updating was considered in 
the seismogenic zonation. By comparing the obtained results, it is 
possible to investigate the influence of input data on the hazard 
algorithm. 

Input Data for the Cornell Approach 
The Cornell (1968) approach is based on two work hypotheses: 

earthquakes are considered independent with a process stationary in 
time and their magnitudes are exponentially distributed. The 
earthquake recurrence times follow in this way the Poisson distribution, 
while the Gutenberg - Richter relation holds for magnitude and number 
of events in each magnitude class. In addition, the seismicity is 
considered to be uniformely distributed over the seismogenic source, 
evaluated as an area (seismogenic zones, SZ's), or as a fault. This 
approach was firstly translated into computer code by Algermissen et al. 
(1976) and McGuire (1976); the code SEISRISK III (Bender and Perkins, 
1987) represents the most recent public domain product and has been 
used for the present hazard elaboration. 

The input data needed in seismic hazard assessment change according 
to the considered approach. In the present application, the Cornell 
approach has been applied after the definition of a global seismogenic 
zonation, by evaluating the specific seismicity of the SZ's from 
earthquake catalogues, and considering PGA as seismological 
parameter: consequently, the PGA attenuation relation is needed. 

A seismotectonic model for Italy has been formulated (Scandone et al., 
1991) at the beginning of the Ninenties. It consists of 58 areas (Fig. 1) of 
different seismotectonic behaviour, used as SZ's, for which the 
characteristics of the seismicity have been computed. A minor revision of 
the seismogenic zonation has been recently done: slight changes of the 
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SZ geometry (fo:r example, in the Alpine sector) is joint to the definition 
of some SZ's external to the Italian territory which can contribute to the 
hazard in Italy. 

Two earthquake catalogues have been used. The first (Fig. 2a) was 
compiled in the frame of the "Geodynamic Finalized Project" (PFG) 
activities (Postpischl, 1985): it lists about 37,000 earthquakes inside the 
Italian borders, during the period 1000-1980. The second (Fig. 2b) is an 
ad hoe earthquake file prepared by the GNDT's Working Group 
"Macroseismology" with about 3,500 main events in Italy and bordering 
regions during the same time window (see Stucchi et al., 1993 for its 
description). A complete revision of major earthquake data (epicentral 
intensity lo~ VII MCS) affecting Italy since 1000 has been carried out, by 
retrieval and critical analysis of all the information already used and 
cited in the earthquake catalogues. The macroseismic parameters have 
been derived from intensity point maps compiled since 1985 by several 
investigators or agencies, including GNDT itself. In the mean time, 
instrumental magnitude revision for the 20th century Italian seismicity 
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Figure 1. Seismotectonic zonation of Italy (from Scandone et al. ,1991). 
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was made (Margottini et al., 1993), and a preliminary 
magnitude/intensity relation (Rebez, 1993) was settled for Italian 
earthquakes by simultaneously treating revised magnitudes and 
controlled intensity data of the new GNDT earthquake file. The 
macroseismic magnitude assessment is crucial in hazard estimates as the 
majority of the catalogue contents come from historical seismicity. 

For PGA, the attenuation relationship established by Sabetta and 
Pugliese (1987) for Italian earthquakes was chosen: it refers to rocky sites 
and epicentral distances are considered. It is a unique circular relation 
which is considered valid for all the SZ's with the probable exception of 
the volcanic zones. As the relation refers to two kinds of magnitude 
according to the size of the earthquake, the magnitude available in the 
catalogue has been eventually converted to the proper one by the 
Margottini et al. (1993) formulae for Italian earthquakes. The relation 
has been extrapolated to values lower than 4.5 (lower limit of the data 
set used for assessing the relation) when needed. 

Data Processing 
Two elaborations using the SEISRISK III code (Bender and Perkins, 

1987) are here presented. In Fig. 3, results obtained using the first SZ's 
geometry (Fig. 1) and the PFG catalogue (Fig. 2a) are mapped; in Fig. 4, 
those with the revised zonation and the GNDT earthquake file (Fig. 2b). 

The characteristic seismicity of every SZ is given as number of 
earthquakes in each magnitude class of the completeness interval. Using 
the PFG catalogue, the magnitude values have been taken directly from 
the instrumental magnitude column, as no further indication of the 
magnitude type is given in the catalogue itself. When the instrumental 
magnitude is missing in the catalogue (i.e. for the historical events which 
are the majority in both the catalogues) the macroseismic magnitude, 
computed from the epicentral intensity by the Karnik (1969) formula, has 
been used. Using the GNDT catalogue, the type of instrumental 
magnitude is mostly declared, and the magnitude values can be used in 
the proper way. Macroseismic magnitudes are computed with the new 
formula (Rebez, 1993); this relation assignes larger magnitudes values 
than the Karnik one, especially for medium-low quakes, in agreement 
with some recent magnitude evaluations for historical earthquakes from 
seismic moment computation (Westway, 1992). Both the formulae of 
macroseismic magnitude do not surely hold for the volcanic areas 
(Campi Flegrei in the southern Apennines and Mount Etna in eastern 
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Figure 2. Earthquake catalogues of Italy with epicentral intensity greater than 
VI MCS; a) PPG catalogue from Postpischl, 1985; b) preliminary version of the 
GNDT earthquake file by Stucchi et al. (1993). 
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Sicily) where, having no specific relation available, a standard 
correction (-0.5) to the macroseismic magnitude has been applied. 

Only independent events have to be considered with the chosen 
methodology. So, using the PFG catalogue, aftershocks have been 
removed by a space - time filtering algorithm (Gardner and Knopoff, 
1974); foreshocks and secondary events in swarm sequences, not 
automatically recognized, were removed by a manual control made for 
the major events (i.e. those with lo~ VIII MCS). The GNDT catalogue, 
on the contrary, is used as it is, having possible foreshocks and 
aftershocks been removed at the font . 

The years when the seismological data collection improved, have been 
pointed out on historical basis. For each of these intervals, the number of 
earthquakes normalized to 100 years for every magnitude class (step 0.2-
0.3) has been computed for all the SZ's. The choice of the preferable rate 
has not been always easy because of some relevant oscillations in the 
graph: a subjective opinion has been, therefore, necessary. Because the 
largest magnitude event rate is crucial, while that of medium - small 
events does not strongly influence the results, the magnitude estimate of 
strong historical quakes is very important. Deep earthquakes (depth ~ 50 
km) have not been considered in the hazard assessment as they give low 
effects at the surface. 

A fixed uncertainty of 15 km has been accounted for the boundaries of 
the SZ's and the few earthquakes external to the identified SZ's have 
been referred to three large background SZ's. No standard deviation in 
the PGA attenuation relationship has been accounted for in the here 
presented maps According to the specifics of the seismic Eurocode 8 in 
preparation at present, the produced hazard maps refer to 500 (Figs. 3, 
4) year return periods. 

Results 
Fig. 3 shows the mean value of the expected PGA with 500 year return 

period, using the PFG catalogue. The most hazardous regions are 
located in the southern Apennines and Calabrian Arc (absolute 
maximum of the map 0.20 g), and limited areas in the eastern Alps and in 
Central Apennines overcome the 0.16 g value. When standard deviation 
on the PGA attt:!nuation relation is taken into account the hazard 
increases up to 0.05 g in the maxima. Almost the same features are 
shown by other maps obtained without weighting the SZ boundary 
locations: the SZ geometry is there more evident and the expected 
values are higher by 0.02 - 0.05 g. Fig. 4 corresponds to Fig. 3 when the 
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revised zonation and the GNDT earthquake file are used. The results 
are now larger in average than the previous ones and this depends 
mainly on the new magnitude versus lo relation. In particular, there are 
an average increase of 0.03 g and a wider seismic area in northeastern 
Italy because the GNDT earthquake file better evaluates the Slovenian 
seismicity. 
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Figure 3. PGA (expressed in g x 100) with 500 year return period, using the PFG 
catalogue. 

The results obtained using the PFG catalogue seem to be notably low 
(the maximum value is 0.20 g for the 500 year return period, Fig. 3): in 
fact, considering only the last decades, PGA values as high as 0.61 g 
were recorded during the 1972 Ancona earthquake, as 0.36 g during the 
1976 Friuli quake, as 0.34 g during the 1980 Irpinia event, and as 0.23 
during the 1984 Val Comino one. 
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Figure 4. PGA (expressed in g x 100) with 500 year return period, using the 
GNDT earthquake file. 

These differences can be explained by the fact that the values here 
presented are average values referred to a standard soil (rock and deep 
alluvium); they do not take into any account, then, bad geologic and 
morphologic situations. 
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ASSESSMENT OF SEISMIC HAZARDS POSED BY EXPERIMENTAL CHEMICAL EXPLOSIONS 
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ABSTRACT 

Th~ paper presents the results obtained from an assessment of 
attenuation of seismic waves caused by 15 low-power 
experimental chemical (conventional) explosions, triggered in 
the air, at ground level and underground, on a Romanian 
testing ground. The main purpose of the research was to get 
reliable information on the evaluation and reduction of the 
seismic hazards that are caused by experimental explosions on 
a testing ground, in order to ensure the seismic safety of 
special structures (already built or at various stages of 
construction) that are located in an area close to the points 
of burst. The testing-ground experiments consisted in exploding 
instantly, under given conditions (in the air, at ground 
level," or underground), a number of (special) explosive charges 
ranging in weight from 5.2 kg to 10 kg TNT equivalent. In each 
of the three different cases, the charges were placed as 
follows: the air-explosion charges were hanged 1 meter above 
the ground using a special device; the ground-explosion charges 
were placed in direct contact with the ground; and the 
underground charges were placed at the bottom of a cylindrical 
cavities obtained by drilling. The charges were shaped as 
follows: a cylindrical shape for air and underground charges, 
and a spherical shape for ground ones. Seismic measurements 
were conducted within close range of the explosions, with 
distances between charge and measurement-recording point 
ranging from 34.8 m to 181 . 5 m. 

INTRODUCTION 

The seismology of explosions has emerged as a new branch of seismology 
in order to use explosions as controlled seismic sources (with pre-set, 
controlled parameters) in seismic surveys and researches, and to ensure a 
seismic monitoring of explosions for political, military, and environmental 
reasons. 

The explosion of both nuclear and very strong conventional devices for 
either military or peaceful purposes has to be carried out in accordance 
with inte rnational treaties . Small-power conventional explosions in 
industry or research must also observe a number of. domestic regulations . 

The purpose of explosion seismology consists in studying explosions as 
artificial seismic sources. The new 'seismological branch has helped develop 
a number of theories, methods and techniques that are re lated to detection, 
discrimination (between nuclear and conventional explosions, and be tween 
artificial explosions and earthquakes), and environmental protection. The 
complex realm of environmental protection incorporates the antiseismic 
protection of buildings (whether for housing, industry or other purposes ). 
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Antiseismic protection in the case of explosions (given their 
destructive potential) is in fact an attempt to protect the architecture 
and resistance structure of extant structures and to develop an 
antiseismic pattern of design. Another purpose is to reduce or remove the 
hazard of topographical modifications in areas surrounding explosive 
sources. The antiseismic protection of structures is based on complex 
studies which include methods of assessment of the seismic hazard 
associated with explosions. When explosions are used as part of industrial 
technologies it is necessary to ensure the seismic protection of the 
buildings in an area surrounding the point of burst. 

The influence of distance and the weight of the explosive charges on the 
resulting seismic oscillations is the key factor in every assessment of the 
seismic hazards posed by rock blasting technologies. 

Estimates of the attenuation of seismic motion parameters (i . e . 
displacement, velocity and acceleration) depend on: explosive source 
characteristics, distance from the explosive source, propagation 
environment, and local ground conditions.· To conduct such research, many 
empirical equations have been proposed and tested, involving the regression 
of observed seismic motions as a function of the explosion-caused seismic 
energy and distance from the source. Moreover, the extrapolation of a 
certain relation from one area to another implies a geotectonic similarity 
between the areas. In the literature, such empirical equations are known as 
the laws of seismic perturbation propagation. One of the most widespread 
among them is: 

A (1) 

where A is the maximum magnitude of the displacement, velocity, or 
acceleration of a ground particle; W is the weight of the exploded charge; 
D is the hypocentral distance (between the explosive source and the 
measuring point); K, b, and n are determined constants that are 
characteristic of a certain ground and blast procedure. The equation of 
seismic perturbation propagation (1) is alike with a particular case of the 
empirical relation for earthquake intensity attenuation, proposed by Howell 
and Schultz (1975): 

By introducing natural logarithms on both sides, Eq. 2 becomes: 

ln I = ln I + a - b ln D - c D 
0 

If a and c are both very small, Eq. (3) becomes 

ln I = ln I - b ln D 
0 

(2) 

(3) 

(4) 

The symbols in formula (2) are as follows : I is the intensity at the 
site located at the hypocentral distance D, given by D = (H2 + R2 ) 112 , (H 
focal depth; R = epicentral distance), I is the epicentral intensity, b is 
the coeff i c ient of geometric spreading, c is the coefficient of absorption; 
the a parameter plays an important role in describing attenuation, it is 
defined as a function of focal depth H. 
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The earlier mentioned similarity generally refers to an approach of 
seismic intensity attenuation Eq . 3 and especially Eq. 4, verified in the 
case of crustal earthquakes (Pantea, 1994 ) and may be applied to the 
attenuation of dynamic parameters (displacement,velocity, or acceleration) 
of the explosion-caused seismic oscillations, provideq that the distance , 
D, be normalized to the explosive charge , W, (Pantea et al., 1992) . 

Howell and Schultz said Eq. 3 is based on the assumption that the 
seismic energy radiates from a point source across a space of simple 
geometry . Such specification is much closer to the physical and 
mathematical models of rock explosions than to earthquakes. 

The studies of the attenuation of dynamic parameters (motion, speed, or 
acceleration) of the explosion-caused seismic oscillations, are based as a 
r ule on highly accurate seismic data resulting from either the seismic 
monitoring· of experimental explosions, or the explosions related to 
rock-blasting technologies already in use . The seismic monitoring of such 
explosions is carried out using a network of seismic detectors (measuring 
displacement, velocity .and acceleration) that are capable of recording the 
dynamic parameters of seismic oscillations. To minimize the experimental 
effort involved in obtaining seismographic records it is necessary that the 
variables under investigation be controlled in an easily accessible , 
determined way, while the perturbing factors must be kept constant or 
removed. The variables selected for this study were: the hypocentral 
distance; the instantly exploded charge; and the blast depth. The factors 
tha t were kept constant include: the explosive charge per borehole ; the 
diameter of the borehole; the packing; the spatial location of the 
boreholes, hence of the explosive charges ; the type of the explosive ; the 
type of the explosion; the type of rock where the charge was. located and 
exploded; the propagation medium of the seismic waves from the explosive 
source to the measuring point. To obtain a desired degree of control and 
partly remove a number of perturbing factors , a flat ground was selected, 
with the same horizontal and parallel geological formations. At the same 
time, the operation of the explosions and the measurement and recording of 
the resulting seismic oscillations were well coordinated . 

INSTRUMENTATION usai 
The oscillations generated by experimental explosions were recorded 

using a SPRENGNETHER VS-1200 seismograph. This seismograph has two units: 
seismic-transducer unit; recording unit. The seismic-transducer unit has 
three electrodynamic sensors oriented along three orthogonal axes . The 
recording unit has a complex (DVA) system, capable of measuring 
displacement, D, velocity, V and acceleration, A, that can optionally 
operate in one of the three modes (DVA). The electric signal generated by 
the seismic transducers is directly amplified by using galvanometers or an 
amplifier. The coupling of these two units (the seismic-transducer one and 
the recording one) is carried out by a screened cable. The seismic 
transducers have a characteristic frequency of 2 Hz . The galvanometers 
have a characteristic frequency of 200 Hz . The frequency and amplitude 
(transfer functions) specifications of the SPRENGNETHER VS-1200 seismograph 
for the three operating modes (DVA) are flat in the 1. 8 to 250 Hz 
frequency range . The photographic paper has a motion velocity of 100 mm/s . 
The frequency of time recording on the photographi c paper is 50 Hz (0 . 02 s) 
and it appears as thin vertical lines, while other, more marked lines 
appear at a frequency of 5 Hz . The seismographic records will actual ly 
record either displacement, or , velocity or acceleration depending on the 
operating mode (D, V or A) that is selected . 
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EXPERIMENTAL PROCEDURE 
The explosive charges were placed as follows: the air-explosion charge 

were hanged 1 meter above the ground using a special device; the 
ground-explosion charges were placed in direct contact with the ground; and 
the underground charges were placed at the lower side of cylindrical 
cavities (boreholes) whose depth ranged from 5 to 16 m (Table 1) . The 
charges were shaped as follows: a cylindrical shape for air and underground 
charges, and a spherical shape for ground ones. The weight of each 
explosive charge, individually and instantly detonated, ranged between 5.2 
and 31.2 Kg (TNT equivalent). The explosive substance was a special one 
(plastic e xplosive category). The hypocentral distances (between the 
explosive s ources and the measuring-recording site) were between 34.8 and 
239.0 m (Table 1). Table 1 includes data concerning: test number, type of 
explosion, elevation or deep of explosive source, charge size, hypocentral 
distance from burst point to measuring point and scaled distance, SD. The 
explosive charges were detonated consecutively and instantly (the whole 
charge was detonated simultaneously). 

TABLE 1 
CHARGE AND GEOMETRICAL PARAMETERS OF THE EXPLOSIONS 

Test Type of Elevation/ Charge size in Hypocentral Scaled 
explosions deep, TNT equivalent, distance, distance, 

(m) (kg) (m) (m/kg112 ) 

1 a 1. 0 6.5 205.0 80.40 
2 a 1. 0 13.5 205.0 56.85 
3 a 1. 0 10.0 165.0 52.20 
4 a 1. 0 10. 0 125.0 39.50 
5 a 1. 0 10.0 205.0 64.80 
6 a 1. 0 20.0 205.0 45.80 

7 g 0.0 7.8 230.0 82.35 
8 g 0.0 10.4 230.0 71. 32 
9 g 0 . 0 20.8 230.0 50.43 

10 g 0.0 3 1. 2 239.0 41. 18 

11 u 16.0 5.2 181.5 79 . 61 
12 u 5.0 10.4 146.0 45.26 
13 u 10 . 0 5.2 40.6 17.83 
14 u 6.0 5.2 34.8 15 . 37 
15 u 5.0 5 . 2 49.9 21. 92 

NOTE: a - air; g - ground level; u - underground. 

The analysis of the seismographic records resulting from these tests 
showed that the oscillation velocity of the ground particle, v, measured 
at a distance, D, from the place of an instant explosion, having a 
certain weight, W, can be represented by the following equation: 

v = (5) 

where b and n are exponents and K is a constant, being a measure of the 
vibration level. 

1528 



The seismic measurements carried out on the seismic testing ground was 
aimed at determining the dynamic parameters of the seismic. oscillations 
generated by explosions and were performed according to the methodology 
already applied in prior studies. 

The methodology is based on earlier experience in this field ( Crandell, 
1949; Kringel, 1960; Edwards and Northwood, 1960; Adams et al., 1961; 
Duvall and Fogelson, 1962; Bracewell, 1965; Hasegawa, 1967; Greenland and 
Knowels, 1970 Berger, 1971; Nicholls et al., 1971; Sain, 1973; Howell and 
Schultz, 1975; Bollinger, 1980; Pantea et al., 1980; Pantea and Marza, 
1980; Pantea, 1981 a, b, c; Pantea et al., 1992). 

The measurement of the ground particle motion was conducted by following 
three components that are orthogonal to each other: the vertical component 
(VJ, the transversal component (T) and the radial one (R). 

The selection of explosive charges for experiment took into account not 
only the main purpose of the study but also that: 

- the generated seismic intensity not exceed the MSK IV degree at the 
point closest to the facility that is to be seismically protected; 

- the seismic signals be strong enough to produce a clear recording; 
- the safety of both the operator and the seismic station be ensured. 

Earlier researches (Duvall and Fogelson, 1962, Greenland and Knowles 
1970, Nicholls et all. 1971, Berger 1971, etc.) have proved that the most 
adequate criterion to estimate vibration-related damage risks to structures 
is the maximum oscillating velocity of the ground particle. That is why the 
oscillation velocity was measured and recorded using Sprengnether VS-1200 
seismograph with a velocity meter. 

The main theoretical and experimental 
velocity as the most reliable criteria to 
seismic oscillations propagated across the 
building, are as follows: 

reasons behind the choice of 
evaluate the seismic effect of 
ground to the foundations of a 

· a) the oscillation velocity includes not only the frequency but also 
the ground particle displacement, thus providing· an indication on the 
highest admissible values for any frequency of oscillation. The frequency 
content of the seismic excitation is a very important parameter in the 
design and antiseismic protection of structures; 

b) the oscillation velocity is very little dependent on the properties 
of the rocks (water-saturated rocks excepted); 

c) the statistic correlation of the data is considerably improved when 
the particle velocity is considered in terms of a vibration dependence of 
the damaging degree. 

OBSERVATION DATA 

A significant number of seismographic records were obtained from the 
explosions performed in air, on ground and in the boreholes (at 5-16 m 
depth), placed at certain distances (between 34. 8 m-230. 0 ml from the 
recording point. Each velocity diagram contains three seismic traces, 
corresponding to the components of the ground particle motion, i.e . 
transversal, (T), vertical, (V) and radial, (R), that are located on the 
photographic paper in that order. Depending on the estimated seismic 
effect, the amplification of the seismograph was selected so that a 
particular type of seismic wave be evidenced. 

DATA ANALYSIS, PROCESSING AND INTERPRETATION 

When analyzing the seismic effect of explosions on a structure (the 
evaluation of their damaging degree), the maximum levels of velocity 
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amplitude are used. 
Based on the seismic data provided by the records, we determined the 

dynamic parameters of the seismic oscillations we had triggered. Record 
analysis was based on the stationary sinusoidal/harmonic analysis 
(Bollinger, 1980), where ground oscillation was assumed to be the harmonic. 
The maximum velocity amplitude (Y) and the corresponding period (T} were 
measured directly on the seismograms on each component of the seismic 
motion (V , V and V ) and reduced to true ground motion using the 
equation:T v R 

v = Ylgain (6) 

where: v, is the ground oscillation velocity (m/s), Y, is the maximum 
amplitude of the seismic trace (0 to peak, cm), and gain is the 
amplification of 2the 2dr'./'~ce (m/m/s). From peak velocity, ~he horizontal 
resultant [V = (V + V ) J and the total resultant [V =(V + V2 + V2 / 12 ] 

were calcula¥ed. fhe ~esults are presented in Table 2. TOT T v R 

TABLE 2 
DYNAMICAL .PARAMETERS OF MOTION COMPONENTS AND RESULTANT VELOCITY 

Test M o t i o n C o m p o n e n t s R e s u 1 t a n t 

Transverse Vertical Radial V e 1 o c i t y 

Particle Fre- Particle Fre- Particle Fre- Horizontal Total 
Velocity quency Velocity quency Velocity quency 

(cm/s) (Hz) (cm/s) (Hz) (cm/ s) (Hz) (cm/ s) (cm/s) 

1 0 . 081 50 . 0 0 . 403 50. 0 0 . 16 50.0 0 . 18 0.443 
2 0.103 50.0 0.221 50.0 0.55 50.0 0 . 56 0.601 
3 0. 102 50.0 0.405 100.0 0.35 100.0 0.36 0.547 
4 0. 103 50.0 0.704 50.0 0.45 100.0 0.46 0.849 
5 0. 101 50.0 0.551 50.0 0.25 100.0 0.27 0.611 
6 0. 152 50.0 0.603 50.0 0.25 100. 0 0.29 0.674 

7 0.013 16 . 6 0.003 10.5 0.008 20 . 0 0 . 015 0.016 
8 0.020 14.6 0 . 005 10. 1 0.018 16.5 0.026 0.027 
9 0.050 14.3 0.025 10.6 0.050 20.0 0.071 0.075 

10 0.075 18.3 0.050 10.6 0.050 11. 3 0.090 0. 103 

11 0.016 16.7 0.003 9.8 0 . 011 18.2 0.019 0.020 
12 0.025 13.5 0.010 10. 4 0.020 18.8 0.032 0.034 
13 0.350 40.0 0.450 40.0 0.650 28 . 6 0 . 738 0.864 
14 0.450 40.0 0.550 40.0 0 . 850 28 . 6 0.962 1. 108 
15 1.600 15 . 8 0.500 10 . 6 3.300 18. 9 2.800 2.840 

A method developed by Us Bu Mines (Nicholls, 1971; Du Pont, 1978; 
C. I. L., 1978; Bollinger, 1980, etc.) was applied to process the resulting 
observation data. Under this method, the maximum velocity of the ground 
particle is related to the explosive charge by equation: 

112 -H 
v = K (r/W ) , (m/s) (7) 
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where: 
v - maximum oscillation velocity of the ground particle (m/s); 
r - distance from point of burst to measuring point (m); 
W - explosive charge weight (kg); 
K and /'1 - constants for a given area, type of blast, and motion 

component. Equation (7) has been known in the literature as representing 
the propagation of seismic perturbations. The charge, W is either the total 
charge in an instant explosion, or the maximum charge per step in 
microdelayed explosions. 
The quantity expressed by equation: 

(8) 

is the scaled distance, with the normalization applying to the explosive 
charge, W, and being used particularly for borehole explosions, where the 
explosive charge is of cylindrical shape. 

The processing of the seismic data resulting from direct measurements 
makes it possible, through Equation (7), to assess the level of vibration 
that can be produced by similar explosions (Tables 3, 4, 5) . 

TABLE 3 
ATTENUATION RELATION OF THE GROUND PARTICLE'S 0SCILATION VELOCITY 

FOR AIR EXPLOSIONS. 

Components 

Parameter K 

Transverse 0.768 
Vertical 7.972 
Radial 28. 100 
Horizontal 
Resultant 23. 000 
Total 
Resultant 12.660 

Parameter M 

0.501 
0.717 
1. 125 

1.058 

0.758 

TABLE 4 

Standard 
Deviation 

0.077 
0. 180 
0. 169 

0. 148 

0.048 

Correlation 
Coefficient 

0.618 
0.637 
0.630 

0.658 

0. 887 

ATTENUATION RELATION OF THE GROUND PARTICLE'S 0SCILATION VELOCITY 

FOR GROUND LEVEL EXPLOSIONS. 

Components log 10 V = log10 K - M log 10 (SD) Standard Correlation 
Deviation Coefficient 

Parameter K Parameter M 

Transverse 1006. 0 2.543 0.028 0.997 
Vertical 289400.0 4.173 0.040 0.998 
Radial 1250.0 2.658 0.150 0.948 
Horizontal 
Resultant 1777.0 2.625 0 . 074 0.986 
Total 
Resultant 2829.0 2.721 0.058 0. 991 
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TABLE 5 
ATTENUATION RELATION OF THE GROUND PARTICLE'S 0SCILATION VELOCITY 

FOR UNDERGROUND EXPLOSIONS . 

Components log 10 v = log10 K - M log 10 (SD) Standard Correlation 
Deviation Coefficient 

Parameter K Parameter M 

Transverse 714.2 2 . 491 0 . 480 0.875 
Vertical 11770 . 0 3.517 0 . 268 0.977 
Radial 8354.0 3. 159 0 . 487 0.915 
Horizontal 
Resultant 4298.0 2.876 0.477 0.903 
Total 
Resultant 5518.0 2.925 0.457 0.913 

Equation 7, as graphically represented in double logarithmic 
coordinates, shows a linear dependence, a slope, H, and an ordinate at the 
origin, K. 

When a limit oscillation velocity is imposed, the scaled distance, SD, 
can be determined, and depending on specific conditions the charge or 
distance can be set using: 

w = (r/SD) 2 , (kg) (9) 

from which the next equation is derived. 

r = SD. W1/ 2 , (m) (10) 

Based on the seismographic records resulting from explosions, the 
oscillation velocity for the investigated area (testing ground) were 
measured for all of the three components: transversal (V ), vertical (V ) 
and radial (V ) . The horizontal and total velocity resuI tants, (V ) arid 

R 1/2 H (V ) were calculated for SD = r I W . A computer program was used to 
prb8~ss the seismic data. Calculations based on Equations (7) or (4) were 
used to obtain the values of the parameters which describe the attenuation 
of the ground particle's oscillation velocity, as well as the related 
statistic indicators: standard deviation and correlation coefficient. 
(Tables 3, 4, and 5). Based on the results one can notice that: Parameter 
K varies over a wide range, which also proves its close relation to 
seismic motion components; Parameter H has a rather narrow variation range, 
confirming its similarity to parameter b (which denotes the geometric 
scattering of the seismic waves) in Equations 2 and 4; " The different 
attenuations of the oscillation velocity depending on the distance and the 
seismic motion component is closely linked to the geological conditions 
where ~he events take place, i.e. where the explosion is located, where the 
seismic waves propagate, and where they are received. 
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The GSHAP-Regional Centre in Potsdam: Progress Report 

Gottfried Griinthal 
GeoForschungsZentrum Potsdam, Dept. 1, Telegrafenberg C3, D-14473 Potsdam, Germany 

Extended Abstract with Selected Figures 

The Global Seismic Hazard Assessment Pro
gram (GSHAP), the IDNDR-initiative of the Inter
national Lithosphere Program (ILP), has been 
launched with a Technical Planning meeting, held 
in Roma in June 1992. Originally 9 GSHAP-Re
gional Centres have been proposed, among them 
the GeoForschungsZentrum Potsdam (Giardini et 
al., ·1992 a,b) - recently the former region 9 has 
been separated into two so that finally I 0 Regional 
Centres are active (Fig.I). The Regional Centres 
have the task to coordinate the compilation of uni
fied geophysical and geological data-basis, primar
ily of course a homogeneous seismicity data-file, 
and especially the assessing of seismic hazard. The 
computation of seismic hazard at Regional Centres 
will provide a forum for comparative evaluations 

. of existing methods and approaches (Giardini et 
al., 1992 a,b). 

In spring 1993 the GSHAP-Regional Centre 3 
was officially established at the GeoForschungs
Zentrum Potsdam, within the Dept. 1 "Recent Ki
nematics and Dynamics of the Earth" and at the 
Section 1.2 "Recent Stress Field". The first work
shop of the Regional Centre has been held in July 
1993 with 16 experts from 10 countries. The study 
area for GSHAP-Region 3 has been agreed on 
GSHAP-Steering Committee level in the course of 
the year 1993; i.e. Europe north of 46° N for seis
mic hazard computation and north of 44 ° N for the 
compilation of the seismicity data-file. The delin
eation to the east is obviously of minor nature be
cause of the very low seismic activity there; it has 
been chosen at 32° E (Fig. 2). 29 different states 
are belonging to the study area north of 46° N. For 
simplifying the coordination four overlapping sub
study areas have been established on the discus
sions started during the first workshop mentioned 
above; that are: (I) the D-A-CH study area, cover
ing Austria (A), Germany (D), and Switzerland 
(CH), (2) Scandinavia and Baltic Republics, (3) 
northwest Europe, i.e. the area west of the D-A-CH 
countries (except the nordic countries), (4) eastern 

Central Europe; i.e. the area east of the D-A-CH 
countries. It had been agreed to start the activities 
in the GSHAP-Region 3 especially for the D-A-CH 
study area. The joint seismic hazard product for 
this area is presented in this volume (Griinthal et 
al., 1995). Several workshop have been and will be 
convened in 1993 and 1994 on the sub-study area 
level. 

The main efforts being invested in the GSHAP
Region 3 concern the elaboration of a joint, homo
geneous seismicity data-file. In parallel two initia
tives were undertaken in close cooperation with the 
ESC-group on Macroseismology (chairman M. 
Stucchi): (1) an inquiry suggested and carried out 
by Stucchi to see what practices had been followed 
in catalogue preparation in different countries and 
(2) the compilation of a seismicity data (working)
file. This compilation of the GSHAP-seismicity 
file has been made following strongly the experi
ences of the research group around M. Stucchi 
(Istituto di Ricerca sul Rischio Sismico, Milano) 
being partly reviewed in Stucchi (1994). The 
working-file, based on the current and most com
plete versions of national catalogues, is produced 
by a careful merging of all input catalogues into a 
single file without eliminating entries from anyone 
of them. After additional checking of all entries 
the most suitable records have been flagged in case 
of multiple determinations which is based firstly on 
a preliminary, rapid choice. This procedure guaran
tees the possibility of changing any previous 
choice. In general the highest priority is given to 
the entry from the home-catalogue, when different 
ones give interpretations to same events. It has to 
be stressed that this procedure did not follow the 
classical but today mainly obsolete concept of 
earthquake catalogues - but that of modern data
bank concepts. The mostly national catalogues or 
data-files for the following areas are under elabora
tion now to create a joint and homogeneous 
seismicity-file for the GSHAP-Region 3: Austria 
(Lenhardt, 1994) Belarus and Pribaltica (Boborikin 
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et aL, 1993), Belgium and Luxembourg (Verbeiren 
et al., 1994), Croatia (Zivcic; 1993), Czech Repub
lic (Schenkova et al., 1989), Estonia (Nikonov, 
1991; Nikonov and Sildvee, 1992), Germany 
(Leydecker, 1986; Griinthal, 1988), Great Britain 
and Ireland (Musson, 1994), Hungary and adjacent 
territories (Zsiros et al., 1991 ), Italy (Postpischl, 
1985; Stucchi, 1993), The Netherlands (Houtgast, 
1990), Poland (Pagaczewski; 1972 - added by own 
studies), Scandinavia (Ahjos and Uski, 1992), Slo
venia (Ribaric, 1982). Data for France were ex
tracted temporarily from the CEC-catalogue (van 
Gils and Leydecker, 1991) which unfortunately is 
not reflecting the full French seismicity data file 
(c.f. also Camassi et al., 1994). Agreements for 
supplying further data-files for GSHAP-Region 3 
have been made. 

The current stage of the compilation of a uni
. form or homogeneous catalogue, or better to say, 
seismicity data-file or working-fi,le for GSHAP
Region 3 is presented in the Figs. 3-6; Fig. 3 shows 
the epicentre map for the D-A-CH study area, Fig. 
4 for Scandinavia and the Baltic Republics, Fig. 5 
for northwest Europe, and Fig. 6 for eastern Cen
tral Europe. The seismicity data-file for the 
GSHAP-Region 3 contains in the moment 44.483 
entries. When the 9.426 duplications (entries for 
one and the same event coming from different 
sources) are not counted, then are remaining 
19.867 mainshocks, 2.864 foreshocks, 9.402 after
shocks. The rest are questionable events (2.489) or 
non-tectonic ones. This working-file will serve as a 
basis for a thorough research work within the CEC
project "Basic European Earthquake Catalogue and 
Database for the evaluation of long-term seismicity 
and seismic hazard (BEECD)". After computing a 
set of seismic hazard maps for the D-A~CH study 
area, using approaches described in Griinthal et al. 
(1995; this volume), appropriate products are under 
preparation for the other sub-study areas. 

References 
Ahjos, T. and Uski, M., 1992., Earthquake epi

centers in northern Europe. Tectonophysics 
207: 285-295. 

Boborikin, A. M., Garezky, R. G., Emelyanow, A. 
P., Sildvee, H. H., and Suveysdis, P. I. 1993. 
Zemlyetryaseniya Byelarusi i Pribaltiki. Sovre
mennoye sostoyaniye seismitsheskich nablyu
denii i ih obobshtshenii. Akademiya Nauk Bela
rusi, Minsk. 

Camassi, R. Santi, M., Rebez, A., Stucci, M., and 
Zerga, A., 1994. Problems and pitfalls in the 

1536 

compilation of comprehensive, parametric cata
logues. Materials of the CEC project "Review 
of Historical Seismicity in Europe" - vol. 2 
(Albini, P. and Moroni, A.; eds.) CNR, IRRS, 
Milano, 241-254. 

Giardini, D., Basham, P., and Berry, M., 1992a. 
The global seismic hazard assessment program 
(GSHAP). Terra Nova, 4/6, 623-626 .. 

Giardini, D., Basham, P., and Berry, M., 1992b. 
The global seismic hazard assessment program 
(GSHAP). EOS Transactions, AGU, 73 No. 48, 
518. 

van Gils, J.M. and Leydecker, G., 1991. Catalogue 
of European earthquakes with intensities higher 
than 4. Commission of the European Com
munities, nuclear science and technology. EUR 
13406EN. 

Griinthal, G., 1988. Erdbebenkatalog des Terri
toriums der Deutschen Demokratischen Re
publik und angrenzender Gebiete von 823 bis 
1984. Veroff., Zentralinst. filr Physik der Erde 
Nr. 99: 177pp. 

Griinthal, G., Bosse, Ch., Mayer-Rosa, D., 
. Rilttener, E., Lenhardt, W.; and Melichar, P., 

1995. Across-boundaries seismic hazard maps 
in the GSHAP-Region 3 - case study for Aus
tria, Germany, and Switzerland. This volume. 

Houtgast, G., 1990. Aardbevingen in Nederland. 
Koninklijk Nederlands Meteorologisch lnsti
tuut, De Bilt, KNMI 179, 166pp. 

Lenhardt, W., 1994. Austrian earthquake catalogue 
(1201-1993). Zentralanstalt filr Meteorologie 
und Geodynamik, Vienna, unpubl. computer
file. 

Leydecker, G., 1986. Erdbebenkatalog filr die 
Bundesrepublik Deutschland mit Randgebieten 
fiir die Jahre 1000-1981. Geologisches Jahr
buch, Reihe E: 36, 83pp. 

Mayer-Rosa, D. and Baer, M., 1990. Earthquake 
catalogue of Switzerland 1300-1990. Swiss 
Seismological Service, Zurich, unpubl. 
computer-file. 

Musson, R. M. W., 1994. A catalogue of British 
earthquakes. British Geological Survey, techni
cal report WL/94/04 Edinburgh, 99pp. 

Nikonov, A. A. 1991. Felt effects for earthquakes 
of the 20th century in the Eastern Baltic Shield. 
Inst. of Seismology, Univ. of Helsinki. Report 
S-27. Helsinki. 

Nikonov, A. A., Sildvee, H. 1991. Historical earth
quakes in Estonia and their seismotectonic posi
tion. Geophysica 27: 1-2, 79-93. 



60"N 

o· 

60"$ 

12o·w 

Fig. 1: The GSHAP-Regions of the Earth: (1) North America (Regional 
Centre: Mexico City; UNAM), (2) South America (CERESIS), (3) Central, 
northern and northwest Europe (Potsdam; GFZ Potsdam), (4) Mediterranean 
(Rabat; CNCPRST), (5) sub-Sahara Africa (Nairobi Univ.), (6) the Middle 
East (Teheran; IIEES), (7) northern Asia (Moscow; IPE), (8) central-southern 
Asia (Beijing; SSB), (9} East Asia (Manila; PHILVOLCS), (10) Australia and 
Oceania (Melbourne; AGSO). 

Fig. 2: Rough definition of the study area for GS HAP-Region 3: area north of 
46° N: area for assessing seismic hazard; area north of 44° N and west of 32° 
E: area for compiling the seismicity data-file. 
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Fig. 3 Epicentre map representing the seismicity data-file used for the D-A-CH study area (for references 
see text). · 
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Fig. 4: Epicentre map representing the seismicity data-file for Scandinavia and the Baltic Republics (for 
references see text). 
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GSHAP - Regional Centre 3 

Fig. 5: Epicentre map representing the current seismicity data-file for northwestern Europe (for references 
see text). 
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Fig. 6: Epicentre map representing the current seismicity data-file for eastern Central Europe (for 
references see text). 
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Abstract 
When the Global Seismic Hazard Assessment Program (GSHAP) was 
implemented in GSHAP-Region 3, covering central, northwest, eastern central 
and northern Europe, several areas were proposed where the computation of 
across-boundaries seismic hazard maps should begin. One of these in Europe was 
agreed for Austria, Germany and Switzerland, called D-A-CH. Previously 
existing maps show not neglectable differences in the border areas between these 
countries. These discontinuities are due to differences in the data preparation and 
in the methods used for calculation. The first step for overcoming the previous 
stage was to establish a cross-bordering homogeneous seismicity data base, 
which could not be reached by simple merging the data. More elaborated 
procedures were necessary. The data completeness with time has been studied for 
6 gross regions and consequently used in the data processing. 80 seismic source 
regions have been generated according to seismotectonic criteria in most cases. 
The resulting preliminary hazard maps (previously in terms of intensity) fit with 
several national maps for the D-A-CH area and its surroundings fairly well, but 
less with others. 

1 Introduction 
In 1993 the Regional Centre for the 

GSHAP-Region 3, covering Europe north of 
46° N and west of 32° E, has been established 
at the GeoForschungsZentrum in Potsdam, 
Germany. The Global Seismic Hazard Assess
ment Project (GSHAP) (Giardini and Basham, 
1993), has been endorsed as an initiative of 
the International Lithosphere Program of the 
UN International Decade for Natural Disaster 
Reduction (IDNDR). It has been agreed 
during the first GSHAP-workshop of the 
Regional Centre Potsdam in 1993 to start the 
elaboration of joint seismic hazard maps for 
Austria, Switzerland, and Germany, called 
D-A-CH study area (cf. Grtinthal, 1995 this 
volume). 
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The last 20 years are characterized in that 
area by several independent seismic hazard 
projects; so in both parts of Germany 
(Ahorner and Rosenhauer, 1975, 1986) 
(Grtinthal, 1989, 199la, b), in Switzerland 
(Sagesser and Mayer-Rosa, 1978), and Austria 
(ONORM B4015, 1979). The intention of 
each of these studies was the design of 
homogeneous hazard maps on a national 
scale. Moreover, recent hazard maps for The 
Netherlands (de Crook, 1993) and France 
(Bottard and Ferrieux, 1992) are available. 
Nevertheless, pronounced differences in the 
quantitative hazard figures, and hence in the 
zoning maps, may be revealed in the border 
areas between several of these results. The 
discrepancies are mainly due to differences in 



the data preparation and in the methods used 
for calculation. 

2Data 
The essential basis for reliable seismic 

hazard assessment are earthquake data of high 
quality. The data used for this approach are 
mainly based on most recent versions of 
different national earthquake catalogues. 
Among these are especially the complete data 
files from Austria (Lenhardt, 1994), Germany 
(Leydecker, 1986; Griinthal, 1988), and 
Switzerland (Mayer-Rosa and Baer, 1990) as 
well as parts of the catalogues of the Czech 
Republic (Schenkova et al., 1989), Belgium 
(Verbeiren et al., 1994), Hungary (Zsfros et 
al., 1991 ), Italy (Postpischl, 1985), The 
Netherlands (Houtgast, 1990), Scandinavia 
(Ahjos and Uski, 1992), and Slovenia 
(Ribaric, 1982). The data for France are 
extracted from the CEC Catalogue (van Gils 
and Leydecker, 1991). The Polish part has 
been compiled after Pagaczewski (1972); 
additional information was used according to 
own studies or from the Czech and the 
German catalogues. 

To include far-field influences fro.Ql 
earthquakes, a region had to be evaluated 
which extends approximately 200 km beyond 
the borders. 

The creation of a homogeneous joint data 
base has not been based on a simple merging 
procedure alone. With respect to the border 
regions, the following principles were applied: 
( 1) The merging is made without loss of 
information from different catalogues, (2) for 
double entry earthquakes the parameters in the 
"home"- catalogue are accepted. Fig. 1 shows 
the epicentres (without fore- and aftershocks) 
above intensity ID and the seismic source 
zones. 

The completeness of earthquake data has 
been analyzed after Stepp's method (Stepp, 
1972) in combination with a graphical 
analysis, assuming that a constant gradient in 
the cumulative number of events vs. time 
denotes a homogeneous period for an intensity 
level. This information is very important for a 

Fig. 1: Epicentres of earthquakes in the study 
area and source zones defined for seismic 
hazard computation. 

proper statistical treatment of the data. Table 1 
contains the result for six selected regions, 
characterized by geographical and cultural 
aspects influencing the compilation of the 
national catalogues. 

It is assumed that for the indicated 
intensity lo all events are reported from the 
corresponding year onwards in the appropriate 
regions. 

Table 1: Periods of completeness of data in 
different regions of the study area; A -
Austria, B - Switzerland, C - Rhine Area, D -
Saxony I Thuringia, E - Northern Italy, F -
Remaining Germany 

10 A B C D E F 
IV 1900 1875 1925 1860 1870 1940 

v 1900 1875 1870 1740 1870 1860 

VI 1850 1490 1760 1550 1740 1860 

VII 1670 1490 1500 1400 1600 1750 

VIII 1450 1280 1400 1200 1630 

IX 1200 1280 1400 1200 

x 1100 
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3 Hazard Computation 

3.1 Method, procedure and results 
For the calculation of seismic hazard the 

probabilistic approach first proposed by 
Cornell ( 1968) was chosen respectively the 
computer code of McGuire (1976). The 
program was modified to handle up to 100 
seismic sources. 

Based on ·seismotectonic features as well 
as on the areal distribution of epicentres, 
source zones have been defined as entities in 
which uniform seismic activity can be 
assumed. Since tectonic features are often not 
known or not easily understood in their 
context with seismic hazard, the temporal and 
spatial distribution of earthquakes was used as 
an essential factor in defining the seismic 

., sources. The uncertainty in the epicentre 
location has to be considered for the step, too. 

For each source region, characteristic 
seismic parameters have to be assessed. 
Epicentral intensity lo has been chosen as the 
earthquake size parameter, because it is the 
primary parameter describing historical 
earthquakes. The upper bound intensity is 
always fixed well above the largest historical 
earthquake. It is set to intensity values always 
equal or greater than vn in the three 
countries. All earthquakes with uncertain 
intensities (e.g. V-VI) are equally associated 
to the number of earthquakes with the next 
lower and higher intensities. This procedure 
gives annual rates in the cumulative 
frequency-intensity curves which are higher 
than the old ones. 

Fig. 2 shows three typical log N - lo 
distributions for prominent seismic source 
zones in the study area. The intensity -
frequency distributions log N = a - blo give the 
parameters a and b, used as input to hazard 
calculations. 

Fairly well established linear fits have 
been found for nearly all zones. In a few 
instances default values for b were used which 
result from a larger area surrounding 
appropriate source zones. 
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Fig. 2: Cumulative frequency - intensity rela
tionships for three different prominent source 
zones in the study area. 

Table 2: Annual occurrence rates and b -
values for the seismic source regions 
presented in Fig. 2 

Region b annual rate per 
100 OOO km2 

Clo ~ III) 
Hohenzollern 0.66 1398 

Mur-Mtirz 0.83 1379 

Central Wallis 0.75 708 

The seismic activity (annual rate) depends 
on the size of the source zone. However, the 
normalization according to the size of the 
source zones yields similar specific annual 
activity rates. 

The following attenuation relation was 
used, which represents a mean relation for the 
overall study area: 

1(10, r) = 3.5l+l0 - l.48·1n(r/km+3.48); r~7km 

For r < 7 km 1(10, r) is fixed to 
1(10, 7km) . No standard deviation was 

assigned to this attenuation function. 
The results may be presented either in 

intensity levels for distinct . annual 
probabilities or return periods for certain 
intensity levels. In this paper the intensities 
are depicted with annual occurrence or ex
ceedance probability of 0.001 (Fig. 3). 



4 Conclusions 
The joint hazard assessment approach as 

well as the hazard map presented here is a 
straightforward step fcir reaching standardized 
and harmonized seismic zoning maps in 
Europe in the sense of GSHAP. It has to be 
stressed that these maps have a preliminary 
status only. 

When compared with previous maps on 
national scale our new maps reveal both 
nearly congruence but also differences even 
discrepancies. 

Austria's part of the hazard map shows 
remarkable high intensities in particular 
areas - when compared with an old hazard 
map (Drimmel, 1978). This effect is not only 
caused by a complete different approach in the 
hazard map design, but also due to the longer 
average recurrence periods considered as well 
as updated interpretations of historical 
earthquake studies (Gutdeutsch et al., 1987; 
Hammer!, 1992). 

Due to the definition of the areal extent of 
seismic source regions, local concentrations of 
high seismicity are less pronounced than in 
previous ones - but contribute to the overall 
seismic activity of the defined region. 

A (Lenhardt, 1994) recently published 
hazard map of Austria resembles the presented 
map to a large extent, although a complete 
different approach was used by the author. 

Germany's part can only be stressed very 
briefly here because there exists a certain 
variety of such maps for the former both parts 
of this country. 

For checking the reliability of derived 
seismic hazard assessments it is in each case 
useful to compare the deductive probabilistic 
results with those from detailed and carefully 
carried out so-called counting procedures or 
non-pararrietric historic methods (McGuire, 
1993). Such a method has been developed and 
applied by Griinthal ( 1989, 1991 a,b) for 
eastern Germany. The historic, non-parametric 
methods does not make use of any seismic 
source region definition and give indeed 
realistic images of the really occurring 
exceedance rates of different intensities in the 
past in the respective study areas. 

The maps of the appropriated hazard levels 
by Grilnthal ( 1991 b) match the corresponding 
maps for the respective areas from our recent 
approach very well. Other maps were 
computed e.g. by Ahorner and Rosenhauer 
(1986). Our results show generally a very 
similar qualitative pattern though the initial 
data and the method used are different. The 
differences in the resulting intensities for the 
0.001 probability map are with exceptions in 
certain regions smaller than 0.5 degrees with 
generally higher values in the new study. 

The Swiss part reveals remarkable 
differences when compared to the former 
study of Sagesser and Mayer-Rosa (1978). In 
some areas these differences can amount as 
much as half of an intensity degree for the 
0.001 annual probability level. These 
differences may be explained by different 
treatment of the basic catalogues. In the 1978 
study the following practice was applied: 

- The anchor points in the cumulative log 
N - I distributions have been fixed to points 
between integer intensities to account for 
earthquakes having intensity assessment with 
uncertain values (e.g. VI-VII). This practice 
tends to systematically lower activity rate; 

- A quadratic fit was chosen to represent 
the log N-I distribution, which yields to 
considerably lower rates for higher intensity 
ranges, compared to the linear fit in this study; 

- Attenuation relationships have been 
adopted which allow a variation of the attenu
ation coefficients with azimuth. It can be 
shown that this results in differences of up to 
0.5 degrees of intensity, when compared to 
azimuth independent attenuation character
istics. 

If the results of this study are compared 
with exiting hazard maps in the neighbouring 
countries, certain differences can be observed 
in the border areas. The calculated values co
incide well with the hazard maps of The Neth
erlands (de Crook 1993). The values are sys
tematically lower if compared to the French 
map (Bottard and Ferrieux, 1992); while the 
recent results for the Czech Republic (Schenk, 
1993) are characterized by considerably sys
tematic lower values. 
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The GSHAP Adria Project 

by Dario Slejko 

Osservatorio Geofisico Sperimentale, Trieste, Italy 

Abstract 
One of the .test areas chosen by the GSHAP project is the Adriatic region. 

This choice is based on three main reasons: 1) the problem of the geodynamic 
evolution of the Adriatic microplate is still open; 2) the seismicity of the peri
Adriatic region is poorly known because up to now it has been investigated only 
at national scale; 3) several countries with notable scientific experience face the 
Adriatic sea. A common project involving several institutions is expected, 
therefore, to improve notably the seismotectonic knowledge of the study region. 

Introduction 
The International Lithoshere Program's proposal for a Global 

Seismic Hazard Assessment Program (GSHAP) has been endorsed, as 
an international demonstration project, by the Scientific and Technical 
Committee of the UN's International Decade of Natural Disaster 
Reduction (IDNDR), with the strong support of the International 
Council of Scientific Unions and of UNESCO. GSHAP embodies many 
of the strategies and priorities defined by the IDNDR; the primary goal 
of GSHAP is to ensure that national agencies be able to assess seismic 
hazard in a regionally coordinated fashion and with the most advanced 
methods, in order to minimise the loss of life, property damage and 
social and economic disruption caused by earthquakes (see Giardini and 
Basham, 1993). 

The program will be coordinated at global level but implemented at 
regional and local scale and it will be based on the establishment of 
Regional Centers to assist national efforts; the ultimate benefits will be 
national assessment of seismic hazards, available before the end of the 
Decade in a standardized form, to be introduced in the implementation 
of risk mitigation strategies. In this context, international projects on 
test areas will be performed preliminarly. 

The key to the GSHAP implementation is the establishment of 
Regional Centres to act as focal points for activities in seismic hazard 
assessment. They are: Mexico City for north and central America, 
Santiago for south America, Potsdam for central and northern Europe, 
Rabat for Mediterranean, Nairobi for continental Africa, Teheran for 
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the Middle East, Moscow for northern Eurasia, Beijing for central -
southern Asia, and Manila for east Asia - Oceania. In this framework, 
some test areas have been proposed; two refer to continental Europe 
and Mediterranean: the Germany, Austria, and Switzerland (DACH) 
region and the Adriatic region (Adria). Adria is, therefore, a kind of link 
between the European and the Mediterranean regions. 

The aim of the Adria project is the application and evaluation of 
different methodologies for hazard assessment in a test area which 
shows complex seismotectonic characteristics and includes several 
countries. Three main goals can be identified, therefore, in the present 
project: 1) the increase in seismotectonic knowledge of the peri-Adriatic 
region; 2) the preparation of a geological and seismological data set 
useful for the scientific community; and 3) the solution of the problems of 
the border regions in seismic hazard assessment through a close 
international cooperation. 

The choice of this study area (limited by the Apennines to the west, 
the Alps to the north, the Dinarides and Hellenides to the east, and the 
Cephalonia escarpment to the south) is motivated by several reasons: a) 
the problem of the geodynamic evolution of the Adriatic microplate is 
still open and is of fundamental importance for the geophysical 
knowledge of the Mediterranean region; b) the seismicity of the peri
Adriatic region is poorly known because up to now it has been 
investigated only at national scale, while the analysis should be done at 
international bases; c) several countries with notable scientific 
experience face the Adriatic sea; d) relations between the seismicity at 
the western and the eastern margins of the Adriatic microplate can be 
postulated; and e) only for the eastern part of the area (Balkans) has an 
international project for seismic hazard assessment been performed, 
while the border problems have never been considered in the remaining 
part. 

The goal of assessing the seismic hazard of Adria will, therefore, 
face tasks of fundamental importance such as that of interpreting the 
seismotectonic characteristics of the study area and of preparing a 
global seismotectonic input for hazard assessment. 

State-of-the-Art on the Knowledge of Hazard for Adria 
Adria is characterized by high seismic hazard in many sectors (see 

e.g., along the Apenninic chain, the piedmont belt of the Southern Alps, 
and the eastern coast of the Adriatic sea) and relatively low in other 
ones. A global view of the seismic hazard in this region is not yet 
available and the most notable study performed remains the Balkan 
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Project concluded in 1976 (Karnik and Radu, 1976). Adria shows very 
high seismicity at its lateral and northern edges (see the Figure), while it 
is almost aseismic at the southern edge, where the contact with the 
African plate is supposed to be located. Inside it, in the Adriatic sea, very 
low seismicity is detected even by present-day instruments. It cannot be 
said, however, that it is aseismic, but rather that it is not adequately 
monitored. 
The long and well documented history of Adria reports numerous 
catastrophes due to earthquakes since 2100 B.C. (Sieberg, 1932). Until 
now no assessment of the long-term seismicity (several centuries) of the 
area as a whole has been attempted, and the problem was approached 
at national level by using only single country's sources and knowledge. 
For this reason some strong events of the past which hit mainly coastal 
strips of the Adriatic sea are not sufficently known. Most of the studies 
developed in the past have not taken into account both sides of the 
Adriatic sea, i.e. the Italian and the Balkan coasts, but only one of them. 
Any following result, in terms of earthquake catalogue as well as of 
hazard assessment, could be strongly biased by this fact, and, therefore, 
should be considered as only a partial result. It is clear, therefore, that 
only with a international effort on both sides of the Adriatic can an 
adequate seismological data set be collected for increasing knowledge of 
the seismicity of Adria. This holds especially for older events for which 
no instrumental data are available. Furthermore, the border regions 
have always been a problem in seismic hazard assessment. This is 
because major emphasis is generally given to the national seismicity 
while that of the external zones is considered to a lesser extent. For this 
reason, hazard maps of neighbouring countries hardly match each 
other, and the hazard of the border regions usually remains 
underestimated. One of the main aspects of the present project consists 
in evaluating globally the seismic hazard, and it will be done by 
investigating the seismicity on a broad scale and by defining a 
seismotectonic model of the whole study area. 

Description of the Project 
The main objective of this project is the hazard assessment for Adria 

through the analysis of long-term seismicity in the Adriatic sea and its 
coastal areas. The analysis will be based on all the information 
concerning historical and instrumental seismological data available to 
all the countries facing the Adriatic sea (i.e. Italy, Slovenia, Croatia, 
Yugoslavia, Albania, and Greece). 
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From the earthquake engineering point of view, the influence of 
major events on seismic hazard assessment and consequently, through 
vulnerability functions, on seismic risk evaluation, has been widely 
demonstrated. Thus, another primary objective of this project is the re
evaluation of the largest earthquakes of the region. Looking at 
published catalogues of historical earthquakes it is often evident that 
there is a serious over- or underestimation of the size of the largest 
events. This is due to several factors, such as: (a) the magnitude 
estimation based only on maximum observed intensities, without 
considering the felt area as a whole; and (b) the adoption of false 
information from a single source by a series of investigators, with an 
apparent agreement of several catalogues about the size of the specific 
event based on the description of a single source, usually contemporary 
to the event, and far from being objective. 

• 5• 10· 15° 

Figure - Seismicity of Adria (period 1976 - 1988, M:2:3.0). 
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After the completion of this project, the long-term seismicity of 
Adria is expected to be known with a good degree of reliability, leading 
thus to a more realistic seismic hazard assessment. 

Data Collection 
Different philosophies have been followed in preparing geological 

and seismological data-bases (maps, catalogues, etc.) because the work 
has been performed at national basis only. It is planned in the present 
project to collect and to homogenize the seismotectonic data in a 
suitable format for hazard evaluation in the study region. 

Tectonic Data 
The geological data will be analyzed and a general structural model 

will be proposed; detailed investigation will be performed on the 
neotectonic activity of the region. 

It is out of the scope of this work the preparation of a tectonic map 
of entire Adria. Nevertheless a schematic tectonic map will be developed 
through the analysis of the gelogical data available in literature. For the 
Adriatic sea the interpretation of the seismic profiles available will 
contribute to the definition of the main tectonic elements. 

Seismological Data 
Reconstruction of the effects of the major earthquakes which hit the 

countries around the Adriatic Sea in the past is fundamental for 
understanding the seismicity of the Adria microplate. This will be done 
in two separate phases (see Stucchi, 1993). The first reconstruction will 
be obtained by simply collecting all the sources cited in the seismological 
literature about each studied earthquake, and therefore which have 
already been used for constructing the intensity map and/ or the 
epicentral data. After this preliminary investigation, a better picture of 
the quality of information used to define the epicentral parameters in 
the earthquake catalogue will be obtained. The second phase will consist 
in the retrieval of the coeval information for crucial events by mean of a 
detailed research in the main archives of the different countries by 
looking into narrative as well as administrative sources. The final 
product will consist of a reasonably complete intensity map for each 
main event investigated. 

The final data set will integrate uniformly assessed data of 
earthquakes across national borders. Such data are expected to be found 
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in national, regional, local and private archives, contemporary sources, 
as well as published earthquake catalogues. All the data will be 
gathered, scrutinized and critically reviewed in order to eliminate 
duplicates, and to estimate macroseismic intensities and magnitudes of 
the earthquakes that occurred in the study area. 

More reliable.magnitudes will be obtained for the most significant 
historical earthquakes using empirical relationships developed on well
recorded instrumental earthquakes (isointensity area versus moment 
magnitude: see Westaway, 1992). 

The instrumental seismological data, deriving from the global 
processing of the European data (ESMC, ISC) can be considered 
adequate for the analysis of the seismicity of Adria, but they have 
studied very seldom at a broader scale than the national one. Therefore, 
a detailed analysis of recorded seismometric data and their processing 
will give an accurate hypocentral location, an assessment of magnitude 
and seismic moment, a determination of the focal mechanism and 
attenuation relation. For these earthquakes, good macroseismic data 
are generally available as well and, thus, a satisfactory intensity map 
can be produced for all of them. 

Seismotectonic Modelling . 
Definition of the main seismotectonic structures can be made from a 

global analysis of the tectonic features of the region and of the strongest 
well documented earthquakes; this analysis will lead also to the 
definition of the main seismogenic structures active on land and 
offshore. Especially for the offshore, seismic refraction and reflection 
data will be very useful for this analysis. In addition, the recent crustal 
stress field, in terms of directions of maximum horizontal stress, will be 
studied by considering focal plane solutions, in situ stress 
measurements, geologic fault slip determinations, and repeated precise 
geodetic triangulations. It is very probable that a detailed 
seismotectonic zoning of the study area is beyond of the goals of this 
research, since it would involve the analysis of the low seismicity, while 
only major earthquakes are involved in the present research. Detailed 
regional studies have already been produced and will contribute to the 
global analysis. Here a rough definition of the main seismogenic zones is 
planned together with their characterization in terms of Benioff graph, 
Gutenberg-Richter relationship, maximum observed magnitude, 
intercurrence times, foreshocks, aftershocks, description of individual 
seismic sequences, analysis of seismicity trends in time and space, and 
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correlations, assessment of ~eismic strain rate over the observation 
period and identification of activity gaps in time and space. 

Hazard Assessment 
The seismic hazard is defined as the probability of exceeding a fixed 

value of shaking severity (macroseismic intensity or peak ground 
horizontal acceleration PGA) during a fixed period of time. According to 
Muir - Wood (1993), five generations of hazard maps can be identified 
based respectively on: historical determinism, historical probabilism, 
seismotectonic probabilism, non-Poissonian probabilism, and 
earthquake prediction. 

The historical determinism approach consists in mapping the 
observed information and can be obtained from the maximum shaking 
experienced in the past. It is lacking in statistical meaning but gives a 
minimum value of reference hazard. 

The historical probabilistic approach treats statistically the 
earthquake catalogue information. A simple counting procedure can be 
applied in the data processing or more robust statistics can be 
considered. An application of the theory of extreme values (Gumbel, 
1954, 1958) to the seismic process was formulated by Epstein and 
Lomnitz (1966), and is convenient because the distribution of the 
extremes is independent of the initial distribution. The statistics of 
extremes is applied to the observed (or calculated) shakings (intensity, 
PGA) experienced at a chosen site; a source zoning is not, therefore, 
needed since all epicentral ·intensities are calculated directly from their 
location reported in the catalogue by using a proper attenuation 
relation. However, a large part of the information is obviously 
neglected since only the major events (which are usually the best known 
ones) are considered. 

The seismotectonic probabilistic approach is based on the definition 
of the seismogenic zoning obtained by analyzing the geological and 
seismological data of the study region. The most common application of 
this approach is the Cornell (1968) method generally applied considering 
PGA as hazard parameter. The Cornell method is based on some 
assumptions: the magnitude of the events is exponentially distributed 
(the Gutenberg - Richter relation is, therefore, valid); the recurrence 
times form a Poisson process (the events are, therefore, independent 
and uniformely distributed in time); the seismicity is uniformely 
distributed over the seismogenic zone/line. Although these assumptions 
seem generally reasonable, they introduce some constrains: for 
example, that of considering memoryless the seismicity and, therefore, 
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not to enable one to give priority to one region rather than to another of 
comparable seismicity according to the delay in earthquake occurrence. 
The rupture process can be introduced by considering linear faults 
instead of a point source model with an equi-probable seismicity source 
distribution. It is clear that the choice of the seismogenic process 
depends strongly on the reliability of the tectonic model in the 
investigated region. Generalised wide sources give more conservative 
results over the whole region but the maximum value can be sometimes 
flattened. 

The non-Poissonian approach recognizes that major earthquakes 
are not located randomly in time. The Markov approach, or the more 
simple semi-Markov approach which considers only the last event, can 
better predict future earthquakes (obviously only in a statistical sense) 
than the Poisson seismicity model, but the two methods give very similar 
results when applied over a reasonably long period, which is the more 
useful case for seismic zonation. 

The earthquake prediction can be considered the final stage of 
hazard assessment, when probability of time, location, and size of the 
event is computed. 

Applications of the different algorithms to the same area, assuming 
a seismic behaviour suitable for each of the different methodologies, 
indicate the sensitivity of the various methods. In this way, a choice of 
the "best" code can be made more rationally, according to the seismic 
and seismotectonic knowledge available for the investigated country, 
even if a seismic zonation map should be based upon the various 
aspects/results of the processing (i.e. different forecasting parameters; 
e.g. Petrini et al., 1981). In this project, different statistical and 
probabilistical approaches for seismic hazard assessment will be 
considered among those known in literature and applied to the whole 
study region to assess the seismic hazard, comparing the different 
results. 

The first application, related to the first generation of hazard maps, 
will be obtained by the "counting" procedure, which requires no 
modelling of the earthquake process in space and time and, therefore, is 
particularly adequate for regions of moderate to high seismicity in 
which the seismotectonic setting is complex, significant earthquakes do 
not give rise to surface faulting, and the seismic energy release cannot 
be clearly associated with well identified tectonic structures (this is a 
common situation in the Mediterranean). The historical and 
instrumental events of the region are transferred to the site with an 
attenuation relation, and then a simple counting gives the mean annual 
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number of earthquakes felt at the site with ground shaking (mainly 
macroseismic intensity) greater than a level of engineering interest. 

Moving to the second generation of hazard maps, the counting at 
the site can be also performed by fitting an appropriate 
frequency /intensity curve by the extreme-value technique, etc., 
assuming, therefore, also probabilistic contents. An important variation 
of the model can be introduced when reliable maps of felt intensities 
exist for'past earthquakes in the region. This simply consists of using the 
site intensity readings from the maps (instead of values calculated by the 
attenuation relation) whenever possible. 

As third generation of hazard maps, an application of the Cornell 
method is planned. Different applications of this method are known in 
literature according to the seismogenic element considered as radiating 
energy: in one case, wide seismogenic zones are accounted for, in the 
second, seismogenic lines are considered with a model of fault rupture. 
In detail, the seismotectonic study described before will be the basis for 
the hazard assessment of the area. From the seismotectonic evidence, a 
seismogeniC zonation will be extracted as well as a simplified scheme of 
the main seismogenic structures. All the historical and instrumental 
seismicity data will be considered to define the seismogenic character of 
each single seismogenic zone and of each seismogenic line, as well as the 
attenuation relations. 

Partecipants and Planned Operations 
Most of the countries facing the Adriatic sea agreed to join this 

project: Albania (Seismological Center, Tirana), Croatia (Zagreb 
University), Czeck Republic (Academy of Sciences, Prague), Greece 
(Athens University), Slovenia (Seismological Survey, Ljubljana), 
Switzerland (ETH, Zurich), and Italy (OGS, Trieste; CNR, Milano; 
ING, Rome; Pisa University). Territorial responsability is planned for 
each partecipant with a coordination work done by Italy (Pisa 
University for tectonics and seismotectonic modelling, CNR for 
seismicity, and OGS for hazard assessment). This project will strongly 
benefit by the results of the CEC project "A basic European catalogue 
and a data base for the evaluation of long term seismicity and seismic 
hazard" (Stucchi, 1993) because a first release of the European 
catalogue is expected to be ready very soon. 

The working scheme of the project is planned ~s follows: 1) 
inventory of the present knowledge on Adria seismotectonics and 
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hazard by national reports of the project partners; 2) preparation of a 
basic data file from literature; 3) improvement of seismotectonic 
information; 4) definition of the Adria earthquake catalogue and 
seismotectonic zonation; and 5) seismic hazard assessment. Final 
results are expected within the life of the GSHAP project but notable 
improvements of seismotectonic knowledge and preliminary, at least 
partial, seismic hazard estimates are planned to be obtained in a couple 
of years and will be disseminated. 

Acknowledgment. Many thanks are due to Laura Peruzza for giving useful 
suggestions in the preparation of the present text. 
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Abstract 
In seismic hazard assessment studies, one starts with event parameter data 

sets, often compiled under the form of earthquake catalogues. In order to 
assess seismic hazard at a scale broader than the national one, it is necessary to 
merge national data sets, which are often compiled applying varied criteria. It 
is well known that this operation should be performed very carefully, 
otherwise the result might be formally correct, but inconsistent in substance. 

In order to avoid such pitfalls, with the view of conducting seismic hazard 
evaluation of Europe, GSHAP launched in 1993 a preliminary survey of the 
main features of current earthquake catalogues available. The survey, covering 
about 20 catalogues, was performed by means of a questionnaire, designed to 
investigate several aspects: first the basic ones, such as space and time 
coverage, number of entries, updating, etc.; next, the catalogue background: 
available primary data set, historical background, earthquake parameter 
determination procedures, reliability estimates, and so on. 

The results of the survey are presented, showing similarities, but also 
differences. The outcome claims for care in merging catalogues; it also 
suggests that some work must be done before proceeding straightforward and 
compiling international catalogues, if homogeneity is desired. 

Introduction 
Being abroad, a traveller expects that stamps are sold at post-offices, 

currencies chang~d at banks, and so on; in most cases it does. He may find 
rather disappointing being told that distances along the motorways are in km, 
if later they turn out to be in miles; or, at a conference, to be given earphones 
for English and then spend the whole session listening Japanese. 

Sometime, the situation with parametric catalogues is quite similar. One 
would like that columns showing the same header in two or more parametric 
catalogues contain the same parameters: or that all figures found in the same 
column relate to the same parameter: sometimes they do not. Even worse, one 
often discovers it late, once a lot of work has been done, interpretations appear 
sound and the paper is ready: one has then to decide whether, finally, data was 
not so important for the points made, or the whole work must be done again 
from scratch. 

Proc. of the XXIV ESC General Assembly, Athens, 19-24 September 1995 
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Background 
The survey of European parametric earthquake catalogues was proposed in 

order to check whether these problems are just relics of long-time-ago 
pioneers' activity, or they still survive in the current practice: investigating, in 
in particular, in a very preliminary way, the nature of parametric catalogue 
roots and the procedures adopted for compiling them. 

With the aim of initiating GSHAP activities in Europe, an expert group 
convened in Potsdam (July 1,2 1993). Among other topics, the problem of the 
quality of the earthquake data sets was discussed, considering the GSHAP 
recommendations: "The GSHAP Steering Committee, at its first meeting in 
Rome, recommended that the initial work at the Regional Centres be focused 
on the improvement of the earthquake catalogues, an activity that is needed in 
all regions ... " (Basham and Giardini, 1993). 

The discussion underlined different characteristics of the European national 
catalogues and different points of view. It was then decided the GSHAP would 
survey the present situation by means of a questionnaire, which was designed 
by M. Stucchi and revised by G. Griinthal, J. Bonnin and P. Burton. The 
questionnaire was circulated in September 1993 and a preliminary analysis was 
presented and discussed in Milano, December 1993, on the occasion of the 
meeting "Historical earthquake investigation for the improvement of seismic. 
catalogues and databases", organised under the sponsorship of the CEC. 

The questionnaire 
The main goal was to survey, as far as posssible, the background of current 

parametric catalogues and the procedures used for earthquake parameters 
determination. The questionnaire adresses the following, main items: 

a - general aspects (compiler, date of compilation, public/restricted, etc.) 
b - main characteristics (area and time-window, number of entries, format) 
c - macroseismic data (supporting data set, references, procedures for 

parameters determinations) 
d - instrumental data (supporting data set, references, procedures for 

parameters determinations). 

Main results 
Table 1 presents a summary of the results concerning general aspects and 

main characteristics. Data is reported as it has been supplied by the people who 
filled in the questionnaire, even if some contradictions appear. 

The Io/M investigated threshold was the actual data threshold; as the 
question was probably not clearly presented, as some answers are missing. 
However, thresholds expressed in terms both of lo and M show that different 
M = M(lo) relationships are in use. 

Fig. 1 shows the areas covered by the main catalogues and their 
overlapping; Fig. 2 shows the time-windows. 
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Fig. 1 - Areas covered by tlze surveyed catalogues. 
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Fig. 2 - Time-windows covered by tlze surveyed catalogues 
(time scale is not linear). 

Table 2 shows answers to some questions on supporting data sets. Table 3 
shows answers to some questions on how parameters are derived from 
macroseismic data, while Table 4 relates to similar questions regarding 
instrumental data and parameters reliability. 
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Discussion 
As already reminded, the results of this survey and the questionnaire itself 

are to be considered as a preliminary step. 
Though the questionnaire was rather detailed, the results have shown that 

some situations are even more complicated than anticipated and that some 
aspects could not fit in the elaborated grid. Furthermore, some questions were 
not clearly formulated and, therefore, the corresponding answers are not fully 
reliable. A second round of elaboration is in progress. 

The set of results seems enough self-explaining. However, some preliminary 
considerations can be made: 

1. Some catalogues are restricted in their disseminaton. 
2. Time-windows and lower tresholds are considerably variable: this strongly 

affects the so-called "completeness" of catalogues and, especially, of a 
possible comprehensive one. 

3. The everall availability of the supporting data sets seems very high. 
However, some situations (NL, H, CH, I, IB for macroseismic data; D, H, I, 
HR, GR2 for instrumental) represents considerable exceptions. 

4. Procedures for earthquake parameters determinations are widely varied. 
The most striking problems come, for macroseismic data, from the answers 
to questions 4.1, 4.5, 4.9. 

5. It is to be stressed that an important question: "By which intensity scale 
macroseismic intensities are assessed ?" was omitted. 

The situation presented might appear not too bad for each single country, 
where users are supposed to know the data they rely upon for hazard 
assessment. 

Problems might arise in the compilation of a comprehensive earthquake 
catalogue, as required by GSHAP initiatives. With respect to this, it may be 
interesting to analyze the output of the most recent attempt of compiling a 
"European" earthquake catalogue, the Van Gils and Leydecker (1991) one. 
Honestly enough, the related questionnaire stops answering questions after 3.1, 
sending back for information to the national parametric catalogues used as 
sources for the compilation of the European one. 

Now, assuming that such source catalogues are relatives, at least to some 
extent, of the ones analyzed by questionnaires UK, NL, B, D, CH, A, I, IB -
(only the questionnaire F is known to describe a data set very different from 
the Van Gils and Leydecker (1991) source for France), to compare the related 
answers easily gives an idea of which kind of homogeneity this comprehensive 
catalogue incorporated in his entries. 

Even more striking evidence comes from the analysis of some parameters 
and from some plots, like the one of Fig. 3, where magnitudes are plotted 
against lo. It is to be stressed that magnitudes are compiled in one column 
only, regardless of their type, and that lo values such as 4.2, 4.7 appear. 
Similar aspects are analyzed also by Camassi et al. (1993). 
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Fig. 3 - Magnitude versus lo in the Van Gils and Leydecker ( 1991) catalogue. 

Conclusions 
The compilation of updated, revised, comprehensive datasets and the re

determination of earthquake parameters would be the best solution; but, of 
course, it would take money and time. Users cannot wait: unfortunately, this is 
the reason why such a project has never put on the tracks so far. 

The current choice is to hurry up and forget about such problems: white 
paint on the cracked walls and the building is ready for the unaware buyer. 

So, when merging together some input catalogues to build up a regional one, 
it can be enough to re-write them in the same format, transforming 
coordinates into the same system. Intensity scales? They are known to be not so 
different and then intensity estimates are so unreliable by themselves, that 
putting all lo together will not hurt. Magnitude types are seldom reported, so 
what to do? let's put them altogether, they are (almost) all instrumental. Depths 
are highly unreliable; in some cases they are even given in wordings: shallow, 
intermediate, and so on; wordings do not fit in a parametric catalogue, let's put 
them in figures: 25, 70 km, etc. Some catalogues contain extra parameters? 
Sorry, they disturb our homogeneity, let's cut them off. References? useless 
for users. What else? some automatic checks, automatic search and eliminations 
of multiple determinations, then the catalogue is ready to be used. 
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Unfortunately, traces of this attitude are found also in the GSHAP 
recommendations (Basham and Giardini, 1993), which make reference to a 
comprehensive package of software which should "provide a capability to 
perform two major functions: 1) process catalogues of different formats, 
eliminate duplicates .... and 2) convert. all seismic size estimates to moment 
magnitudes" Moreover, such a software is being searched for among 
commercial data base softwares. 

Though GSHAP initiatives need to be completed on schedule, it is hoped that 
they will also represent a good opportunity at least to make users aware of the 
quality of the data they will be using, and to support the necessity for a 
reasonable improvement of it. 
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HORIZONTAL TO VERTICAL SPECTRAL RATIO AND SITE EFFECTS: 
THE CASE OF A DOWNHOLE ARRAY IN THESSALONIKI (GREECE) 
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(1) Laboratory of Soil Mechanics & Foundation Engineering, Civil 
Engineering Dept., Aristotle University of Thessaloniki, Greece 

(2) Institute of Engineering Seismology and Earthquake 
Engineering (ITSAK) Thessaloniki, Greece 

ABSTRACT 
This paper presents the experimental results of a comparison between horizontal to 

vertical, (h/v ), spectral ratio and standard spectral ratio, (S.S.R), obtained at a down
hole array in Thessaloniki. The predominant frequency and the amplification ratio re
sulted from the two methods are in good agreement. The theoretically expected resonant 
peak (computed through an 1-D analysis of the well known geophysical and geotechnical 
soil profile), is also in good agreement with the observed values of both spectral ratio 
techniques. It is concluded that the ( h/v) spectral ratio may provide a valuable means of 
identifying the fundamental resonant frequency and the amplification factor, at a given 
sedimentary site, when the Poisson ratio values are relatively low. 

INTRODUCTION 
The problem of amplification/deamplification due to local site conditions has been 

long addressed by the seismological and engineering communities. The evaluation of site 
effects on ground motion due to local geology and topography is a standard requirement 
in microzonation studies and vulnerability risk analysis in lifeline earthquake engineering. 
One of the familiar techniques, to estimate some basic characteristics of the site effects in 
regions of moderate to high seismicity, is the use of the spectral ratio of real earthquake 
records. For regions of low seismicity, the use of the microtremors or synthetic data 
have found a wide but not always succesful application. In this paper, data of weak 
to moderate ground motion was used, based on a 2 years operation of a permanent 
downhole and surficial array located at a stiff clayey site, at the Aristotle University of 
Thessaloniki. 

The standard spectral ratio, (S.S.R), method consists in recording simultaneously seis
mic ground motion in an array of stations and computing the spectral ratio between the 
ground motion at the surface to that of the reference rock site ( outcroping or bedrock). 
Several researchers after the pioneering work by Borcherdt (1970), (Borcherdt and Gibbs 
1976, Tucker and King 1984, King and Tucker 1984, Tucker et al. 1984, Jarpe et al. 1988, 
Chavez-Garcia et al. 1990), applied the standard spectral ratio method in a wide variety 
of geological enviroments. . 

An alternative recent method for the evaluation of empirical transfer" functions, that 
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does not require a reference station, is the method proposed by Nakamura (1989), based 
on the use of the horizontal to vertical, ( h/v ), spectral ratio. This technique, proposed 
originally for microtremors, has been extented to weak motion studies ( Ohmachi et al. 
1991, Field et al. 1993, Field and Jacob 1993, Duval 1993, Lachet and Bard 1994), and 
in some cases in strong motion studies (Lermo and Chavez-Garcia 1993, Theodulidis et 
al. 1993, Theodulidis and Bard 1994). 

The aim of this paper is to examine the stability of the (h/v) spectral ratio and to 
compare it with the standard spectral ratio, for a given soil profile for which a careful 
seismic prospecting and laboratory testing has been carried out. The encouraging coin
cidence of the results of the two techniques shows that the Nakamura's method seems 
to be quite reliable at least for this case study, for relatively weak motions and low Pois
son ratios (0.2-0.3). Furthermore, the theoretically calculated resonant peak (based on 
the Vs profile), shows a good agreement, with those obtained by the two spectral ratio 
techniques. 

DATA USED 
The downhole strong motion array comprises two SSA-1 3D Kinemetrics accelero

graphs, capable of measuring accelerations from 1 x 10-3 to 1.0 g, over a range of 
frequencies between 0 to 100 Hz. The surficial (S/N 890) is located at the basement of 
the Laboratory of Soil Mechanics & Foundations Engineering Civil Engineering at the 
Aristotle University of Thessaloniki, and has provided seven records during a two years 
operation. The downhole (FBA-13DH, S/N 891) has been installed on the weathered 
bedrock, at the toe of a cased borehole at the depth of 36.5 m, and it has been triggered 
by two events. 

Before the in hole installation of the FBA-13DH, a careful geophysical and geotech
nical surveys have been carried out. In order to determine P and S wave velocities and 
the quality factor Qs (for the main geological formation) along the borehole, a set of 
seismic measurements have been performed (Raptakis, 1995). 

The soil profile of the downhole array described by seismic prospection and conven
tional geotechnical boring is given in Figure (Fig. 1 ). 

The soil column, geophysically and geotechnically determined, is terminated at the 
weathered bedrock (green schist), at a depth of 36.5 m from the free surface or at 32.5 
m, from the location of the surficial accelerograph, since the "free-fied" accelerograph is 
installed at the basement of the building. 

The Q s values, have been computed using the spectral ratio method based on the 
Fourier spectra of the SH seismograms (Fig. 2). For the stiff red clay formation, the Qs 
quality factor found equal to 6.1, which corresponds to a mean critical damping value 
equal to about 8 %. Figure 2 presents the Fourier spectra of two seismograms recorded 
at the depth of 12 m and 18 m, as well as the diagram Delta-frequency with the best fit 
to the amount 1 / Q. 

Resonant column tests have been also performed (Anastasiadis, 1994) for the main 
clayey formation. Figure 3 shows the G/Go - "Y degradation curve together with the 
percentage of the critical soil damping with the shear strain values. It is observed that 
for low shear strain, "Y < 0.013, the laboratory result of the Q s values are in good 
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Figure 3: G/Go - I degradation curve and damping ratio vs shear strams estimated 
from laboratory Resonant Column tests (Anastasiadis, 1994). 

T bl 1 Th a e : 1 . 1 t e se1smo og1ca parame ers o f th e ear th k d qua es use . 
No CODE TIME (GMT) LAT.0 N LONG. 0E ML R (km) H (km) 

1 BASl 9/4/1992 03:51:02.97 40.69 23.13 3.6 16 1 
2 KERK 27/3/1993 21:47:09.06 41.20 23.17 4.0 65 6 
3 BAS2 7/7/1993 18:47:26.77 40.66 23.08 2.7 10 1 
4 VASL 25/7/1993 23:00:21.63 40.46 23.18 3.6 26 8 
5 KALL 10/8/1993 03:58:22.53 40.24 23.06 4.5 43 3 
6 PALR 10/4/1994 17:46:12.91 39.99 25.59 4.6 98 5 
7 APOL 23/9/1994 11:37:31:00 . 40.58 23.45 4.1 40 13 

agreement with that obtained from in situ computed quality factor Qs. According to 
the aforementioned surveys the local soil conditions are well known till the depth of 36.5 
m . 

In total 27 accelerograms have been recorded by the array, trigerred by 7 shallow 
earthquakes with source depth ranging 1 ::; H ::; 13 km, magnitudes 2. 7 ::; ML ::; 4.6 
and epicentral distances 10 ::; R ::; 98 km (Tab. 1 ). In Figure 4 the location of the 
epicenters of these events are given. 

All the accelerograms used were low-pass filtered at 25 Hz, since for engineering pur
poses the energy included in higher frequencies can be considered as negligible. The 
peak ground accelerations at the ground surface ranges from 0.0014 g to 0.043 g while 
at the bedrock, ranges from 0.0019 g to 0.0071 g. In order to apply the spectral ratio 
methods, the Fourier amplitude spectra were calculated and smoothed, using in every 
case, the entire accelerogram length. 

TECHNIQUES APPLIED:SSR AND H/V 
The standard spectral ratio technique, is a very common tool for the evaluation of 
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site effects in weak and strong ground motion. The ratio of smoothed Fourier spectra 
either between the hard rock record as reference station and the soft soil site, or between 
the stations at the surface of sediments and those installed at the sediments/substratum 
interface, is taken as a transfer function. 

The S.S.R. ratio is expressed by the equation, 

{1) 

where hs and hB are the Fourier spectra of the horizontal component of motion at the 
surface and at the base of the sedimentary layer, respectively. 

The (h/v) spectral ratio technique, has been originally used to interpret site ampi
fication conducted by microtremor measurements. Nakamura {1989) assumed that the 
vertical motion is not amplified by the surface layers with an exception of the Rayleigh 
waves. Thus, the following ratio should take values larger than 1.0 with increasing effects 
of Rayleigh waves, 

VS 
As = - {2) 

VB 

where vs, VB are the Fourier spectra of the vertical components of the seismic motion 
at the surface and the bedrock, respectively. If there are no Rayleigh waves, then As 
should be close to unity. 

After the Nakamura's assuption, the ratio SE/As was considered to be a more reliable 
transfer function as a modified site effect spectral ratio SM, 

{3) 
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Following the Nakamura's assumption that (ha/va) takes values close to 1.0, equation. 
(3) becomes, 

hs 
SM = - (4) 

V5 

Using the two accelerograms recorded at the bottom of the borehole the (ha/va) ratio 
was calculated. In Figure 5 it is observed that the values of the (ha/va) ratio, are close 
to 1.0, for a variety of frequencies up to 6 Hz. 

RESULTS 
The mean value of the (h/v) spectral ratio for 14 recordings give a prominent peak 

around 3.0 Hz with an amplification factor ranging from 2 to 2.5 (Fig. 6). 
The mean value of standard spectral ratio were calculated (Fig. 6), in order to compare 

the results with that of the (h/v) spectral ratio. The predominant peak amplification, 
with an amplitude around 2.0, appears also at about 3.0 Hz. 

Comparing the results of the mean values of the two methods, a good agreement of 
the shape as well as of the maximum peak amplitude of the fundamental resonant peak, 
is observed (Fig. 7). 

·In order to investigate the theoretically expected transfer function at the examined 
site, a 1-D analysis based on the reflectivity method (Kennett, 1981) and the geotechnical 
profile were used. Thus, the surface response to vertically incident, 0 = 0°, SV plane 
waves was computed. In figure (Fig. 7) the 0 m/37 m SV-wave transfer function exhibits 
the fundamental resonant peak at around 3.0 Hz, which is in good agreement with the 
observed one, previously shown. 
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DISCUSSION AND CONCLUSIONS 
In this study a few accelerograms from a surface-downhole array, were used for esti

mating the empirical transfer function due to surficial layers, the recorded events have 
has local magnitudes 2. 7 :::=; ML :::=; 4.6 and epicentral distances 10 ~ R ~ 98 km, 

A good agreement between the empirical mean (h/v) spectral ratio and the standard 
spectral ratio both in fundamental resonant frequency (around 3.0 Hz) and in amplifica
tion level (about 2.0), was observed. Theoretical transfer function of the surficial layers 
due to vertically incident SV-waves beneath the examined site showed also a fundamental 
resonant frequency around 3.0 Hz. 

It seems that the ( h/v) spectral ratio is a promissing technique in estimating fun
damental resonant frequency of a given alluvium site. Besides, the amplification level 
of this resonant peak is comparable with that of the standard spectral ratio technique 
which is in agreement with relevant conclusion by Lermo and Chavez-Garcia (1993). 
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Abstract 
In the framework of a project, financed under the EC EPOCH 

programme, a seismk survey was carried out in July 1993, on some 
accelerometric sites in order to estimate near surface elastic 
parameters and to determine the average thickness of the 
weathering layer. 

About the Simaz site (north-eastern Italy) the group velocity for 
the fundamental mode and the phase velocity for the fundamental 
and first few higher modes are measured in the frequency range 
from 12 to 28 Hz. 

The inversion of these data gives a well defined S-wave velocity 
structure of the weathered zone. This information used in the 
computation of complete synthetic seismograms for anelastic 
media, allows us a qualitative estimation of the distribution versus 
depth of the quality factor, Q, in the same depth range. 

Introduction 
Two different layouts were employed: 1) a refraction seismic 

survey with a 12 channel recording system and inter-geophone 
distance of lOm; 2) a detailed prospecting similar to seismic tests 
noise with an inter-geophone distance of lm, in order to analyse 
Rayleigh waves and avoid spatial aliasing. 

The standard refraction seismic method is used to infer 
compressional velocities. Inverting the dispersion curves of 
Rayleigh waves it is possible to obtain the average shear wave 
velocity structure in the uppermost 30m. This information, 
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together with the density, can be used to determine the shear 
modulus, strictly correlated to lithology and useful in earthquake 
engineering to define the effects of earthquakes, foundation 
vibrations and slope stabilities (Gabriels et al., 1987; Jongmans 
and Demanet, 1993). Moreover Poisson's ratio is obtainable when 
compressional wave velocity (VP) variation with depth is known 
from independent data. 

Processing and inversion 
The data are recorded in North-East Italy along a spread-line 

having 200 m of length. The source used is cannon mirii-bang 
buried at a depth of 0.50 m. A 24 channel seismograph (Bison mod. 
7024) is used with inter-receiver spacing of lm. 4 s length of data 
are obtained having a sampling interval of .004 s. Fig. 1 show 1 s 
of raw data at the Simaz site; 

offset (m) 
0 40 80 120 160 200 

0.0 

0.2 

0.4 

s ...... 
..... 0.6 

0.8 

1.0 

FIG. 1 - a) Seismic refraction data with 200 m long array of receivers; the 
inter-geophone spacing is 1 m. 
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These wave-fields are then transformed into frequency
wavenumber domain via 2-D Fourier transformation (Fig. 2) . 

. 25 
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FIG. 2 - a) 2-D Amplitude spectrum of the data of Fig. 1(0 = 
fundamental mode, 1 = first higher mode, 2 = second higher mode). The 
superimposed curves are calculated for the final model extracted from 
these data. 

The Nyquist frequency (125 Hz) is greater than the maximum 
frequency found in the data and therefore no aliasing occurs. The 
Nyquist wave-number is 0.5 m-1 and thus it is possible to have a 
sufficiently narrow spatial sampling for the wave-lengths under 
consideration. In Fig. 2 the fundamental (O) and few higher modes 
(1 =first and 2=second) can be seen. 

Frequency-time analysis (Levshin et al., 1972) is applied to single 
channel (e.g. Fig. 3a) to measure group velocity. The algorithm we 
used, derived from multiple filter analysis (Dziewonski et al., 
1969) employs a system of narrow-band Gaussian filters through 
which is passed the spectrum of the signal. Fig. 3b shows the 
consequent bidimensional representation of the signal envelope as 
a function of the group velocity and of the frequency. 
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FIG. 3 - a) Signal recorded at the offset of 144 m, low frequency 
ampli,tudes belongs to the fundamental mode, b) bidimensional 
frequency-time representation for the signal of Fig. 3a. Instantaneous 
amplitudes of the fundamental mode are clearly displaied in the left 
lower part. 
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FIG. 3 - c) group velocity dispersion curve for the fundamental 
mode after floating point filtering, d) the uncontaminated signal of the 
fundamental mode retrieved after processing. 

1583 



On the diagram, the dispersion curve is defined by the ridge 
crest. Because of the time overlapping of the higher modes, this 
technique is in general suitable only for the fundamental mode. In 
our case the fundamental mode is visible in the left lower part of 
Fig. 3b for group velocities around 0.200 km/ s and frequencies not 
exceeding 30 · Hz. A band-pass filtering with windowing 
(Ratnikova, 1990; Shapiro, 1992) is utilised to separate the 
fundamental mode (Fig. 3c, 3d) from the available signal. 

Since the dispersion curves of the modes are sensitive to the 
shear wave velocity these can be inverted to determine the S
wave velocity distribution with depth. The non-linear inversion is 
carried out using a modified version of the Hedgehog method 
developed by Keilis-Borok and Yanovskaja (1967) and discussed in 
detail by Panza (1981). Only a brief discussion will be given here. 

An initial model represented by a set of parameters (shear and 
compressional wave velocities and densities in a layered earth) 
whose magnitudes vary with depth is considered. We construct the 
compressional wave velocity model from the analysis of the first 
arrivals, using the generalised reciprocal method (GRM) (Palmer, 
1981) while densities are inferred from the literature. Perturbing 
some of the model parameters at a time in a systematic manner 
varying each parameter by multiples of a basic increment, phase 
or I and group velocities corresponding to all frequencies under 
consideration are computed. These theoretical velocities are then 
compared with experimental velocities of equal frequencies. If the 
root mean square error of the entire data set is less than a critical 
value (in our case_14 m/s) and if no individual calculated velocity 
differs from its experimental counterpart of the same frequency by 
more than an assigned error the model is accepted as a solution. 

The inversion procedure is here divided into two steps in order 
to reduce the number of variables investigated in the 
multidimensional parameters space. First we have inverted group 
and phase velocity for the fundamental mode to fix approximately 
the shear wave velocity in the near-surface 4 m. Then phase 
velocities for fundamental, first and second higher modes were 
inverted varying the S-wave velocity from 4 to 38 m. 
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. The differei:tt solutions of the inverse problem are contained 
within the interval defined by the dashed lines (Fig. 4). At the 
bottom of the model, where the Vs velocity is equal to 1190 m/s, 
the uncertainty in the shear wave velocity is around 35 m/ s. In the 
next step we compute complete synthetic seismogram (Panza, 
1985; Panza and Suhadolc, 1987) for the structural model shown in 
Fig. 4 (solid line), using the same acquisition array employed for 
the field data. 

shear-wave velocity (m/ s) 

.. 10 

] 
ii 20 ··1 ~ 
'"d . 

30 

FIG. 4 - Models for shear wave velocity: dashed lines include the 
interval of possible solutions, solid line represents the model used in 
corn pu ta tions. 
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These synthetic seismograms are used to define the anelastic 
properties of the medium (Craglietto et al., 1989) which otherwise, 
because of local site effects, scattering and lateral lithological 
changes (Mokhtar et al., 1988), are difficult to obtain by direct 
measurement. Very low and very high values of Q, respectively 5 
and 50 for the shallow part of the model are used initially to 
generate the synthetic seismograms. Subsequently the distance 
between these extreme values has been reduced until a qualitative 
satisfactory match is reached between the synthetic and field data 
(Fig. 5). 

150.0 ~----.------,-----..-----.-----., 

-- synthetic 
-----· field 

0.0 .__ ___ __..__ _ __ ~----'------'-----~ 
0.0 0.2 0.4 0.6 0.8 1.0 

time (s) 

FIG. 5 - Examples of synthetic and field data. Synthetic seismograms 
are computed using different Q values for near surface weathered 
structure; Q is variable with depth between 5 at the free surface and 25 at 
38 m of depth. Field data are high cut-off filtered at the frequency of 30 Hz. 

We have finally selected, on the basis of the similarity of signal 
envelopes, Q values ranging from 5, near to the surface, to 25 at 
the bottom of the model (Tab. 1). 

1586 



Interval Depth (m) 
0-10 
10-20 
20-38 
>38. 

Q range 
5-10 
10-15 
10-25 
>100 

-

TAB. 1- Estimated Q value variation with depth. 

Conclusion 
Shallow structures can be effectively studied using Rayleigh 

modes obtained from a refraction seismic survey. The result shows 
the· efficiency of analysing dispersion of Rayleigh waves using 
bidimensional Fourier transform and frequency-time analysis. 

The inversion result for the Simaz site has given a velocity 
model characterised by V p/ V s ratios (from 1.5 to 2.25) typical of dry 
or only partially saturated materials as fine gravel and coarse 
sand (Stumpel et al., 1984). The satisfactory agreement between 
the experimental and the synthetic data permits to define the Q 
values up to a depth of 38 m. 
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EXTENDED ABSTRACT 

The microtremor spectra observed at the sediment-filled basin of Zafarraya situated in a 
southern part of the Sierra Gorda massif show a peak near 2. 8 Hz, independent of the local 
basin depth (Morales et al., 1991 ). Based on geoelectric and geologic data (Chirlaque et al., 
1987) we constructed a tentative model of the site. The seismic response for vertically incident 
plane waves, both SH and P-SV, was computed by the finite-difference method. The observed 
spectral peak was found to be due to a combined effect of the 2-D basin bottom shape and the 
horizontally layered basin fill. Neither of the two effects explain the spectra when treated 
separately. Synthetic seismograms indicate a transitional basin behaviour between that typical 
of local basin-induced surface waves and a global 2-D resonance, little investigated so far. 
Synthetic seismograms and transfer function for SH case (irregular grid) and for this large 
computational model of the entire basin layered inside are demonstrated in Figures 1 and 2. 
Dashed line in Figure 2 corresponds to transfer function for receiver situated at the basement 
outcrop. A practical conclusion is that the site effects cannot be simply assessed by means of 
the basin shape ratio (thickness to half-width ratio) and the velocity contrast at the bottom. 
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A METHODOLOGY FOR RECOVERING INFORMATION 

FROM HISTORICAL EARTHQUAKES 
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ABSTRACT 

The Andalusian Earthquake took place at 21: 08 on the 25th of 
December 1884, its effects extending throught a large area of the 
provinces of Granada and Malaga. The reports of the Spanish, 
Italian and French Commissions that studied the earthquake 
described ground phenomena in seven sites which can be identified 
as soil liquefaction. 
On the other hand the damage caused by the earthquake was 
serious, nearly a thousand houses had to be rebuilt and around 
fourteen thousand restored in more than one hundred population 
centers. The great extent of the damage was caused by the hight 
magnitud of the earthquke, 6.5-6.7, and by the low quality of 
construction materials (masonry and brick-masonry) . 

GROUND LIQUEFACTION 

In order to confirm the presumed soil liquefaction the Chinese 
Earthquake Resistant Design Code for Industrial and Civil 
Building was used. The method employed relates the deph of sand 
layer, ds, in metres, and the deph of the water table, dw, in 
meters, with the critical S.P.T., Ncrit' essential for 
liquefaction in the following equation: 

where N is a parameter with depends on the seismic intensity at 
the site, I, with values depend on earthquake intensity, being 
N=l6 for I=IX, N=lO for I=VIII and N=6 for I=VII. 
On the other hand, according to Seed's Method, the cyclic stress 
ratios leading to liquefaction of sand layers can be calculated 
from figure 1 and the correspondig peak acceleration amax at the 
ground surface in equation: 

...!... =O . 6 5 ~ax ...!!_ r d 
a1 g a1 

Once the acceleration leves leading to liquefaction have been 
calculated for different sand layer, the highest value is 
selected. This is a limit value in the ground acceleration, amin' 
from which liquefaction in the whole ground column ariginates. 
In other words, the acceleration caused by the earthquake had 
necesary to be, at least, amin' for the ground column liquefaction 
to take place. 
In four sites ground liquefaction was confirmed and the folloving 
values of amin obtained: 
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Santa Cruz del Comercio, amin=0.21g; El Cortijo de los Alamos, 
amin=O. 23g; El LLano de las Donas I amin=O. 2 6g; Rio Bremuza 
amin=O . 15g. 
Then it is possible to establish a tentative areal location of 
the epicenter. This point must fall within the region intersected 
by the four circles centered in the sites that pressumably 
liquefied during the earthquake. The radii of these circles are 
computed from the amin values following some attenuation law. 
Obviously the contour formed for these circles encloses all the 
feasible positions of epicenter, since any point inside will 
yield a site acceleration equal or greater than the value causing 
liquefaction of the soil. · 

MECHANICAL RESISTANCE IN MASONTY WALLS 

The response analysis of a structure, which has been charged by 
a series of earthquakes, lets us evaluate its seismical 
resistance when the damage predicted by the numerical model is 
compared to the real damage produced. By relating tensions 
predicted by the numerical model to material resistance in 
damaged areas of the building can be deduced: a) S-wave arrival 
direction, and b) Variation range in the peak acceleration that 
reproduces the damage. 
The building chosen to carry out this research was Restabal 
Church, which walls were built with brick masonry. 
The results of the tests carried out with nasonry panels lest us 
evaiuate the mechanical characteristics and strengths in masonry 
walls of Restabal Church. 
The seismic input adopted in this research was the elastic 
response spectrum for rock with damping of 5%, and the numerical 
model was the Method of Elements Finites. 
For a given arrival direction of S-waves, the elastic response 
of the structure is proportional to the peak acceleration value. 
Therefore, given a certain arrival direction of s-waves, the peak 
acceleration craking of material in the bell tower walls of 
Restabal Church is proportional to the peak acce~eration used: 

Peak acceleration of input cracking stress of material 
stress predicted by the nodel 

The result obtained was the variation range in the peak 
acceleration, 0.10g-0.13g, causing cracking of the wall in the 
Restabal Church bell tower. 

1592 



I 
EPICENTRAL 

ZONE 

INFORMATION ] 

HISTORICA~:::THQUAKES 

SOIL 
LIQUEFACTION 

EVALUATION 
OF 

POTENTIAL OF 

LIQUEFACTION 

HIPOCENTRAL 

DEPTH 

I 

I 
RELATION 

I - T /0 
• 0 

I - 8mln 

DAMAGES 

OF BUILDINGS 

BEHAVIOR 

OF STRUCTURE 

I I 
DIRECTION PEAK . 

ACCELERATION 
. OF S WAVES 

a••• 

1593 



o.s 

..,.., I I I I 
~I I ,, \:1 \:1 
I I I ':'1 ;-, ;-, 

0 . 4 "'1 \Of '<>/ " Cl:> // ,,, ,,, ,,1,,1 
J::,' J::1 :;:/ :;:I J::/ 
I I I I 

0 I I I 
....... I I 
I-' I I 

I 

0 0.3 

j:: 
<( 
a: 
en en 
w 0.2 a: 
I-en 
(..) 

...I 
(..) 

> 
(..) 0.1 CURVES APPLICABLE FOR 

CONDITIONS \./HERE 0 1 < 1 
TON PER SQ FT 

0 I I 
0 10 20 30 40 

MODIFIED PENETRATION RESISTANCE N, 

1594 



ESTIMATION OF SITE RESPONSE BY WEAK MOTION MEASUREMENTS: 
EXPERIMENTS IN ISRAEL 

Y. Gitterman, Y. Zaslavsky and A. Shapira 

Seismology Division, Institute for Petroleum Research and Geophysics 
P.O. Box 2286, Bolon 58122, Israel 

It is repeatedly observed during strong earthquakes that soft soil site 
conditions are the main reason for high seismic intensities. There is a 
large number of analytical and empirical methods for estimating the site
effects during an earthquake, some of which have recently been experimented 
with in Israel. In regions where seismicity is moderate to low (as in Israel 
recording a representative sample of earthquakes at a given site is 
unrealistic, therefore only measurements of microtremors and weak events can 
be used for experimental seismic microzonation. 

An array of three stations, each equipped with three-component short 
period seismometers (1 Hz) was deployed at three soft soil sites in an urban 
area near the seismically active Dead Sea fault. The sites are characterized 
by Holocene Pleistocene unconsolidated sediments, including layers of 
volcanoclastic materials, with layering assumed to be approximately flat. 
The array was configured in a triangle with approximately 50m spacing 
between stations. An additional (reference) station was installed on an 
outcrop of hard rock at a nearby (r<l km) location. Weak motion measurements 
included ambient noise, local microearthquakes and nearby quarry blasts. 

We tried to evaluate the site response using different techniques: 
1. spectral amplitude determination at soft soil sites; 
2. site/reference spectral ratio computations between the horizontal 

component spectra at soft soil sites and the hardrock reference site; 
3. estimation of the spectral H/V ratio between the horizontal and 

vertical components of each station (Nakamura, 1989). 
Average amplitude spectra, as well as spectral ratios for both seismic 

noise and weak events, revealed virtually identical response functions, 
demonstrating distinct amplification of SH (or Rayleigh) waves of factor 5-7 
in the narrow 2-4 Hz frequency band. Site/reference spectral ratios also 
showed a second maximum at higher frequencies of 6.5-8.5 Hz, whereas 
horizontal/ vertical ratios obtained from microtremor recordings showed 
deamplification in this frequency range a some sites. 

Comparison with site/reference ratios shows that the H/V ratio estimates 
(Fig. 1) demonstrate very small variations for different time windows 
(regardless of day or night, stationary or pulse character of microtremor 
ground motions), caused by the method's insensitivity to source location and 
mechanism. 

The same microtremor recordings were used to estimate the subsurface 
S-wave velocity structure using the Aki (1957) spatial correlation method. 
The method reveals the dispersive character of the predominant surface waves 
in micro tremor ground motions and provided evaluations of phase velocity 
dispersion curves associated with available stratigraphic information to 
constrain an optimal velocity model. This model was used to compute the 1-D 
SH wave transfer functions of investigated sites. These analytical response 
functions showed good correlation with the empirically obtained site 
response estimations (Fig. 2). 
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Based on these investigations and the results obtained, an innovative, 
closed loop, PC-based technique for site effect evaluation was developed. 
The main features of this technique are presented in Fig. 3. This procedure 
has several advantages: 

1. Microtremors can be observed at any time and at any location. 
2. Observation is much easier and instrumentation (triangular array) is 

much simpler than other methods. 
3. Measuring and data processing techniques are time-efficient and 

inexpensive, thus :Permitting initial evaluations in the field and 
providing seismic microzonation of selected urban areas in the short 
term. 

At present, the technique developed is being tested at several locations, 
each with different geological conditions. 
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MODELING OF GROUND MOTION IN THE VICINITY OF 
MASSIVE STRUCTURES 

Claudio Chiaruttini 
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University of Trieste, Trieste, Italy 

Stefano Grimaz 
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Enrico Priolo 

Osservatorio Geofisico Sperimentale, Trieste, Italy 

A two-dimensional elastic Chebyshev spectral element method (SPEM) was used to 
model the seismic ground motion in the vicinity of massive loads. Tests were made on a 
homogeneous half-space loaded with structures of trapezoidal or rectangular cross-section 
having variable width, density, and wave velocity, typical of road embankments or earth 
dams (Figure 1 ). The effect of the variation of each of these parameters on the scattering of 
Rayleigh waves and on the response of the structure were extensively analysed. The source 
is a vertical displacement with Ricker wavelet time history (central frequency f = 6 Hz, 
cut-off at 12 Hz). The simulations show a pure shear resonance governed by the shear 
velocity Vs and height Hof the load(!= Vs/4H), rather than by the inertial properties 
(Figure 2). The acceleration at the top of the structure may be five to seven times higher 
than at the base, due to resonance, as shown in Figure 3. Flexural modes are excited 
only at higher frequencies. Resonance produces a sustained ground roll lasting several 
seconds after the wave front has passed (Figure 4). With realistic model parameters, the 
amplitude of such coda, which depends OI). the structure mass, can be as large as 303 of 
the peak acceleration (Figures 5 and 6). Outside resonance conditions, the ground motion 
is almost unaffected by the presence of the artefact. The shape of the embankment has 
only marginal influence. Since the load responds in the pure shear mode, similar results 
should be expected when the incident field is an upcoming shear wave. 

The modeling results indicate that soil-structure interaction may substantially alter 
the free-field ground motion. From a practical point of view, the main conclusions are: 
1) careful analysis is necessary when interpreting seismic records collected in the vicinity of 
man-made structures such as embankments, dams, tall and massive buildings; 2) seismic 
hazard at a site may depend on the presence of large artefacts. 

The full paper will be published in a special issue of "Soil Dynamics and Earthquake 
Engineering". 
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Figure 2: Resonant scattering of the 
Rayleigh wave field. 
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L =:= 50 m. Displacement hodograms at 
the ground level show the incident Rayleigh 
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they show the shear resonance (R7 and R8). 
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Figure 4: Horizontal ground accelera-
tion behind the embankment . The direct 
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ground roll. L = 200 m. 
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Figure 5: Ratio of residual to peak horizon
tal acceleration at the ground level. L = 
50 m. Ql: rectangular model in resonance; 
Sl: trapezoidal model in resonance; S2: 
trapezoidal model outside resonance. 
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Figure 6: Ratio of residual to peak horizon-
tal acceleration at the ground level. L = 

200 m. Symbols as in Fig. 5. 
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Applications or statistical and GIS techniques to slope 
iQstability zonation (Fabriano geological map, 1:50.000 scale) 

Lucia Luzi •, Floriana Pergalani •• 

• Gruppo Nazionale per la Difesa dai Terremoti, CNR, Roma 
•• Istituto di Ricerca sul Rischio Sismico, CNR, Milano 

Extended Abstract 

The aim of the work is the evaluation of the vulnerability of landslides in static, pseudostatic and dynamic 
conditions, to produce slope instability maps. 

The analysis in static and pseudostatic conditions can be done using determ.inistic methods, obtaing 
coefficients such as Fs (factor of safety) or Kc (coefficient of critical horizontal acceleration); or applying 
statistical methods on point data (considering only the landslides) or on areal data (considering both landslides 
and different triggering factors). In this paper only the deterministic approach is presented. 

For the analysis in dynamic conditions a deterministic approach is also used and the output is represented 
by the final displacement of landslides, computed during the application of one accelerogram. 

In this paper a methodology and the results for a sample area corresponding to the 1:50.000 "Fabriano" 
(Marche Region, Italy) geological map are presented. 

The principal steps for landslide hazard zonation in the study area have been: 
I. collection of the existing maps and papers (Bosi et al., 1987; Centamore et al., 1979; Ciccacci et al., 1986); 
2. interpretation of remote sensing images; 
3. design of the data base; 
4. fieldwork to verify the interpretation of remote sensing images and to collect field data; 
5. map digitizing and data entering in the data base; 
6. analysis. 

The stability analysis in static, pseudostatic and dynamic conditions using deterministic approaches, 
performed with the aid of a GIS (ILWIS, 1993) is shown. 

For the evaluation of Fs and Kc two methods are used: 
- the infinite slope analysis (ISA) (Graham, 1984); 
- the "ordinary slices" method (OSM) (Petterson, 1956), applied in the three dimensions of the space. 

To compute Fs and Kc using ISA method, the following geotechnical parameters are needed: maximum and 
minimum peak resistance, maximum and minimum residual resistance (represented by the frictional angle and 
the cohesion), unit weight of material and unit weight of water. The necessary geometrical parameters are: 
slope angle, angle and depht of failure surface for landslides. The input data layers are: engineering geological 
map, landslide map, map of slope angles, maps ol the slope, the angle and the depht of the failure surface. The 
table of the geotechnical parameters of landslide materials and of quaternary deposits are also needed. 

To compute Fs and Kc using OSM method, the same geotechnical parameters listed for ISA method 
application are necessary, while one more veometrical input, that is the aspect of failure surface for 3D stability 
evaluation, is needed. The input data la)~•s are the same as of ISA method with the addition of the map of 
aspect of failure surface. · 

The final results are obtained in two different ways: summing up all shear and resisting forces which are 
acting in three directions for each landslide or applying a filter to the force maps to evaluated the stability of a 
terrain unit, termed pixel, to make a weighted summation of the forces depending on the distance. The resultant 
of the forces is assigned to the central pixel. Different matrices (3x3 or 5x5), for the neighbour operations, are 
used. 

Fonhe stability analysis in dynamic conditions Newmark's (1965) method is applied. To eveluate the final 
displacement of landslides the same geotechnical and geometrical parameters used for the OSM method are 
needed, the earthquake history is represented by a table that contains the x, y and z values of the acceleration 
for each time step. The input data layers are: map of landslides, map of the depth, angle and aspect of the 
failure surface, table of the geotechnical parameters of landslide materials, table of accelerograms. 

The results of the analysis show that the dangerous areas according to the Fs and Kc values for the 
landslides and quaternary deposits calculated with ISA method are larger than the ones of OSM method and 
neighbour operations, because in the first situation the pixels are considered unconnected with the neighbours. 
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In fig. 1 the results obtained with the dynamic analysis for the landslides are presented, using the 
accelerograrns of the event of 1972 - Ancona (ENEA-ENEL, 1981). 
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Fig. 1 - Results of the dynamic analysis 
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Microtremor recordings in a sedimentary basin near Florence 
(Italy) 

Alberto Tento 

Istituto di Ricerca sul Rischio Sismico, CNR, Milano 

Abstract 

Ambient noise has been recorded in a site, near Sesto Fiorentino (Florence, Italy), 
located at the northern margin of a fluvio-lacustrine intermontane basin whose sediments 
depth, generally between 150 and 450 meters, reaches about 450 meters under the in
vestigated site, where a detailed geotechnical investigation is available till the first 40 
meters. 

1-sec triaxial Mark L4-c seismometer with a Lennartz Mars-88 station have been em
ployed to record.microtremors during a whole day at any hour for 10 minute time window. 

Microtremor power spectra have a marked dependence on the time of recording and 
do not show any clear predominat peak. 

Horizontal to vertical spectral ratio are, vice versa, very stable over the 24 hours of 
recording, and show a clear peak at 0.45 Hz. 

The frequency of this peak is quite low with respect to the seismometer response, 
however, after some checks, it has been deemed reliable. 

Numerical and experimental investigations have already shown the validity of H/V 
method to infer the fundamental frequency of sedimentary deposits, however there are still 
some doubts concerning the capability of microtremor sources to excite deep structures 
with very low resonance frequencies. 

In the case investigated in this study the frequency identified by H/V well correlates 
to the first peak of the transfer function for vertical incidence of S waves, which is due to 
the overall sediments thickness. 

However the transfer function also shows a much more pronounced peak at higher fre
quencies (3 - 4 Hz), controlled by the shallowest layers, which could be more important 
for site effects evaluation. 

Introduction 

Site effects are widely recognized as an important factor that must be taken into 
account in the framework of microzonation studies. 

Several approaches have been developed to accomplish the task of site effect evaluation 
mainly dependent on the kind of data available and the amount of finacial support. 

Theoretical modelling of geotechnical data allows for an extensive simulation of site 
response and consequently a sound appraisal of the importance of each parameter on the 
final results, as done, for instance, by Field and .Jacobs (1993). 

The empirical approach relies on actually recorded strong- or, more often, weak-motion. 
Usually an empirical transfer function is evaluated as the ratio between the Fourier spec
trum of the site under consideration and that of a reference site, generally located in firm 
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soil. An application of this scheme for the case of Mexico City is reported in Singh et al. 
( 1988). 

In zones characterized by a moderate seismicity or in sites located inside urban areas, 
where the level of seismic noise is high, recording a representative sample of earthquakes 
may either require much time or even not be possible. 

To overcome these difficulties. the technique of ambient seimic noise recording is re
ceiving a renewed attention, not only in the framework of the spectral ratio scheme, 
for instance Field et al. (1990), but also with respect to Nakamura's method,Nakamura 
(1989), which assumes that the spectral ratio between horizontal and vertical components 
of noise at a single site is strictly connected with the local geological structure. 

TheoreticaJ and experimental investigations, Duval et al. (1994), Field and Jacob 
(1993), Lachet and Bard (1994), Lermo and Chavez-Garcia (1993, 1994), have shown the 
validity of this method, in particular the horizontal to vertical spectral ratio (H/V ratio) 
provides a stable and reliable estimate of the fundamental frequency on soft soils. 

However further investigations are still needed to assess the actual relationship of 
the H/V level corresponding to the resonant frequency with respect to the rheological 
parameters of soils. 

It is important to point out that H/V ratio derived from ambient noise can supply 
a reliable weak motion fundamental frequency, while the site response for strong motion 
may be different due to soil nonlinearities, however the results of this method, given as well 
its cheapness and rapidity, can provide a usefull starting point in site effects evaluation. 

In this work Nakamura's method is applied to some microtremor recordings taken at 
·a sedimentary site. 

The results show that the H/V ratio is very stable over the 24 hours of recording 
and the inferred fundamental frequency seems to agree with the overall resonance of the 
deposit. . 

However a peak appearing at higher frequencies in the transfer function for S waves 
with vertical incidence, controlled by the shallowest layers and not detected by the H/V 
ratio, could not be neglected in site effects evaluation. 

Data analysis 

Ambient noise has been recorded in a site near Sesto Fiorentino (Florence, Italy), 
planned location of new Departments of the University of Florence. 

This site is located near the northern margin of a ftuvio-lacustrine intermontane basin 
whose sediments depth, generally between 150 and 450 meters, reaches about 4.50 meters 
under the investigated site, where detailed geotechnical data are available till the first 40 
meters, Vannuchi (1991). 

The geotechnical data consists in a shear wave velocity profile, obtained by a cross-hole 
test, fig. 4b, in which Vs ranges between 300 m/s on the surface and 750 m/s at depth, the 
presence of pebbles and gravels leads to a discontinuous increase in the velocity values, 
Vannuchi (1991). 

Microtremors have been recorded employing a 1-sec triaxial Mark L4-c seismometer 
and a Lennartz Mars-88 station using a sample rate of 0.016 s, the obtained data were 
not corrected for the instrumental response, however, for frequencies greater than 1 Hz, 
1 count corresponds to about 0.012 micron/s. 
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Recordings took place during a whole day at any hour for 10 minute time window. 
Power spectrum estimate of each recording has been obtained as the average of the 

spectra of 16 overlapping subrecords, 65 seconds long, which were premultiplied by a 
triangular window. The average is also smoothed in the frequency domain by means of a 
triangular window with an overall width of 0.4 Hz. 

Averages of the horizontal components of power spectra are displayed in fig. 1 whereas 
fig. 2 shows those relative to the vertical component. 

H/V ratio, obtained as follows, is shown in fig. 3. 

H ~ PNs+PwE - = 2 
V Pv 

where PNs; PwE, Pv are the estimated power spectra for horizontal and vertical com
ponents. 

Discussion 

Microtremor power spectra have a marked dependence on the time of recording and 
do not show any clear predominat peak. On the other hand, H/V ratio is very stable 
over the 24 hours of recording, this means that su ~h ratio can be estimated by means of 
a single recording obtained at any time. 

H/V ratios show one clear peak at 0.45 Hz, this frequency is quite low with respect to 
the seismometer response, however, considering the following reasons, it has been deemed 
reliable. 

- Recordings obtained with the same station installed in other sites do not show any 
low frequency peak and a similar station, installed for a few hours nearby, gave 
the same results. These facts would exclude a seismometer malfunction in the low 
frequency range. 

- According to manufacturer, the elettrical noise of the A/D converter should have 
a variance of 0.22 count2 , corresponding to a power spectrum level of about 0.01 
count2 /Hz for a band limited Gaussian white noise. Such level is about 100 times 
as low as the microtremor power spectral density at frequencies around 0.45 Hz. 

Numerical and experimental investigations have already shown the validity of H/V 
method to infer the fundamental frequency of sedimentary deposits, however there are still 
some doubts concerning the capability of microtremor sources to excite deep structures 
with very low resonance frequencies, Lachet and Bard (1994). 

In the case investigated in this study the frequency identified by H/V well correlates 
to the first peak of the transfer function for vertical incidence of S waves, which is due to 
the overall sediments thickness. 

This transfer function (fig. 5, mod.2) corresponds to a stratigraphy (fig. 4, mod. 2) 
which takes into account the geotechnical data available for the first 40 meters and then 
assumes a gradual increase of Vs up to the bedrock. 

However the transfer function also shows much more pronounced peaks at higher fre
quencies (3 - 4 Hz), which are controlled by the shallowest layers, as can also be seen from 
the transfer function relative to model 1 displayed in fig .. 5. 
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PSA amplification. (fig. 6), computed using the italian strong motion recordings listed 
in table 1, shows that relevant amplification occurs for periods less than 0.6 second whjch 
can be accounted for also considering only the stratigraphy of the first 40 meters. 

This would mean that in this case the fundamental frequency inferred by H/V ratio is 
not enough to sufficiently characterize site effects for microzonation studies. 

Conclusion 

Nakamura's method has shown to be a very promising tool for a cheap and quite 
'reliable assessment of, at .least, the fundamental period of sedimentary deposits. 

In this work it has been verified that, unlike power spectra that may change by almost 
two orders of magnitude, H/V ratios are very stable with respects to the time of recording, 
allowing their reliable estimate by means of a single recording. 

H/V ratio shows one peak at 0.45 Hz that seems related to the fundamental frequency 
of the overall sedimentary deposit whose bedrock lies at a depth of some 450 meters. 

However a relevant amplification can be expected for higher frequencies (3-4 Hz) as 
well, because of the shallowest layers influence. 

Therefore in this case the fundamental frequency inferred by H/V ratio would not be 
able to sufficiently characterize the site response and the application of other methods, 
always relying on microtremor recordings, such as Aki (1957) or "classical spectral ratio", 
would provide complementary information. 
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Earthquake Magnitude Epicentral Station 
distance 
(Km) 

Friuli, 1976 6.3 24 Tohnezzo 
lrpinia, 1980 6.6 34 Sturno 

Lazio-Abruzzo, 1984 .5.7 15 Atina 
Table : 1 accellerometric recordmgs used in the analyses of fig. 6 
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Figure 1: Average of power spectra of horizontal components. Spectra are not corrected for instrumental 
response. 1 count corresponds to about 0.012 micron/s for frequencies greater than I Hz. Peaks around 
9 Hz are caused by a pump working in the vicinity. 
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Figure 2: Same as figure I for the vertical component. 
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Figure 3: Horizontal to vertical ratios of Fourier spectra. Peak is located at 0.45 Hz. 
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Figure 4: Soil profiles considered for the computation of t ransfer functions. 
mod. l takes into account only the first 40 meters where geotechnical data (panel b) are available. 
mod. 2 is equal to mod. 1 up to 40 meters, then assumes a gradual increase of shear wave velocity '!P to 
450 meters where the bedrock should lie. 
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Figure 5: Transfer functions of the models shown in figure 4 for vertical incidence of S waves. The first 
peak of transfer function relative to mod. 2 occurs at 0 .. 5 Hz. 
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functions shown in figure 5. For each model three input accelerograms, listed in table 1, are used. 
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DAMAGE RECORDING CAUSED BY THE EARTHQUAKE AT PYRGOS (MARCH 26, 
1993) BASED ON THE E.M.S.-1992 AND A FIRST ATTEMPT TO CORRELATE 

DAMAGES WITH GEOLOGICAL AND GEOTECHNICAL CONDITIONS 

By Dr. E. L. LEKKAS 

Assis. Professor University of Athens 

ABSTRACT 
On March 26th, 1993 seismic activity at Ilia, West Peloponnesse, Greece resumed to 

extensive damages. The more severe destruction, with significant differentiation from one 
locality to another, were observed at the city of Pyrgos. To get a clear picture of the 
distribution of intensities, recording of damages was conducted according to the E.M.S.· 
1992. Application of this method at the wider area of Pyrgos showed that the highest 
intensity was VIII and the minimum was V. Detailed geological mapping and geotechnical 
investigation at the city of Pyrgos was also conducted and revealed a number of geological 
formations with special lithological and geotechnical characteristics. Faults that follow an 
E-W general direction dominate at the area and are part of the same fault zone that gave 
the earthquakes. Synthesis of the available data showed that there is a clear correlation 
between the intensities observed and the geological, tectonic and geotechnical conditions. 

INTRODUCTION 
Intense and unusual seismic activity took place at the wider area of Pyrgos, Ilia 0N. 

Peloponnessus, Greece) during the first months of 1993. This was the result of the reactivation 
of fault zones that had been recognised and mapped e.arlier (Lekkas et al, 1992). The main shock, 
with epicentre south-east off the city, took place on March 26, 1993 (Ms=5.2) and resulted in 
extended damages within a radius of 15-20 km. 

The most significant destruction occurred in the city of Pyrgos (Fig. l) where, more than 50% 
of the buildings were damaged according to the official survey data. On site investigation right 
after the shock, showed that the destruction and accompanying intensities were highly 
diversified from one locality to another within the urban area of Pyrgos. 

In order to investigate the correlation between the observed intensities and their 
diversification, as well as the prevailing geological · tectonic and geotechnical conditions we 
conducted (a) detailed survey of the damaged constructions in the city and intensity evaluation 
according to the European Macroseismic Scale (E.M.S. · 1992) and (b) detailed geological tectonic 
mapping, and geotechnical investigation. The resulting data are presented in this paper. 

RECORDING OF THE DAMAGES - INTENSITY EVALUATION 

1. The E.M.S.-1992 and the recording methodology. 
Recording of damages to the constructions of the urban complex of Pyrgos after the shock of 
March 16, · 1993 was conducted according to the European Macroseismic Scale 1992 (E.M.S. · 
1992). The E.M.S. · 1992 solves some important problems that the use of the M.S.K. and its 
variations presented. 

The main advantages of the use of E.M.S. · 1992, especially when dealing with damages in 
urban complexes, are the following: 
- Easier recognition of the type of structure. New types of buildings, not existing in the 

previous scales, are included. 
. Easier and objective recognition of the vulnerability class of the structure. New types of 

buildings after antiseismic design are included. 
- Precise evaluation of the grade of damage. 
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Fig. 1 General use map of Pyrgos. 

Estimation of the intensity per urban unit or per portion of urban unit is made through a clear 
quantification while effects on objects and on nature are taken into account. 

Based on the comprehensive presentation and the guidelines included in the final form of the 
E.M.S. · 1992 (Grunthal, ed., 1993), we conducted a complete recording of the types of buildings, 
their vulnerability class and the grade of damage for each construction, just after the 
earthquake. We also collected data on the effects of the shock on humans, objects and nature. 
For the facilitation of the procedure, the recording was conducted per block and the data were 
plotted on detailed 1: I.OOO maps. Finally, with the use of statistical computer software, the 
intensities for every location gave the isoseismals for the city of Pyrgos. 

2. Intensities and their distribution. 
From the map of figure 2 it is concluded that the maximum intensities recorded were VIII on the 
E.M.S. · 1992. These values are observed in the urban area of Pyrgos (Fig. 3). On the contrary, 
the minimum intensity we thought fit to plot was V and it is observed outside the urban area. 
Distinction of smaller intensities was not thought purposeful, nor was it totally plausible due to 
the low density of the structures per unit area, as only isolated country houses exist. A more 
detailed analysis of the map gives the following: 
- The higher (VIII) intensities are observed at Kokkinohoma and Kouvelos, at the northeast of 

the urban complex. The related coseismals cover an extended region and this is the part of the 
city where all the structures were damaged to some degree. 

- The same intensities (VIII) are observed at Keramidhaki, Aghios Nikolaos and Aghios 
Athanasios. At these localities the isoseismals cover a significantly smaller area, but present 
an impressive E - W elongated form. The VII coseismals that surround the previous ones 
follow the same pattern. 
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Fig. 3 Damages on new and old structures caused by the 26th March 1993 
earthquakes at the city of Pyrgos. · · 
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- · The VII coseismals at the area of Aghia Kyriaki present a clear· NE - SW elongated form, 
which continues up to Kouvelos area. 
Large (V1I) intensities are observed at the areas of Kokkinohoma and Kouvelos, as well as at 
Aghioi Pantes cemetery. The area covered by the related coseismals is significant. Some 
isolated VII coseismals occur at the same area. 

- Finally, isolated intensity coseismals in "islet" form occur north-west and south-east of the 
city of Pyrgos. 

- The minimum intensities v1 and V are observed off the main urban unit of Pyrgos, to the 
north-west and south. 

GEOLOGICAL AND GEOTECHNICAL CONDITIONS 
The area of Ilia is characterised by intense geodynamical processes which are expressions of the 
Post-Alpine cycle. The graben of Pyrgos, which extends over a large area is characterised by 
complex lithostratigraphical structure and byneotectonic deformation which has been 
particularly intense during Holocene. (Hatzfeld et al, 1990; Lekkas et al, 1992). 
However, the prevailing conditions at the pleistoseismal area of Pyrgos are relatively simple. 
Neotectonic structures are covered by recent geological formations (Alluvial, Marshy deposits) 
which occur in the flat lowland. Approach to the geological and the accompanying geotechnical 
conditions of the city of Pyrgos has been carried out through the use of existing data of previous 
extensive researches and mainly the Neotectonic Map of Pyrgos area (Lekkas et al, 1992). This 
research has formed the source of data and information concerning the . nature of the formations 
that occur in the graben, as well as the active macrostructure, a part of which is at Pyrgos city. 

Geological mapping (Fig. 4) in the urban complex of Pyrgos and the surrounding area, where 
identified the formations (Fig. 5) described later in this paper. For some of these, the 
determination of their geotechnical parameters was made possible (Fig. 6). More specifically, the 
outcropping formations, in reverse age order are the following: 
Recent Marshy Deposits. They develop surficially over the other formations at the flat plane 

part of the area and overlie mainly the Alluvial formations, although the contact between 
them is not very clear. The most important outcrops are north-west of Lapato and east of 
Aghios Athanasios quarters. They are alternations of brown - greyish-brown clays, grey, 
blue-grey clayey silts, clayey and silty sands containing abundant organic remnants. Total 
thickness is up to 5 meters, approximately. The Standard Penetration Test (S.P.T.) showed 
that the number of impacts is in no case more than 10. 

Alluvial Formations. They cover the flat area of the town of Pyrgos and overlie unconformably 
the older formations. They comprise brown to grey soft clays with irregular (both in vertical 
and lateral sense) intercalation of brown silt and grey-brown sand. They contain numerous 
floral remnants as well as coarser material (gravel and pebbles). Their thickness does not 
exceed 12 m and the SPT test showed that the number of impacts is no more than 15. 

Erymanthos Formation. It outcrops over a limited area, mainly at Kokkinohoma, Kouvelos 
and at the Aghioi Pantes cemetery. It is a fossil outcrop of the Pleistocene Erymanthos 
formation which comprises mainly polygenetic conglomerates of terrestrial origin connected 
with a red-siliceous fine unconsolidated formation. It corresponds to a huge paleo-talus cone. 
with frequent lateral diversification and covers a large part of the graben of Pyrgos. (Lekkas 
et al, 1992). At the research area in the city of Pyrgos it is represented by red to brown red 
clays and yellow brown sandy clays, loose horizontal sandy conglomerates and micro
conglomerates. It overlies unconformably on the Vounargos formations and its thickness 
varies form 2 to 8 metres. The SPT test showed that the number of impacts for a 30 cm 
penetration is no more that 15. .. 

Vounargos Formation. It is perhaps the most characteristic formation that outcrops in the 
graben of Pyrgos. Its age is Plio-Pleistocene, its thickness is up to 600 meters and comprises 
continuous intercalation of clays, silts, sandstones, sands and marls with constant 
diversification both in vertical and lateral sense. At the study area it occurs in the urban 
region and more specifically at the quarters of Aghia Kyriaki, Aghios Nikolaos, and Aghios 
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Fig. 5 Representative outcrops of Erymantos formation red clays (top), Aghios 
Athanasios sands (middle) and Aghios Nikolaos sandstones (down). 
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Athanasios. There can be distinguished; two members of the formation which hav.e both 
different lithological composition and geotechnical properties. · 
The upper member (Aghios Athanasios) develops at the quarters of Aghios Athanasios, 
Keramidhaki, Aghios Spyridon and partially at Lapato and practically covers all the lower 
parts of the uplands of Pyrgos. It comprises mainly yellow-brown cross-bedded sands and 
yellow silty sands with certain intercalation of yellow-brown sandy clays. At the SPT test 
the number of impacts for the clayey sands and the silty sands is 15-30, while for the sandy 
clays it is 10-20. Its. thickness exceeds 30 metres. 
The lower member (Aghios Nikolaos) occurs at the quarters of Aghios Nikolaos and Aghia 
Kyriaki and covers most of the uplands of the city of Pyrgos. It comprises fossil bearing 
grey-blue-greyish marls which alternate with silty, sandy and clayey marls , while locally 
there are thin intercalation of sand, sandy-silt, lignite horizons and yellow-brown 
sandstones. In contrast with the upper member, the SPT test showed that the number of 
impacts for 30 cm penetration exceeds 30, and sometimes they are more than 50. Its 
thickness is more than 80 m. 

The formations that occur at the area of Pyrgos have undergone neotectonic deformation and 
are crossed by a number of faults of East · West mean direction. These faults are part of the 
Katakolo · Pyrgos · Epitalio fault zone, according to the existing literature (Lekkas et al, 1992, 
Lekkas et al, 1994). This fault zone was responsible for the earthquakes of March 26, 1993. 
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Fig. 6 Schematic lithostratigraphic column of all formations and results of the Standard 
Penetration Test. 

More specifically, the elongated outcrop of the lower member of Agios Nikolaos is abruptly 
terminated by the Fl (E-W bearing) fault , south of which the upper (Aghios Athanasios) member" 
of the Vounargos formations occurs. It is a normal fault, accompanied by a morphological 
discontinuity (to the south of the city main square), its throw is at least 50 metres (estimated 
from morphotectonic features) and eastwards it branches into two faults. Existence of this fault 
is also confirmed by small polished surfaces. 

To the north there is an identical picture with the occurrence of the F2 fault (av. direction NE 
· SW), which also branches into two minor faults to the east. The F2 fault brings together the 
outcrops of Aghios Athanasios and Aghios Nikolaos members, while it also crosses some outcrops 
of Erymanthos formation . Its throw is smaller, (20 · 30 metres) and all along it we recognised 
seismic fractures caused by the shock of March 26, 1993. 

One may distinguish, at the area of Pyrgos, an elongated horst of general East · West 
direction, which is pronounced by the ridge of the same direction. It consists of the lower (Aghios 
Nikolaos) member of the Vounargos formation, as well as of a small part of Erymanthos 
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formation. To the no.rth and south of the horst there are the outcrops of the younger formations , 
which are represented by Aghios Athanasios member (it belongs to the Vounargos formation) 
and Holocene deposits (Alluvial and Marshy deposits). 

DISCUSSION - CONCLUSIONS 
Based on the intensity distribution map and the geological map of the urban complex of 

Pyrgos, we may propose the following basic correlations and results: 
High intensities are observed alongside and on either side of Fl and F2 that cross the 

geological formations. The VIII isoseismals of the E.M.S.· 1992 present an impressive elongated 
development that also holds for the lower intensity coseismals. As already mentioned, these 
faults belong to the Katakolo · Pyrgos · Epitalio fault zone (Lekkas et al, 1992), parts of which 
were reactivated during the March 26, 1993 earthquakes. Along this fault zone, and more 
precisely along the F2 fault, seismic fractures were observed and those were the locations where 
the damages were particularly intense. A similar diversification of the destruction was observed 
along another fault zone at Kastro village near Pyrgos area during the shock of October 16, 1988. 
(Lekkas & Danamos, 1989). 

Particularly high intensities were observed at the areas of Kouvelos and Kokkinohoma, where 
the fossil outcrops of Erymanthos formation overlie unconformably the Vounargos formation. 
The low geotechnical properties of these outcrops and their small thickness seem to have been 
the crucial factors for he magnification of intensities, having created a disadvantageous 
geodynamic regime. 

Some formations or parts of them have caused local isolated "islets" of high intensity 
coseismals north-west of Lapato and east of Aghios Athanasios, where Marshy deposits with poor 
geotechnical properties, occur. In addition are also observed high intensities, west of the Aghioi 
Pantes cemetery. They coincide with the presence of loose sands that belong to Aghios 
Athanasios member of Vounargos formation. At this very location, even antiseismic designed 
buildings (e.g. schools) underwent severe damages. 
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Abstract 
Seismic microzonation is a typical multidisciplinary investigation that 

requires deep knowledges of geology, seismology, geotechnics and 
earthquake engineering. In addition it demands to deal with an 
impressive amount of data, to use several computer programs to 
evaluate seismic hazard, to analyse strong motion data, to compute site 
effects. Besides it is necessary to handle a number of different thematic 
maps. The GIS technology is a power tool which strongly facilitates this 
multidisciplinary investigation on natural hazards and enables the 
decision makers to get the informations they require. Using the Arc-Info 
software a program to assess seismic microzonation has been elaborated: 
it incorporates seismic hazard and site effects, provides elastic response 
spectra, microzonation maps for land-use planning and building design. 
The program can be considered as a deterministic expert system; that is 
to say the user is asked a set of sequential questions and the system 
provides the answers. A probabilistic Bayesian approach allows the user 
to input both data and subjective information based on expert's 
judgements. An example is provided based on data and results obtained 
in the framework of the Benevento Seismic Risk Project. 

Introduction 

Seismic microzoning (SM) is a rather complex research, in that it 
requires several multidisciplinary information (seismological, geological 
and geotechnical) and a very broad earth sciences and engineering 
knowledge. Besides, SM deals with several maps at different scales. 
That's why SM is usually carried out by research teams composed by a 
number of experts. 

SMCP has been built to overcome these difficulties; the using of GIS 
Arc-Info allows the user to interact with the program combining several 
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information obtained from different maps. SMCP contains the software 
required for dealing with the various thematic maps and the computer 
codes to perform the microzonation. The final SMCP products are: 
1. Microzonation map that classifies the zone into soil's categories. 
2. Expected PGA and response spectra for each zone or each point 

of the area (according to the user requirements). 

SMCP achieves this goal by the following 5 steps. 
1. Seismic hazard evaluation. 
2. Computation of reference accelerograms. 
3. Preparation of lithotechnical map. 
4. Evaluation of site effects. 
5. Evaluation of seismic microzonation map and relative ground 

motion quantification. 

Calculation Procedure 

A block diagram of SMCP is shown in Fig. 1: to explain the main 

Seimiic 
soun:e zone. 

Seimiichazard 

Reference 

Input motion 

Figure 1. SMCP flow-chart. 

Attenuation 
law 

Site effects 

evaluation 

Seimiic microzonation 
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features of the program the Italian territory and Benevento, a town 
located in southern Italy, are considered as a text example for seismic 
hazard and seismic microzonation respectively. 

SEISM01ECTONIC MODEL 

CNR -GNDT 

" 

,. I 

Tramp=ivc 

._ llilvolomic 

•--.. ·scala 1:6.500.00J 

I M.lirreno 

" " " 

Figure 2. Seismotectonic map of Italy (after Scandone et al., 1992). 
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SMCP requires as input data seismic source zone map, like the one 
shown in Fig. 2, and seismic catalog in terms of Intensity or Magnitude 
(see for example Fig. 3 ). 

~ I 

" 

0 8.0- 8.9 

EPICENTER MAP 

PFG Catalogue 

OLo- 120 • 11 " 
16 " " 

Figure 3. Epicenter map of Italian earthquakes from 1000 to 1980 a.d. 
(after Postpischl, 1985). 
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SMCP provides several 1-M relations and gives the possibility to input 
other relations. 

Different attenuation laws, both in PGA and Response Spectra, are 
provided by SMCP; the user can adopt one of these or input another one. 

Seismic hazard is computed via ordinary Cornell approach, with 
Poisson occurrence law, and/or via more sophisticated Bayesian 
approach (Chiang et al., 1984). Results are maps (or values) of 
P(PGA>PGAo/t) and/or P(Sa(T)>Sao(T)/t); t is the elapsed time and Sa is 
the acceleration response spectrum. Afterwards, a statistical procedure 
provides the derivation of a set of reference accelerograms (number to 
be decided by the user) from the uniform probability expected response 
spectra evaluated with Seismic Hazard analysis. SMCP allows the user to 
input additional reference accelerograms too. 

Particular attention deserves the preparation of lithotechnical map, 
for which the user inputs the geological map of the area together with 
the geotechnical and geophysical information ·available, that are 
captured by the GIS. So, a computer code containing standard 
geotechnical empirical relations and lithological classification system 
produces the lithotechnical map. In Fig. 4 is shown the lithotechnical 
map of Benevento, where the test has been carried out. 

Combining the selected reference accelerogram and the information 
coming from lithotechnical map, site effects are evaluated by means of 
1-D linear and non linear programs and 2-D linear programs. Warnings 
tells the user the degree of validity of the results (mainly related to the 
availability and quality of the geophysical data). 

The conclusion of the whole analysis is reached when evaluation of 
seismic microzonation map and relative ground motion quantification 
are calculated. 

Fig. 5 and 6 summarize the seismic microzonation results in terms of 
microzonation map and ground motion characterization, respectively. 

Conclusions 

Despite the complexity of the subject SMCP is an easy-to-use program; 
several control points established on the basis of expert judgements 
have the main target to set up warnings to prevent user from significant 
errors (for example non realistic input data or wrong units of measure). 
Consequently SMCP represents an important tool, especially for users 
that are not experienced in SM; the cheapness and semplicity, in its 
basic use, permits a wide adoption of SM criteria. Besides, SMCP can also 
be used to perform only one of the steps described, like, for example, 
seismic hazard or site effects evaluation. 
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Figure 6. Accelerograms and 5% damping elastic acceleration response 
spectra for the zones shown in Fig. 5. 
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ABSTRACT 
According to historical reports, Lisbon has been affected by several strong earthquakes in 

the past. The last big one was the 1 •1 November 1755 and caused the destruction of a great 
part of the town reaching, in some sites, a Mercalli Modified intensity equal to X (Pereira 
de Sousa, 1911-1932). This century, though several quakes were felt, none of them caused 
severe damage. However, during the past earthquakes, the damage distribution was very 
irregular all over the town, exhibiting systematically greater damage in the downtown, the 
south rivershore zone, the castle hill and central and northern alluvial valleys. This pattern 
suggest the existence of site effects strongly correlated with surface geology and topography. 

In order to characterize the seismic behavior of the different zones, some experiments 
were carried out for different sites in the town. These experiments consisted on recording the 
ground motion originated by explosive charges. 

A first experiment took place in 1980/81 which results enabled the elaboration of 
preliminary models for the upper crust under the Lisbon area (SNPC, 1983, Mendes-Victor, 
1987). Teves-Costa (1989) studied the propagation characteristics for some particular sites 
correlating the results with the surface geology and the topography. Theoretical transfer 
functions were also obtained, using the Aki-Lamer technique for vertically incident SH waves 
(Bard and Bouchon, 1980a), for the Castle Hill and for some alluvial valleys (Teves-Costa, 
1989; Teves-Costa and Bard, 1990). 

A second experiment was performed in 1991 for a detailed study in the Castle hill and 
in some alluvial basins. Two shots in the Tagus river bed, at distances between 1 and 3 km, 
were recorded at several sites in the town. The sites were selected according to the spatial 
damage distribution reported on the historical documents and according to the previous 
theoretical studies. Transfer functions were computed by conventional spectral ratios with 
respect to a reference station and compared with the theoretical transfer functions. The results 
emphasized the amplification of seismic waves for certain frequencies in the top of the Castle 
hill and in some alluvial valleys (Teves-Costa and Mendes-Victor, 1992). 

However, the spectral ratio obtained for the vertical and longitudinal components were 
very high. New theoretical transfer functions were performed, again with the Aki-Lamer 
technique (Bard and Bouchon, 1980b), using P and SV vertical incidence. 

For microzonation purposes the evaluation of site effects due to local geology or 
topography is an important task. The ordinary technique to estimate site effects is to use the 
spectral ratios between stations located in soft sites and a reference station located in a rock 
site. Recently, an alternative method was proposed, using only one station (Nakamura, 1989): 
the ratio between the horizontal and vertical components, H/V, gives a good estimate of 
dominant period and, according to some authors, local amplification level, concerning site 
effects caused by surface geology (Lermo and Chavez-Garcia, 1993). 
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Figure 1 - Lisbon geotechnical map with the location of shot B and recording sites used in this study. 

In order to test the ability of the different methodologies, we selected some data from 
the 1991 experiment, in the Alcantara and Almirante Reis valleys. Figure 1 displays the 
geotechnical map of the Lisbon county, showing the location of the recording sites. 

We compared the conventional spectral ratio, obtained with a reference station located 
at a rock site, the HIV ratio, obtained according to Nakamura methodology and the 
theoretical transfer functions, performed with incident P, SV and SH waves. Figure 2 shows 
an example of our results. 

The comparison of the two sets of data (experimental and theoretical) suggests the 
following comments: 

In general, the experimental data exhibit higher amplifications in the longitudinal 
component than the theoretical transfer functions computed for an incident SV wave. The 
theoretical transfer functions computed for an incident P or SH wave, present higher values 
than the spectral ratios. These facts may be due to the characteristics of the shock (an 
explosion). 

· However, it is important to be reported that the predominant frequencies present in 
the two sets of data agree quite well and they are also identified by the H/V Nakamura 
spectral ratio. 

To reach a better agreement between experimental and theoretical data it is necessary 
to improve the theoretical models. This task can only be achieved by a detailed study of the 
surface geology and the determination of the geotechnical parameters for the soil and rocks 
present. But it is also necessary to obtain recordings of actual earthquakes at several sites 
within the town. 
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Figure 2 - Comparison between the experimental data and the theoretical transfer functions performed for a site 
in the Alcantara valley. The conventional spectral ratio (continuous line) was performed with a reference station 
located in a rock site. The HIV spectral ratio (thick line) was performed according to Nakamunra's technique. 
Fourier transfer functions (dotted line) were computed for vertically incident P, SY and SH waves. Figure on 
the left shows the conventional spectral ratio performed with the transversal component and the theoretical 
transfer function computed for an incident SH wave. Figure on the right shows the conventional spectral ratio 
performed with the longitudinal component, the theoretical transfer function computed for an incident SY wave 
and the HIV spectral ratio. 
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Abstrllet 

In the paper are presented the data acquisition and the results of one experiment carried out in a little town 
of Garfagnana (Toscana Region): San Romano in Garfagnana. The experiment consist of the recording along 
profiles of quarry blasts. The spectral analysis is perfonned, obtaing the distribution of the amplification 
coefficients. The amplifications are connected with the lithological effects, due to the different irnpedences of 
the units. The experimental data are compared with the results of numerical analysis obtained using QUAD-4 
program. The numerical results are in agreement with the .general trend of the amplification distribution 
observed along the profiles. In addition the results of the numerical analysis carried out in two little towns of 
Garfagnana (Toscana Region) are presented: Minucciano and Castiglioncello. The results show that the 
amplification are connected with the morphology and geology of the sites. 

Introduction 

Studies carried out on recent and past events showed that different damage occurred to similar buildings 
.varied between areas with different geology and geomorphology. It was deduced that differences in terrain were 
responsable for this variations. 

Careful geological, gemorphological and geothecnical studies were carried out to recognize those areas 
where earthquake intensity is increased by interaction between the standard input, (define such as the measure 
of the soil shaking in a certain site: it is related to some sismotectonic aspects, to how energy is released at the 
hypocenter, to the kind of elastic waves that reach the site itself), and geological and geomorphological 
conditions. 

Effects that can be recognized are: 
- local amplification; 
- slope instability; 
- sinking. 

These studies, undertaken in certain region of Italy after a severe earthquake, produced a classification of 
the principal kinds of area where such problems may arise. 

In order to quantify the expected effects in these areas, the first obstacle concerns the chiose of the seismic 
input, the second the chaise of a calculation model that corresponds to the real conditions. 

In this paper a possible methodology for quantify the amplifications due to the influences of geological and 
geomorphological conditions is presented. 

Methodology 

For the evaluation of the possible amplifications in the site, due to the influences of geology and 
morphology, two methodologies are applied: the first one consist in the spectral analysis of the recording along 
profiles of quarry blasts, the second one is the numerical analysis, along the same profiles, obtained using 
QUAD-4 program. 

The thoretical concepts, for the first methodology, are presented in the following. 
In the frequency domain the recorded signal spectrum R(w) can be obtained from the spectrum product: 

Rj(w) = Sj(w) * Mj(w) * Lj(w) (1) 
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where the j = 1, ... , N index indicate the j-th recorder position along the seismic array with N stations, S(w) is 
the source spectrum, M(w) is the medium transfer function between the source and the site and L(w) is the local 
site transfer function that include the geological and morphological site effects (Bath, 1974; Tucker and King, 
1984). The same relation can be written for reference site r of the array having: 

Rr(w) = Sr(w) * Mr(w) * Lr(w) (2) 

Having N recording spectra from a common source and the station spacing (Ds) between the j-th recorder 
and the reference station is smaller than the epicentral distance (De), (De> 1/5 Ds - 1/10 Ds), it is possible to 
hypotize Sj(w) = Sr(w) and Mj(w) = Mr(w). Considering that the reference site is not affected by local effects 
(Lr(w) = 1) perfonning the spectral ratio between the two previous relations it is possible to obtain:· 

Rj(w) I Rr(w) = ~j(w) (3) 

The second methodology consist in the numerical analysis on the sections, carried out by the application of 
a finite elements program (QUAD-4, Hwang et al., 1973). The sections are divided in quadrangolar or 
triangolar elements and the base is rigid. 

The geothecnical parameters needed are the density, the Poisson coefficient, the velocity of S waves, and 
the damping; the horizontal and vertical acceleration derived by the resolution of the motion equations: 

[M] (u") + [CJ (u') + [K] (u) = R (t) (4) 

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, u" is the vector of acceleration, 
u' is the vector of velocity, u is the vector of dispacement and R(t) is the earthquake load vector. 

Applications And ,Results 

The methodologies have been applied in a little town of Garfagnana (Toscana Region): San Romano in 
Garfagnana The Garfagnana is characterized by moderate seismicity, the last historical earthquake occurred in 
the 1920, with an intensity of IX-X 0 MCS. 

In the site geological and geomorphological analysis is perfonned, it is characterized by sandstone, marl 
and shale (fig. 1). 

LEGEND 

~ "Macigno" : sandstone 

~ "Complesso di base" : shale 

~ "Complesso di base" : marl 

"Flysch ad elmintoidi":marl 

debris of "Macigno" 

landslide 

----------- fault 

Fig. 1 - Geological map I---------1 investigated section 
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Tlie recording stations are placed along two trasversal arrays with orientation NNW-SSE and ENE-WSW 
and lengths of 1.200 and 200 m. The first array is characterized by sandstone, marl and shale, the second by 
shale and marl (fig. 1). Twentyone mobile instruments consisting in digital recorders Lennartz Mars-88 are 
used. They are equipped with three components velocimeters Mark L-4 3-D with 1 Hz of resonance 
frequency, deploying along the two arrays respectively 11 and 9 stations. The spacing stations is varying 
between 50 - 100 m. The distance between the source and the arrays is about 12.000 m. 

The first step of the analysis is the phase picking for first arrivals and the incidence and azimuth evaluation 
for all the recordings, in order to check the kind of recorded phases and to estimate the mean velocity from the 
delay times. In the second step the spectral analysis and the calculations of the spectral ratios are performed, 
assuming the station 01 as reference site (Davis and West, 1973). The signal to noise ratio for all the 
seismograms is greater than 10, this fact can exclude the influence in the analysis of local noise sources. The 
results are shown in fig. 2, in term of distribution of the amplification coefficients. -The amplifications are 
connected with the lithological effects, due to the different impedences of the units. The amplications are more 
higher for frequencies between 4 and 5 Hz, in the station 10, 11, 12, 13, that are in the S-W of the investigated 
area, and in presence of shale. 

Fig. 2 - Maps of distribution of amplification coefficients (experimental analysis) 

The experimental data are compared with the results of the numerical analysis odtained using QUAD-4 
program, on the same sections. 

This analysis is obtained using an appropriate input. Starting from an artificial accelerogram (fig. 3), the 
same, using the program SHAKE (Lysmer et al., 1972), is modified for take in account the influence of the 
rigid base on the motion, and the accelerogram is modified through the deconvolution. 

The geotechnical parameters used for the analysis are: 

sandstone (mg) 
marl (cb*) 
shale (cb) 

damping 
0.005 
0.02 
J.02 

density 
2.4 t/m3 
2.0 t/m3 
2.0 t/m3 
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Vs velocity 
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In fig. 4 are shown the investigated sections by numerical analysis. 
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The results are shown in fig. 5, in term of distribution of the amplification coefficients. Also in this case the 
amplification are connected with lithological effects, due to the different impedences of the units. 

The numerical results are in agreement with the general trend of amplification distribution observed along 
the profiles. • 

LEGEND 

OJ a. c.= 1 - 1.5 

m a. c.= 1.5 - 2 

ITJ a. c.= 2 - 2.5 

[TI a. c.= 2.5 - 3 

ITJ a. c.= 3 - 3.5 

Fig. 5 - Map of distribution of amplification coefficients (numerical analysis) 

In addition the numerical analysis in two little towns of Garfagnana (Toscana Region): Minucciano and 
Castiglioncello is carried out. 

A geological and a geomorphological analysis is performed. 
Minucciano is characterized by limestone, sandstone and shale, and a symmetric ridge. Two sections 

characterized by limestone and sandstone are investigated (fig. 6). 
The geotechnical parameters used for the analysis are: 

limestone (cm,_ ca;'ab) and 
sandstone (mg) 

damping 

0.005 

density 

2.4 t/m3 

In fig. 7 are shown the investigated sections by numerical analysis. 

Vs velocity 

1700 m/sec 

The results are shown in fig. 8, in term of distribution of the amplification coefficients. 
Castiglioncello is characterized by limestone, sandstone, marl and shale and a symmetric ridge. Four 

sections, characterized by sandstone, shale, marl and limestone are investigated (fig. 9). 
The geotechnical parameters used for the analysis are: 

damping density Vs velocity 
sandstone (mg) and 

2.4 t/m3 limestone (ab) 0.005 1700 m/sec 
marl (cb*) 0.02 2.0 t/m3 1500 m/sec 
shale (cb) 0.02 2.0 t/m3 1200 m/sec 
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Fig. 8 - Map of distribution of amplification coefficients (numerical analysis) 
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In fig. 10 are shown the investigated sections by numerical analysis. 
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The results are shown in fig. I I, in tenn of distribution of the amplification coefficients. 
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Fig. l I - Map of distribution of amplification coefficients (numerical analysis) 

In the two site the amplifications are connected with the morphology and the geology of the site. 
The higher coefficients are shown in Minucciano, and they are more symmetrical due to the. simple 

morphology. 
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ABSTRACT 
It is well known that the surficial geology may significantly affect strong ground motion 
and hence should be seriously incorporated into seismic hazard estimation at a specific site. 
In this study the influence of soil conditions underlying two sites that belong to the same 
seismotectonic environment of the Ionian sea, namely Lefkas and Argostoli, are examined. 
For this reason the geotechnical data available to date close to the two accelerograph 
stations at Lefkas and Argostoli sites have been compiled and utilized in a lD soil column 
response approximat}on. On the other hand a few accelerograms from shallow moderate to 
large earthquakes with surface wave magnitude 5.8~Ms~7.0 recorded at both sites are 
evaluated. It is concluded that for the aforementioned range of magnitudes and for distances 
between lOkm to about lOOkm, it is the site geology that mainly governs the frequency 
content of the design strong ground motion. Hence, the standard spectral shapes provided 
by the Greek Seismic Code, that cover a four category generic soil classification, in some 
cases may appear important divergencies from the site specific spectral shapes. 

INTRODUCTION 
The important role of local site geology in seismic design is nowdays well established. 

The evaluation of site effects on strong ground motion has been widely investigated during 
the last two decades and is thoroughly reviewed by Aki (1988,1993) and Finn (1991).The 
standard method used up to date in site effects evaluation is that of spectral ratio which 
utilizes a pair of stations -one on rock as a "reference station" and the other on a nearby 
alluvium site- trigerred simultaneously by the same events. In many cases it is difficult to 
find sites on bedrock that are close enough to alluvium ones. Besides, outcrops of bedrock 
sites are usually weathered and thus affect the frequency content of the "reference station". 

Recently, another non-reference site dependent technique, the so-called horizontal to 
vertical (h/v) spectral ratio was introduced by Nakamura (1989) for the evaluation of site 
effects. This technique originally proposed and applied for microtremors (Ochmachi et al. 
1991, Field and Jacobs 1993, Field et al. 1993, Lachet and Bard 1994) has been also 
applied for weak (Lermo and Chavez-Garcia 1993, Duval 1994, Field 1994) and in some 
cases for strong motion studies (Lermo and Chavez-Garcia 1993, Theodulidis et al. 1993, 
Theodulidis and Bard 1994). The basic assumption of this technique is that the local site 
conditions do not significantly affect the vertical component of the ground motion. 

In this study the effect of site geology on strong motion is examined based on a few 
accelerograms of enginnering importance recorded at two sites of western Greece, namely 
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Lefkas and Argostoli. The corresponding events were of magnitudes 5.8:s;Ms:s;7.0, at 
epicentral distances between lOkm to about lOOkm. Their Fourier spectra are examined and 
compared with the (h/v) spectral ratio of strong motion data recorded at these sites. The 
theoretical (h/v) spectral ratio as well as the theoretical SY-wave transfer function are 
estimated by a lD model, based on the available geotechnical data and eompared with the 
observed (h/v) spectral ratio. The significant influence of site geology on surface strong 
ground motion is pinpointed. 

DATA USED 
The accelerograms used in this study come from four shallow events (Theodulidis and 

Papazachos 1992) that belong to the same seismotectonic environment -strike slip faulting
of the western Greece, Lefkas and Cefallonia islands (Papazachos et al. 1986). Information 
on the earthquakes used along with the recording codes and peak ground accelerations, Ag, 
are given in Table 1. In Figure l the epicenters of these events and the examined sites are 
shown. The magnitudes of the events ranges between 5.8 to 7.0, the epicentral distances 
between 13km to 105km and the peak ground accellerations between 0.03g to 0.54g. 

The geotechnical data were compiled after visiting the local Prefecture's services of 
Lefkas and Argostoli as well as from private technical company (Ypedafotechniki Comp. 
1984). A summary of this data is presented in Figure 2. The shear wave velocity values, 
Vs, were calculated indirectly through the NsPT values by using a relevant formula 

proposed for dynamic characteristics of Greek soil formations by Kaltetziotis et al. 1992. 
The Fourier amplitude spectra of the accelerograms used are shown in Figures 3 and 4 

for Lefkas and Argostoli , respectively. For the site Lefkas a "bump" in the frequency 
range l.5Hz to 2.5Hz is almost evident, while for the site of Argostoli a "bump" is clear in 
the frequency range 5Hz to 8Hz. 

Table 1. Information on the earthquakes used. 
No. Origin time Depth(km) Ms Rep(km) Ag(cm/sec2) Recording code 
---------------------------------------------------------------------------------------------------------------

17/0911972 7 6.3 22 170 ARG72-IA 
14:07GMT 

2 0411111973 7 5.8 21 530 LEF73-1A 
15:52GMT 

3 17 /01/1983 6 7.0 33 162 ARG83-1 
12:41GMT 

105 65 LEF83-l 

4 23/03/1983 6.2 13 234 ARG83-7 
23:51GMT 

75 25 LEF83-4 
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Figure 1. Location of Lefkas and Argostoli (full triangles) and epicenters of the earthquakes 
(open circles) trigerred the accelerographs of these sites. The arrows indicate the stations 
that have been trigerred by a certain event. 
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Figure 2. Geotechnical profile beneath the examined sites with the velocity and attenuation 
structure. 

OBSERVED - THEORETICAL (HIV) SPECTRAL RA TIO AND THEORETICAL 
TRANSFER FUNCTION 

In the (h/v) spectral ratio technique (Nakamura 1989) is assumed that the vertical motion 
is not significantly amplified by the surface layers with the exception of Rayleigh waves. 
Thus the ratio of the vertical motion(Fourier spectrum) at the surface, Svs• with that at the 
bedrock in a certain depth , Svb• should take values larger than unity with increasing effects 
of Rayleigh waves. If there are no Rayleigh waves the value of this ratio should be close to 
unity (Nakamura 1989). Nakamura, further assumming that the effect of Rayleigh waves is 
about equal for vertical and horizontal components, considered that the ratio, 

(1) 

could be a more reliable transfer function than the standard one, where Shs• S11b the 
horizontal motion on surface and on bedrock, respectively. Based on microtremor 
observations at 3 sites Nakamura found that the Shh/Svb ratio at a certain depth takes values 
around 1 for a wide frequency range. Consequently, the ratio, 

(2) 
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Figure 3. Fourier amplitude spectra of the Lefkas recordings. The dashed arrows indicate 
the frequency range of an observed "bump". 
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Figure 4. Fourier amplitude spectra of the Argostoli recordings. The dashed arrows indicate 
the frequency range of an observed "bump". 
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Figure 5. Observed (h/v) spectral ratio based on accelerograms with Ag ~0.03g, recorded at 
Lefkas (top) and at Argostoli (bottom) (Theodulidis and Bard 1994). 

the so-called (h/v) spectral ratio, may be representative of the amplification factor of body 
waves. The S11b/Svb ratio, based on downhole accelerometric data at a depth of 220m, was 
also found to take values around unity for frequencies 0.2Hz to about lOHz (Theodulidis et 
al. 1993). 

In Figure 5 the observed (h/v) spectral ratios based on accelerograms, with Ag~0.03g, 
recorded at Lefkas and Argostoli are given as calculated by Theodulidis and Bard (1994). 
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Figure 6. Theoretical (h/v) spectral ratio for incident SY plane waves, for the sites of 
Lefkas and Argostoli, considering different shear wave velocities of the upper layer and for 
different angles of incidence, 0=1,5,. .. ,200. 

For the site of Lefkas a dominant peak appears for the frequency range of 2Hz to 4Hz, with 
amplitudes ranging between 3 to 9. For the site of Argostoli a dominant peak appears for 
the frequency range of 6Hz to 8Hz, with amplitudes ranging between 4 to 20. 

In order to compare the observed (h/v) spectral ratio with the theoretical one, the SY 
plane waves arriving at the two sites were investigated. For this purpose, a 10 code based 
on the reflectivity method (Kennett 1981) was used in order to compute the surface response 
to plane SY waves for various incidence angles. The velocity structure and the elastic 
properties considered were taken from Figure 2. In order to see the influence of the upper 
layer shear wave velocity uncertainty, the minimum and maximum possible values were 
considered for this layer in both sites. The horizontal , h, and vertical , v, components of the 
surface response to incident SY waves were separated and their (h/v) ratios were calculated. 
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Figure 7. Theoretical SV wave, Om/lOm transfer function, for the sites of Lefkas and 
Argostoli, considering different shear wave velocities of the upper layer. 

Results of these components are shown in Figure 6 for various angles of incidence. The 
(h/v) ratios of the incident SV waves exhibit, for the Lefkas site when considering 
Vs=70m/sec for the upper sandy silt layer, stable peaks around l.8Hz, 5Hz, 9Hz, 12Hz, 
20Hz, and when considering for the same layer Vs= lOOm/sec, stable peaks at 2.5Hz, 7Hz, 
12Hz, l8Hz. The amplitude of the (h/v) ratio is strongly dependent on the incidence angle. 
The corresponding (h/v) ratios for the site of Argostoli when considering Vs=250m/sec 
for the upper gravel clay layer, exhibit stable peak at 6Hz, and when considering for the 
same layer Vs=350m/sec, stable peak at about 8Hz. 
' Using the same lD reflectivity code, the theoretical Om/lOm transfer functions for 
incident SV plane waves were also computed for Lefkas and Argostoli sites, considering 
the two different shear wave velocity models of the upper layer. Results of these transfer 
functions are shown in Figure 7. The dominant resonant peak for the Lefkas site ranges 
between l .8Hz to 2.5Hz and for Argostoli site between 6Hz to 8Hz. These resonant peaks 
are in good agreement with the first peak of the theoretical (h/v) ratio, given in Figure 6. 
For the site of Argostoli the observed (h/v) spectral ratio appears a peak between 6Hz to 
8Hz that is in very good agreement with the theoretical one. For the site of Lefkas the 
observed (h/v) spectral ratio appears a peak between 2Hz to 4Hz, that is slightly shifted to 
higher frequencies. However, the agreement with the theoretical resonant peak may be 
considered rather as satisfactory. 

DISCUSSION AND CONCLUSIONS 
In this study the influence of site geology underlying two sites in Greece, Lefkas and 

Argostoli," on strong ground motion was examined. It is concluded that in the case of simple 
geology structure, the lD model satisfactorily predicts the transfer function when linear 
behaviour of the soil is assumed. 

The spectral shape of the strong ground motion at sites with simple geology structure is 
mainly controlled by underlying site conditions, at least when this site lies out of the 
epicentral area. 

In site specific design spectra estimation, if there is lack of strong motion data that is 
often the case, theoretical lD soil response approximation may provide valuable 
information for the expected resonant peaks. Besides, the (h/v) spectral ratio technique can 
significantly contribute to determining these resonant peaks by using weak motion data 
recorded by only one station at the examined site. 
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Extended abstract 
Computer simulations of earthquake ground motions at sedimentary basins 

are of great practical value. However, often used excitations by plane waves 
are oversimplified. In this light, the paper by Faeh et al. (1994) represents a 
significant step towards more realistic models. It enables 2D finite-difference 
(FO) models to be excited by wave motions obtained from the independent modal 
summation (MS) method. MS provides complete wavefields, including surface 
waves, generated in a horizontally layered crustal structure by a point source 
of an arbitrary focal mechanism. The applications presented by Faeh et al. 
(1994) are convincing and encouraging. They stimulated me to discuss possible 
extensions of their method. 

Faeh et al. (1994) perform 2D FD simulations in a plane, say x-z. The source 
in their MS method is a true 30 point source, located in the same x-z plane. No 
sources located off the x-z plane are possible. Coupling between the MS and 
FO solutions is by the algorithm of Alterman and Karal (1968), employed 
along two vertical excitation lines placed 'in front' of the investigated basin. As 
emphasized by Faeh et al. (1994), the excitation lines (and, therefore, the entire 
FD model) should be deep enough to properly 'illuminate' the basin by the 
incoming wavefield. Also mentioned by the authors is another drawback of their 
excitation method, that the more distant receivers do not get enough Information 
about the 30 nature of the incoming wavefield. Therefore, I suggest two 
modifications of the method by Faeh et al. (1994): 

1) New excitation lines surround the sedimentary basin from the left, bottom, 
and right sides. The new lines reduce the necessary size of the 2D finite
difference model of the site. They also better represent the 30 nature of the 
excitation, including the focal-mechanism effect. The sources located off the FO 
x-z plane are (at least approximately) included, too. 

2) New approximate (2.50) equations of motion have been formulated for the 
site-effect simulations. The new equations improve the way how the 30 excitation 
is propagated within the 20 site model. 

The two suggested improvements can help in solving problems whose purely 
20 treatment is oversimplified, but a true 30 treatment is too expensive. For more 
details, see Zahradnik (in press). 
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Abstract 

The assessment oflong-terrn seismic hazard must be approached both realistically and circumspectly : a critical 
review of imput data is mandatory, conducted with the help of suitable methods. A few definitions are first 
proposed in order to clarify the concept of macroseismic data and the methods applied in the critical analysis of 
the historical documents. Macroseismic data are considered as the necessary complement of instrumental data 
for studies of seismic hazard in a region of moderate seismicity. However, the characteristics of assessment vary 
greatly depending on whether the earthquake is recent and well documented or a historical earthquake for 
which the documentary sources are rare and unreliable. For contemporary data, the macroseismic MSK (or its 
up-dated EMS 1992) intensity scale is highly suitable, provided certain precaution are taken. Historical data 
depends greatly on the quality of observations, i.e. the reliability of the source relating it and the precision of 
the description. Due to its statistical nature, the MSK (or EMS) intensity scale is not suitable for quantification 
of such observations, which are frequently single to a given locality. Following certain recomrnandations, its 
use is necessary in the studies of seismic hazard assessment using sets of uniform data over a long period of 
time. Historical data must be assessed by a multidisciplinary team. Intensity assessment cannot be made 
objectively without knowledge of the contemporary environment and the nature of the documentary sources. 

Then the process used to assess the characteristics of historical earthquakes is presented and illustrated by two 
examples: 

The first is the Basle earthquake of October 18, 1356, the largest event in the entire Rhenish region; much 
research has been carried out into original sources and both historical and seismological interpretations have 
been realized. Estimations of epicentral intensity vary greatly (XI to VIII) due mainly to the fact that the 
damage incurred in Basle represents the combined effects of two main quakes (5 p.m. and 10 p.m. the same 
day). To avoid overestimation due to weakening of the buildings by the first shock, we have studied the distant 
effects of this complex seismic event where the two shocks are clearly differentiated (Strasbourg and Besarn;on 
at around 120 km far from the epicentre) and where no cumulative effects must be observed. Assuming the 
same intensity attenuation law for both quakes (same focal location), the difference in intensity between the two 
shocks should be the same in the far field as in the epicentral area. Considering the intensity in Basle, well 
described by the original sources currently available, to the first quake (VII-VIII), the intensity of the second 
quake is then deduced (IX) from the distant observations. 

The second earthquake considered is the so-called Bouin earthquake of January 25, 1799 in the Vendee region. 
This earthquake, considered the most destructive event of the last few centuries in the western portion of 
France, occurred in a troubled meteorological and historical context, making the effects observed in the area of 
the greatest damage, a cumulative result. The earthquake took place at the time of the French Revolution, in the 
middle of an armed uprising marked by many violent events, particularly in the Vendee marshes: pillage, 
burnings and massacres. Many people were killed and the Republican authorities were unwilling to assist the 
rebellious population. The houses were left abandoned, and it was a time of great hardship. The earthquake was 
combined, in the winter of 1798-1799, with natural catastrophes : hard frost, torrential rain and exceptional 
flooding. This low-lying region, covered by coastal marsh, is particularly sensitive to high water. Indeed, in the 
marsh, the dwellings are low houses called "bourrines" with adobe walls and thatched roofs whose walls can be 
weakened by the effect of water. It is for this reason that, in the study which was made, care was taken on the 
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effects affecting a large area without focusing on the area of major damage. The first step has been to assesss 
the intensities in the near and far fields, taking into account, as much as possible, the complex background. The 
second step has been to demonstrate the possible amplification of the effects by using a pattern for the particular 
geological structure of the Bouin region. And the third step has been to calibrate the intensities of the 1799 
earthquake on those of the recent event at Oleron in 1972. The isoseismals of these two earthquakes are of 
similar shape, with a difference of intensity of one degree. Calibration has been carried out using the decreasing 
law of intensity versus distance proposed by Sponheuer (1960). It is assumed for these two regional earthquakes 
that the properties governing the propagation law are identical. The differences observed in the isoseismals are 
the consequences of the differences in the characteristics at the source. Various cases of epicentral location and 
epicentral intensity were considered in light of complementary observations (foreshock and aftershock 
distribution, direction of motion, sounds, effects on sea and boats) The case best corresponding to these 
conditions is: epicentre in Bourgneufbay, off-shore from Bouin (2°06'W, 46°58'N); epicentral intensity: VII
VIII (MSK) ; focal depth : 20 km. 

These examples clearly demonstrate the necessity, in historical data interpretation, of making many cross
comparisons between severe damage in the near field, moderate effects at distance and other related 
phenomena. Wherever possible, the inteqiretation obtained should be calibrated using recent earthquakes of 
similar origine and having abundant and reliable rnacroseismic data. Intensity evaluation must reflect the 
uncertainty and inaccuracy of the level of knowledge. For this reason, range of values or quality coefficient 
assigned to the intensity value are recommended for use as a basis in engineering design. 
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EXTENDED ABSTRACT 

This paper presents a set of case-histories on reliability problems which can 
arise in the assessment of earthquake parameters from the best available 
historical data concerning some central Italy historical earthquake. 

Up to a few years ago, an evaluation of central Italy seismicity would only have 
been possible through an extremely poor, low quality data set, accounting for a 
little fraction of this area's true source potential. Recent research has given much 
effort to the improvement of the data set, following up-to-date historical 
methods to collect as many reliable original records as possible. The picture of 
central Italy seismicity that can be drawn from the new data set is better defined 
and more reliable than before, but its interpretation shows many weaknesses 

· still. For instance the intensity distribution of some major earthquakes shows 
peculiarities hardly understandable on the strength of available data. Seismicity 
often shows a trend to cluster round some of the main towns of the area and 
many seismic events are known through single (however reliable) observations. 

The results reached in earthquake quantification from historical records points 
out very clearly that the availability of intrinsically "good" historical data - or at 
least of the "best available" historical data - is but the first step (albeit always an 
essential one) towards assessing reliable earthquake parameters. In fact reliability 
problems can affect even the parameterisation of very well known events, such 
as the 1943, October 3 earthquake (southern Marches), for which 86 intensity 
points, taken from official damage surveys, are known. Most central Italy events 
have smaller data sets than the 1943 event (often less than 10 intensity points), a 
thing that can easily lead to uncertainties in the assessment of earthquake 
parameters. Such uncertainties can worsen when data, besides being few, show 
peculiar distribution trends and gaps difficult to fill, due to historical and source 
problems (as in the case of the 1414, August 7 event in western Tuscany). Finally 
the problem of an evaluation of the reliability of epicentral parameters assessed 
through single observations is tackled. It is debatable whether it is right to assess 
epicentral parameters from single observations, though in fact parametric 
catalogues don't hesitate to list them (without saying so). In the case of central 
Italy, parameters were assessed from single observations, strictly in the frame of 
an evaluation of seismic hazard, and keeping trace of the problems connected 
with the interpretation of these data, in view of a forthcoming revision. 
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Obviously it would not be a good choice to do the same, let's say, for 
seismotectonic purposes. 

What one does when assessing earthquake parameters from a single 
observation is to locate the epicentre in or near to the affected locality taking the 
observed intensity as epicentral intensity. But a very precise localization of single
observation events doesn't seems a very good choice: for instance it could foster a 
fictive clustering of "presumed epicentres" round some towns (most single 
observations concerns cities), while the true epicentres are likely to be located 
elsewhere. An "open" localization of these events in large areas, through which 
the "single-observation" epicentres could be likely to oscillate, would be more 
consistent with the low reliability of the parameters to be assessed from single 
data. A way to define, to some extent, the areas through which a "single
observation" epicentre could oscillate, is to try a comparison with different data 
distributions concerning better documented events which could have affected the 
same areas. This methodology had given good results, for instance for the 1477, 
February 2 event }n Foligno, Umbria, while some cases - such as the 1293, July 11 
event in Pistoia, Tuscany - remain as puzzling as before. 

In conclusion, as even good quality historical datasets can very easily leave 
room for uncertainty when earthquake parameters are assessed through them, it 
is necessary to find ways to codify such uncertainties in order to leave them 
clearly on record for anyone wanting to use both the historical data and the 
earthquake parameters which can be assessed from them. 
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The weight of pseudo-objectivity 

Jean Vogt 

Rue du Dr. Woehrlin 1, 67000 Strasbourg-Robertsau, France 

Pseudo-objectivity is a fundamental problem in a wide range of fields. Its 
weight is heavy in earth sciences. While the complex, interdisciplinary historical 
seismology is often considered by specialists of instrumental seismology as 
subjective, it suffers from an excess of what seems to be objectivity, but in fact is 
in many cases no more than pseudo-objectivity. Lower level examples of pseudo
objectivity are of course numerous, some of them looking like jokes. One of my 
papers discusses a vaguely cross-like feature, demonstrating that it is an artefact 
produced by a rather poor knowledge of sources. Nevertheless one reader 
wondered why I did not use it for a seismo-tectonic interpretation. At an upper 
level many basic problems arise. Authors of catalogue often make a sharp cut in 
1900, a magic year, with the birth of instrumental seismology: subjectivity before, 
objectivity afterwards. Actually they seem to forget the complex history of 
instrumental seismology, with its own shortcomings. 

Some catalogues and listings are monuments of pseudo-objectivity. In some 
cases introductions do not even explain how they have been prepared. Ratings of 
reliability are often absent. Typically the author of a listing asks the reader to 
believe its content. Actually he makes errors of up to 100 km in the location of 
several epicentres of the Rhine region. Paramount intensity thresholds feed 
pseudo-objectivity to a large extent. Instead, the choice of information should be 
adapted to the seismic activity of given units, considering not only important, but 
also significant earthquakes. A fine example of incoherence is given by a so-called 
European listing. An outstanding concern for reliability led France to forward 
only information on the better known earthquakes while all other countries 
provided all events, over a given threshold, whatsoever the degree of reliability. 
France's choice led, a son corps defendant, to a false picture of its seismicity in the 
European frame, with, of course, transfrontier problems. 

More specific cases of pseudo-objectivity arise everywhere. So the 1580 Straits 
of Dover event recently experienced two stages of drastic overestimation (with 
degrees IX at Lille, VII at Amiens, etc.), with a proposal of an alternate epicentre 
in Artois, thanks to pseudo-objective approaches, linked to a lack of 
craftsmanship. Typically, an inability to interpreted correctly historical sources led 
to a so-called "barycenter", far from the formerly suspected and recently 
confirmed epicentre. Clearly, differences of two degrees and more, in this case as 
elsewhere, in many cases, are not acceptable, neither by science nor by 
engineering, specially in areas with risks problems. 

Year after year it has been demonstrated that the so-called Romara earthquake 
in the Rif, 1909 (degree IX !) is in fact a landslide triggered by heavy rains. 
Discarding "fake quakes" is indeed an arduous task. Seismologists sometimes 

1656 



cling to such events, mostly in the Middle Age, event suspecting critical 
historians of being themselves pseudo-objective. 

Even modern macroseismic enquiries rise problems of pseudo-objectivity. As 
an example, it was thought that French enquiries, from the twenties to the 
seventies, were reliable. A thorough checking showed that many of them are far 
from being so: for example in Alsace and in the Pyrenees. For the so-called Rastatt 
event, 1933, harmonious features have been substituted to a strange cross-like 
pattern. For the 1967 Southern Alsace event, the checking of forms brought forth 
one homogeneous area of intensity V instead of three separate areas from North 
to South. 

Clearly, people in charge of exploiting forms have in many cases been unable 
to master the statistical aspects of former intensity scales, sometimes with an utter 
lack of common sense. Typically, degrees IV are often sparse while degrees III and 
V are numerous. Nobody seems to have cared about such a statistical anomaly. 
The discussion of chimneys, a problem raised by G. Griinthal, is also rewarding. 
Chimneys of old West Indian sugar mills are massive, low structures, different 
from our slender ones, so that they should be considered more like stone houses. 
In the course of the reinterpretation of several events of Guadeloupe it seemed to 
me that intensities have been in some cases underestimated by one and even two 
degrees, thanks to a straightforward use of the intensity scale, ignoring such 
specific problems. 

Shortcomings of scales easily led to outstandingly pseudo-objective 
achievements in the complex field of seismo-geological effects. Old scales 
discussed them in a qualitative way, thus allowing a discussion of geotechnical 
backgrounds with the interdisciplinary state of mind prevailing formerly. 
Conceived by specialised people, in a kind of "splendid isolation", the M.S.K. 
scale adopted utterly precise quantitative criteria. While they were useful for the 
demographic approach, they proved highly questionable for the assessment of 
seismo-geological features. To limit a high risk of pseudo-objectivity, the revised 
scale proposes instead for each process a range of intensities, insisting, of course, 
on the need of interdisciplinary work. 

Of course, simplified procedures of intensity assessments, with the help of so
called "artificial intelligence", would lead us a long way back to pseudo-objectivity 
and years of efforts for more objective approaches would be destroyed. 

Errors are unavoidable. Pseudo-objectivity, a state of mind, is avoidable. To 
prevent its pitfalls, a quickly growing danger thanks to hasty and irrational 
computer-work, a kind of constructive subjectivity is needed, with an ability to 
master complex problems in a critical and interdisciplinary way, instead of 
submission to narrow formulas and questionable rules. In a seemingly 
paradoxical way such a positive subjectivity is an approach toward more 
objectivity. 

Extended abstract; the paper was submitted to"Annali di Geofisica". 
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The Ionian Islands (Ionian Sea/ W.Greece) historical earthquake record: its value 
in delineating aspects of the seismic character of the area 
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L.C.Polimenakos, PANGAEA Cons.Engineers, Kifissias 131,115 31 Athens, GREECE 

Extended Abstract 

The Ionian islands have a historical earthquake record dating back to 1500 AD. The high cultural level of the 

area and the interest of many individuals in the earthquake phenomenon, has provided us with good quality 

information regarding earthquake occurrence and macroseismic effects. We are currently attempting to trace 

original information and to reevaluate all aspects of the record from both the historical and seismological point 

of view, considering also past evaluations as well as newly discovered information. From a wealth of 

information, we present here a synopsis of the spatial and temporal distribution of historical events. 

However, historical study of earthquakes faces many difficulties, in that information should be as 

complete and reliable as possible. In this context, knowledge of the social conditions at the place where 

earthquake information originated is very important and should always be considered in relation to earthquake 

effects. 

Primary information for the interval 1500-1700 comes mainly from memoirs written accidently by mo~ 

and notaries. Monasteries and the well kept notarial archives are the principal means for the preservation of the 

primary information through time. Official sources are very few and mainly available only from the l 7th century 

onwards. Another kind of source is compilations of non-primary information. On the other hand, travellers 

and engineers, who arrived at the beggining of the l 8th century, regarded natural phenomena and, among them, 

earthquakes, in a different, systematic way. For the first time, earthquake diaries were kept and some early 

statistics of the earthquake activity were presented. 

In most cases, information concerning damage to buildings and humans is provided by most kinds of sources. 

That is, regardless whether the observer was educated or not or whether he happened to be an official person or 

a scientist, priest, etc. It appears that more detail may be found in the despriptions of monks and foreign 

travellers. They seem to pay attention to nearly everything that attracted the eye. Infact, traveller descriptions do 

sometimes include an early form of scientific explanation of various phenomena. 

An estimation of the level of the effects in a way comparable to modem definitions was made by employing 

the revised MSK scale (EMS-92). It is important to note that the information provided through the known 

primary sources is quite different of that which was provided in the Byzantine era. 

Based on the distribution of intensity and other information, we attempt to define the meizoseismal !lild 

potential epicentral areas of Ionian islands earthquakes. Both meizoseismal and epicentral areas provide evidence 

for an interesting grouping of events into external and internal ones. The historical information is compared with 

present- century observations for reasons of homogeneity and continuity. 

In terms of earthquake occurrence, the record may be said to contain information on all major and 

potentially catastrophic events since 1600. This is suggested by the fact that duri!1g the last 300 years, no 

significant change may be found in the occurrence rate. However, as seen before, there appears (a) an increase in 

the amount of the various characteristics of a description in the interval 1700-1800, (b) an increase in the amount 

of available sources (primary, in particular) around 1750 and (c) a dramatic decrease (>50%) of the population 
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of Kefalonia in the interval 1750-1800. The above, with respect to the fact that situation is reversed after 1800, 

implies that the time interval 1700-1800 is characterized by an intense (catastrophic) seismic activity on the 

islands (consider, in particular, Kefalonia in 1766/67, Zakynthos in 1791 and Lefkas in I 783, as wei1 as the 

important event of 1723, which affected primarily the northern part Kefalonia). So, a peak in seismic activity 

around 200 years ago may be suggested, which may be significant for the long-term earthquake process of the 

area. So far as clustering is concerned, the evidence does not support any trend. 'Clusters' appear to be artificial 

in the sense that many events have been attributed a wrong size. This size incorporates the cumulative impact of 

successive events, depending largely on the restoration rate of the construction. 
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Earthquakes across the Adriatic Sea: where and how large? 
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** GNDT at Osservatorio Geofisico Sperimentale, Viale Indipendenza 180, 

62100 Macerata, Italy 

Parametric earthquake catalogues often locate on land offshore earthquakes 
known only through historical records, due to the fact that the number of 
available observations is poor usually. In such a way, to assess the size of an 
earthquake from macroseismic data is even more difficult than in the case of 
earthquakes located on land. Moreover, it may happen that historical records, 
different in language, time system and so on, are the reason for having different 
earthquake parameter determinations in catalogues of regions across the sea. This 
paper discusses some cases from the Adriatic area. 

Looking at the seismicity of this area, as known from the parametric 
earthquake catalogues, it can be noticed that almost no offshore seismicity is 
recorded before 1900. In particular, between 1000 and 1500, only two offshore 
earthquakes are found (Fig. la): one often can be easily demonstrated as fake, 
while for the other one only effects in Zadar are reported. 

After 1900 and, mostly, in the last years (Fig. lb), there is strong evidence of 
offshore seismicity in many zones of Central and Southern Adriatic Sea. Were 
these areas active before 1900? If yes, where are the traces of this activity located? 

Fig. 1 - a) Epicentres 1000-1500 from NT catalogue (Stucchi et al., 1993, compiled 
from Shebalin et al., 1974 and Postpischl, 1985). 

b) Epicentres 1981-1990 from ING. 
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In the time-wiridow 1000-1500, most of the events are located near important 
cities, which acted as recording points. More in detail, earthquake parameters 
were often performed on the basis of one observation only, referred to one of 
those localities. Therefore, the question is: are these parameters reliable? 

Examining the Zadar area on the basis of the UNESCO Balkan project Atlas 
(Shebalin, 1974) and catalogue (Shebalin et al., 1974), the most recent events seem 
to be located on land_ and do not show high intensities at Zadar. Some offshore 
earthquakes, such as the one of 1934, reached in Zadar even lower intensities. 
Therefore, only part of the historical seismicity, currently located at Zadar, could 
be the trace of offshore earthquakes. 

Similar considerations holds for the area of the Otranto channel, the historical 
seismicity of which could be recorded on land either in Apulia, or Corfu, or even 
in Albania. 

A different situation is presented by the historical seismicity of the Gargano 
area, most of which is probably located offshore, where the seismogenic structures 
are better know. 

In conclusion, the traces of historical, offshore seismicity are to be searched on 
land: in such cases, earthquake locations are wrong, and sizes may be under
evaluated. However, such traces may overlap with local, coastal seismicity, and 
they should not automatically attributed to offshore, large events. 
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- Processing: is it possible to delin~ate a specific "rule" according to which each 
seismologist operate~? Does he/she always follow this rule? How different are the 
rules between themselves? Is it possible to see certain trends? 

- Additional data: which kind of data seismologists require further than intensity 
data points (earthquake date and time, original sources etc.), and how are they 
used? 

- Epicentral coordinates and intensity: are they evaluated jointly or separately 
(that is: does the evaluation of one influence the other one?) 

One among the goals was to compare the parameters defined by various 
methods and to see how different they really are, as well as whether the 
differences are significant. It immediately leads to the next question: what if the 
results obtained are almost the same, no matter what method has been used? And 
what if the results are significantly different, depending on the method; which 
method should be choosen to be the right one? And, finally, are the common 
definition of the epicenter and the common criterion of its determination needed 
or not? 

Although it was decided to concentrate on the intensity distribution, not taking 
into account the isoseismals already drawn on the test cases, some authors felt 
that the shape of the isoseismal was important information, so they sometimes 
based their conclusions mostly upon that part of information. 

Seven test cases were chosen to represent the problems seismologists meet in 
their work (complete and poor data sets, problems with offshore epicenters, 
volcanic events, events on the state borders and possible double events). 

A comparison of the results provided by 15 authors, who gave their own 
solutions and the explanations of the adopted procedures was made, showing that 
in some cases the ideas and results are rather distant. The most of the differences 
appeared in cases when data set was poor. Often the main reason for the different 
solutions were the unequal starting definitions of the basic terms. 

The extensive analysis of the outcomes of the exercise was submitted to Annali 
di Geofisica. · 
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Practice of macroseismic intensity assessment from historical records. 
The experience of the Italian GNDT "Seismicity" Working Group 

A. Moroni*, G. Monachesi** and D. Albarello*** 
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** Osservatorio Geofisico Sperimentale, v.le Indipendenza 180, 62100, Macerata, Italy 

*** Dip. Scienza della Terra, Universita di Siena, via Banchi di Sotto 55, 53100, Siena, Italy 

The problems in assessing intensity from historical records are well known: reliability of the 
sources, data often incomplete and so on. Even if the historical records supply detailed 
information about the effects of an earthquake, there is no standard procedure to process 
them. In fact, most macroseismic scales do not include detailed descriptions of procedures for 
intensity assessment and many divergent interpretations of intensity values can be obtained by 
different operators. Each intensity degree represents a "word picture" of a given situation 
which could be recognized after an earthquake. However, due to the frequent incompleteness 
of documentary data, such a word picture can hardly be fully recognized. This situation could 
induce different researchers to elaborate personal ways "to weight" different available 
information. 

In order to point out this kind of problems and to enlighten the procedures of intensity 
assessment, a meeting was organized in September 1994 at Macerata (Italy), in the framework 
of GNDT "Seismicity" Working Group. The first goal of the meeting was to induce in each 
researcher an insight of his assumptions and choices adopted when assessing intensity from 
documentary sources. Thus, each participant was supplied with a set of selected documents 
concerning original descriptions of earthquake effects occurred in various periods (from 15th 
to 20th century). Each researcher was invited to assess on this basis the intensity values and to 
explicate his intellectual path by describing it in detail. This documentation has been then 
discussed during the meeting, trying to collect the widest possible set of personal experiences. 

The discussion carried out during the meeting was wide and focalized two main important 
steps in the genesis of the intensity value from original data. The first one concerns the 
transcription of the original information in terms which can be recognized in the framework of 
the word pictures defined by the adopted macroseismic scale. The second step is the 
comparison between the word pictures of the scale and the observed pattern. 

In order to compare the earthquake record with the word picture defined by the scale, it is 
important to take into account the historical context in which the earthquake occurred. To 
know the total number of buildings in a locality, their structural characteristic etc. is very 
important to process data and assess intensity. An example of the problems which can arise in 
this phase is the estimate of the percentage of damaged buildings with respect to the whole 
patrimony and their typological characterisation. This information, necessary in the application 
of the most recent scales (MSK, EMS), in most cases cannot be directly deduced from available 
historical records. In these cases, to assess intensity, 'personal' hypotheses are advanced by the 
different researchers on the basis of their knowledge or 'a priori' opinions. Discussion pointed 
out how these assumptions and the different constraining power attributed to subsidiary 
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information may result in different evaluations of damage. Furthermore, since phenomena 
described in the source do not correspond univocal to diagnostic elements of the scale, 
personal judgements may play a role in the assessment of the "word picture" extracted from 
the record on earthquake. These features may result in different intensity estimates which, in 
the cases discussed during the meeting, diverged over a relatively wide range (up to three 
degrees) . 

This aspect concerns the comparison between the true pattern deduced from the 
earthquake record and the conventional configurations described in the adopted scale. In 
many cases, this comparison results difficult due to the incompleteness of. the available 
information. However, as the discussion pointed out, this problem is generally present (and in 
many cases enhanced) also when complete data are available. In many cases, in fact, observed 
effects span over different degrees of the scale or are not described at all. In other cases, 
observed effects do not fulfil exhaustively the conventional word picture of the scale. 
Discussion showed how the seismologists participating in the meeting face these problems 
following different ways. Some of them suggest that an intensity degree can be only assigned if 
the whole set of diagnostics described for that degree is actually observed: otherwise, the 
degree immediately lower should be assigned. When observed phenomena span over different 
degrees, all these degrees are considered as possible and an intensity range is assessed. Other 
participants prefer to attribute a different weight to each diagnostic and to assess intensity on 
the basis of the most important phenomena. In any case the discussion showed that some 
amount of personal judgement is present and results in different intensity assessments on the 
basis of the same data set. 

In order to enlighten problems arising in intensity assessment from documentary data, two 
steps of the intensity assessment process have been explored: the generation from the original 
record of a word picture and the comparison between this observed pattern with the 
conventional ones described in the scale. 

Discussion indicates that in most cases a certain degree of personal judgement is present in 
both these passages. Furthermore, the examples discussed during the meeting showed that 
many problems also arise when complete data sets are considered. 
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Exploring the potential of seismological compilations: 
J. Schorn (1902) and the seismicity of "Tyrol" 

P. Albini*, D. Bellettati *, M. Stucchi *,A. Zerga * 

* lstituto di Ricerca sul Rischio Sismico, CNR, Via Ampere 56, 20131 Milano, Italy 

The seismicity of the area historically named "Tyrol" (south-eastern Alps) is moderate in the 
northern part (today Austrian Tyrol) and low in the south (Trentino-Alto Adige, today Italian 
territory). This picture emerges from the current parametric earthquake catalogues, for 
instance from Van Gils and Leydecker (1991), who rely upon Toperczet and Trapp (1950) for 
Austria and from Postpischl (1985) for Italy. 

It is recognised that the pre-1900 seismicity proposed by the national catalogues above 
mentioned depends mostly on the information supplied by well known seismological 
compilations of the last century. In this case, those which represent the "main sources" on the 
area of Tyrol are Volger (1857), Baratta (1901) and Schorn (1902). 

This paper aims to survey how significantly the catalogues reliability and completeness were 
influenced by the set of sources those authors rely upon and by the seismological 
interpretation they suggest. The attention was devoted mostly to the southernmost part of 
historical Tyrol, that is today Trentino. 

The investigated area had a complex political as well as linguistic history. The main events 
can be summarised as follows: the bishop's princedoms of Trento and Bressanone ruled over 
the Trentino and part of east Tyrol from the eleventh to the end of the eighteenth century. 
The whole Tyrol was under the dominion of the Earldom of Tyrol, from the eleventh to the 
nineteenth century. After the Napoleonic parenthesis, in 1802 the territories of the former 
bishop's princedoms of Trento and Bressanone were annexed to the Austrian dominion. The 
Paris treaty in 1810 divided Tyrol from Trentino, annexing the latter to the Italic Kingdom 
with the denomination of department of Alto Adige. In 1815 the territories of Trentino and 
Tyrol constituted a single Austrian dominion with the title of "Contea principesca de! Tirolo". 
In 1918, the Alto Adige, that was the southern part of Austrian Tyrol, and the Trentino became 
part of the Italian territory. 

For our purpose, this simply means that when Baratta in 1901 published his book "I 
terremoti d'Italia", Trentino-Alto Adige was not Italian and, therefore, its seismicity did not 
deserve the same attention paid to that of the other Italian regions. For opposite reasons, in 
his work "Die Erdbeben von Tirol und Vorarlberg" Schorn gave ample space to this area. 

For the period pre-1900, the Italian catalogue (Postpischl, 1985) relies for more than the 
80% on Baratta's information. Since Schorn's compilation is not among Postpischl (1985) 
sources, a reconsideration of the information available in his work seemed to be a useful 
preliminary step towards a review of the seismicity of Trentino. 

The research was oriented to verify if Schorn's compilation could be considered as a useful 
tool towards the search for local, original sources; moreover, the seismological interpretations 
he suggests were analysed to verify the presence of mistakes or careless historical 
interpretations. 

Schorn explains in the introduction to his work that he considered earthquakes originated 
inside as well as outside Tyrol and Vorarlberg, but the effects of which were well documented 
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in those areas. He used mostly original sources, of which he reproduced the original text in the 
original language, and the information supplied by the seismological compilations of Bertrand 
(1757), von Hoff (1840), Volger (1857), Baratta (1901) , etc., only if in contrast with the 
original information, or if no information could be found in the original sources. Nevertheless, 
he says he is perfectly aware of the gaps that there are in his work and that not all the 
information on earthquakes he quotes has the same level of reliability. 

A thorough analysis was performed on the text: the earthquakes described inventoried, the 
sources retrieved in the original version and their information critically evaluated. Schorn's 
conclusions were compared also with recent studies on the same earthquakes (e.g. Alexandre, 
1990 for the eleventh-thirteenth centuries) . 

In conclusion, Schorn supplies sources of information on 5 earthquakes unknown to the 
Italian catalogue: 1238, Trento (a very doubtful one); 1260, Trento; 1331, Balzano; 1683 and 
1851, Giudicarie. The information on four of them was derived by the Italian author Bertelli 
(1689), who was living in Trento at the end of the seventeenth century. The reliability of his 
work on the "history of Trento" has still to be verified. Anyway, for the 1683 earthquake he 
was a contemporary writer. 

Schorn supplies sources on effects of known earthquakes in new localities: 1301 (known as 
felt in Cividale, Friuli, but which seems to have caused damage in Trento as well). The most 
interesting case is that of 29 September 1385, date for which a contemporary source 
considered by Schorn reports earthquake effects at Bruneck and Trento. Such information 
could be in connnection with two available records with the very same date for Vicenza 
(Veneto) and Forli (Adriatic coast, Central Italy). 

Schorn's compilation turns out to be a useful and reliable tool. Considering his sources and 
further ones, retrieved by an ad hoe investigation, it was possible to conclude that the picture 
of historical seismicity of Trentino, as supplied by current parametric catalogues, is an 
incomplete one. 

The seismicity distribution of the southernmost part of Tyrol, obtained by the above briefly 
described revision, seems to be more consistent with that suggested by recent instrumental 
observations. 
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OF THE VRANCEA (ROMANIA) SEISMOGENIC REGION 
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National Institute for Earth Physics 
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ABSTRACT 

The historica.l seismicity in the subcrustal 
Vrancea Seismogenic Region (VSR) is documented for 
a time span more than a millennium (i.e., from 
984 A.O. to present time) and it was thoroughly 
investigated elsewhere for several purposes (e.g., 
sesimicity trends/features/patterns, hazard 
assessment, earthquake prediction etc) . However, 
the resolution and consistency over VSR's 
seismici ty it is not uniform and/or homogeneous 
over the entire period. In order to improve the 
completeness and the homogeneity we tried to 
carefully use all available sources, contemporary 
engravings displaying macroseismic effects, 
overview all recent published literature on 
historical issues etc. The outcome of our 
investigations include: adding of new events to 
catalogue, search for fake events or 
i 11-determined events, reassessment of intensity 
data etc. 

LAYOUT 

For the Vrancea Seismogenic Region (VSR) the historical 
records of subcrustal earthquake occurrences are fairly long 
(Radu 1974; Purcaru 1979; Constantinescu & Marza 1980; etc), 
that is more than a millennium: [ In the following we shall use 
as a basic reference the catalogue of Constantinescu & Marza 
1980, 1984; updated]. The earliest event in the catalogue is 
an earthquake occurred during the year 984, so the time span 
covered is 1010 years. During this time period at least 37 
strong events, that is with maximum intensity VIII (MSK) or 
more a-re gathered into file. In fact that intensity is the 
level/threshold at which the tremors are damaging. 

In order to reappraise the parameters of old VSR events we 
searched both old sources as well as new compilations made by 
historians (e.g.: Chiper 1993; Cernovodeanu & Binder 1993) 
and collected various other information like contemporary 
pictures displaying macroseismic effects, mainstream 
literature clues etc. 
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OUTCOME 

In the plot presented in Figure 1 one may see some 
prominent features of the time patterns (regularities) in the 
occurrence of strong VSR shocks (M ~ 6.8 or I = VIII MSK 
scale) . Three kinds of regularity ~~tterns are p!ttured in in 
Fig. lB : (i) decomposition of the random overall time series 
(Fig. lA) into 3 nonrandom subseries (or otherwise 3 maxima 
of activity Ml, M2, . M3 ), placed at the beginning (relative 
years 05 +/- 6yr), the middle (relative years 38 +/- 7yr) and 
the end (relative years 80 +/- lOyr) of every calendaristic 
century; (ii) secular (lOOyr) cyclicity inside of each 
subseries; and (iii) frequent pair occurrences (especially in 
the maxima M2 and M3) . Inspecting the plot it is easily to 
note some gaps in data coverage likely caused by the scarcity 
of old data (and marked in the plot with "?" marks). So, one 
of our basic goals was to look for in historical records for 
some indications regarding unknown or not yet reported events 
that could match the missing events in the pattern. Thus our 
search was partially successful in finding out a VSR 
subcrustal event occurred on year 1411 (cf. Cernovodeanu & 
Binder 1993). It is fitting pretty well the pattern in 
subseries Ml (Fig. lB) and this could be ranked as a 
successful retroprediction as Purcaru (1979) suggested and 
expected to happen. Another feature revealed by the patterns 
in Fig. lB is the pair (or even multiple) occurrences. 
However, that feature rises a question. Could these pairs be 
an artifact? Or, with the other words an event in the pair 
should be a fake event, especially for the earlier times, when 
uncertainties in dating are obvious. Nevertheless, for recent 
and modern times the errors generating fake events might be 
waived, yet the pair occurrences are real phenomena. This 
remark allows us to infer that this feature, i.e. , 
pair/multiple occurrences can be a true phenomena for the 
whole time span covered by our data. In this respect we have 
inspected some suspicious pairs like { 1471 AUG 29 and 1473 
JAN 22 }, which was considered by Purcaru(l979) as doubtful, 
but there are compelling evidences that the event in 1473 is a 
genuine one, so the pair may be validated . 

SYNOPSIS 

Inspecting collections of old records as well as new 
papers/reports on historical seismicity compiled especially by 
historians we were able to pick up several events signaled by 
some authors, but with so poor parameters or specifications 
that really they are useless unless we could improve their 
information. Based on our experience about VSR subcrustal 
events in respect with the manner of reporting, macroseismic 
description and expert judgment, we were able to find the 
following list of new/refined/reassigned events (viz . Box 1) 
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Box 1 

Date Time(UT) Region Max.Intensity Source Remarks 
Year Mon Day Ho; Mi (MSK scale) 

1411 VSR VIII 1/2 CBl First time 
assigned 
to VSR 

1471 AUG 29 VSR IV to V CHI Five felt 
shocks. 

till SEP 01 Likely 
aftershocks 
of 1471 AUG 
M =7.3 
m&~nshock 

1473 JAN 22 VSR VIII 1/2 CHI Validated 

1590 AUG 20 Fagaras VIII 1/2 CHI Originally 
assignment 
to VSR was 
wrong 

1594 DEC 01 Night VSR VII CHI 

. 1595 DEC 08 VSR VII CHI 

1802 APR 02 Night VSR VI CHI 

1802 APR 02 Day VSR v CHI 
time(AM) 

1838 JAN 23 18:45 VSR IX 1/2 Various Formerly 
I = IX max 

Source codes : CHI - Chiper(l993) 
CBl - Cernovodeanu & Binder (1993) 

A special discussion it deserves the largest ever observed 
VSR subcrustal earthquake, i.e., 1802 OCT 26, Imax = X (cL 
Constantinescu & Marza 1980). Some of the most dramatic felt 
reports include: (i) wide-spread building collapse (ii) 
impressive water fountaining; (iii) heavy landslides; (iv) -
spectacular ground failures; (v) extremely large felt area. 
Also remarkably, during 1802 mainshock were first time 
reported clear long-period effects ( that is, strong response 
of tall structures, due to resonance effect). 

CONCLUSION 

Finally, we would like to mention some issues we came 
across while dealing with reappraisal of historical 
seismicity of Romania (and particularly with VSR), some of 
them being specific to Romania and which should be accounted 
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for by further investigations. A frequent source of bias "in 
estimating the origin of historical VSR shocks is caused by 
unbalanced source distribution on the territory, because of 
the · political-economic context of the early period there was a 
lack of reports from south-eastern and north-eastern 
provinces of the country (namely Wallachia/Muntenia, Moldavia 
and Dobrudja) comparing with north-western province (i.e., 
Transylvania) . This bias in sources of reporting caused that 
in some early papers/works some VSR events were 
considered/interpreted as crustal/local events belonging to 
other seismic areas like Brasov, Sibiu etc. Another situations 
happened were the split events, that is some sources list on 
the same date , and even time, two shocks (generally strong 
felt) one 'in Wallachia (and/or Moldavia) and the other one in 
Transylvania, in this case the proper interpretation is that 
this is a split event and we have to consider the case as a 
single entity . 
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Abstract 
The "Seismicity" Working Group of the Italian GNDT a few years ago started 

systematically collecting macroseismic observation concerning the major Italian 
earthquakes (Jo ~ 7 /8). Part of the intensity data points are organized in a data 
base, the compilation of which required some care. 

This paper deals with some of the problems encountered during the 
preparation of the database and shows the results reached for the Central Italy 
also giving some ideas about possible uses of the data for understanding the 
seismicity patterns and for assessment of seismic hazard. 

Introduction 
Since some years onwards the systematical organization of the intensity data 

set of the major Italian earthquakes was started in the frame of the "Seismicity" 
project of the National Group for Protection against Earthquakes (GNDT) for the 
updating of the earthquake catalogue (Stucchi et al., 1993) and database (Postpischl 
et al., 1991; Stucchi, 1991; Stucchi, 1994). 

Some tenths of thousands of intensity data points have been inventoried, 
partly from published studies (e.g. Molin, 1981; Postpischl, 1985a; Postpischl, 
1991b), partly from unpublished research (e.g. Dell'Olio e Molin, 1980; Monachesi, 
1987; Stucchi, 1988; Monachesi e Castelli, 1992), the results of which have been 
made available - mainly by the Italian Electric Agency. The original sets of data 
differed from one another in format, intensity scale and geographical references 
(names and geographical co-ordinates given to localities). Therefore, in order to 
handle them all together, it has been necessary to make them homogenous. 

Some problems in the database compilation 
So far, data concerning a large area of Central Italy have been homogeneized, 

and this requested to solve many problems. Variety of intensity scales was not 
among the bigger ones, as the studies concerning this area adopt the MCS scale. 

To solve the problems connected with the use of different kinds of 
geographical references it needed an authority allowing to give each single 
locality one name and couple of co-ordinates only. This authority has been 
identified in a file, compiled by the Italian Electric Agency, which includes about 
70.000 entries and covers a large enough area to allow the identification of most 
localities named in the original data sets. 

However, to rely on such an authority does not ensure the quick _identification 
of all localities quoted in the original studies. Many Italian localities changed 
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names over the centuries; moreover, in a comparatively narrow area there can 
often be more than one locality bearing the same, or very similar, names. In these 
cases the identification according to the authority of a place-name quoted by a 
study is not automatic. 

For instance, in the case of an earthquake of 1707 in Umbria, Central Italy the 
locality "Arezzo" was reported by the sources. Now, everybody would refer to the 
well known, chief administrative and historical city of eastern Tuscany; however, 
this city lies about 150 km North of the extremely narrow area from where 
earthquake records are available, where a small hamlet also named Arezzo is 
found. In this case the distance between the two localities bearing the same name 
helps understanding which one was likely affected by the earthquake (Fig. la). 

Fig. la - Coincidences of names in Central Italy: "Arezzos" and the 1707 
earthquake. 

This is not the case, on the contrary, when homonymous localities are placed 
in a radius of few kilometers from one another. For instance, the 1328 Central 
Italy event heavily damaged the region of Norcia and, among other towns, the 
village of San Martino, in an area where no less than 9 localities called San 
Martino are found (Fig. lb). In this case, only by going back and exploiting at best 
the original historical source from which the study had taken this observation, it 
has been possible to choose among the different available options. 
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Fig. lb - Coincidences of names in Central Italy: 9 "San Martinos" (squares) 
and the 1328 earthquake (the "good" one is indicated by an arrow). 

The Central Italy data base 
The compilation of the observed intensity data base is currently carried out 

according to the format shown in Fig. 2. 
Each entry lists: number and time of earthquake; place-name, as quoted by the 

source, and its identification; geographical co-ordinates. Intensity values are 
given as ranging from the lowest to the highest values assessed by original 
studies (this has been done in order to preserve the original information in its 
integrity, even when it is expressed by non-univocal values such as 7 /8, 4/6, 7.5 
and so on); code of the study; number of the locality. 

The data base today consist of about 9000 intensity datapoints, pertinent to 
more than 300 earthquakes (Fig. 3) and to about 2500 localities. The number of 
observations per locality ranges from 1 to more than 40 (Fig. 4). 

1758 , 18870223 '. PRELA' 
1758 ' 18870223 23 . 0746 
1758. 18870223 ' PIANA CRIXIA 4' MOLINO 04 0818 26 6 ' 6 

19i6001601ii6 a' iiriu NO TERRA Rm 
. ,; .... 

2348 MOLINO 1226 36 8 8 
1230 180507262101 ', MOUSE 1 'MOUSE 1429 32 8 8 

Fig. 2 - The format of the intensity data base. 
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Fig. 3 - Distribution of the earthquakes contributing to the intensity data base. 
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Fig. 4 - Distribution of localities per number of observations. 
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Plotting intensity data against time, seismic histories at the sites can be 
obtained (Fig. 5). 
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Fig. 5 - Seismic histories of some localities in Central Italy. 
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Fig. 5 also shows s9me cases which need further investigation. At Citta di 
Castello, for instance, maximum intensities (IX MCS) have been reached in the 
Middle Ages. The same applies to L'Aquila, though here the observations seem 
more evenly distributed in time, as it happens at Forli. 

The amount of available data can be influenced not only by the actual seismic 
history of a locality but also by its historical and cultural standing: in some cases 
more than 60 observations are available (Fig. 6). 
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Fig. 6 - Distribution of intensity observations per intensity class, for some 
localities showing the largest number of observations. 
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A relevant portion of these observations concerns effect above the damage 
threshold. Jn many cases heavy damage is reported from the same locality (for 
instance Forli, Spoleto, L'Aquila and so on) in more than one occasion. 

Fig. 7 shows the distribution of the maximum observed intensities for all 
Central Italy localities for wich at least one observation is available. 
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Fig. 7 - Distribution of maximum observed intensities in Central Italy. 

Conclusion 
The collection of intensity data can result in a significant data set giving in 

some cases a high density of information. These data can be used straight away to 
ascertain the distribution of affected areas and I or to calibrate seismic hazard 
evaluated at the site. Further ways to exploit this relevant amount of knowledge 
will have to be devised and tested in the near future. 
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EXTENDED ABSTRACT 

The distribution of seismic Intensity is generally Influenced by major geological and tectonic 
features and, on a local scale, by local geological conditions. Factors such as fault direction, depth 
of focus, local geological and topographical conditions, and, In general, small scale irregularities are 
not "seen" in an isoseismal map. In order to avoid the generalization that results from a smoothed 
isoseismal map, methods of analysis using independent intensity values which correspond to 
specific sites have been introduced Such procedures need a considerable number of macroselsmic 
intensities and a database of the geographical coordinates of the corresponding sites. 

Greece, following the Instructions proposed during the UNESCO financed study of the 
seismlcity of the Balkan countries, adopted the MSK-64 intensity scale and it is assumed that from 
1970 the Intensities of earthquakes In the area of Greece are - more or less - homogenously 
assessed 

In this study the following approach for the analysis of the above data is .performed: Thus, 
taking into consideration the intensity distribution of strong earthquakes of .a spe~ific epicentral 
area, associated to a specific fault length and direction, the distribution of the expected intensities 
of a future earthquake with similar parameters at the same sites is simulated In this procedure the 
Influence of local geological conditions is taken into account through a dense gridding of the 
geological maps of the studied area. 

The data used In the present study concern four earthquakes with the following 
parameters: 

Date Ms Lat Lon lmax Scale 
1955, April 19 6.2 39.31 23.06 8.5 MM 
1957, March 8 6.8 39.34 22.66 9.5 MM 
1980, July 9 6.4 39.29 22.91 8.5 MSK-64 
1985, April 30 5.8 39.24 22.82 6.0 MSK-64 

From these earthquakes all the rnacroselsmlc Intensities as well as the corresponding sites 
were analysed The reason for choosing these four specific earthquakes was that they belong to 
two different time periods as far as the macroseismic scales used are concerned In addition, all four 
earthquakes have enough macroseismic Information for further analysis. Apart from the digitized 
geographical coordinates of the sites, their local geological conditions were taken into account. 

The basic assumption of the method followed (Evernden et al., 1973 and Evernden, 1975) is 
that during an earthquake associated to a fault, the energy Is realeased homogeneously along this 
fault. Thus, the fault can be substituted by n equal point sources, and the macroseismlc effects of 
the earthquake at a site away from the fault can be calculated by the Integration of the individual 
effects of each point source. 

In a homogeneous earth crust the peak ground acceleration, a, at a point of Its surface due 
to an earthquake associated to a fault of length 2L can be calculated by the formula: 
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where e = 1Qll8+15M (Richter, 1958, p. 366). 
Several formulas relating intensity to the acceleration have been proposed for the area of 

Greece. In this study the following formula, introduced by Theophanopoulos (1987) Is adopted: 

I= 2.{log 10(a)-C~)). (2) 

To incorporate the influence of surface geology In the expected Intensity, the usual 
procedure is to classify the existing surface geological formations into categories according to the 
amplification which they add to intensity. The corresponding coefficient due to different geological 
categories Is added to the expected value of Intensity from equation 2. 

The geological maps (scale 1:50,000) of the Eastern Central Greece area were digitized at 
0.1 degree intervals, with each element carrying Information on the predominant geological 
conditions. The final geological groups are the following: 

Type of soil Category Description Correction factor 
Soft soils 1 Alluvial deposits 0.397 
Medium soils 2 Neogene formations and flysch 0.574 
Hard soils (a) 3 Metamorphic rocks 0.388 
Hard soils (b) 4 Limestones 0.394 

For each one of the four earthquakes the associated fault parameters were considered: the 
fault length was calculated from the respective magnitude and its direction from fault plane 
solutions assessed from relevant studies (e.g. Drakopoulos and DeHbasls, 1982 and Kouskouna et 
al., 1992, etc.). Then, using the attenuation formula for the area of Greece (Drakopoulos and 
Makropoulos, 1983) 

a= 2164e0·'M(R + 2of1·9 (3) 

and by substituting acceleration with intensity, the expected intensity distribution for each 
earthquake was determined. The expected values were compared to the observed ones. 

For each site the expected intensity was calculated and its difference from the observed 
value was estimated. The purpose of the whole procedure was to minimize the above differences. 
This was achieved by determining the correction factors of the sites for each geological category. 

The general categories considered In the present study showed a systematic deviation from 
the expected values, which depend only on the distance from the epicentre. The degree of 
correction was found to be less than half a degree of Intensity, but there was a clear difference 
between the values of category 2 from all the others, which was found to be In agreement with 
previous studies. 

The expected Intensities were corrected at a satisfying degree and further differences 
could be attributed to either errors in the Intensity assessment or to larger scale geological or 
tectonic features, such as the cluster of high differences in the area of mount PeHon, which Is a well 
known tectonic nappe. 

The influence of local geological conditions is also apparent In areas with common 
geological character. In this respect additional analysis was attempted, using the available 
macroseismic Information of 76 earthquakes of the studied area, with a total number of 
macroselsmic intensities reaching 4,000 entries. The sites with intensities higher than V were 
isolated, and from each site the entry containing its maximum Intensity was taken Into account. 
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The maximum Intensities were found to be concentrated In the area of the Nea Ankhialos 
fault, as well as In the Sofades area, where the epicentres of major 201h century earthquakes are 
located. These two areas belong to two sedimentary basins, the Almiros and the Karditsa basin, 
where, amplification In the peak ground accelerations values has also been observed. 

It Is suggested that further analysis should be concentrated In smaller areas at a more 
detailed geological character classification and In more homogenous tectonic regimes. 
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Attenuating intensities 
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Extended Abstract 
Many relationships have been proposed by different authors to model the 

variations of macroseismic intensity versus distance. Their leit-motiv is the 
underlying hypothesis that macroseismic data could, in some way, be used like 
instrumental ones for determining earthquake source parameters and properties 
of wave propagation. In the last years, criticism on the criteria of drawing 
isoseismal lines enhances the direct handling of intensity data points, but many 
problems remain, when treating intensity data. A tentative scheme in Fig. 1 
sketches the general way in which intensity decay curves are obtained, and their 
use in term of prediction. Rectangular boxes indicate every-day subjects in 
macroseismology, assumed to be solved at least by common practice or by expert 
judgements; round corner rectangles point out less used definitions: lozenges 
show the products finalised to seismic hazard analyses; methodological problems 
are enclosed in black rings: such "black holes" capture the flow connections and 
cause pitfalls and misinterpretations. 

The minimisation procedures are the first trap; it indicates the problems 
related to--the traditional mathematical fitting of intensity versus distance, that 
derive from the fa.et that intensity is a categorical quantity, ordered but not 
numerical. 

macroseismic data 
points assessment 

epicentre determination 

epicentre from 
intensity points 

isoseismal map compilation 

hypothesis on the 
propagation 

model 

epicentre from 
isoseismals 

Figure 1. Flow-chart of intensity data treatment for hazard purposes. 
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The second is the use of different epicentre determinations; in fact, the location 
of the epicentre is usually unknown, during the inversion of the attenuation 
relationship parameters, while it is fixed, and taken from the earthquake 
catalogue, when the attenuation function is applied to reproduce the damage 
distribution. The third black hole is the treatment that converts the computed 
intensity (real value linked t<:> a continue attenuation curve) into an integer 
number; rounding (9.587 becomes a X) or truncation (9.587 as a IX) is the most 
widely accepted manner to make up the computed quantity like an intensity. 

When detailed macroseismic data sets are available, and the number of 
earthquakes has statistical meaning, the traditional use of macroseismic data 
shows its limits. The attenuation model may represent something very different 
from the ol;>servational data, if "black holes" are not handled with care. Starting 
from the need of reliable attenuation relations for seismic hazard studies, a 
different approach to intensity data has been developed (see also Peruzza, 1995). It 
tries to fix, simultaneously, the way in which parameters are computed and used. 

The methodology has been applied to Italian earthquakes (more than 50 
events, from GNDT, 1994) with good quality macroseismic data set, with 
epicentral intensity ranging from VII to XI Mercalli-Cancani-Sieberg (MCS). 
Geodynamic considerations are supposed to drive similar pattern in attenuation 
characteristics: earthquakes are grouped in several domains, according to their 
locations. The Grandori (1987) model has been chosen to fit· the data. The 
statistical treatment defines a mean behaviour of intensity propagation, where 
the influence of anomalous points is reduced. 

The obtained curves do not clearly differentiate the propagation of the 
geodynamic domains, excluding volcanic areas where intensity decay versus 
distance is significantly higher. Efforts to obtain intensity attenuation 
relationships of regional validity are strongly discouraged. Dependence of 
propagation properties from epicentral intensity is doubtful: different 
combination of model coefficients may form about the same attenuation curve, 
stressing that they have an essentially mathematical meaning. The best 
reproduction of damage distribution is obtained by fitting the attenuation curve 
on a single earthquake. 

The paper has been submitted to Annali di Geofisica for the publication of the -SC
F4 session in a special issue. 
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Parameters estimation of intensity decay relationships 

Cella F., Zonno G., Meroni F. 
lstituto di Ricerca sul Rischio Sismico - CNR - Milano, Italy 

A case study of 55 earthquakes, subdivided into 9 subsets corresponding to as many isoattenuation areas, 
has been prepared by the Macroseismic Working Group of National Project for Seismic Prevention (GNDT). 
The analysis of sets of observed intensities has been involving different research teams to estimate the 
parameters of an attenuation law, supposing either one law is found for each earthquake or an average law is 
associated to each isoattenuation area. In this paper we'll present a procedure that considers the attenuation law 
proposed by Grandori et al. (1985) given by the following relation: 

l 0 - i = - 1 ln[l + '¥ - l ( Di -1)] 
ln '¥ '¥0 D0 

(1) and 

where: D0 is the equivalent radius of the isoseismal line of the maximum intensity l 0 

Di is the equivalent radius of the isoseismal line of intensity l = 10 - i 

(2) 

We have adopted the relation (1) because in such a structure model the intensity decay is depending on 
the epicentral intensity 10 and a step for the intensity decay equal to zero is foreseen. Moreover considering an 

isoattenuation area, ·it is possible to evaluate the average values of '¥, through all the analyzed earthquakes, 
preserving the dependence on the epicentral intensity l 0 through the parameter Cl> of relation (2). 

The first problem was to develop a procedure to define and evaluate the equivalent radius D0 and the 

radii Di, used in the relation (1), starting from the observed intensities of an earthquake. To reach the objective 

we have subdivided the data set into five classes corresponding each to as many levels of the intensity decay 
(i.e. l 0 - i = 0, 1, ... , 4 ). Therefore, for each class above defined, we have a set of experimental data with 

different site-epicentral distance, but with the same intensity decay, which allows us to determine the empirical 
cumulative distribution of the distance. In the next step of the procedure either Weibull distribution or mixed 
Weibull-Gamma distribution was fitted to the data through maximum likelihood technique. The mode was 
chosen as estimator of the distance site-epicenter di, where the intensity decay is equal to l 0 - i, because it 

corresponds to the value of di with maximum probability. Then we have defined the equivalent radius of the 

isoseismal line {I) given by the following relation: 

j = 1,2, ... ,4 (3) 

where the factor PK is assumed equal to 0.5. Analyzing the relation (3) we can observe that we assign to the 
equivalent radius of the isoseismal line with the same meaning of the traditional method when the researchers 
drew the isoseismals through two consecutive classes of observed intensity. 

The analysis of all the single 55 earthquakes has been performed through the procedure above resumed. 
A validation test has given us a measure of capability of the relation (1), with the estimated parameters, to 
reproduce the observed intensities. For most of them we have obtained a good percentage of validation. 
Furthermore we have evaluated the trend of the intensity decay for each earthquake belonging to the same 
isoattenuation area, and we have pointed out some anomalies. Finally we have estimated the average 
parameters analyzing more earthquakes belonging to the same isoattenuation area at the same time, with a 
scansion we have varied the parameter PK (3) in the range (0.1-1], and we have selected the value that 
gives the best percentage of validation. The obtained intensity decay relationships are well characterized even if 
the validation test give a percentage lower than the obtained one for single earthquake. 

Extended abstract; the paper will be submilledfor publication on "Annali di Geofisica". 
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DIGITAL DATA BASIS FOR OLD EARTHQUAKES - CREATION AND USE 

GONZALO PAYO 
Geophyskal Observatory, IGN, Toledo, Spain 

ELENA SAMARDJIEVA 
Geophysical Institute, BAS, Sofia, Bulgaria 

JOSE BADAL 
University of Zaragoza, Zaragoza, Spain 

CARMEN LOPEZ 
National Geographycal Institute, Madrid, Spain 

ABSTRACT 

The problems of recovering of seismic information contained in the old seismograms, their 

digitization and processing by contemporary computer methods and algorithms are discussed . 

. The main principles of a new simple technique for digitization of historical seismic records are 

presented in successive steps: 1 ). Enlargement, manually re-drawing and directly digitizing of the 

original record; 2). Removing of the circular arc distortions and detrending of the zero-line slope of 

the record; 3). Applying smoothing and interpolation programs for obtaining equally spaced digits 

along the time axis. This approach has been used for creation of a digital data \>asis for historical 

(1912-1930) Iberian earthquakes recorded by two horizontal components of the Wiechert 

seismograph at the Toledo Geophysical Observatory, Spain. It contains the next digital data files: 

the original records; the geometrically corrected and interpolated data; the time variations of the 

ground motion, obtained by deconvolving the instrumental response. On this basis spectral 

waveform analysis has been carried out and seismic moment assessments of the earthquakes 

considered have been obtained. 
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INTRODUCTION 

The historical records of earthquakes provide valuable analogue data which, if properly 

interpreted and processed, could give additional knowledge for seismicity in the first half of this 

century. One actual and important work of the present seismology is the recovering of seismic 

information contained in the old seismograms, its correct digitization and analysis by modem 

computer means. T~s kind of research is useful to complete the library of digital seismological data 

from the begining of the instrumental registration of the earthquakes. Once the seismograms are 

digitized, one should investigate the characteristics of the seismic waves and earthquake source 

parameters applying contemporary computer techniques and algorithms. 

The Geophysical Observatory of Toledo (Spain) began to operate in 1909 (Payo, 1987). 

Many different kind of seismometers (Agamennone, Bosch-Omori, Milne, Rebeur-Ehlert, 

Vicentini, Wiechert etc.) were installed there. But the Wiechert of two components and a mass of 

1000 kg has been operating, practically without interruption, since 1912 up to date. The 

characteristics of the instrument are well kept during this epoch. That facts permit to study the 

peculiarities of those seismographic records, to create a digital data basis for a long period of time 

and to compare the results with the modem ones. 

In this paper Wiechert's seismograms of NE-SW and NW-SE horizontal components for the 

period of 1912-1930 have been considered. The earthquakes of the Iberian region up to distances 

of 1 OOO km have been digitized and processed. 
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METHOD OF DIGITIZATION 

The method of digitization contains the folowing successive steps (Samardjieva et al., 1994): 

1 ). Enlargement. manually re-drawing and digitizing of the original record. In order to be able to 

go into details of the waveforms, the records were enlarged by an opaque projector on a screen. 

About 5 times the original signal trace was enlarged, manually re-drawn and directly digitized. In 

order to preserve the absolute time of the earthquake record, we applied different time corrections, 

which are common for the old instruments, taking into account that the minute mark space wa<>, 

sometimes, unequal at each seismogram. The small interruptions of the signal in the vicinity of the 

beginning of minutes, had to be artificially restored for obtaining a continuous curve of 

observational data. 

2). Removing the circular arc distortions and detrending the zero-line slope of the record. 

Studing old-time seismograms, a special care was required to eliminate different types of distortions 

of the record, involved by the direct-recording instrument. The Wiechert mechanical seismograph, 

writing the signal by a pen on a arm, produces circular arcs instead of deflections perpendicular to 

the time axis. In Figure l(a) the result of the direct digitization of such a kind ofWiechert's record 

of the 11 October 1926 earthquake in the Iberian region is shown. As it can be seen from the 

simplified scheme in Figure 2(a), the shape and size of the arc distortion depend on the length of the 

instrument pen arm (R) and on the value of angle ( p) formed with the time axis. For transforming 

the distorted signal, digitized in coordinates (Xd;~ Yd;g}, into an undistorted series of points with 

coordinates (Xcor. Year), the following procedure was applied. First, the position of center point 0, 

in general not located exactly in the X-axis, was corrected in order to obtain a record with 

coordinates (X,.;~ Y,;g) "perpendicular" to the horizontal axis by the equations: 
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The result of this step is illustrated in Figure l(b}. 

Next, in order to calculate the correct position of each point A '<Xcor, Yc0J from the corresponding 

point A(X;.® Y,;g), a rectification formula was defined as follows from Figure 2(b): 

Xcor =X,;g-R (I-cos a) 

Ycor =Ra, 

where a = arcsin Y,;g I R. 

Figure 1 ( c) represents the result after the rectification. 

3). Smooting and interpolating treatment. Due to possible errors of the manual digitizing, some 

isolated points could be shifted near to their correct place. To line up these points a simple 

smooting procedure has been applied. The record, , obtained after the complete geometric 

correcting, is shown in Figure l(d). 

In fact, the digitizing points have been taken irregularly, with more density near to the sharp 

bends of the curve, following more exactly its form. For obtaining equally spaced digits along the 

time axis, an interpolation program was used. It reproduces the observed record to a new function 

by straight line connections between the digitized discrete points: 

Y(I+ 1)-Y(I) 
Y(,\/ = Y(J) + (XIN-X(J)), 

X(I+ 1)-X(I) 

where I = 1, 2, ... ,N is the number of observations, 

XIN = X(J) +DX and DX = l!NS. 

The deviation of the new waveform from the original one depends on the number of interpolating 

samples per time unit NS. A number of tests have specified the best fitting line. They have indicated 
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the best interval of DX=O. ls for obtaining an accurate reproduction of the signal. The final result 

for the corrected and interpolated record of the 11 .X. 1926 earthquake is given in Figure 3(a). 

An epicentral map of the Iberian earthquakes during the period 1912-1930 is plotted in Figure 4. 

With stars are marked 48 events recorded by seismograph Wiechert in Toledo Observatory and 

successfuly digitized. The created digital data basis contains 83 files of records ofNE-SW and NW

SE horizontal components. 

WAVEFORM ANALYSIS 

The geometrically corrected and interpolated records in digital form can be used for further 

waveform analysis by modem computer methods. 

Time variation of the ground motion 

For obtaining of the time variations of the ground displacement a program for deconvolution of 

the Wiechert's seismograph response was used. It includes filtering of the microseismic noise from 

the signal, applying the FFT, removing the instrumental response, applying the inverse FFT and 

creation of a new data group of the ground displacement. The time variation of the ground 

displacement for the example considered is given in Figure 3(b). 

Amplitude spectrum and seismic moment 

The calculation of the amplitude spectrum was carried out by the digital analyzing system 

"Seisgram" (Lomax, 1991). In Figure 5 the amplitude displacement spectrum (a), the ground 

displasement spectrum (b) and the spectrum of shear wave ( c) of the 11 October 1926 earthquake 

example are shown. Such determinations have been made for a sample of 10 more clear earthquake 

records from the period 1918-1930. On the basis of S-wave ground displacement spectra the 

seismic moment Mo has been obtained through the relation (Hanks and Wyss, 1972; Brune, 1970): 
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f4' 
Mo = ----- 47rp rV, 3, 

Re.p 

where [4J = long-period spectral level of the S wave; 

Re.p = radiation pattern for the S wave = 1/0.6; 

p = density= 2.7 g/cm3 ; 

r = epicentral distance; 

Vs =shear-wave velocity= 3.5 km/s. 

When only one component was used, the result is multiplied by a correction of ff The values of 

the seismic moment Mo for the selected earthquakes are given in Table 1. They are compared with 

the results obtained by Riznichenko (1985) who generalizes known seismic moment-magnitude 

relations for different seismoactive regions in the world: 

log Mo= l.6M + 15.4, 

and with the Wyss&Brune's correlation for California-Nevada region (1968): 

log Mo= l.5M + 16.l 

For our scanty set of data in a limited magnitude interval, illustrated in Figure 6, we obtained the 

equation: 

log Mo = l.3M + 17.0 

This approximative relationship demonstrates that, despite of various difficulties, the olcl earthquake 

records could be processed by modern computer programs, once they are correctly digitized. 

Further accumulation of digital seismogram data and their spectral characteristics will improve the 

accuracy of seismic source investigations. 
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CONCLUSION 

The geometrically corrected and interpolated records of historical earthquakes in Iberian region 

during the period of 1912-1930, represent a collection of digital data files which can be used as a 

basis for waveform analysis by modern means. It gives the necessary digital data basis for spectral 

studies of seismic source properties of old earthquakes. The extention of this set of data up to date 

will improve the studies of correlations of spectral characteristics with the source parameters and 

will permit a comparison with the contemprorary results to be carried out. 
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Evaluation of 1947-1993 macroseismic infm mation 
in Portugal using the EMS-92 scale. 
Application in attenuation studies. 
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2professor - Instituto Superior Tecnico, Lisboa, Portugal. 

Abstract 
In the present work macroseismic information on the earthquakes felt in Continental 

Portugal from 1947 to 1993 was evaluated, using the European Macroseismic Scale 1992 
(EMS-92). This information consists mostly of data collected by the Institute of Meteorology, 
IM - which is, since 1947, the institution responsible for seismic surveillance in Portugal - and 
also of some press material collected by the authors in libraries. Two classes of information 
were separately considered in this analysis: information describing effects and published IM 
intensity value. The former class includes, mainly, seismological questionnaires - for almost all 
the felt seisms - and press information - specially for the most significantly felt earthquakes. 
The latter class consists of intensity values as presented by IM in the Seismological Annuary of 
Portugal. The criteria used by IM in intensity determination varied throughout the years, 
partially because of the change in the personnel responsible for the task and partially because 
of the different intensity scales used: from 194 7 to 1960, 1917 Mercalli-Cancani-Sieberg scale 
(MCS-17); from 1961 to 1975, 1931 Wood-Neumann scale (WN-31); and from 1976 till 
present, 1956 Modified Mercalli scale (MM-56). The data of each pair (felt earthquake - site 
with macroseismic effects) is of one or both classes. 

Two methodologies, A and B, were considered for data evaluation: 
- Methodology A was used whenever information describing effects was available. In that case, 

two determinations were made: determination of EMS-92 intensity following EMS 
guidelines, and determination of a Quality Factor of Intensity (Good, Medium, Doubtful) 
developed in this study to qualify the data and the subjectivity of the evaluation. As there are 
large numbers of questionnaires, questionnaire evaluation was standardised through 
conversion keys (a conversion key is a correspondence between a set of answers to the 
questions in the questionnaire and an EMS intensity and a Quality Factor). A condensed 
notation was used, so that many similar scenarios are considered under the same convc:~0.ion 
key. A total of 619 conversion keys were created. These don't cover all sets of questionnair~ 
answers but only those found in the data. Due to the fact that IM questio~ '1aires are not 
formulated according to the EMS scale, difficulties were faced in this standardisation: on one 
hand the representativity of each macroseismic effect (number of occurrences) is not well 
assessed, and on the other hand the questions don't mention EMS vulnerability classes and 
EMS damage grades, and are vague about the highest intensities. The first situation was 
faced very frequently;· as the large majority of events analysed wasn't strongly felt, the latter 
case wasn't as important as it might have been. Because of both these handicaps, 29.6% of 
the conversion keys lead to intensity intervals instead of single grades and among these, for 
high intensities, 5 keys have intensity intervals including three possible values (VI-VIII and 
VII-IX). Only 32.3% of the keys have quality factor Good, and all these cases refer to 
intensities below VI. Perhaps due to questionnaire structure, there were situations that hardly 
fit the EMS scale, namely the scenarios - occurring in large numbers in the data - in which 
"the earthquake was felt by many people or almost everybody, even outdoors, causing many 
people to get frightened and running out", and with only one of the following items 
occurring: "the breaking of china or glass windows, etc.", "the overturn of precariously 
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supported objects", "the stop of pendulum clocks", and "the perception of the earthquake by 
people driving vehicles". In these cases it was decided to attribute an intensity IV-V. 

- Methodology B was used for all pairs (earthquake - site) which have a published IM intensity 
value. This methodology · consists of converting the intensity values - in scales other than 
EMS - in EMS intensities. For the purpose, conversion tables - one for MCS-17 to EMS-92 
conversion, two for WN-31 to EMS-92 conversion and two for MM-56 to EMS-92 
conversion - were obtained and used. 

It is commonly agreed that methodology A is the most reliable and that the use of conversion 
tables conducts to error propagation. Yet, there are situations - as some found in this work -
for which methodology B is the only possible process and therefore it should be calibrated. 
Consequently, for the set of pairs (earthquake - site) to which the two methodologies were 
applicable their results were compared. It is shown that the two methodologies lead to quite 
different results. Differences of one degree are quite common in the present study, around 30% 
of the cases. Despite these differences, the correlation between the evaluations using 
methodology A and B are quite large from a minimum of 0.72 to a maximum of 0.87, 
depending on the conversion table considered. The tables, for WN-31 and for MM-56, that led 
to the fits to methodology A results that were considered the best, were selected. 

A database inclµding 1947-1993 seismic information is being built. For each earthquake it 
includes fields on date and time of occurence, epicentral location - coordinates and a parameter 
characterising the determination - focal depth - and a parameter informing on its assessment -
magnitudes, and macroseismic information: for each site with intensity value it has its 
coordinates, a quality factor for site location, soil type (one out of three values 0, 1 and 2 
meaning respectively hard, intermediate and soft ground), EMS-92 (methodology A) intensity, 
MCS-17 intensity, WN-31 intensity, MM-56 intensity (and their corresponding methodology B 
conversion results), an intensity quality factor and the number of the conversion key used. 
Anyone of these parameters may be blank and some exclude each other. With this database, 
information is easily handled: as examples, some distributions of seismic quantities - in time 
and geographically - are presented for the period 1947-1993, illustrating briefly the 
corresponding seismic activity. 

Some attenuation studies using the information and database above mentioned are also 
presented, as examples of application. Two of the most significantly felt earthquakes of the 
period - the February 28, 1969 earthquake and the January 24, 1983 event - were studied. 
Data filtering - by means of quality factor of site and quality factor of intensity selection - was 
made, for use in the obtention of attenuation laws. Two expressions were considered for data 
fitting: 

I= c0 + c1 (Dr+ Ro)+ c2 Ln(Dc+ Ro) (1) 
I= Co+ C2 Ln(Dr+ Ro) (2) 

where I is the central value of the expected EMS-92 intensity at an observation point at focal 
distance Dr; c0, ci. c2, c3 and Ro are parameters obtained by regression analysis: for each Ro 
value, c0, ci. c2 and c3 coefficients were determined by the minimum squares method; Ro was 
obtained by means of a quasi-Newton method, with forward derivatives and tangent estimates 
so as to, together with the correspondent c coefficients, minimise the standard error of the fit 
and have statistical significance. The best fits - with statistical and physical meaning - were 
those of the (2) form. The data used for the fittings were, in some cases directly the points 
(Dr,I), and in others cases smoothed values, to minimise sample distortions. Results of these 
two regression methods were compared showing for the two studied examples, no significant 
differences. The influence of propagation path and of sites soil type was investigated, in the 
first case by determining attenuation laws for different sectors of Portuguese territory and in 
the second by building laws for each soil type separately. For the 1983 event it was observed 
that the former factor is the most important producing differences of almost 1. 5 intensity grade 
when comparing North and South sectors, whilst soil type corresponds to differences below 
0.5 degrees. For the 1969 earthquake it is shown that sector attenuation laws are more 
adequate than a single curve for all territory. Soil type effects produce differences, but these 
were not isolated and are masked by other attenuation factors. 
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The direction of the horizontal motion from historical earthquake data - the 
earthquake of the 2nd October 1869 in Engers/Germany 

by Rolf Gutdeutsch 
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NordbergstraBe 17, 1090 Vienna/Austria 

Abstract Historical earthquake research can contributed to the question whether 
or not a well known geological fault has been activated during an event. The 
earthquake of Engers in October 3, 1859, middle Rhine area of Germany has beeen 
described by the contemporary Noeggerath in 1870. His list includes statements of 
the horizontal direction of motion at many places. Next to the epicentre the main 
direction of motion was EW. Therefore it is guessed, that the WeiBenthurm fault 
has been activated in a short segment. This segment has been located E of the 
village of WeiBenthurm. 

Introduction 

Earthquake risk analysis sometimes demands knowledge whether a geological fault 
is active or not, or whether a fault can be or cannot be activated. This question has 
many aspects, but historical earthquake research sometimes can offer some help. 
We have examples, where historical documents not only inform about earthquake 
effects observed in the respective region but also about the direction of horizontal 
motion during the event. Our task is to find the direction of the horizontal motion 
as a quantitative measure taken from completely descriptive docllinents, for instance 
the declination of the horizontal motion of the earthquake of D = 60° ±30° N. We 
know that this aim cannot be reached completely. It depends not only of the time 
but also the locality where the message comes from. The following paper gives a 
contribution to this ,,transfer" from a descriptive to a quantified result. 

Geological situation of the area 

The tectonic stress field forms the link between the more active zones in the south 
and the north, the Upper and the Lower Rhine Graben system. Here the general 
striking of faults turns from N to Sin the south to WNW to ESE in the north.Figure 
(2) shows an enlarged map of this area. It includes the Rhine river between Ander
nach and Koblenz. The figure shows some rather general tectonic structures as the 
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Figure (2) shows an enlarged map of this area. It includes the Rhine river between 
Andemach and Koblenz. The figure shows some rather general tectonic structures 
as the rims of graben systems. A more detailed presentation of geological faults of 
this area cart be seen in figure (3) 

Is the Weissenthurm fault seismically active or not? 

We would like to know, whether the fault indicated by (2) in figure (3) is seismically 
active or not. It has been named after the neighboring village Weillenthurm. A 
local seismic network brought to light, that som~·microseismic acitivity exists 15 
km south of this fault, but not directly on it Nevertheless it could be possible, that 
the fault has been active in historical times. That is why we studied the historical 
events of this area. The most important one is the earthquake of October 2 1869, 
with with its epicenter between the towns of Neuwied and Andemach at the Rhine 
river not far from the village of ENGERS, 4 km away from Weillenthurm and the 
Weillenthurm fault. The earthquake can be associated with the Middle Rhine gra
ben system. If the Weillenthurm fault has been activated during this event the 
distribution of data would possibly indicate it. 

Earlier studies and Historical sources of the ENGERS earthquake of 
October 2, 1869 

The earthquake of October 2, 1869 occured during an age of enhancing public 
interest in natural sciences. The importance of reliable descriptions of natural 
phenomena according to Humboldt's example was generally accepted by scientists. 
The original historical sources have been collected by a contempory, a Professor 
of Mineralogy and Mining Sciences in Aachen, Dr. Jakob Noeggerath. Sponheuer 
devoted a more thorough study to this earthquake in his catalogue of 1952.The 
isoseismal map in figure 3 has been taken from his publication. It is striking that 
the inner isomals show a more NNW-SSE direction, and the village of 
WEISSENTIIURM has not been included to the data used for the map. Sponheuer 
assessed the maximum intensity as 10 =VI. This decision follows mainly from the 
earthquake message of ENGERS as follows: 
Engers, Kr. Neuwied (Appr. 11.40). One shock which violently renewed. Sou,nds 
like a thunder. Plaster dropped from ceilings and walls, several chimneys collapsed 
and a building belonging to the castle tore. Ratteling of tiles, house bells rang, 
dishes clattered. Direction from east to west. 
The collapse of "several" chimneys leads me to classify this earthquake to 
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10 = VI -VII rather than 10 = VI. Noeggerath mentions 187 localities. This number 
is considerably greater than Sponheuer's number of 174. 31 localities mentioned 
by Noeggerath are not found in Sponheuer' s paper. Vice versa, a total of 17 localities 
are mentioned by Sponheuer, not by Noeggerath. Sponheuer in some cases gives 
the name of the district as a locality where Noeggerath mentions villages and town 
only. 
Noeggerath registers the locality of Weillenthurm rather briefly: 

,, Weissenthurm, Kr. Coblenz ( 11.41) two rocks from north to south" 

Probably Sponheuer found this message not significant enough for beeing 
mentioned in his catalogue. But it is of great importance for our question because 
of its statement about of the direction of motion. 

11le directions of motion associated to the localities have been plotted in figure 5. 
It has been hoped, that a regular pattern of directions would come to light. This 
seems to be true in the epicentral area only. Here the directions appear to coincide 
with E-W (Coblenz, Engers, Vallendar, Neuwied) with only one exemption: In the 
village of WeiBenthurm the motion was N-S. 

Conclusion 

The spatial distribution of the directions of the horizontal motion of the earthquake 
of October 2, 1869 has been given in a shape, that azimuths with full 0, 45 90 or 
135 degrees to N can be derived. The 4 main directions taken from localities in the 
epicentral area seem to point rather consistently E-W, but the number of data is too 
small for a significant error computation. The message from WeiBenthurm 
contradicts to the data mentioned before in two aspects: 

1) Earthquake effects in WeiBenthurm are much smaller than those in 
Coblenz and the rest of the localities in the near field. 

2) The direction of horizontal motion in WeiBenthurm differs 
significantly from other localities in the near field. 

Probably the WeiBenthurm fault has not been activated during the Engers earthquake 
of 1869. Therefore this event cannot serve as an argument, that the Weillenthurm 
fault can be activated. 
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EXTENDED ABSTRACT 
The seismicity of central Greece in the last two centuries can be characterized as moderate-to
high (1914 Ms=6.0, 1938 Ms=6.l, 1981 Ms=6.6). The same applies for ancient times until 1500. 
However, there is a period of seismic "quiescence" between 1500 and 1800, which, if taken 
separately, would give a false picture of the seismicity of the area, which would then be 
characterized as a low seismicity area. 

In the present study the available information on some historical earthquakes of Central 
Greece is re-jnterpreted. Taking into consideration the present situation, and the fact that in 
some cases old earthquakes can be calibrated using recent ones, an attempt is made towards re
constructing the damage pattern that could possibly fit to these earthquakes. The parametric 
catalogue of B. Papazachos and K. Papazachos (1989) was initially used, and additionally other 
catalogues and studies on historical earthquakes were taken into account. New sources of 
information found were added for the re-interpretation of the selected earthquakes. 
•The earthquake of 105 AD, N~rth Euboia gulf 
At the time of the roman emperor Traianus (105AD), two strong earthquakes occurred in Greece 
and the surrounding area. The former caused damage in Minor Asia, especially in the area around 
the Elaitian gulf. The latter occurred. in central Greece, and caused damage in the areas of Lokris 
and northern Euboia. Historians note that the earthquake destroyed the ancient town~ Opous of 
Lokris and Oreoi of northern Euboia. It is noted that Opous was at the site where the town 
Atalanti is now located, and Oreoi, ie. the town of Oreitai, as it was called, was located very 
close to the present small town Oreoi. No more damage is reported, but it is noteworthy that the 
whole central Greece was not densely populated at the time. 
•The earthquake(s) of 551(2) AD in Naupaktos, Boiotia and Maliakos gulf 
According to Prokopios ("Belli Goth", VIII, 25, 16-23), at the end of the 17th year of the Gothic 
war (April 551-March 552) strong earthquakes occurred in Achaia and Boiotia, and the coastline 
around the Maliakos gulf was pounded by enormous sea waves (tsunamis). The earthquakes and 
the tsunamis caused heavy death tolls and serious damage in various towns of central Greece, as 
well as surface faulting. The damage in Achaia and Boiotia is also reported briefly by Evagrios 
("Ecclesiastic history", IV, 23), who notes that he retrieved his information from Procopios. 
Several investigators (historians and seismologists), when interpreting the above information, 
attributed the damage to only one earthquake (eg. Schmidt; 1879, Sieberg; 1932a, etc)., or two 
events with epicentres in the gulf of ltea and the Maliakos gulf (Galanopoulos; 1960, B. 
Papazachos & K. Papazachos; 1989). Most probably three earthquakes occurred in the area within 
a period of less than a year (Ambraseys, 1990): 

a. One earthquake with epicentre in the western part of the gulf of Corinth, near the 
northern coast of Achaia, which completely destroyed Naupaktos and caused damage in Patras 
and many fatalities. 

b. One earthquake near present Distomon in Boiotia, which destroyed the towns 
Chaironia and Koronia, as well as the area of Schisma, according to Procopios. This area is in fact 
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better defined by Hieroclis (Synekdimos), who calls it Schisti, and the towns Levadia, Ambroso, 
Davlia and Stirai, all in the region of Boiotia, are very close to it. 

c. One earthquake in Malfakos gulf, which caused enormous sea waves that destroyed the 
towns Echinaion and Skarphia, as well as the surrounding villages. 

The dating of these three earthquakes is also different in the references, as it is reported 
in the year 551 AD. by some (Galanopoulos; 1960, B. Papazachos & K. Papazachos; 1989) and in 552 
AD. by others (Ambraseys, 1990). It is possible that the earthquake of Boiotia occurred in the 
winter, during a Dionysian feast, which took place every two years in mount Parnassos. The other 
two, according to Procopios' sequence, occurred prior to and after this event, in very close time 
span, probably in January and March. 
•The earthquake of 1544 
The earthquake which destroyed the greatest part of Lamia, and damaged Naupaktos and Hypati; 
the walls of these towns collapsed and many people were killed. The shocks lasted for several 
days and the earthquake was felt throughout Greece and Vlachia (Thessalia). During the period 
1544-45 two earthquakes must have affected two towns of the same name, Zeitun (mdn. 
Suleimanie) in the ea<;tern Anatolia fault and Zituni (mdn. Lamia) in central Greece. Further 
investigation by the same author of armenian and arabic sources substantiated the armenian 
earthquake near Zeytun. Another source is noted here, from the monastery of Ski ti 
Kausokalivion of Mount Athos, reporting the earthquake which destroyed Zitouni, in the same 
year. Concerning the dating of the earthquake in central Greece, if the year 1545 suggested by 
Ambraseys is adopted, then the marginal notes mentioned above were copied from one another. 
This could mean that there was some kind of communication between the monasteries of 
Proussos, Olympiotissa and Mount Athos. It is noteworthy that the area of Vlachia is in fact Ano 
Vlachia, which corresponds to the area of Vlachokhoria in Evritania, and not Thessalia, which 
was always called Megalovlachia. 
•The earthquake of 1566 
For this earthquake, which struck the area of Northern Evritania, the only source available states 
that " ... in the area of the episcopals of Litza, Agrafa and Ravdovission churches and houses 
collapsed ... ". It is noted that, according to recent studies on the monasteries of the time, the 
borders of the above episcopals all contain the mountains of Agrafa, which is probably the area 
of the epicentre of the earthquake. 
•The earthquake of 1740 
The english traveller Pocock, who experienced the earthquake on the night of his arrival in 
Zitouni (mdn. Lamia), gives an extended description of its effects in the .town and the 
surrounding area, as well as in the places he visited on his way to Thebes and Athens from 
Thessaloniki via Zitouni. The earthquake was also felt in Meteora and probably as far as in 
Jannina, This comment implies that the two entries on the earthquakes of 1740 listed in B. 
Papazachos and K. Papazachos (1989) catalogue might be attributed to one single earthquake, 
with epicentre in Lamia and felt as far as in Jannena. 
The earthquake(?) of 1758 
About this event it is not certain whethjer this was an earthquake or just a landslide. It is added 
here that, if there was an earthquake, the emerging of the three islands and the sudden 
geomorphological change in the bottom of Maliakos gulf might be attributed to an ensuing 
tsunami. 

The study of the above earthquakes shows that there is always a possibility of re
evaluating existing data to hand and arriving at new conclusions with an open mind .. With the 
addition of a new source of information the picture of the felt area may change. A further 
analysis of studies which deal with chronological investigations of histori~l events may alter 
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the date of an earthquake. Finally the seismicity pattern of an area in the twentieth century 
provides the earthquake magnitude and intensity upper limits, which may not have been 
exceeded in the past. Therefore one big earthquake may equate to three smaller ones, and this 
would change the seismic hazard of the area. 

All the aforementioned show that conclusions derived from the studies of historical 
earthquakes cannot be considered final and are always open to further discus.<>ion. 
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EXTENDED ABSTRACT 
Over the last twelve years much research has been conducted by BGS to 

research and revise the historical seismicity of the UK. In the process it has been 
necessary to derive values for the parameters describing each earthquake, from 
macroseismic data. To do this correctly requires not only the application of 
seismological techniques, but also the insight of the historian when dealing with 
written materials of past centuries. The parameters considered here are: date, time, 
epicentre (latitude/longitude), depth and magnitude. 

Date: if errors in dates are not spotted, duplicate earthquakes are liable to appear 
in the catalogue. A common problem is accounts which date earthquakes by the day 
of the week ("last Tuesday"). These are frequently reprinted without correction by 
newspapers a week after they were written, leading to implied event dates that are a 
week out. For medieval and renaissance earthquakes, it is necessary to master the 
Roman calendar, the Church calendar, and regnal years. 

Time: the practice of accurate time keeping did not exist in Britain until the coming 
of railways in the 1840s. Before that, with no calibration of any sort, all time values 
can only be regarded as approximate. The major importance of this parameter is in 
distinguishing nocturnal events from those during the day, so fine accuarcy is not of 
great significance. 

Epicentre: where epicentres have been macroseismically determined, this has 
been done from a combination of: centre of highest isoseismal(s), centre of felt area, 
position of highest intensities and location of foreshocks/aftershocks. In some cases, 
particularly for medieval earthquakes, the data are so sparse that no meaningful 
epicentre can be assigned. Where events are relatively deep, the absence of 
concentrated high intensities can lead to some uncertainty in the epicentral position. 
In this case the occurrence of minor associated shocks can be helpful; being smaller, 
these are less ambiguously located. There is also the question as to whether 
epicentres from macroseismic data agree with instrumental epicentres where these 
are well-determined. In most cases for UK earthquakes where instrumental 
epicentres are accurate to within a few kilometres, the agreement with the 
macroseismic epicentres, independently determined, is very good. There a·re, 
however, exceptions, in which the discrepancy is relatively large (20-30 km). 

Depth: depths for historical earthquakes have been obtained using a modification 
of the well-known Sponheuer method, using the program MACDEP. The value of the 
attenuation coefficient ex. is believed to vary regionally. It was assessed by a group 
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optimisation of 111 earthquakes for which there were adequate isoseismal data. The 
resulting value of ex was 0.003. Depths for events with magnitude above 4 ML range 
from 3 to 25 km, with a mean of 15 km.To assess the accuracy of the method, a 
comparison was done of macroseismic depths to modem instrumental depths for 
those earthquakes where both were possible. The mean value of h (instrumental} 
minus h (macroseismic} is 1.55 km and the median error is O km. This suggests that 
there is no systematic error. 

Magnitude: An interesting feature of the UK earthquake catalogue is that the two 
earthquakes in the last 400 years with the highest maximum intensity values have 
limited (in one case, extremely limited} felt areas. These were very shallow 
events.They demonstrate that 10 values are not a good analogue of magnitude. 
Examination of 20th century data from the UK shows a good correlation between felt 
area and instrumental magnitude, allowing one to obtain good magnitude values for 
historical earthquakes where felt area is known; this is a more reliable method than 
using 10 . A data set was assembled comprising 50 earthquakes for which at least two 
isoseismals, plus an instrumentally determined magnitude, were available. This is 
the most complete such data set so far used for a study of this kind in the UK. The 
earliest event is dated 1903, the most recent is 29 July 1992, and the range in 
instrumental magnitude is from 2.3 to 6.1 ML. The equations: 

ML = 1.03 log A3 - 0.19 

ML = 0.92 log A4 + 0.71 

give magnitude from areas within isoseismals 3 and 4 MSK. 
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MAXIMUM OBSERVED INTENSITY POINT MAP FOR THE CZECH REPUBLIC -
VERSION 1993 

Zdenka Schenkova, Pavel Kottnauer, Vladimir Schenk 

Institute of Rock Structure and Mechanics, Academy of Sciences 
v Holesovickach 41, 182 09 Prague 8, Czech Republic 
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The importance of historical macroseismic data for under
standing the long-term seismicity and for the assessment of 
seismic hazard is widely recognized today. For the Bohemian 
Massif coinciding with the larger .part of the territory of the 
Czech Republic primary macroseismic data are excerpts from 
original and other sources (30 volumes) covering the historical 
epoch till 1920 and macroseismic questionnaires for the years 
after 1920. 

Reports on felt earthquakes on the territory of the Czech 
Republic are related to localities and the assessed intensities 
of earthquakes are expressed in the degrees of the macroseismic 
scale MSK-64. The earlier list of observe macroseismic inten
sities has been revised and completed. Observations in the 
upper floors of tall buildings are corrected for the number of 
floors, i.e. by minus 0.5° in the 5th to 9th floor and by minus 
1.0° in the lOth to 14th floor. At localities with more obser
vations the mode is taken as a representative value. It must be 
noted that the observations of I~3° are now frequently lost in 
the noise of the industrial environment. 

The final list takes into account the macroseismic data from 
the historical time (about 1000 A.D.) till 1993. The greater 
part of the observed data relates to the last hundred years, 
when a systematic collection of macroseismic information was 
introduced. 

The computerized file of localities shaken by individual 
earthquakes is compiled and geographical coordinates are added 
to all intensity data points (about 4000 intensity data points, 
about 14000 observations all together). The format of database 
is the following: 

number of residential unit coordinates - denomination 
- date of macroseismic observation (day, month, year, after 
1980 also hour, minute) - assessed intensity I - Ima~ - number 
of observations - after 1980 remark concerning an existence of 
instrumental observation 

That means, that individual shocks of swarms typical for 
Western Bohemia, which occurred before 1980 during one day are 
not distinguished. Using the computerized file the maximum' 
observed intensity point map for the Czech Republic is con
structed. Maximum observed intensities correspond both the 
earthquake foci on the territory of the Czech Republic, as well 
as these outside it. The outside foci are concentrated in the 
Pre-Alps, the Eastern and Southern Alps, the Franconian and the 
swabian Jura, the Brabant Massif, Saxony, Southern Poland, 
Central and Western Slovakia and even in Slovenia and Vrancea. 

This computerized macroseismic file is suitable for further 
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computer processing. It allows the maximum observed intensities 
with digitized geological information, e.g. active faults, 
Quaternary sediments and water-bearing discharges to be compa
red. Local amplifications of macroseismic. effects on the terri
tory of the Czech Republic are discussed. 

Note: The computerized macroseismic file was established by 
authors during their activity in the Geophysical Institute, 
Academy of Sciences of the Czech Republic. 

The paper will be submitted for publication on Natural 
Hazards. 
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Abs tact 
The azimuthal variation of the seismic intensities have been early recognized as an 

important factor in the seismic hazard assessment. A great number of isoseismals have 
shown an elliptical shape in short epicentral distances (R <50 km) in the southern Balkan 
region. An anisotropic radiation model is applied for the estimation of the expected seismic 
intensity in each site of this area. Based on this model and a well documented geographical 
distribution of seismogenic volumes, seismic hazard analysis in the area of Greece has been 
assessed. These results were compared with those which have been obtained using the 
uniform attenuation model of the seismic intensity, for the same area. The contribution of 
the azimuthal variation of seismic intensities in the assessment of seismic hazard is 
significant. Regionalization of the seismic hazard was attempted and the area of Greece was 
divided in 6 seismic hazard zones. This new regionalization of seismic hazard can be used in 
future needs of seismic code in Greece. 

Introduction 
The design of structures or critical facilities in regions of potential seismic activity should 

be considered using probability of occurrence of various levels of earthquake intensity at the 
site of interest. The definition of the level of seismic intensity (from a general point of view, 
eg. macroseismic intensity, pga, pgv, strong motion duration or spectral values), for design 
purposes include the determination of the likelihood of exceedance of the defined level at 
the site during a specified time period. Probabilities of earthquake effects can be calculated 
by a range of methods, from purely empirical to theoretical. 

The general basis for the probabilistic seismic hazard analysis was established by Cornell 
(1968, 1971) in a seminal work. Since then, a meaningful advance has been carried out in 
analytical modelling of seismic phenomenon, in methodologies applied, and in availability of 
the computer codes (Howell, 1974, Basham et al., 1985, Toro and McGuire, 1987). 

Recent experience from strong earthquakes in USA (Coyote Creek, 1979, Imperial valley, 
1979, Livermore, 1980) or elsewhere (Irpinia, 1980 and Kalamata, 1986) has shown that the 
azimuthal variation in the seismic intensity around the seismic source due to the directivity 
of a moving rupture can be significant, particularly for near field regions. Larger seismic 
intensities and higher frequency contents are experienced at sites towards which the rupture 
propagates (DerKiureghian and Ang, 1977, Araya and DerKiureghian, 1988). The source 
mechanism randomness and the uncertainty of seismic wave propagation through the 
ground medium impose a probabilistic approach for assessment of seismic hazard. 
Significant work based on seismic hazard assessment has been made in the area of Greece. 

Detailed seismic hazard studies were accomplished in this area in order to determine 
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analytical iso-contour maps of various strong motion parameters (Papaioannou, 1984; 
Makropoulos and Burton, 1985; Papazachos et al., 1993). Analytical work in determing the 
seismic hazard in Greece, was carried out in the framework of the establishement of new 
seismic code in Greece (Papazachos et al., 1989). The azimuthal variation of seismic waves 
in the area of Greece and its influence in the seismic hazard assessment was studied as well 
(Margaris and Papazachos, 1992; Margaris, 1994). 

In this paper, an anisotropic radiation model (C. Papazachos, 1992) is adopted, and the 
seismic hazard assessment based on macroseismic intensity, pga and spectral values is 
attempted. 

Anisotropic Radiation Model and Attenuation of Strong Motion 
The experience gained from the elaboration of recent strong earthquakes worldwide and 

the existence of dense strong motion instruments near seismic faults, have shown that the 
azimuthal variation of ground motion around the seismic source due to directional moving 
rupture can be significant (Singh, 1981, 1985). This azimuthal variation of the radiated 
seismic energy, known as directivity focusing, is believed to result from the focusing of 
seismic waves in the diretion of propagation (Bolt, 1983). The majority of the proposed 
source models and the attenuation laws have not taken into account the directivity effect on 
the seismic hazard assessment. Some suggestions to incorporate improved attenuation 
models including azimuthal variation of the strong motion parameters have been proposed 
by many researchers (Faccioli, 1983; Araya and DerKiureghian, 1988). 

The insufficient number of accelerographs installed in the area of Greece, that is the lack 
of a large sample of instrumental strong motion data and the important isoseismal 
characteristcs related to seismic source and radiation pattern, enforced the use of the 
macroseismic intensity as a main parameter determining the azimuthal variation of seismic 
waves. In this study the anisotropic radiation model proposed by C. Papazachos (1992) is 
applied. This model utilized extensive macroseismic information of the southern Balkan 
region. The basic principles of this model can be described simulating a seismic source as a 
point source. Based on the following equation (Rashida and Shimazaki, 1984): 

a= at g G exp(qR) (1) 
where a is the pga at a site, af is the pga at the source, g is the site amplification, G is the 
geometrical spreading factor, R is the length of the seismic ray from source to site and q is 
the anelastic attenuation coefficient. Taking into account the statistical relation between pga 
and the macroseismic intensity, with suitable substitutions we obtain the following equation: 

I = It + vlogR + cR + d (2) 
where v is the geometrical spreading factor, c is the anelastic attenuation coefficient and d 
is a constant value. C. Papazachos (1992) defined v=-3.39 and c=-0.004, as representative 
values for the area studied. 
In order to find the azimuthal variation of intensity in the epicenter I0 (cp), so that the 

isoseismals to be simulated by ellipses, the following equation was derived: 
I - 10 = v/2 log (1 + R 2/h2) (3) 

where h is the focal depth. The seismic magnitude is an important parameter describing the 
energy radiation from the source. This parameter can be used to calculated the anisotropic 
radiation of the seismic waves. So the (3) can be transformed as: 

M(cp) = M + v/2b log (S0 I S45 ) (4) 
where 8 is the angle between the main axis of the elliptical isoseismal and the distance of 
the epicenter to site, while Sa, is given by the equation: 

Sa = 1 - E2 cos2 (8) (5) 
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where e is the ellipticity of the isoseismal. lbe (5) determines the directivity factor and S45 is 
the directivity factor for 8= 45° (C. Papazachos, 1992). 

The proposed attenuation model introduces the anisotropic radiation of seismic waves of 
shallow earthquakes in the area studied. This model is based on the geographical 
distribution of the seismogenic sources in the Aegean and surrounding areas proposed by 
Papazachos and Papaioannou (1993). The elliptical shape of isoseismal is adopted, while the 
ellipsis center is considered to be the epicenters of the corresponding earthquakes. The 
directions of the main axes of the attenuation model and the geographical distribution of the 
69 seismogenic sources are presented in Figure 1. 

In the present study, the macroseismic intensity, the pga and the spectral values (Sa) are 
used. Except for the macroseismic intensity, the In-values of the other strong motion 
parameters (pga and spectral values) are adopted. The form of the attenuation relationship 
related to strong motion parameters, Y, is that proposed by Cornell (1968): 

Y= A.,+A1*M, + A2*ln(R+R0 )+ A3*S+ Oy P (6) 
where, R is the epicentral distance, M 5 is the surface wave magnitude, S is the soil 
conditions, R 0 accounts for saturation with distance, P is 0 for 50 percentile level and 1 for 
84 pe'rcentile level of non-exceedence considering normal distribution of the residuals. 
Scaling coefficients A0 , •• ,A3, are to be calculated from regression analysis and oy, is the 
residuals root mean square resulting from (6). 

Table 1 presents the coefficients A.,, .. ,A3, of (6) for the macroseismic intensity (Margaris, 
1994) and for the pga (Theodulidis and Papazachos, 1992). The corresponding coefficients 
(A0 , •• ,A3) of the spectral values (pseudo-acceleration) have been derived from those 
proposed by Theodulidis and Papazachos (1994). 

Table 1 
The scaling coefficient Aoi .. ,A3, from regression analysis of the macroseismic 

intensity and pga. 

PARAM A., A1 A2 AJ 
Imm 2.90 1.61 -1.69 
In pga 3.88 1.12 -1.65 0.41 

Ro 
16 
15 

Oy 

0.60 
0.71 

The coefficients of the attenuation of macroseismic intensity have been estimated indepen
dently of the local soil conditions (Margaris, 1994), and thus the parameter A3 has not a 
value. 

Seimic Hazard Assessment in the Area of Greece 
The probabilistic seismic hazard was assessed for the area of Greece based on the 69 

seismogenic sources proposed by Papazachos and Papaioannou (1993). This model was 
utilized in the application of the time predictable model and its results were found 
reasonable. The main attenuation axes (Fig. 1) of the macroseismic field in each seismogenic 
source, proposed by Margaris(1994), were used in the present study. The macroseismic 
anisotropic radiation pattern was adopted similar to the other strong motion parametes 
(pga, spectral values) relied on the directivity studies using dense strong motion networks 
installed along activated seismic faults (Singh, 1981; Boatwright and Boore, 1982). In the 
area of Greece, the Kalamata earthquake (Sept. 1986) showed the same anisotropic 
radiation pattern for the macroseismic intensities and the other strong motion parameters as 
well (Gazetas et al., 1990, NOA, 1986). The azimuthal variation of the seismic waves was 
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incorporated in seismic hazard assessment. For this reason the computer code EQRISK 
(McGuire, 1976) was properly modified to take into account the anisotropic radiation of 
the strong motion. The anisotropic radiation of seismic waves is determined by ( 4) assuming 
that the magnitude is the azimuthally varying parameter in each seismogenic source. Thus 
azimuthally varying minimum and maximum magnitude in each seismogenic source were 
used in assessing the seismic hazard for the area of Greece. 

A grid of 136 sites from the area of Greece was selected in order to assess the seismic 
hazard. These sites are uniformly distributed in the area of Greece and the same sites have 
been utilized in previous seismic hazard studies for the same region (Papazachos et al.,1989; 
Margaris, 1994). In Figure 2, the geographical distribution of the 136 sites examined, are 
shown. The results of seismic hazard assessment based on anisotropic radiation model were 
compared to those which have been derived from the application of the unifonnly 
attenuated stong ground motion. For this reason the macroseismic intensity was used as the 
examined strong motion parameter, and the seismic hazard for various return periords, from 
T R = 10 years to T R = 1000 years was assessed, based on the two aforementioned radiated 
seismic wave models. The attenuation reiationship of the macroseismic intensity (Tab. 1) 
was adopted for the two models and the assessment of seismic hazard was carried out for 
the 136 examined sites. The results of the seismic hazard assessment based on the two 
different radiation models were compared. The differences of the seismic hazard analysis 
results of the two models were calculated for each examined site. The frequency diagrams 
of these differencies for various return period (TR=lO, 25, 50, 100, 200, 500, 1000 years) 
were accomplished. In Figure 3, the frequency diagrams of the differencies of the seismic 
hazard analysis results of the 136 examined sites are presented for two return period 
(TR=lO and 1000 years). 

The two applied radiation models, isotropic and the anisotropic do not give similar results 
in assessing of seismic hazard. From physical point of view, the anisotropic radiation model 
is taking into consideration the rupture process in the seismic source. In addition, the main 
direction of the attenuation axes of the seismogenic sources (Fig. 1) are in good agreement 
with the strike of the seismic faults in the same area (Papazachos et al., 1991). This 
confirms that for short epicentral distanses ( < 150 km), the azimuthal variation of the strong 
ground motion is due to the anisotropic radiation of the seismic waves from the seismic 
source. 

Two different strong motion parameters , the macroseismic intensity and the pga, are used 
in order to assess the seismic hazard in the area of Greece. Based on the anisotropic 
radiation model and using the aforementioned attenuation realtions (Tab.l), the seismic 
hazard of the 136 sites was assessed. In order to use the results of this analysis in a future 
need of seismic code in Greece, an attempt was made to divide the area studied in seismic 
hazard zones. For this reason, the methodology proposed by Papazachos et al. (1985), was 
used. In this methodology, a realistic probabilistic approach of the seismic hazard analysis 
can be relied on the whole graph of seismic intensity versus return period . The curves of 
the 136 sites have been compared with each other and in accordance to their level and the 
shape were grouped into nine seismic hazard zones. This has been done for both 
parameters, macroseismic intensity and pga. The proposed seismic hazard regionalizations 
of the two strong motion parameters, are in good agreement. Thus, combination of these 
two seismic hazard zones based on the macroseismic intensity and pga, was carried out. Six 
seismic hazard zones for the area of Greece were proposed as the final regionalization based 
on the two strong motion parameters (Fig. 2). In Tables 2 and 3, the results of the expected 
macroseismic intensities and pga versus return periods, are correspondingly presented. The 
expected values versus the various return periods of seismic hazard assessment in Greece 
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Figure 1. The 69 seismogenic sources of shallow earthquakes (Papazachos and Papaioannm 
1993) and the main axes of the elliptical attenuation model (Margaris, 1994). 
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Figure 2. The 136 sites examined and the 6 seismic hazard zones for the area of Greece. 
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based on the anisotropic attenuation model, are shown in Figures 4 and 5 for macroseismic 
intensity and pga respectively. 

Table 2 
Mean expected macroseismic intensity IMM versus return period (in years) 

for the 6 seismic hazard zones of the area of Greece. 
ZONE 10 25 50 80 100 200 500 1000 
6 IMM 6.8 7.3 7.7 7.9 8.0 8.3 8.7 8.9 

SD 0.01 0.0 0.01 0.0 0.0 0.0 0.0 0.0 
5 IMM 6.2 6.7 7.1 7.4 7.5 7.9 8.3 8.5 

SD 0.20 0.18 0.17 0.17 0.17 0.18 0.18 0.19 
4 IMM 5.9 6.5 6.9 7.1 7.3 7.6 8.0 8.3 

SD 0.18 0.17 0.18 0.19 0.20 0.23 0.27 0.30 
3 IMM 5.7 6.3 6.7 6.9 7.0 7.3 7.7 7.9 

SD 0.18 0.16 0.17 0.18 0.19 0.23 0.28 0.32 
2 IMM 5.6 6.2 6.5 6.7 6.8 7.1 7.5 7.7 

SD 0.15 0.12 0.11 0.11 0.11 0.12 0.13 0.15 
1 IMM 5.3 5.7 6.0 6.2 6.3 6.6 6.9 7.1 

SD 0.12 0.15 0.17 0.19 0.19 0.22 0.24 0.25 

Table 3 
Mean expected In -values ofpga (cm/s2) versus return period (in years) for 

the 6 seismic hazard zones of the area of Greece. 
ZONE 10 25 50 80 100 200 500 1000 

6 I nag 5.03 5.42 5.68 5.58 5.93 . 6.17 6.41 6.59 
SD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

5 I nag 4.41 4.85 5.15 5.35 5.44 5.69 5.98 6.20 
SD 0.19 0.17 0.16 0.15 0.14 0.13 0.12 0.11 

4 I nag 4.10 4.52 4.81 4.99 5.08 5.32 5.60 5.79 
SD 0.22 0.21 0.21 0.21 0.21 0.23 0.24 0.27 

3 I nag 4.01 4.41 4.68 4.86 4.94 5.17 5.43 5.60 
SD 0.23 0.22 0.22 0.22 0.22 0.23 0.25 0.26 

2 I nag 3.75 4.14 4.40 4.57 4.64 4.87 5.12 5.29 
SD 0.13 0.09 0.08 0.06 0.06 0.06 0.07 0.10 

1 I nag 3.39 3.76 4.01 4.18 4.26 4.50 4.79 5.00 
SD 0.16 0.18 0.18 0.18 0.18 0.17 0.15 0.12 

The results of the expected macroseismic intensities, IMM, are correlated to pga ones for 
the corresponding return periods for the 6 seismic hazard zones. A linear relation can be 
derived from this correlation with the following form : 

In (pga) = -0.98 + 0.84 Imm (rms=0.13) (7) 
The correlation of the two expected strong motion parameters in seismic hazard assessment 
is in good agreement as shown in Figure 6. 

The calulation of the probabilistic uniform response spectra is a keypoint in a seismic 
hazard analysis study. Based on the same 6 seismic hazard zones, the probabilistic uniform 
hazard spectra were assessed. In order to use these in the future needs of the Greek seismic 
code, the probabilistic uniform hazard spectra were calculated for two return periods (T R = 

1723 



TR=1bYRS TR=lOOOYRS 

sor·~ l ~ 
'1 

~j 
J 

l l "f 1 

]1::1 

J 
J 
-j 

~ ~ j 
~] I _J 

I ' J. i-.J._.i._ ! I 

-1 -0.6 -0.2 0.2 0.6 -1 -0.6 -0.2 0.2 0.6 
MEAN-ANIS MEAN-ANIS 

Figure 3. The frequency diagrams of the differencies of the seismic hazard analysis results of 
the 136 sites for two return periods (TR=lO and 1000 years). 
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Figure 4. The mean expected macro
seismic intensity (Imm) versus the 
return period (years) for the 6 seismic 
hazard zones of the area of Greece. 

Figure 5. The mean exfected 
In-values of pga ( cm/s ) versus 
the return period (years) for the 
6 seismic hazard zones of the 
area of Greece. 
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500 and 50 years), two damping values (5% and 10%) and two soil categories, 'rock' (S=l) 
and 'alluvium' (S=O) (Theodulidis and Papazachos, 1994). In figures 7 and 8, the 
probabilistic uniform hazard spectra for the 6 seimic hazard zones in the area of Greece, are 
presented for TR = 500 and 50 years respectively. 

Conclusions 
The anisotropic radiation of seismic waves in the source is the main factor of the azimuthal 

dependence of the strong ground motion in the area of Greece. The adoption of the 
anisoi:ropic radiation modelling of seismic waves in the assessent of the expected strong 
ground motion can give more realistic results. Significant information for future needs of the 
Greek Seismic Code can be achieved by applying multiparametric seismic hazard asses
sment in the area of Greece. 
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PRELIMINARY ANALYSIS OF ACCELEROGRAMS RECORDED IN 
FRIULI (NE ITALY) IN THE FRAMEWORK OF AN EPOCH PROJECT. 

Costa G., Suhadolc P., Panza G.F. 

Istituto di Geodesia e Geofisica, Universita degli Studi di Trieste, Via 
dell'Universita 7, 34123-Trieste. 

International Centre for Theoretical Physics, Miramar, Trieste 

Introduction. 
During the years 1993-94, within the framework of the project "High Quality 

Strong Motion Measurement for Structural and Seismic Source Studies", the 
European Program On Climatology and Natural Hazards (EPOCH-CT91-0042), 
the Istituto di Geodesia e Geofisica (IGG), University of Trieste, has installed 
an accelerometric network in the Friuli (NE Italy) seismic area. The network has 
been assembled in close collaboration with the Department of Constructions of 
the National Electrical Energy Company (ENEL-DCO) of Rome and the Swiss 
Seismological Survey. All the stations are located in ENEL electrical 
transformer substations. Only one of them has been installed in a natural cave. 
At present (September 1994) 14 stations are operating (Fig. 1). The deployed 
accelerometers are all three-component: 8 SIG SMACH-2, 3 Kinemetrics SSA-
1and3 broad band GURALP CMG-ST. 

Five stations were installed in the Gemona area (the town was badly damaged 
during the Friuli 1976 earthquake) in order to study the site effect response of 
the alluvial fan on which the city is built and the nearby sedimentary valley 
(Faeh et al., 1995). 

The three GURALP accelerometers have been installed in sites with a 
particularly good signal/noise ratio. Namely the station of Villanova Grotte has 
been installed in a very quiet area of a natural cave about 30 meters below the 
topographic surface. 

Since the seismicity level in the past years has been unexpectedly low, only 
few · 1ow-magnitude (M<4) seismic events have been obtained. They are, 
however, the first accelerograms recorded in the Friuli region since the 1975 
Friuli event (M=6.4) and represent, when implemented with more data in the 
future, a unique data set especially relevant for earthquake-resistant planning 
and design. 
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Figure 1. The EPOCH accelerometric network in the Friuli seismic area. The 
black triangles indicate the existing (September 1994) stations and the open 
triangles indicate the planned stations. 

Martignacco swarm of July 1993 
From July 22 to July 25, 1993, few days after the installation of the first 

broad band accelerometer in Villanova cave, a seismic swarm (magnitudes 
ranging from 1.8 to 3.4) occurred near the village of Martignacco, north of 
Udine (Fig. 2). These events have been recorded at Villanova station and by the 
Osservatorio Geofisico Sperimentale di Trieste (OGS) North-East Italy network, 
which is equipped with Willmore MKIIIA and Mark IAC 3D seismometers, 
having a free period of lHz. · 

Response spectra, at 5% damping, have been computed for the July 23, at 
20:10:31.8, Mo= 1.9 event, and the July 23, at 19:34:08.3, M0 =3.4 event (Fig. 
3). Since the swarm is concentrated in a very limited area the propagation path 
and the local site conditions are almost the same for all events in the swarm, 
thus the differences in the response spectra are most probably related to the 
different source properties. As expected, . the event with higher magnitude 
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radiates both in the high frequency (above 5 Hz) and in the low frequency -
from 1 Hz to 5 Hz - range, while for the small-magnitude event the radiation of 
frequency below about 5Hz is very limited. For even larger magnitudes we 
expect to record with the network significant radiation at frequencies even 
below 1 Hz. When special objects are present in the built environment, such 
frequencies are particularly important but up to now good-quality observations 
of this kind are very scarce worldwide. 
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Figure 2. The Martignacco swarm in July 1993. In the map the seismic stations 
of the OGS network (triangles) and the accelerometric station of Villanova 
(upside-down triangle) are shown. 

Events near Trasaghis 
In February 1994 two events located near the village of Trasaghis (few 

kilometers west of Gemona), occurred near the center of the digital network. 
These signals have been recorded on the SIG-SMACH2 instruments. Since only 
a preliminary ING localization was initially available, the epicenters have been 
relocated using the signals recorded by the accelerometer network and by the 
MedNet Very Broad-Band station (TTE) of IGG in Trieste. In Figure 4, the 
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records for the event of February 22 are related to stations with different site 
conditions: a - bedrock (CARNIA), b - in the middle of the alluvial fan 
(Gemona-CE). The epicenter-receiver distance is about the same for the 
different stations and the epicenter-receiver direction is perpendicular to the 
profile containing the five Gemona stations. The distances are in the range 
between 12.5 km and 12.9 km. 
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Figure 3. a) Response spectra (da~ping 5%) related to the Mo=3.4 event of 
Martignacco swarm; b) response spectra (damping 5%) related to the Mo=l.9 
event of Martignacco swarm 

The response spectra have been computed for all the stations The larger 
accelerations have been recorded at the edge of the sedimentary fan (Gemona
RO), for the vertical component, and in the mid of the sedimentary fan for the 
horizontal components (Gemona-CE). For both events and for all the stations 
the frequency of the peak acceleration is in the range from 10 to 20 Hz, while 
the maximum acceleration is reached on the horizontal components in the 
Gemona-CE station. 

In general the February 22 event, radiates lower frequencies as compared to 
the February 21 event (Fig. 5). This is seen in the CARNIA station (Figs. 4a, 
5a), where the difference is visible mainly in the codas. The spectra of the low
frequency event present a high energy level around 6 Hz at all the stations. The 
particular excitation of this frequency in the records of CARNIA station is still 
to be understood. 
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Figure 4. Records related to the Trasaghis event (Ml=3.7) of February 22, 1994 
at 4:15, recorded at: a) Camia, b) Gemona-CE. 
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Figure 5. Records related to the Trasaghis event (M1=3.6) of February 21, 1994 
at 7:31, recorded at: a) Carnia, b) Gemona-CE. 
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From this preliminary analysis, it is evident that the acquisition of this kind of 
strong motion high-quality data, in particular low-frequency content, is the basis 
of any accurate study of local soil effects and of seismic source properties of 
earthquakes in the Friuli seismic region. 
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Abstract 
From regression analysis of the Catalogue of Vrancea intermediate depth (60 - 170 km) 

magnitudes occurred during the period 1901-1994, the average number of earthquakes per year 
with magnitude <!: M was established: log n = 3.489 - O. 720 M (M <!: 6). Attenuation relations for 
Vrancea intermediate foci in Romania were obtained through regression of available (from 4 
Vrancea events) ground motion parameters, as function of azimuth, magnitude, hypocentral 
distance and focal depth. A Joyner - Boore model was applied to a data base of more than 200 
records : InPGA = c1 + c2 M + c3 lnR + c4 h + a lnPGA P. The non-linear multi-regression results 
reveal: the azimuthal dependence of attenuation, a faster attenuation for deeper focus and greater 
magnitudes, a vertical acceleration attenuation slower than the horizontal acceleration attenuation. 
The normalised acceleration response spectra were analysed for the soft soil condition of Bucharest 
(24 m of wet clay in the uppermost 40m), characterised by narrow frequency band records of 1.5-1.6 
s long predominant period. The long spectral acceleration branch (0.2 - 1.5 s) associated to a short 
velocity branch (1.5 - 2 s) points out the unconservatism of elastic response spectrum in 
EUROCODE 8, extreme subsoil Class C, least for the soft soil deposits in Romania. 

l. Introduction 
The Vrancea region, situated where the Carpathian Arc bends, is the source of an intermediate depth (60-

170 km} seismic activity. It affects more than 2/3 of the territory of Romania, important parts of the Republic of 
Moldova and a small area in Bulgaria. 

The Vrancea intermediate depth foci produce a high seismic risk in the densely built zones of the South-East 
of Romania. In Bucharest, on March 4, 1977, during the strongest Vrancea earthquake in the last 50 years, 
more than 1500 people died and 35 reinforced concrete multi-storey buildings completely collapsed. 

The main parameters of the Vrancea earthquakes recorded in 1990, 1986 and 1977 are given in Table l . 

Table l. Source parameters of the investigated events 

Time Hypocentral Focal Moment Gutenberg- Return 
Date GMT LatN LongE depth magnitude Richter ~riod 

h:m:s: 0 0 h,km Mw ma2nitude, M T, yr 

Mar 04, 1977 19:22:15 45.34 26.30 109 7.5 7.2 50 
Aug 30, 1986 21:28:37 45.53 26.47 133 7.2 7.0 36 
May 30, 1990 10:40:06 45.82 26.90 91 6.9 6.7 22 
May 31, 1990 00:17:49 45.83 26.89 79 6.3 6.1 8 

The data base used for the analysis of the Vrancea earthquakes comprises digitised triaxial records from: 
(i)Romania: 1 station for the Mar 4, 1977 earthquake (this event was recorded in Romania by only one 
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accelerograph located in the soft soil condition of Bucharest), 42 stations for the Aug 30, 1986 event, 54 
stations for the May 30, 1990 event and 40 stations for the May 31, 1990 event 
(ii) Republic of Moldova: 1 station for 1:1e Aug 30, 1986 event and 2 stations for the May 30, 1990 event and 
(iii) Bulgaria: 6 stations for the May 30, 1990 event and 2 stations for the May 31, 1990 event. 

2. Magnitude recurrence relationship 
The Gutenberg-Richter law for the recurrence intervals of earthquakes with magnitude greater than or equal 

to M was determined from the C. Radu Catalogue of the Vrancea intermediate depth magnitudes during this 
century (1901-1994). For magnitude interval of interest for the civil engineer (M ~ 6), the average number of 
Vrancea earthquakes per year with magnitude greater than or equal to M results, in Fig. I: 

log n (~ = 3.489 - 0.720 M (1) 

The correlation coefficient between log N and M is very high: p = -0. 98. The coefficient of variation of n in 
Equation (1) is approximately 0.17. The mean return period-T, in years of an earthquake of magnitude ~ Mis 
the reverse of the number n (~ . 
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Fig. 1 Gutenberg-Richter magnitude recurrence relation for the Vrancea source (M ~ 6.0) 

The results from Equation (1) are close to that obtained by previous investigators: Secuiu and Zorilescu 1970, 
Yegulalp and Kuo 1974, Radu and Apopei 1977, Constantinescu and Enescu 1985. 

It is emphasised that an extrapolation of the fitted model outside the region of data (100 yr) is uncertain while 
the interpolation among the data is always safe. From historical data, the magnitude M = 8.00 (corresponding 
in Equation (1) to 200 yr return period) is estimated as a maximum Vrancea magnitude by the earth physicians. 

Investigating the possible relationship between the magnitude of an destructive earthquake (M ~ 6.0) and its 
focal depth, the following dependence was found, Fig. 2 : 

In h = - 0.771+2.864 ln M. (2) 

The correlation coefficient p=O. 78 implies a moderate joint linear tendency between h and M. The standard 
deviation of the In h indicates approximately the coefficient of variation of h: 0.18. 
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Fig. 2 Relationship between focal depth and magnitude M ~ 6.0 

3. Ground motion attenuation 
The data set was recorded at sites with different soil conditions: medium-stiff soil condition in Moldova, soft 

and very soft soil categories in Bucharest, etc. 
The INFP (10) and GEOTEC (4) stations are mounted in free-field recording conditions. The INCERC 

stations (>40) are mounted either in free-field or in the underground of the buildings. 
The ground motion attenuation relations were studied by applying the regression procedure to the larger of 

the horizontal PGA components, to the vertical PGA as well as to the maximum horizontal PGV and PGD 
components. One to three so-called anomalous observations on each azimuth were not included in the analysis. 

Mean and mean plus one standard deviation attenuation relation appropriate for Vrancea intermediate foci 
were established by non-linear multi-regression of the available set of peak ground accelerations, as function of 
magnitude, focal depth, hypocentral distance and azimuth. The following Joyner - Boore model was applied : 

lnPGA = Ct + Ci M + C3 }nR + C4 h + cr lnPGAp (3) 

where : PGA is the maximum peak ground acceleration at the site, M - the magnitude, R - the hypocentral 
distance, h - the focal depth, cr lnPGA - the standard deviation of In PGA variable, P is a binary variable (0 for 
mean attenuation curve and I for mean plus one standard deviation attenuation) and c1, c2, c3, C4 are the data 
dependent coefficients. 

Taking into account : 
(a) The deep structure in Vrancea where three tectonic units come in contact; 
(b) The stability of the angles characterising the fault plane and the motion on this plane; 
(c) The ellipse-shape of the macroseisrnic field produced by the Vrancea source; 
the attenuation analysis was performed on two orthogonal directions, corresponding to an average direction of 
the fault plan (N45°E) and to the normal to this direction (Nl35°E). 

As a result 3 circular sectors (of 90° each) centred on these directions were established : 
a) The first sector contains stations in Bucharest area and in central Walachia, on the« younger, thinner and 
warmer» (Achauer et. al., 1993) Moesian Platform; 
b) The second sector contains stations in Moldova, on« old, 1h1ck and cold » East European Platform; 
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c) The third sector contains stations in Eastern part of Walachia and in Dobrogea, including Cemavoda 
Nuclear Power Plant site as well as the contact line between the East European and Moesia_I! platforms. 

The May 31, 1990 event has a small magnitude, return period and focal depth (M=6.l, T=8 yr, h=79km) and 
was not included in the prediction of the attenuation phenomenon in the range of large magnitudes, return 
periods and focal depths (M ~ 7.2, T ~ 50, h ~ 100 km). 

The attenuation characteristics of the observed maximum peak ground acceleration from 1990, 1986 and 
1977 Vrancea events are given in Fig. 3 and Fig. 4 and in Table 2. The results represent an improved version of 
the previous study (Lungu et al., 1994). 

Table 2 Parameters of directional attenuation for 3 Vrancea intermediate depth earthquakes, Equation (3) 

Complete set Bucharest Moldova Cernavoda 
of azimuth & NPP 

data Bucharest azimuth 

C1 5.432 4.726 3.953 5.560 
C2 1.035 0.976 1.020 1.154 
C3 -1.358 -1.146 -1.069 -1.561 
C4 -0.0072 -0.0066 -0.0060 -0.0070 

O'tnPGA 0.397 0.353 0.376 0.372 

_The effect of the single data obtained in the largest recorded Vrancea event in Romania (March 4, 1977, 
T=50yr) '!_as extremely strong in the multi-regression procedure. Using the data only from 1990 (T = 22 yr) 
and 1986 (T = 36yr) Vrancea events and the simplified model: 

In PGA = b1 + b2 M + b3 In R + crlnPoA P (4) 

the resulting PGA are much lower than that predicted by the Equation (3), Fig. 3. 
However, the model (4) proved to be very useful for the comparison of the azimuthal attenuation phenomenon 

in greater and deeper 1986 event and in smaller and "shallower" 1990 event, Table 3 .. 

Table 3 Parameters of attenuation for the 1986 and 1990 Vrancea events: In PGA = a1 + a2 In R + crlnPoA P 

Complete Bucharest Moldova Bucharest 
Event set of azimuth azimuth & 

data Moldova 
a1 1986 15.565 14.864 11.978 12.691 

1990 10.562 9.084 6.887 8.499 
a2 1986 -2.092 -1.954 -1.370 -1.526 

1990 -1.138 -0.844 -0.395 -0.798 

O'lnPGA 1986 0.458 0.328 0.551 0.417 
1990 0.315 0.341 0.215 0.296 

The regression results reveal the following features of the Vrancea ground motions attenuation: 
(i) The azimuthal dependence of the attenuation pattern i.e.: 

- A slower attenuation on the Bucharest azimuth compared with Cernavoda (NPP) azimuth 
- A somewhat slower attenuation on the Moldova azimuth compared with Bucharest azimuth 

Cemavoda 
NPP 

azimuth 
18.678 
11.280 
-2.711 
-1.298 
0.368 
0.296 

(ii) A slower attenuation on the direction of the fault plane (N45°E) compared with the normal to this direction 
(iii) A faster attenuation for deeper focus and greater magnitude 
(iv) A greater standard deviation of the attenuation function for deeper focus and greater magnitude 
(v) A vertical acceleration attenuation slower than the horizontal acceleration attenuation 
(vi) A velocity attenuation faster than the acceleration attenuation and slower than the displacement 
attenuation. 
Examples of predicted values of the peak horizontal acceleration for 50 and 84 percentile and for 50 yr and 
lOOyr return period Vrancea earthquakes are given in Fig.5. 
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Fig. 4 Mean attenuation found from multi-regression procedure for 3 Vrancea events 
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Fig.5 The 50 yr and 100 yr Vrancea earthquakes. Predicted mean and mean plus one standard deviation values 
of the peak horizontal acceleration 
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4.Site-dependent response spectra for design. Bucharest narrow frequency band motions of 
long predominant period 

The analysis of the frequency content of ground motions combines stochastic and deterministic measures. 
The stochastic measures of frequency content are related to the power spectral density (PSD) of stationary 

segment of the ground motion. They are the s (Cartwright & Longuet - Higgins) dimensionless indicator and 
the f10, f50 and f90 (Kennedy & Shinozuka) fractile frequencies below which 10%, 50% and 90% of the total 
cumulative power of PSD occurs. · 

The s bandwidth measure is defined as a function of the spectral moments of the one-sided spectral density of 
the stationary process of ground acceleration G( ro ): 

A; = JwiG(m)dm. 
0 

Narrow frequency.band seismic processes are characterised bys values greater than 0.9. Wide frequency band 
seismic processes haves values close to 2/3 and not greater than 0.85. 

The duration of the stationary power of the ground acceleration process was selected as D = To 9 - T 0.1 , where 
T0.9 and To.1 are the times at which . 90% and 10% of the total cumulative energy of the accelerogram are 
reached. 

The deterministic measures of frequency bandwidth are related to structure maximum response to the ground 
motion. They are the Tc and TD control (corner) periods as defined by Newmark in the tripartite log-plot of 
response spectra : 

Tc= (27t) max SV I max SA TD= (27t) max SDI max SV (5) 

SD, SV and SA are respectively the relative displacement and velocity response spectra and the absolute 
acceleration response spectra of the SOOF structure. 

The seismic records in Romania for 4 Vrancea earthquakes were analysed to identify narrow frequency band 
motions oflong predominant period and their corresponding locations. 

It was established that, in the South, in the East and in the center of the city of Bucharest the principal peak 
of narrow frequency band spectral density indicates specific site conditions of l.5-l.6s long predominant 
period, Table 7. 

The 24 m of wet soft clay in the uppermost 40m are responsible for this period in the extreme soil condition 
of the INCERC station, in the East of Bucharest. 

In this station, the long predominant period of the ground vibration was experienced during the severe 1977 
and the moderate 1986 earthquakes (Mw = 7.5 and 7.2 respectively) but not during the small 1990 events 
(Mw=6.3 and 6.7). It can be explained as the nonlinear behaviour of the soil profile at this site. 

For the 8 narrow frequency band motions recorded in the city of Bucharest the normalised acceleration and 
velocity elastic response spectra ( 0.05 damping) are presented in Fig.6 together with the response spectra of 
the narrowest frequency band accelerogram ever recorded in Romania: NS component in station INCERC on 
Mar 4, 1977. 

The long spectral acceleration branch (0.2 - l.5 s), the very short constant velocity branch (l.5-2.0 s) and the 
higher dynamic amplification (~ 3) are the consequences of the narrow frequency band content with long 
predominant period of the accelerogrames. 

The following formulae may be used to represent the design spectra for the soft soil condition of Bucharest : 

0 < T:s; 0.12 s 
0.12 < T :s; l.5 s 

l.5<T:s;2s 
2<T 

Median 

l + l6.7T 
3 

4.5 IT 
9 /T2 
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The results obtained f<?r Bucharest narrow frequency band motions indicates that normalised response 
spectrum ordinates recommended in EUROCODE 8 for extreme subsoil class C are unconservative at least for 
the Romanian case of soft soil deposits. 

Table 7 Frequency content of 8 components of long predominant period produced by the 1977 and 1986 
Vrancea earthquakes in Bucharest 

Station Event Comp PGA & PSD frequencies Control periods 
f10 fso f90 Tc To 

cm/s2 Hz Hz Hz s s 
Bucharest, Mar 04, 1977 NS 194.9 0.97 0.4 0.69 2.0 1.34 l.90 
INCERC 
(East of EW 162.3 0.91 0.4 l.44 4.1 1.19 2.02 
Buch) 

Aug 30, 1986 NS 88.7 0.95 0.5 0.74 3.8 l.26 1.58 

Carlton Aug 30, 1986 N30W 68.6 0.90 0.5 1.37 4.9 0 .95 l.61 
(City center) 
Bucharest, ISPH Aug 30, 1986 Nl5E 86.7 0.92 0.5 l.25 4.0 1.22 1.66 
(Citv center) 
Metalurgiei Aug 30, 1986 W32S 69.8 0.94 0.5 0.88 2.7 1.33 l.60 
(South of Buch) 
Metrou IMGB 1 Aug 30, 1986 N60E 72.7 0.92 0.6 1.12 3.8 1.49 l.52 
(South of Buch) 
Bucharest Magurele, Aug 30, 1986 NS 135.4 0.94 0.5 1.25 3.7 0.98 1.46 
INFP 
South, outside Buch 

5. Conclusions 

Max 
SA 

PGA 
3.16 

2.56 

2.81 

3.31 

2.43 

2.96 

2.94 

2.69 

A probabilistic seismic hazard evaluation for Vrancea peak ground acceleration in Romania as function of 
distance, magnitude, focal depth and azimuth was established. 

The diagnosis of narrow band ground motions of long (l.6s) predominant period on wet soft clay in 
Bucharest area was achieved combining stochastic and deterministic measures. 

Design response spectra for soft soil condition in Romania point out the unconservatism of elastic response 
spectrum in EUROCODE 8, extreme subsoil Class C. 
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THE DEPENDENCE OF THE AMPLIFICATION FACTOR OF 
MAGNITUDE FOR VRANCEA EARTHQUAKES 

by 

Gheorghe Marmureanu# and Carmen Moldoveanu#1 

Abstract 
In the seismic design of the nuclear power plats, dams, etc., the seismic input is generally 

specified in terms of the design response spectrum. The paper summarizes the final results 
obtained by authors regarding the spectral amplification factors (SAF) for the last Vrancea 
earthquakes, that is, August 30, 1986 (M8 =7.0), May 30, 1990 (M,=6.7), May 31, 1990 
(Ms=6.1), and finsilly the nonlinear dependence of them (SAF) of Vrancea earthquake 
magnitude. 

1. Introduction 

The desigh response spectra (modified response spectra), specified for design purposes, 
expecially for nuclear power plants, dams, military structures etc., can be developed statistically 
for response spectra of the past strong motion earthquakes by using spectral amplification factors 
(SAF) /1/. The spectral amplification factor for accelerations, for example, is defined as the ratio 
between maximum qpectral absolute acceleration from response spectra for a fraction of critical 
damping (s.m•') and the peak value of acceleration(~ • .) from corrected acceleration of the trace. 
In the same way we define the spectral amplification factors for velocities and displacements, 
that is, svmax;vma., sdmax;dmax· If we have a single degree of freedom oscillator of mass m. 
stiffness k, damping C, subjected to base absolute acceleration z(t), or absolute motion of the 
ground z(t), then the relative displacement x(t) of the mass m by using Duhamel integral for zero 
initial conditions is: 

x(t)=-lfV(l-{j2) J: z(r)e-f3w(t-r) sinwv'(l-{j2 )(t-r)dr , (1) 

where w2 =k/m, {j=C/('})./ km), (2). 

This absolute acceleration is y(t) =x(t)+z(t) and, in earthquake engineering , of primary interest 
are the maximum values of the quantities x(t), x(t) and y(t) which are commonly defined as 
follows: 

sd = I x(t) I m•x; s = I x(t) I ; s = I y(t) I , (3). v max a max 

1 National Institute for Earth Physics, Bucharest-Magurele, PO Box MG 2, 76900 Romania 
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2. The spectral amplification factors for last Vrancea strong earthquakes 

The last Vrancea strong earthquakes on August 31, 1986 (H=21:28:37, </>=45.53 N, 
A.=26.47 E, h=133 km, and Ms=7.0), on May 30, 1990 (H=10:40:06, </>=45.82 N, 
A=26.90 E, h=90 km, and Ms=6.7), and on May 31,1990 (H=00:17:41, </>=45.83 N, 
A.=26.89 E, h=79 km, Ms=6.1) were recorded at 11 seismic stations of the National Institute 
for Earth Physics and . to other 5 seismic stations which belong to ISPH Bucharest. The 
processing of the records was made by using CALTECH and Kinemetrics procedures and the 
results are given in papers /2/ and /3/ where are given the peak values of a.n.x , vmax and dmax . 
Also in papers /2/ and /3/ are given the spectral amplification factors for fraction of critical 
damping of 2%, 5%,10% and 20%. The median values (50%) and one sigma cumulative 
probability level (la) values. 

3. The dependence of the spectral amplification factors of magnitude 

From papers /2/ and /3/ we got in Tables 1, 2, 3, and 4, for a fraction of critical damping 
((3) of2%, 5%, 10%, respectively 20%, the median values of the spectral amplification factors 
(SAF) for horizontal components, and in Table 5 are given the median values of the SAF on 
earthquake. 

The median values of the SAF for horizontal components. Damping 2 % . Table 1 

Seismic August 30, 1986, Ms 7.0 May 30, 1990, Ms 6.7 May31, 1990, .. ., ~--

station 

s.m•x;~ •• s.m••/vmax s.m•x;~. s.m••/vmax s.m•x1~ .. Sv max/Vmax 

Bucure§ti- 3.54 3.53 4.30 4.35 - -
Magurele . 

Bacau 5.70 3.72 6.66 3.63 7.58 4.60 

Carcaliu 5.93 3.73 4.93 2.92 6.66 3.30 

Cernavoda 5.53 8.31(?) 6.72 5.51 8.00 7.21 

Foc§ani 4.50 2.73 - - - -

Iasi 4.23 3.95 6.78 4.16 5.66 4.41 

Istriµ 4.20 3.84 - - 5.58 4.81 

Vrancioia 4.48 3.03 5.47 3.91 5.34 3.51 

Gheia 4.22 5.49(?) 4.98 3.02 - -
Doc hi a 5.15 4.39 - - - -
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Surduc - - 4.82 3.01 6.13 7.()7 

Bari ad - - 5.63 3.02 4.82 3.86 

The median values of the SAF for horizontal components. Damping 5 % . Table 2 

c August 30, 1986, May 30, 1990, May 31, 1990, Median values/station 
on M5 =7.0 M5 =6.7 Ms=6.l 

s.max;a,,, svmax;ym s.m•x;a,,, s.max;ym s.maxla,,, s.max;ym s.max;a,,, svmax/ym 

Bucure~ti- 2.67 2.63 3.0 4.65 - - 2.84 3.64 
Magurele 

Bacau 3.94 2.64 4.32 2.67 5.22 3.16 4.49 2.82 

Carcaliu 4.01 2.49 3.38 2.22 4.46 2.32 3.74 2.34 

Cernavod 3.90 5.69(?) 4.19 3.56 5.78 5.13 4.62 4.34 

Foc~ani 2.78 2.16 - - - - 2.78 2.16 

Ia~i 2.97 2.45 4.12 2.76 3.95 3.19 3'.68 2.80 

Istrita 2.84 2.89 - - 3.47 3.38 3.16 3.16 

Vrancioia 3.10 2.20 3.55 2.85 3.06 2.34 3.23 2.46 

Cheia 3.16 3.62 3.14 2.58 - - 3;15 3.10 

Doc hi a 3.31 3.13 - - - - 3.31 3.13 

Surduc - - 3.25 2.73 4.16 5.33 3.70 4.03 

Bari ad - - 3.74 2.56 3.16 2.90 3.45 2.73 

The median values of the SAF for horizontal components. Damping 103. Table 3 

August 30, 1986, M5 =7.0 May 30, 1990, M5 =6.7 May 31, 1990, M5 =6.l 

Sa max J 3max svmax;vmax Sa max J 3max svmax;vmax s.max;~x svmax;vmax 

Bucure~ti- 2.22 2.12 2.15 2.20 
Magurele 

Bacau 2.70 1.83 3.06 2.13 3.47 2.67 

Carcaliu 2.75 1.66 2.43 1.86 3.24 1.61 
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Cernavoda 2.75. 3.92(?) 3.06 2.47 3.92 3.49 

Foc§ani 2.15 1.69 - - - -

la§i 2.26 1.80 2.75 1.98 2.66 2.30 

IstriJa 2.19 2.24 - - 2.38 2.54 

Vrancioia 2.52 1.76 2.41 2.15 2.38 2.54 

Cheia 2.43 2.63 2.20 2.04 - -

Doc hi a 2.37 2.30 - - - -

Surduc - - 2.41 2.36 3.08 4.20 

Bari ad - - 2.63 2.07 2.28 2.19 

The median values of the SAF for horizontal components. Damping 20%. Table 4 

Seismic August 30, 1986, Ms 7.0 May 30, 1990, Ms 6.7 "' _, -- . .._,, ,.,, ... s ........ 
station 

Sa max / li,,,ax sVmaX/ymax Sa max /a.nu svm••/vmax S. max /a.nu sVmaX/ymaX 

Bucuresti- 1.75 1.51 1.61 1.42 - -
Magurele 

Bacau 1.82 1.45 2.16 1.56 2.60 1.51 

Carcaliu 1.98 1.33 1.70 1.52 2.46 1.12 

Cernavoda 1.87 2.87(?) 2.07 1.62 2.64 2.51 

Foc~ani 1.71 1.33 - - - -
la§i 1.68 1.39 1.84 1.50 1.74 1.76 

Istripi 1.68 1.57 - - 1.78 2.00 

Vrancioia 1.91 1.48 1.84 1.61 2.09 1.48 

Cheia 1.77 1.72 1.66 1.48 - -

Dochia 1.68 1.80 - - - -

Surduc - - 1.79 1.88 2.08 2.92 

Bari ad - - 1.79 1.59 1.73 1.59 
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Median values of SAF of the last strong Vrancea earthquakes. Table 5 

Damping I August30,1986, May30, 1990, May31 , 1990 
% M5 =7. M5 =6.7 M5 =6.l 

s.-·1a.n... s.--1vmax s.max;~ •• sma•Jvmax s.ma•/vmax s.ma•/vmax 

2 4.74 3.61 5.58 3.72 6.22 4.84 

5 3.26 2.69 3.63 2.95 4.16 3.48 

10 2.43 2.00 2.56 2.14 2.92 2.69 

20 1.78 1.50 1.82 l.58 2.13 1.86 

From Table 5 we have a dependence (non-linear) of the spectral amplification factors of 
Vrancea earthquakes magnitudes (Fig.1) and from next Vrancea strong earthquakes it will be 
possible to find out some non-linear relations between SAF and magnitude M. 
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4. Conclusions 

The spectral amplification factors for Vrancea earthquakes are larger than the values given 
by the Regulatory Guide 1.60 Ill and that the values suggested by AECL - Canada to Cernavoda 
Nuclear Plant /2/ and /3/. 

The most important conclusion is that there is a strong dependence of the amplification 
factors with earthquake magnitude. At the same seismic station, for example at Bacau, from 
Table 2 and for 5% damping, SAF for accelerations is 3.94 for August 30, 1986 earthquake 
(M8 =7.0), 4.32 for May 30, 1990 earthquake (Ms = 6.7) and 5.22 for May 31, 1990 
earthquake (M8 =6.1). From Table 5, for 5 % damping the median values of the SAF are 3.26 
for M8 =7.0, 3.63 for M8 =6.7, and 4.16 for M8 =6.1. One explanation is the strong nonlinear 
dependence of the shear modulus functions, G=G('Y), and the damping function, D=D('Y) with 
shear strains, 'Y, induced by this Vrancea strong earthquakes in earth massive. This phenomenon 
is evident at seismic stations where the sedimentary layers are important as thickness like Bacau, 
Bucure~ti-Magurele, Cernavoda, la~i. 
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PROBABILISTIC ESTIMATION OF SEISMIC INTENSITY ATfENUATION 

FOR VRANCEA (ROMANIA) SUBCRUSTAL SOURCES 

BY VASILE I. MARZA and AURELIAN I. PANTEA 

National Institute for Earth Physics 
P. 0. B.ox MG-2, R-76900 Bucharest-Magurele, Romania 

ABSTRACT 
We develop new intensity attenuation relationship for 

Vrancea (Romania) subcrustal earthquakes based on a complex and 
synergical approach within a probabilistic framework . . We use an 
extended and combined data base including historical and 
modern, qualitative and quantitative data, i.e., more than 25 
events during the period 1790 to 1990 with epicentral/maximum 
intensities ranging from X to V degree (MSK scale), the 
variation interval of isoseismals ranging from IX to III 
degree. The conceptual frame involves : use of appropriate fall 
off models, consideration of the randomness in the attenuation, 
taking in account the azimuthal variation of the isoseist 
shapes etc. The derived attenuation laws although provisional 
are a necessary step towards robust seismic hazard assessment 
induced by this particular seismogenic origin. 

INTRODUCTION 
Earthquake intensity in spite of its obvious semi-empirical nature it is 

still a very useful seismic parameter . The intensity, measured mainly on MM 
or MSK s cales, often presents something of an enigma to civil or structural 
engineers, however , it is the best single parameter f or meaning the severity 
of damage (Smith, 1978). When properiy assessed at a uniform and sufficient 
number of sites the seismic intensity may shows regular patterns 
attributable to source (generation), propagation (transmission and 
attenuation) and site effects as well as to other random (distorting) 
effects (see . also Ambraseys, 1985). Properties and distribution of seismic 
intensity may be used to estimate : (i) epicenters, (ii) focal depths, (iii) 
near-field and far-field absorption, coefficients, (iv) events ' size, (v) 
future strong ground motions, or more generally (vi) intensity is used in 
assessment of earthquake hazard. Another major advantage of earthquake 
intensity it is its unlimited temporal span (that is, historical and 
instrumental periods). The plentiful availability of intensity data (as 
temporal, areal and quantitative points of views) makes the intensity as a 
worthy and valuable study parameter. Having said the above arguments one 
could conclude that earthquake intensity issues (that is macroseismology) 
f a r to be absolute can be a convenient complement to the mode rn quantitative 
(digi tal) s eismology. 

METHODOLOGICAL FRAMEWORK 
The theoretical and observational bases for the handling of the intensity 

matters were laid by von Kovesligethy (1907), Peterschmidt (1951, 1969), 
Newmann (1954), Shebalin (1957, 1961), Sponheuer (1960), Mei (1960) , Cornell 
(1968), Karnik (1965, 1968), Eiby (1966) Ergin (1969) etc . More recent 
contributions belong to : Shebalin (1972), Evernden et al. (1973), Evernden 
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(1975), Howell & Schultz (1975), Brazee (1976), Eiby (1976), Gupta & Nuttli 
( 1976), Bollinger (1977), Anderson (1978), Smith (1978), Chandra ( 1979), 
Malone & Bor (1979), Udias & Munoz (1979), Bath (1980), Ambraseys (1985), 
Mayer-Rosa (1986), Pietrafesa et al. (1990) etc. 

As regard the Romanian contributions to the field we should mention that 
the first macroseismic investigations was done by Hepites in 1892, by 
devising a network of macroseismic observers. During t~is century the most 
conspicuous results came fr.om : Demetrescu ( 1941), Demetrescu & Petrescu 
(1941), Atanasiu (1961), Petrescu & Radu (1963i, Radu (1965), Constantinescu 
& Enescu (1963, 1985), Mandrescu et al. (1988), Sandi (1987 a & b), Radu & 
Polonic (1982), Pantea (1994) etc. 

Concerning the studies devoted to the attenuation of intensities of the 
subcrustal sources the information is scarce due to both fewer number of and 
the less interest in such sources. However, we can refer to some papers 
devoted to Hellenic, New Zealand or Vrancea subcrustal sources: Papaioannou 
(1984, 1986); Tassos (1984), Tassos & Papazachos (1985), Papazachos et al. 
(1993), Smith (1978), Jianu (1993), etc. 

Seismological literature offers various relationship connecting seismic 
intensity (I), epicentral/hypocentral distance (D/R), depth (H), magnitude 
(M) or maximum intensity (I or I ). 

Here we shall not presgnt d~Hvation of those relations but we shall 
review the most popular (generally or particularly) ones. Usually, one 
expresses the decrement of the epicentral/maximum intensity dI = (I - I ) or 
terms derived from it (e. g., log I I I ) in function of the pgrameters 
characterizing the attenuation of seism~c energy. One of the most general 
equation is (Ambraseys, 1985) : 

( 1) 

where, H is the source depth, R is the focal/hypocentral distance 
corresponding to (average) epicentral 1distance D = (R.2 - H2 ) 1 / 2 of intensity 
I, b is a constant connected to attenuation 1 of §eismic energy (taken 
usually as h = 3), n is the coefficient of geometrical spreading ( n = 1 for 
surface waves, n = 2 for body waves etc), a is the coefficient of 
absorption/intrinsic attenuation. For b = 3, n = 1 (surface waves) formula 
(1) takes the original from proposed by von Kovesligethy and Sponheuer, cf. 
Karnik (1968) or Mayer-Rosa (1986) : 

I - I = 3 log (R / HJ + 3 a log (e) • CR. - HJ 
0 i i l 

(2) 

With some additional simplifications/modifications the relationship (1) 
or (2) degenerate to various simplified version advanced by different 
authors. Another general form used in modeling the decay of intensity with 
distance is (Karnik, 1968 ; Howell & Schultz 1975) 

I(R) = k + k ln(R) + k R 
1 2 3 

(3) 

where k, k and kare constants and R has the some meaning as above (that 
is, hypbcentral di§tance). Starting from more general principles/concepts 
regarding the proportionality among intensity and seismic energy density one 
obtains particular equations of type (3), with different regrouped 
constants. So, we have (Howell & Schultz 1975 ; Anderson 1978 ; Chandra 
1979): 

I - I (R ) 
0 i 

b 1 ln (R ) + clR - a 
i I 1 
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or 
l(R ) 

i 
-l

o 

p 
based on relations I(R) = k + k ln E(R) and I(R) kE (R), 

that is the logarithmic an~ ex~onential (power) dependencies 
with energy density, assuming the classical equation 

E(R) = - CR 
* e 

(5) 

respectively, 
of intensity 

(6) 

where E is the total energy released by source and b and c are the geometric 
spreading coefficient and absorption rate, respectively. 

The regrouped coefficients b and c [i = 1,2 ; specifying that always for 
attenuation coefficient are used subscripts 1 or/and 2) are referring to 
relations of type (4) and respectively (5), or their variants. Equations (4) 
or (5) may be simplified according to the various particular cases met in 
practice, appropriately to the prevalence of the effects which contribute to 
the attenuation (exponential absorption or geometrical spreading, depth 
influence etc). One may propose the following interpretation to the 
coefficients in eq. (4) or (5): (i) a - coefficients related to source, (ii) 
b- coefficients related to geometrical spreading, (iii) c - coefficients to 
absorption rate. If c is small, that is the prevailing effect is due to 
geometrical spreading, 1 eq. (4) becomes : 

or equivalently 

I -I = b ln (R l - a 
0 i 1 l 1 

a -b 
-r--= e2 •R 2 

0 

If the geometrical spreading is negligible we get instead 

or 

I -
0 

CR - a 
1 1 

I/I = e 2 * e 2 i 
0 

(7) 

(8) 

(9) 

(10) 

We should point out that the difference between (4) and (5), lies in the 
curvature of the curves representing the two kind of dependencies (as easily 
it follows from an analysis of first derivatives of dependent variables in 
eq. (4) and (5) respectively). 

Finally, we shall specify our preferred attenuation relationship, decided 
upon careful observational and theoretical considerations, it being used in 
fitting the data, it i s : 

a - b • log R1 
(11) 

OBSERVATIONAL DATA 
In order to investigate the attenuation of seismic intensities of Vrancea 

subcrustal sources we have compiled a new and enlarged set of isoseismal 
maps to ta ling 26 earthquakes (the most extended set for this region to 
date). Table 1 present s a synthetic description of the data. The main source 
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of information comes from UNDP-UNESCO (1974), termed here BAI (Balkan Atlas 
of Isoseismal maps), supplemented with other papers (Medvedev et al., 1977 ; 
Radu et al., 1979 a,b; Radu & Polonic 1982, dealing with the events or data 
occurred after 1974 (issuing data of BAI). It is to mention that. in the 
present paper all intensities are expressed in MSK scale. From Table 1 it 
follows that maximum intensities of the analyzed events range from X to V 
degrees and the variation span of isoseismals (~I in Table 1) ranges IX to 
III degrees. The maximum intensity I max (or macrocentre intensity I ), not 
necessarily equal with the intensity corresponding to the inst.r8mental 
epicentre, has been evaluated on the basis of the available data and the 
authors' judgment anyt.ime the information in BAI was lacking or 
contradictory. The associated magnitudes were that from the catalogues of 
Constantinescu & Marza (1980, 1984, updated) [here in after termed C & Ml, 
and are expressed in the MGR scale. For the depths, in Table 1, assigned to 
historical event we a 'default' value equal with the average depth of the 
instrumental events H = 115 km. 

TABLE 1 
THE LIST Or USED EARTHQUAKES AND THEIR PARAMETERS 

[SOURCES: BAI ( (1974) , C&M (1980, 1984) l 

# Date Imax M MGR Depth 

(MSK) (km) 

1 1790 APR 06 VIII1/2 VIII-V 6.8 'Default' 
2 1802 OCT 26 x IX1/2-IV1/2 7.7 Ditto 
3 1821 NOV 17 VI I 1/2 VII-V 6.2 Ditto 
4 1829 NOV 26 VIII112 VIII1/2-VI 7.0 Ditto 
5 1838 JAN 23 IX112 IX-V 7.3 Ditto 
6 1893 AUG 17 VIII112 VIII-IV 6.8 Ditto 
7 1893 SEP 10 VII 112 VII-III 6.5 Ditto 
8 1903 SEP 13 VI112 VI-II I 5.7 70 
9 1904 FEB 06 Vll/2 VI-II 6.3 75 

10 1912 MAY 25 VI !112 VII-IV 6.4 90 
11 1929 NOV 01 VII VI-V 5.8 160 
12 1934 MAR 29 VIII VIII-IV 6.3 90 
13 1938 JUL 13 VI VI-I II 5.6 120 
14 1940 JUN 24 V112 V-II 5.5 115 
15 1940 OCT 22 VI I 112 VII-III 6.5 125 
16 1940 NOV 10 IX112 IX-VI 7.4 135 
17 1953 MAY 17 v V-III 5.0 140 
18 1954 APR 13 IV1/2 IV-III 4.9 120 
19 1955 MAY 01 v V-III 5 . 4 135 
20 1963 JAN 14 VI V-III 5.4 117 
2 1 1965 JAN 10 VI V-III 5.4 128 
22 1966 OCT 02 VI V-III 5.5 140 
23 1977 MAR 04 IX VIIIJ/4-VI 7.2 109 
24 1986 AUG 30 VI I Il/2 VIII-III 7.0 144 
25 1990 MAY 30 VIII VIII-III 6.7 91 
26 1990 MAY 31 VII VII-III 6. 1 83 

Note: Value of depths for historical events is 115 km 

The previous studies concerning the attenuation of the macroseismic 
intensities of the subcrustal Vrancea sources have used either average 
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attenuation relationship (e. g., Radu & Apopei, 1978) without taking into 
account the strong azimuthal variation of the isoseismal shapes or they 
considered a coarse azimuthal variation (only keeping in views the variation 
according to the four quadrants (as in the qualitative approach of Jianu, 
1993). Having in mind strong anisotropic effect of the macroseismic field of 
Vrancea events we derived specific, dependent of azimuth attenuation 
relationships with an azimuthal increment of 30 starting with North 
direction, considered as 0 azimuth. So, we obtained 12 attenuation 
relationships for which we have explicitly considered the random effects by 
characterizing the parameters in the attenuation relation [of the type as 
eq. (11)] by statistical indicators of the statistical spreading of the data 
(standard deviations and RMS). The data are synthesized in Table 2. For the 
sake of comparison we added at the bottom of Table 2 the relationship for 
overall average attenuation. Fig. 1 shows the observational data and 
attenuation curves fitting the data for the 12 azimuth and Fig.2 present the 
compound diagram with the 12 curves and average relation, respectively. 

Azimuth 

0 
30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 

Average 

TABLE 2 
THE PARAMETERS OF AZIMUTHAL ATTENUATION RELATIONSHIPS 

FOR VRANCEA SUBCRUSTAL SOURCES 

a (j b (jb RMS 
a Error 

of I 

0.729 0.070 0.378 0.031 0.245 
0.692 0.056 0.349 0.024 0.228 
0.717 0.057 0.363 0.024 0.230 
0.783 0.066 0.399 0.029 0.235 
0.883 0.069 0.450 0.031 0.235 
0.875 0.068 0.445 0.030 0.236 
0.836 0.071 0.421 0.031 0.243 
0.880 0.063 0.426 0.026 0.224 
0.763 0.069 0.380 0.029 0.243 
1. 017 0.071 0.510 0.031 0.236 
1.377 0.079 0.684 0.035 0.226 
1. 104 0 . 093 0.556 0.041 0. 239 
0.800 0.068 0.411 0.030 0.239 

DISCUSSION AND CONCLUSION 

Determination 

coefficient 

0.823 
0.081 
0.868 
0.857 
0 . 864 
0.863 
0.852 
0.901 
0.855 
0.884 
0.912 
0.849 
0.918 

The parameters in Table 2 allow computation of the specific attenuation 
of the intensity in probabilistic terms with on azimuthal step of 30. As 
regard the statistical features involved in the results presented in Table 
2, we can note that the determination/correlation coefficients (around 0.9) 
are good and the RMS of intensity (around 0.24) are rather small comparing 
with other studies, but this could be explained by the specific cases 
considered here while in other studies the results refer to average 
conditions, that is a larger dispersion. In the study of Sandi et al. (1993) 
devoted to the study of attenuation for 3 individual shocks (the Vrancea 
subcrustal events of 1986 August 30, 1990 May 30 and 1990 May .31) the RMS 
values of the average attenuation for the three events are 0 . 873, 0.588 and 
0.584 respectively, whereas in the study of Smith (1978) for the New Zealand 
subcrustal earthquakes, the standard deviations are in the range 0.6 to 1. 1 
according to the source area. 
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Abstract 
A statistical analysis of occurrences of the large Persian 

earthquakes reveals that at the territory of Iran practically 
for each decade an earthquake with magnitude M~ ~ 7 has to be 
expected (Ramazi, 1994). The last such earthquake was Rudbar 
earthquake of 20 June 1990 (Ms=7.7). 'strong ground motions be
longing to its main shock were recorded by more than 20 accele
rographs over the shaken area. 

In this paper results of a processing of above mentioned re
cords and some other selected records registered by the Iranian 
strong ground motion network will be presented. The obtained 
empirical relationships between peak particle ground accelera
tion, earthquake magnitude and the nearest distance from causa
tive faults will be compared with results proposed by 
Boore-Joyner (1982) and Campbell (1981). 

Introduction 
Empirical attenuation relationships are usually used for 

long- term earthquake hazard estimation. In general empirical 
relations regardless local condition andfrequency dependence of 
attenuation, could be derived from strong ground motion data 
analyses. 

Peak particle ground acceleration is the most common quanti
ty measured of earthquake effects considered both by seismolo
gists and earthquake engineers. In recent years a large number 
of investigations have been done in this field and many empiri
cal relationships between earthquake magnitude, focal and/or 
epicentral distance and peak ground motion have been derived 
and published (McGuire 1978,···). Some of them define also the 
relations in which distance from the causative faults was used 
(Campbell 1981, ... ) . 

In spite of Iran is situated in a high seismic active area 
where large earthquakes occur and are recorded by accelerograph 
network of Iran, only few papers have been devoted to evaluate 
the strong ground data of Iranian territory. In this paper it 
has been tried to define attenuation laws of strong ground 
motion in Iran. 

* on leave the Geological Survey of Iran, 
POB 13185- 1494 Tehran, Iran.@CT 1 

1762 



Input data 
In addition to the strong ground motion data of the Rudbar 

earth quake, 1990, the data concerning other destructive events 
such as;the earthquakes of November 7, 1976 ( Ms=6.4 ), March 
21, 1977 (Ms=6. 9), January 16, 1979 (Ms=6. 8), December 7, 1979 
(M =6.8), November 27, 1979 (M =7.1), July 28, 1981, and some 
ot~ers (Table 1), have been app~ied to derive attenuation rela
tionship between peak ground acceleration ·· and focal distance. 
The original data of Table (1), were reported by Building and 
Housing Research Center of Iran (BHRC 1991). Earthquake parame
ters (Ms, Mb, Fd), and coordinates of epicenters have been mo
dified using earthquake catalogue of Iran (Ramazi 1994). 

TABLE (1) 

LAS . LOS LAE LOE Ms Mb Fd HA VA HA DT c 
---------------------------------------------------------------
28.50 53.55 28.58 52.65 o.o 5.0 34 10 6 7 73.2.24 2 
28.50 53.55 28.58 52.67 0.0 5.0 40 10 15 12 73.3.28 2 
28.36 54.41 28.22 55.66 5.4 5.1 69 8 8 12 75.10.8 1 
28.36 54.41 28.25 55.78 5.3 5.1 69 59 32 62 75.10.8 1 
31.94 50.74 31. 78 50.83 0.0 5.3 20 84 74 138 77.10.21 2 
31.94 50.74 31.80 50.20 o.o 5.0 34 22 34 15 78.5.20 2 
32.10 50.98 31. 78 50.87 5.1 5.3 20 132 77 146 77.10.21 2 
33.33 59.23 33.82 59.19 6.4 5.8 20 19 11 25 76.11.7 2 
34.85 58.81 33.82 59.19 6.4 5.8 20 25 12 19 76.11.7 2 
34.56 60.14 33.82 59.19 6.4 5.8 20 22 15 23 76.11.7 2 
31.94 50.74 31. 90 50.70 6.1 5.6 20 99 100 98 77.4.06 2 
26.96 56.27 27.47 56.25 6.1 5.9 27 22 15 24 75.3.07 3 
32.69 47.26 32.64 48.09 5.8 5.7 33 23 12 22 77.6.05 1 
32.90 48.35 32.64 48.09 5.8 5.7 33 20 11 26 77.6.05 1 
34.52 58.18 33.80 59.50 6.8 6.0 19 40 20 32 79.1.16 2 
32.88 59.21 33.80 59.50 6.8 6.0 19 13 14 12 79.1.16 2 
33.33 59.23 33.80 59.50 6.8 6.0 19 40 30 45 79 .1.16 2 
34.02 58.81 33.80 59.50 6.8 6.0 19 35 18 42 79.1.16 2 
34.14 58.66 33.80 59.50 6.8 6.0 19 31 11 14 79 .1.16 1 
34.56 60.14 33.80 59.50 6.8 6.0 19 69 30 64 79.1.16 2 
33.33 59.23 34.03 59.81 6.8 6.0 31 26 25 23 79.12.7 2 
34.56 60.14 34.03 59.81 6.8 6.0 31 60 31 68 79.12.7 2 
29.59 57.43 29.91 57. 71 6.7 6.1 40 25 35 37 81.5.11 2 
39.29 44.50 39.12 43.92 7.3 6.2 20 86 42 63 76.11.24 1 
32.88 59.21 34.05 59.63 7.1 6.1 10 33 19 27 79.11.27 2 
34.56 60.14 34.05 59.63 7.1 6.1 10 61 18 53 79.11.27 2 
29.59 57.43 30.01 57. 71 7.1 6.7 10 30 30 36 81.7.28 2 
35.25 59.23 33.80 59.50 6.8 6.0 19 23 14 29 79.1.16 4 
33.42 59.83 34.03 59.81 6.8 6.0 31 36 37 56 79.12.7 4 
35.27 59.22 34.03 59.81 6.8 6.0 31 17 12 17 79.12.7 4 
34.35 58.68 34.03 59.81 6.8 6.0 31 15 11 17 79.12.7 4 
27.18 56.38 27.59 56.38 6.9 6.2 40 90 41 151 77.3.21 4 
27.17 56.26 27.59 56.38 6.9 6.2 40 98 56 149 77.4.21 4 
26.96 56.27 27.59 56.38 6.9 6.2 40 32 17 29 77.3.21 4 
27.13 57.07 27.59 56.38 6.9 6.2 40 23 12 21 T(.3.21 4 
34.35 58.68 33.80 59.50 6.8 6.0 19 28 21 35 79.1.16 4 
34.97 59.62 33.80 59.50 6.8 6.0 19 17 15 25 79.1.16 4 
35.27 59.62 33.80 59.50 6.8 6.0 19 17 9 20 79.1.16 4 
35.23 60.87 33.80 59.50 6.8 6.0 19 4 10 5 79.1.16 4 
35.23 60.87 34.03 59.81 6.8 6.0 31 22 10 19 79.12.7 4 
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TABLE (1) continue 

LAS LOS LAE LOE Ms Mb Fd HA VA HA DT c 
---------------------------------------------------------------
34.97 59.62 34.03 59.81 6.8 6.0 31 22 15 26 79.12.7 4 
30.29 57.06 29.91 57.71 6.7 6.1 40 42 17 34 81.5.11 4 
27.18 56.38 27.47 56.25 6.1 5.9 27 83 43 124 75.3.07 4 
27.13 57.07 27.47 56.25 6.1 5.9 27 28 11 23 75.3.07 4 
32.25 50.56 31.99 50.70 6.1 5.6 20 19 11 23 77.4.06 4 
33.84 59.22 33.82 59.19 6.4 5.8 13 170 92 292 76.11.7 4 
33.72 59.18 33.82 59.19 6.4 5.8 13 115 170 157 76.11.7 4 
27.18 56.38 27.65 56.57 o.o 5.8 40 34 19 39 77.3.21 4 
27.18 56.38 27.63 56.52 5.9 5.7 40 33 16 40 77.3.23 4 
27.18 56.38 27.60 56.38 6.0 6.2 40 31 15 31 77.4.01 4 
27.17 56.26 27.65 56.57 o.o 5.8 40 43 22 21 77.3.21 4 
27.17 56.26 27.63 56.52 5.9 5.7 40 36 14 33 77.3.23 4 
27.17 56.26 27.60 56.38 6.0 6.2 40 42 15 39 77.4.01 4 
34.01 58.16 33.40 57.12 7.3 6.7 20 73 49 94 78.9.16 4 
35.23 58.46 34.05 59.63 7.1 6.1 10 65 41 82 79.11.27 4 
34.52 58.18 34.05 59.63 7.1 6.1 10 110 41 103 79.11.27 4 
34.14 58.66 34.05 59.63 7.1 6.1 10 48 27 40 79.11.27 4 
33.72 59.18 34.05 59.63 7.1 6.1 10 204 106 130 79.11.27 4 
34.35 58.68 34.05 59.63 7.1 6.1 10 71 47 94 79.11.27 4 
34.79 59.62 34.05 59.63 7.1 6.1 10 41 30 57 79.11.27 4 
35.23 60.87 34.05 59.63 7.1 6.1 10 42 23 38 79.11.27 4 
30.04 55.98 30.01 57. 71 7.1 6.7 10 46 17 46 81.7.28 4 
30 :29 57.06 30.01 57.71 7.1 6.7 10 98 50 76 81.7.28 4 
29.66 57.92 30.01 57. 71 7.1 5.7 10 216 244 264 81.7.28 4 
35.70 51. 34 36.81 49.41 7.7 6.4 19 11 26 13 90.6.20 4 
35.75 5.1. 36 36.81 49.41 7.7 6.4 19 37 15 24 90.6.20 4 
36.27 50.01 36.81 49.41 7.7 6.4 19 184 90 132 90.6.20 4 
37.13 50.28 36.81 49.41 7.7 6.4 19 93 69 83 90.6.20 4 
37.21 50.33 36.81 49.41 7.7 6.4 19 112 74 172 90.6.20 4 
37.42 47. 71 36.81 49.41 7.7 6.4 19 28 0 33 90.6.20 4 
36.81 50.87 36.81 49.41 7.7 6.4 19 130 33 86 90.6.20 4 
36.74 49.41 36.81 49.41 7. 7 . 6.4 19 416 86 339 90.6.20 4 
36.11 51. 31 36.81 49.41 7.7 6.4 19 69 37 99 90.6.20 4 
35.51 51. 36 36.81 49.41 7.7 6.4 19 46 . 28 35 90.6.20 4 
36.66 48.57 36.81 49.41 7.7 6.4 19 138 51 60 90.6.20 4 
38.26 48.28 36.81 49.41 7.7 6.4 19 30 15 28 90.6.20 4 
35.79 51. 44 36.81 49.41 7.7 6.4 19 14 20 12 90.6.20 4 
35.81 51.00 36.81 49.41 7.7 6.4 19 35 13 12 90.6.20 4 
35.72 50.36 36.81 49.41 7.7 6.4 19 71 42 77 90.6.20 4 
36.14 49.22 36.81 49.41 7.7 6.4 19 128 70 197 90.6.20 4 
36.92 48.97 36.81 49.41 7.7 6.4 19 636 537 546 90.6.20 2 
35.44 50.90 36.81 49.41 7.7 6.4 19 39 32 45 90.6.20 2 
35.47 51.08 36.81 49.41 7.7 6.4 19 13 19 17 90.6.20 2 

LAS latitude of the accerograph station 
LOS longitude ,, ,, ,, 
LAE latitude of the earthquake epicenter 
LOE longitude ,, ,, ,, 
Ms surface wave magnitude Mb : body wave magnitude 
Fd focal depth in km HA : Horizontal PGA 
DT date of occurence of events VA : Vertical PGA 
c category of the locality on which the accelerograph was 

situated 
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Local geological conditions of the accelerograph stations 
were classified by the BHRC into four categories the categories 
(1) and (2) characterize rocks, and categories (3) and (4) are 
joined with soils. Most of the stations located on the shaken 
area of the Rudbar earthquake, and other considered events, be
long to the category (2) and (4), which are defined by the BHRC 
as following: 

1-the category (2) 
a-Loose igneous rocks (as tuffs), friable sedimentary rocks, 

foliated metamormiphic rocks and the rocks which have been 
loosened by weathering. 

b-Cong1omerate beds, compacted sand and gravel and stif clay 
(argillite) beds where the soil(!) thickness exeeds 60 me
ters from the bed rock. 

2-the category (4) 
a-Soft and wet deposites resulted from high level of water 

table. 
b-Gravel and sand beds with weak cementation and/or uncemen

ted unindurated clay ( clay stone ) where the soil thick
ness exceeds 10 meters from the bed rock. 

ANALYSES BASED ON FOCAL DISTANCE 

The equations between Peack Ground Acceleration (PGA) and 
focal distance have been derived for local soil conditions 
(mostly category 4), and for rocks (mostly category 2) sepe
rately. The obtained relationsips are presented in Eq-1 and 
Eq-2. Figure- 1 and Figure-2 illustrate the resulted for events 
with Ms=7.7 and Ms=7.3 respectively. 

ah 4000 ( 20+D+H )-1. 92 exp (0.8 Ms) and H=ll5Ms-Di 0 · 68 ( 1) 

ah 4000 ( 20+D+H )-1. 96 exp (0.72 Ms) and H=ll5Ms-Di 0 · 60 ( 2) 

Ms is surf ace wave magnitude, a3 is PGA (cm/s 2 ), and, 
D is the focal distance (km) I an , 

ANALYSES BASED ON THE NEAREST DISTANCE FROM CAUSATIVE FAULTS 

Figures (1) & (2) exhibit a few disagreements and disfit
tings of the applied data to the derived curves. This discre
pancy is more aggravated in Figure-1, which the event has been 
associated by an exposure of ruptured part of the causative 
fault. 

To manifest strong ground motion attenuation due to the clo
sest distance from exposure of ruptured part of the causative 
fault, the date of the Rudbar earthquake has been utillized. 

The Rudbar earthquake occurred at middle of night in local 
time, killed at least more than 40,000 of people and caused 
a lot of building collapses, damages and loosing of properties. 
The earthquake was associated by an exposure round 100 km of 
ruptured part of the causative fault (Ramazi 1991). Surface 
wave magnitude was reported 7.7 (USG~). The main shock was ma-
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nitored by more than 20 three component accelerographs situated 
over the shaken area. -

Availability of a relatively detailed map of the rupture 
(Ramazi 1991, Berberian & Qurashi 1992), provides to utilize 
the closest distances (Table-2) from the exposure of ruptured 
part of the fault, instead of focal distances. 

Figure-3 shows attenuation of PGA due the closest distance 
from the causative fault of this earthquake. And the derived 
PGA attenuation relationships for soil sites, and rocks are 
presented in Eq-3 ·and Eq-4 respectively. The results are compa
red with the attenuation curves for Ms=7.7 and Ms=6, proposed 
by Campbell (1981) and, Boore-Joyner (1982) in Figure-4. 

ah 4000 (20+d+H)- 2 · 02 exp (0.8 Ms) and H=ld-161°· 63 (3) 

ah 4000 (20+d+H)- 2 · 11exp (0.79 Ms) and H=ld-161°· 63 (4) 

dis the nearest distance from the causative fault (km). 

PARTICLE VELOCITY 

Peak ground velocities (Table-2), have been plotted against 
the nearest distances from the causative fault of the Rudbar 
earthquake 1990, in Figure-5. The Eq-5 was also found for soil 
sites. 

400 (20+d+H)- 2 exp (0.8 Ms) H ( 5) 

vh is the PGV (cm/sec). 

TABLE-2 . 

LAS LOS LAE LOE Ms Mb d HV c N 

------------------------------------------------------------
35.70 51. 34 36.81 49.41 7.7 6.4 172 08 4 Tehran 1 -35.75 51. 36 36.81 49.41 7.7 6.4 172 38 4 Tehran 2 -
36.27 50.01 36.81 49.41 7.7 6.4 51 150 4 Gazvin 
37.13 50.28 36.81 49.41 7.7 6.4 71 121 4 Rodsar 
37.21 50.33 36.81 49.41 7.7 6.4 60 258 4 Lahijan 
37.42 47. 71 36.81 49.41 7.7 6.4 125 40 4 Mianeh 
36.81 50.87 36.81 49.41 7.7 6.4 88 175 4 Tonkabon 
36.74 49.41 36.81 49.41 7.7 6.4 18 115 4 Manjil 
36.11 51. 31 36.81 49.41 7.7 6.4 135 63 4 Gachsar 
36. 92 . 48.97 36.81 49.41 7.7 6.4 8 539 2 Ab_bar 
35.51 51. 36 36.81 49.41 7.7 6.4 180 60 4 Kahrizak 
36.66 48.57 36.81 49.41 7.7 6.4 80 142 4 Zanjan 
38.26 48.28 36.81 49.41 7.7 6.4 150 41 4 Ardebil 
35.79 51. 44 36.81 49.41 7.7 6.4 172 12 4 Tehran 3 
35.44 50.90 36.81 49.41 7.7 6.4 162 61 2 Rudshor 
35.47 51.08 36.81 49.41 7.7 6.4 170 13 2 Robatkarim 
35.81 51.00 36.81 49.41 7.7 6.4 135 46 4 Karaj 
35.72 50.36 36.81 49.41 7.7 6.4 110 61 4 Ashtehhard 
36.14 49.22 36.81 49.41 7.7 6.4 55 62 4 Abhar 
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d the closest distance to the causative fault 
HV horizontal peak ground velocity 

VERTICAL ACCELERATION 

Attenuation of vertical peak ground acceleration due to the 
closest distance from the causative fault is illustrated in 
figure (6), and the founded equation for soil sites is : 

Av = 4000 . (20+d+H)-J· 75 exp (0.53 Ms) ( 6) 

DISCUSSION 

A comparison of .Figure-1 and Figure-3 elicits that the plot
ted data are concentrated in a narrower zone in Figure-3, par
ticularly, for distances less than 100 km, where, the differen
ce between focal distance and the nearest distance from the ex
posure of rupture is more conspicuous. 

On the other side in Iran destructive earthquakes are usual
ly shallow (focal depth less then 30 km). And in most cases 
they are associated with exposures of ruptured part of causa
tive fault(s). Therefore deriving attenuation relationships 
based on the closest distance from active faults is a fundamen
tal request for hazard analyses in this territory. 

The factor "H" introduced in the obtained equations, looks 
to be strange. It dosn't exist in the former relationships pro
posed by other authors. In the present time the physicalmeaning 
of "H" is unknown. But this factor causes the curves to be bet
ter fitted to the data. 

REFERENCES 

1-Ambraseys,N.N. and C.P. Melville, 1982, "A history of Persian 
Earthquakes" Cambridge, 

2-Berberian,M. and M. Qorashi, 1992, "The Rudbar-Tarom earthqu
ake of 20 June 1990 in nw Iran: a preliminary field reconais
sance report". Scientific Quarterly Journal of Geol. surv. of 
Iran, No 2, winter 1992. 

3-BHRC, 1991, "Iran accelerogroph network", Report No 179, of 
Building and Housing Research Center of Iran. 

4-Boore ,M. & W. Joyner, 1982, "The empirical prediction of 
ground motion" Bull. Seism. Soc. Am. Vol.72,N0.6, Dec. 1982. 

5-Campbell, K.W., 1981, "Near-source attenuation of peak hori
zontal acceleration" Bull.Seism.Soc.Am.72, 1843-1865. 

6-Mcguire,R.K., 1978, "Seismic ground motion parameters rela
tions" Proc. Am.Sac.Civil.Eng. 

7-Ramazi, H.R., 1991, "causative fault of the Rudbar earthquake 
of Jun 20th, 1990". the first Internatoinl conf, on seismal. 
& earthq. engi. Tehran, Iran. 

8-Ramazi, H.R., 1994, "Earthquake catalogue of Iran, upto 1993" 
unpublished. 

1770 



CONTRIBUTIONS TO THE KNOWLEDGE OF THE VRANCEA 
SEISMIC ACTIVITY INFLUENCE IN THE CERNA VODA (ROMANIA) 

SITE AREA 

Dumitru Enescu 
National Institute for Earth Physics, P.O.Box MG-2, 76900, Bucharest 

Magurele, Romania 

Abstract 
The paper analyses the seismologic observational data used for the computation and 

antiseismic design of the nuclear power plant in Cernavoda. 
The response spectra determined from the accelerograms of the strong earthquakes 

occurred in Vrancea region (magnitudes MGR= 6.1-6.9) and recorded at Cernavoda (during 
1986-1990), but in a different point than the power plant site, are used. By deconvolution -
convolution operations, the data are transfered from the observation point to the power plant 
site. 

It was applied also another procedure which takes into account a very important 
observation regarding the characteristics of the focal mechanisms of the Vrancea 
earthquakes. 

The obtained results are extrapolated for stronger Vrancea earthquakes that the 
investigated ones, in particular for the maximum observed (MGR= 7.4) and the maximum 
possible earthquake (MGR= 7.6 - 7.7). On the basis of these results, conclusions regarding the 
input data for the antiseismic design of the nuclear power plant in Cernavoda are infered. 

Observational data 
The observational data used in this paper are represented by the accelerograms recorded 

in the zone of Cernavoda town hall (Figures 1-3), during the Vrancea intermediate depth 
earthquakes of August 30, 1986 and May 30 and 31, 1990. 

The values of the maximum ground acceleration on the three components are presented in 
Table 1. 

Geological and geotechnical characteristics of the studied sites 
The results of the geological and geotechnical studies of the Cernavoda-town hall site 

and of the site of the nuclear power plant Cernavoda are presented in Figure 4 and Table 
2 (Moldoveanu et al., 1993). 

The cover layer in the Cernavoda-town hall site (Figure 4) consists of three sub-layers 
(C1,C2,C3) in which clay is dominating and which have thickness of about 10 m.The layer 
on which the nuclear power plant Cernavoda is located has a thickness of about 31 m and 
consists of two sub-layers (L1 and Li) composed of limestone (L1) or interspersed clay 
and cracked limestones (L2), especially. 

The bedrock (M) is composed of marls, in both sites. The physical - mechanical charac
teristics of the cover layers and of the bedrock are presented in Table 2. 
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Table 1 

Vrancea Hypocentral DE DH lo MGR 
Earthquake 

Coordinates (km) (km) 
Dateffime Lat. 0 N Long. 0E h(km) 

1986.08.30 
45.53 26.47 133 181 225 8+ 6.9 

21:28:37 

1990.05.30 
45.82 26.90 91 188 209 8 6.7 

10:40:06 

1990.05.31 
45.83 26.89 79 189 205 7 6.1 

00:17:49 

10 = macrost1ismic intensity in the epicentral area; 
DE = epicentral distance of the Cernavoda site; 
DH = hypocentral distance of the Cernavoda site; 
MGR= "Gutenberg-Richter" magnitude; 

Table 2 

Parame- Cernavoda-town hall site Bedrock 
ter (CLAY) 

cl c2 c3 (MARL) 

Lih (m) 10 10 10 

Gd)n 795 1 242 4 969 9 OOO-
(daN/cm2) -18 OOO 

o ( tf/m3) 1.95 1.95 1.95 2.1 

B (%) 12 12 12 -
Vs (m/s) 200 250 500 917 

Peak ground acceleration (cm/s2) 

Compo- Accelerometer Accelerometer 
nent I 2 

v 63.05 -
N-S 49.27 55.28 

E-W 61.90 45 .04 

v 53.10 40.60 

N-S 107.12 112.90 

E-W 100.44 93.55 

v 16.00 16.50 

N-S 66.49 64.95 

E-W 36.96 32.54 

h = hypocentral depth; 
V = Vertical component; 

N-S = North-South component; 
E-W= East-West component. 

Cernavoda Nuclear Power Plant 
Site (LIMESTONE) 

Lz LI 

9 22 

18 OOO 19 700 

2.1 2.3 

8 8 

917 917 

Lih =thickness of the layers ; Gdyn =shear dynamic modulus; 
B = internal damping; 

o = specific gravity; 
Vs =shear velocity. 

Results of the application of the deconvolution and convolution method 
The data and the characteristics presented above, as well as the variation curves of the 

dynamic shear modulus Gd)n and of the internal damping B, versus the specific shear 
deformation, were used (Moldoveanu et al., 1993) in the computer program SHAKE to 
apply the deconvolution and convolution method for the transfer of instrumental 
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information from the Cernavoda - town hall site (the accelerograms of the three earthquakes 
- Figures 1-3) to the Cernavoda nuclear power plant site. 

The data processing with the above mentioned program was performed only for the 
horizontal components. The main results of the data processing are synthesized in Table 
3. This table includes the values of the maximum accelerations recorded at the surface, on 
the horizontal components, in the Cernavoda - town hall site (column 3), as well as the 
results of the deconvolution - convolution operations. The last ones are represented by the 
values of the maximum horizontal accelerations at the bedrock level (column 4) and the 
values of the maximum horizontal accelerations at the surface level in the Cernavoda 
nuclear power plant site (column 5). 

Cernavoda
-town hall 

10m @ 

10m @ 

10m 

Bedrock ~ 
2.6 Km 

Cernavoda Nuclear 
Power Plant 

I 

I . 
I 
I 
I 

t. 

22m 

9m @ 

Fig.4- Geological and geotechnical profiles of Cernavodci-town 
hall site and Cernavodd Nuclear Power Plant site. 

The results of the deconvolution - convolution operations are also represented (see 
columns 6-8 of the Tab!~ 3) by the maximum values of the spectral parameters S~ax of the 
horizontal components coresponding to the three above levels. 

The data in column 5 of Table 3 allowed to build the magnitude - peak ground 
acceleration plot for the Vrancea intermediate depth earthquakes, for the case of the 
Cernavoda nuclear power plant site (Figure 5). An extrapolation is done for the maximum 

1776 



DBE 

/ 
/ 

SOE 

so • 

/ 
/ 

/ 
/ 

MGR 40"--~~~~~__.__~~~~~-'-~~~~~-'---L~~=.-
6.5 7.0 7.5 

Fig. 5 - Peak ground acceleration a~ax versus the magnitude MGR 
of the Vrancea intermediate earthquakes. 

N N 

E W f w E 

s s 
Fig.6- Main types of the Vrancea earthquake focal mechanism: 

(a) focal mechanism of type I; (b) and (c) focal mechanism of type II 
(after Enescu, 1962; Constantinescu and Enescu, 1964; 
Radu and Oncescu, 1990; Oncescu et al., 1992) 
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observed earthquake (MGR= 7.4) and for the maximum possible earthquake (MGR= 7.6 - 7.7) 
(Figure 5). 

Application of another procedure for evaluation of the acceleration 
in Cernavoda area, in the case of Vrancea earthquakes of maximum 

observed and maximum possible intensities 
The procedure applied in this chapter uses, evidently, the same observational data 

(Figures 1-3 and Table 1), as well as the data in columns 3 and 5 of Table 3. But this 
procedure takes into account a very important observation regarding the characteristics of 
the focal mechanisms of the Vrancea earthquakes. 

Table 3 

Vrancea Horizontal 
Earthquake compo- aHm.x ( cm/s') Samax (cm/s2) 
Dateffime nent 

1 2 3 4 5 6 7 8 

1986.08.30 N-S 49.27 28.13 50.66 193.66 67.32 221.05 
21:28:37 E-W 61.90 33.92 53.59 289.05 136.72 263.72 

1990.05.30 N-S 107.12 73.53 94.82 393.81 154.67 283.01 
10:40:06 E-W 100.44 53.49 96.15 480.76 187.43 387.46 

1990.05.31 N-S 66.49 36.93 44.22 312.59 123.90 136.02 
00:17:49 E-W 36.96 30.59 32.24 183.97 64.58 85.41 

It was noticed that for some of the Vrancea earthquakes, the fault plane is NE-SW 
oriented and for others NW-SE (Figure 6).The focal mechanisms being different, the 
directivity is also different, by directivity understanding the variation of the seismic 
energy density radiated by the focus versus the propagation direction. It was noticed that 
a great difference in focal mechanism was between the August 30, 1986 and May 31, 1990 
earthquakes. 

The directivity function D for the three earthquakes was computed using the procedure 
applied by Enescu and Smalbergher (1980) and the values in Table 4 were obtained for 
the Cemavoda site. In the same table, the values amax and amaxrez are also presented. The 
amax value represents the maximum acceleration aHmax recorded on one of the two horizontal 
N-S and E-W components and amaxrez. is the maximum rezultant acceleration taking into 
account all three components. 

Taking into consideration, first, the Vrancea earthquakes with focal mechanism of the type 
I (Figure 6 a), we extrapolated the results obtained in the case of the August 30, 1986 
earthquake, for the maximum observed earthquake (10 = 9+) and for the maximum possible 
Vrancea earthquake (10 = 10), where 10 is the macroseismic intensity in the epicentral area. 

The Vrancea earthquakes characterized by focal mechanism of the type II (Figure 6b and 
c) produce ground accelerations much greater in the Cemavoda site. Starting from the 
data of the May 31, 1990 earthquake (with focal mechanism of the type II - Fig 6c ), we 
extrapolated these data for the maximum - maximorum observed earthquake (10 = 9; and 
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Fig. 7 - Peak ground accelerations a~ax and a~ax versus the 

macroseismic intensity in the epicentral area of the 
Vrancea intermediate earthquakes. 
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maximum directivity) and for the maximum - maximorum possible earthquake· (I0 = 10 and 
maximum directivity). 

All these extrapolations were made by means of the magnitude MGR - macrose1smic 
intensity I0 in the epicentral zone and maximum ground acceleration amax - macroseismic 
intensity I relations (Enescu, 1994). 

The obtained results are presented in Figure 7 for both types of focal mechanisms. The 
notations used in Figures 5 and 7 have the following significance : a'max = ~ax acceleration in 
the Cernavoda nuclear power plant site ; aP max = amax acceleration in the Cernavoda - town 
hall site. 

Table 4 

Nr. Earthquake MGR aP max aP max.rez D 

1. 1986.08.30 6.9 61.90 64.20 0.91 

2. 1990.05.30 6.7 107.12 124.15 2.57 

3. 1990.05.31 6.1 66.49 73.70 3 06 

The results (Figures 5 and 7) show that in the case of earthquakes with type I focal 
mechanism, the SDE level will be exceeded only for MGR magnitudes (or 10 intensities) 
greater than the maximum observed value. The DBE level will not be exceeded even in the 
case of the maximum possible earthquake. For the earthquakes with type II focal 
mechanism, the SOE level will be exceeded at earthquakes with MGR> 6.75 (or 10 > 8). 
The DBE level will be exceeded for MGR magnitudes (or 10 intensities) greater that the 
maximum observed values. 
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NEW DATA CONCERNING THE ANALYSIS OF ACCELEROGRAMS 
OF STRONG VRANCEA EARTHQUAKES 

DANCI Gavril 
National Institute for Earth Physics 

P.O Box MG-2, Bucharest - Magurele, Romania 

ABSTRACT 
In a previous paper we presented a series of aspects regarding 
the interpretation of strong motion data ( accelerograms) of 
August 30, 1986 Vrancea intermediate earthquake (M=7.0) 
recorded by the network coordinated by the Building Research 
Institute (INCERC), Bucharest. Further on we performed a 
detailed analysis of the accelerograms obtained during the 
last two Vrancea strong earthquakes which occurred on May 30 
(M=6.7) and May 31 (M=6.l)degree on the Richter scale. Wenote 
the great influence of ground conditions and orientation of 
instruments and buildings on the maximum accele
ration. Regarding the maximum recorded acceleration as a result 
of the seis~o-tectonical section, microplates and plate 
position in Vrancea zone, a weak possibility was found of 
detailing the various geological and tectonical influences 
caused by the reduced number of recordings, but in the future 
there is a certain way of providing data on these elements, on 
the condition of obtaining numerous recordings from the 
seismic stations adequately placed. 

GENERALS 
The influence of the propagation medium on the oscillation 

form is more complex. Considering the filter effect of the 
medium, the form of the oscillation generated by the 
earthquake changes considerably. We mention the changes 
consisting in the mitigation of extreme amplitude and the 
increase of the other extremes amplitude, as may mislead the 
interpreter. The processes of reflection and refraction from 
environment, especially from the earth crust, generate 
waves, exchange waves, etc., reaching the stations as against 
the first reaching of P wave, after periods of the same order 
as the time periods(differences)specific to the impulses that 
might be caused by the multi-shock nature of the earthquake. 

WORKING STATUS 
Romania was shaken, during the night from 30 to 31 August 

1986, by a new earthquake originating in the curvature of 
Carpathians, known as Vrancea region. This earthquake, in 
spite ~f having not been as strong as the destructive 
earthquake of March 1977, is of considerable importance, due 
to at least the following reasons: 

- wide areas of Romania and South-Western Basarabia were 
affected by high intensities (Vll to Vlll MSK scale);, 

a high amount of instrumental (accelerographic) 
information was obtained; 

the efficiency of earthquake protection strategies 
adopted and implemented after the 19 7 7 earthqu·ake was 
subjected to direct testing. 
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This earthquake represents again an importance source of 
lessons, which is to be exploited for a longer time. Some data 
of obvious interest could be derived already during the first 
post-earthquake time, on the basis of partial processing of 
the instrumental informationof an partial survey of 
performance of structures 

The 30 May, 1990 Vrancea earthquake has confirmed a random 
character of the seismic evolution for whole Romanian 
territory both from point view of main propagation direction 
(directivity effect) and the maximum acceleration and 
a instrumental intensity distribution. 

Fig. 1 The map with the Building Research Institute 
strong ground motion network 

We note that from point of view of the spectral 
composition, this earthquake is similar with the August 1986 
earthquake. 

We must add that the spectral component corresponding to 
the 1. 4 sec. period is missing. This spectral component was 
dominant for the Vrancea 1986 earthquake. Such phenomena puts 
in evidence the major differences in local evolution of the 
focal mechanism. 

The maximum acceleration analysis shows a preferential 
propagation toward N-NW and S-SE in comparison with the 1977 
and 1986 Vrancea earthquakes, when the main direction was 
toward SW. 

The instrumental intensity determined from the processed 
records shows a strong uncorrelation with the zoning map from 
Romania building codes. The consequence is the necessity to 
revise the zoning standard for our territory. 
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Differentiated spectral amplification on different 
frequency domains require an analysis of attenuation laws 
depending on frequency, because the global attenuation laws 
are not in agreement with the obtained instrumental data. 

A first selection of the recordings was considered based on 
the following criteria: 

- study of the recordings supplied only by the SMA-1 type 
accelerograph; 

were selected recordings supplied by accelerographs 
placed in basements of lightweight buildings or in basement 
of 7-10 stories buildings; 

- only the recordings allowing the continuous control on 
the first arriving moment; 

- on the accelerograms, only the difference in S-P waves 
(in sec. ) · and maximum accelerations were analyzed, without 
interpreting the predominant periods or the whole duration of 
the recordings. 

The data selected according the above mentioned criteria 
were supplied by the 21 seismic stations for both earthquakes 
analyzed ( 30/31,August, 1986 and 30, May, 1990). 

Considering the focus depth of the 131 and 89 Km the 
epicentral, and h y pocen t ral distance for each seismic 
station considered was calculated. 

Data concerning the stations, their locations, recorded 
acceleration maximum values, the arrival time (S-P) and the 
epicentral and hypocentral distances are presented in tables. 
no.1 and 2. In view a better detailing of the seismic stations 
as compared to the epicenters, for pointing out the 
differences in the maximum accelerations recorded in these 
recording points. Table no. 3 presents a group of two seismic 
stations each, located approximately in opposite relative 
position one towards the other as compared to the epicenters. 
Also was drawn up a set a map of Vrancea zone on which the 
.epicenters, epicentral and hypocentral distances, and the 
differences of S-P waves (in sec. ) indicated of the each 
seismic radius of the network stations which was selected for 
the both earthquake analyzed (Fig.no. 2, 3 and 4). 

The possibilities to compare the obtained records in the 
same sites of seismic stations, with the same type of 
accelerographs, and orientations for two successively strong 
ground motion occurred into a short time interval, in the same 
seismic zone, having similar focal mechanism, allowed to 
interpretations not affected by various types of corrections 
usually applied in practice. 

In this situation, the time differences between S-P waves 
(in sec.) and the maximum values of recorded acceleration in 
the same seismic stations, for the analyzed earthquakes, after 
applying classic corrections for attenuation depending the 
distance (taking into account the different geographic 
position of the both earthquakes), reflect only the 
propagation path contribution and the influence of the local 
geology around the stations. 

If these data are associated with complete 
tectono-geological information and correlated also with other 
data supplied by the stations in a network and with others 
results of studies, based on geophysical methods, for soil 
instruments, then the research results can be more than 
satisfactory. 

In this sense there is in elaboration such a study. 
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DISTANCES ACCELERATIONS 
UNITS' S-P 2 

NO STATION (J;m) (cm/s ) 
PLACEMENT (s) 

EPI HYPO L v T 

1 IASI basement 201 240 20.0 64 36 146 

2 VASLUI ground 158 205 21.0 165 140 175 

3 BACAU basement 121 183 17.1 64 31 78 

4 ONES TI ground 81 154 16.0 86 72 141 

5 BIRLAD ground 120 178 17.9 165 54 151 

6 FOCSANI basement 58 143 15.7 144 88 209 

7 GALATI basement 120 178 17.5 147 72 138 

8 RM.SARAT basement 47 139 15.7 96 89 70 

9 BRAILA basement 118 176 18.0 90 42 49 

10 TULCEA ground 184 226 23. 0 37 35 65 

11 CAMPULUNG basement 115 174 18.0 65 17 55 

12 CAMP INA ground 73 150 - 52 35 28 

13 CERNAVODA ground 178 221 22.7 54 58 39 

VALEN II 
14 basement 45 139 15.0 178 155 160 

DE HUNTE 

15 PLO I EST I basement 75 151 16.0 287 48 185 

16 BAIA TULCEA ground 195 235 25.0 28 30 31 

17 PERIS ground 100 165 16.7 109 111 150 

BOLINTIN 
18" ground 

VALE 
130 185 17.B 85 32 84 

19 BUCURESTI ground 125 181 18. 0 93 54 94 

20 GIURGIU ground 183 225 22.5 49 25 32 

TURNU 
21 

MAGURELE 
basement 233 267 - 57 17 44 

Table 1 Stations, placements, epicentral and hypocentral 
distances, differences on S-P waves (in sec) and 
accelerations recorded at August 30/3lst, 1986 
Vrancea earthquakes. Type of unit and foci depth 

are the same for all the stations. 
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DISTANCES ACCELERATIONS 
UNITS' S-P 2 

NO STATION (Km) (cm/s ) 
PLACEMENT (s) 

L v T EPI HYPO 

1 IASI basement 135 162 15.5 124 49 99 

2 VASLUI ground 84 122 14.6 130 109 111 

3 BAC.\U basement 58 106 11.5 141 27 56 

4 ONESTI ground 25 92 10.0 94 83 201 

5 BIRLAD ground 63 109 12.1 143 70 104 

6 FOCSANI basement 45 100 10.6 92 197 89 

7 GALATI basement 110 141 14.0 142 97 134 

8 RM.SARAT basement 75 116 12.0 97 50 143 

9 BRA ILA basement 120 149 13.2 61 37 68 

10 TULCEA ground 177 198 22.7 49 49 94 

11 CAMPULUNG basement 167 230 15.5 49 12 38 

12 CAMP INA ground 135 208 14.0 129 66 188 

13 CERNAVODA ground 208 226 25.7 95 33 84 
VALEN II 

107 14 basement 109 170 13.0 
' 
51 125 

DE HUNTE 

15 PLO I EST I basement 140 211 15.5 63 29 77 

16 BAIA TULCEA ground 205 223 - 81 - 59 

17 PER IS ground 135 162 17.0 228 63 167 -
BOLINTIN 

18 ground 
VALE 

196 215 18.0 188 109 219 

19 BUCURESTI ground 198 208 18.5 154 66 124 

20 GIURGIU ground 248 294 23.0 115 37 47 

TURNU 
21 

MAGURELE 
basement 298 311 - 131 71 82 

Table 2 Stations, placements, epicentral and hypocentral 
distances, differences on S-P waves(in sec) and 
accelerations recorded at May 30 1990 Vrancea 
earthquakes. Type of unit and foci depth are the 

same for all the stations. 
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AUGUST 30/31 1986 EARTHQUAKE 

S-P EPICENTRAL ACCELERATIONS (cm/s2 ) 

No ST.1 - ST.2 ANGL (s) DISTANCE STATION 1 STATION 2 
lvs2 ST. l ST.2 ST.1 ST.2 L v T L v T 

1 ONESTI- PERIS 8 16.0 16.7 81 100 86 72 141 109 111 150 

2 BACAU-PERIS 7 17. 1 16.7 121 100 64 31 78 109 111 150 

3 IASI-GIURGIU 10 20.0 22.5 201 183 64 36 146 49 25 32 

4 BARLAD-BOLINTIN 14 17.9 17.8 120 178 165 54 151 85 32 84 

5 FOCSANI -CAMP INA 13 15.7 - 58 73 144 88 209 52 35 28 

6 GALATI-CAMPULUNG 15 17.5 18.0 120 115 147 72 138 65 17 55 

MAY 30 1990 EARTHQUAKE 

S-P EPICENTRAL ACCELERATIONS (cm/s 2 ) 

No ST.1 - ST.2 ANGL (s) DISTANCE STATION 1 STATION 2 
lvs2 ST. 1 ST.2 ST.1 ST.2 L v T L v T 

1 ONESTI-FOCSANI l'O 10.5 10.6 25 45 94 83 201 92 197 89 

2 BACAU-RM.SARAT 11 11. 5 12.0 58 75 141 27 56 97 50 143 

3 IASI- PLOIESTI 5 15.5 15.5 135 140 124 49 99 63 29 77 

4 VASLUI-VALENII 10 DE MUNTE 14.6 13.0 84 109 130 109 111 107 51 125 

Table 3 Stations location in opposite relative position to the epicenters 
of August 30/3lst 1986 and May 30th 1990 earthquakes. 
Angles, distances and accelerations. 

Taking into account the large areas always affected by the 
strong Vrancea earthquakes, in order to elucidate all 
ambiguities, either a pack a recordings points, or to obtain 
numerous records in a short time, are necessary. 

Because this goal is difficult enough to realize a complex 
study is necessary which can be done very well in an 
international cooperation. 

I am happy to say that right now a such project is 
initiated by Geophysical Institute of Karlsruhe and Research 
Center for Geophysics of Potsdam, in cooperation with research 
geophysics centers from Romania. 

Due to thes.e project, the obtained instrumental information 
will allow to get rich knowledge on the internal structure of 
the Carpathian Arc with special reference to the Vrancea 
seismic zone. 
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REMARKS 
The system of quantification of the severity of motion was 

used on the occasion of the earthquakes of 30/31 August 1986, 
30 May 1990 and 31 May 1990, when numerous valuable 
accelerographic records were obtained 

According to a decision adopted by the Government of 
Romania, which endorsed some measures to be taken subsequently 
to the earthquakes of May 1990,a new seismic zoning of Romania 
was drafted. The activities devoted to this goal included, 
besides a reconsideration of macroseismic information and 
hand also the use of instrumental data. 

It is believed that the existence of valuable records 
provides full information for the ground motion .at a definite 
geographic location and the seismic intensity should be 
estimated on this basis exclusively, with high certainly and 
accuracy, for location referred to in such cases. The 
relationship between amplitude and kinematic parameters will 
not depend on the features of source, or region, etc. but also 
on the features of local ground motion. 
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ABSTRACT 

The well known earthquake of the lst November 1755 generated probably the most catastrophic tsunami ever 
reported that affected the coasts of Portugal, south Spain and Morocco. The dimensions of that event aroused 
the interest of philosophers and scientists that tried to establish causes and relations to previous events, from 
the religious point of view the most immediate explanation implied divine punishments. In the philosophical 
field this event had a tremendous impact in the anti optimism movement in the Europe of the 18th century, 
leader by thinkers like Voltaire and Kant. In Voltaire's Candide, the catastrophe is describep in the following 
way: "A peine qu 'ils ont mis le pied dans la ville, ... , qu 'ils sentent la terre trembler sous leurs pas, lamer 
s'eleve en bouillonant dans le port, et brise les vaisseaux qui sont a l'ancre. Des tourbillons de flammes et de 
cendres couvrent les rues et les places publiques ... " ("since they arrived at the city they felt shaking of the of the 
earth while they were walking, the sea rise in the port and shacked the ships in the port. The flames and ashes 
covered all the streets", Voltaire, 1759). 

In this paper we present a joint review of the earthquake/tsunami parameters based only on coeval 
sources. The study is focused on the evaluation of the main tsunami parameters as the travel time, the 
maximum run up height, the first movement and the extension of the flood areas. 

The evaluation of such parameters is crucial for a quantitative approach of the tsunami modeling , to 
constrain further the geodynamic model of the SW Iberian Area and to estimate tsunami hazard. 

INTRODUCTION 
The historical documents from Portugal and Spain report several major earthquake events that 

generated catastrophic tsunamis. The location of those events is certainly questionable although they were all 
generated in the North Atlantic area adjacent to the Iberian Peninsula. 

The 1755 event is possibly the largest historical earthquake ever described; this earthquake was felt all 
over Europe and the tsunami was observed all over the North Atlantic coasts. The estimated magnitude of the 
earthquake is 8.3/4 and according to Abe (1979) the tsunami magnitude is M,=Mw=8.5. 

This earthquake occurred in an interesting geological area, in the confluence of the Eurasian and 
African plates, where the geodynamics is not well understood and generated large tsunami waves, crossing the 
Atlantic ocean. The most destructive waves were observed along the coast of Portugal, specially in Lisbon, on 
the coast of Algarve, in Cadiz and in several places along the coast of Morocco. During this event some near 
shore villages were seriously damaged by the tsunami waves e.g. Setubal and Sesimbra (south of Lisbon), Lagos 
and Faro (south coast of Portugal). The epicenter location of the 1755 event is believed to be located at the 
North Atlantic area adjacent to the Iberian Peninsula, southwest of Cape S. Vicente, close to the Gorringe Bank 
(a huge seamount of 200 km long) located along the A~ores Gi~raltar plate boundary. The seismic intensity of 
this event was X-XI (Mercalli scale) at Lisbon and Algarve and VIII-IX at South Spain and North Morocco 
(Pereira de Sousa, 1919). · 

The present knowledge of the seismicity of the North Atlantic area, permits to conclude that the 
seismic and tsunami hazard is mainly dependent of the tectonic activity of the A~res Gibraltar Fracture Zone. 
The focal mechanism analysis shows that the relative movement between the African and European plates at 
the eastern end of the AGFZ corresponds to the underthrusting of the African plate below the Eurasian plate 
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(Auzende, 1978) at an extremely low rate. The most prominent topographic feature in this area is the Gorringe 
bank, a structure with 200 km long and 80 km wide, that is believed to be out of isostatic equilibrium. This fact 
could explain the occurrence of large catastrophic earthquakes but it is not compatible with the reduced number 
of events registered (Baptista et al, 1992). 

The existence of few instrumental earthquakes generated in the Gorringe area, makes very important 
the study of the 1755.ll.Ol event, as any evaluation of the tsunami risk will mainly depend on its geophysical 
interpretation. The available studies, that are all based on the 1919 compilation made by Pereira de Sousa are 
incomplete, at least in what concerns the physical parameters of the tsunami waves. The new compilation of the 
coeve documents presented here tries to re-evaluate each document at the light of our present knowledge 
concerning the tsunami propagation and its interaction with the coast. From the point of view of the seismic 
and tsunami risk evaluation, this study is particularly important because an earthquake and a tsunami with the 
same characteristics today should be more destructive due to the increase of populated shore areas and the 
growth of tourist structures along the shore. 

PREVIOUS STUDIES 
The historical documents from Portugal and Spain report several major earthquake events that 

generated catastrophic tsunamis. The 1755 event is described by Mendon~a (1758) as an event that will remain 
in human memory for centuries due to its extension and damage: "O terremoto que experimentou o mundo no 
penultimo mez deste anno, sera memoravel a todos os seculos pela sua extensilo, de que so a Asia ficou 
isenta ... " ("The earthquake that was felt all over the world on the last month of this year, will remain in human 
memory during the following centuries, because of its extension that only Asia was exempt"). 

The most complete study on the 1755 event is the demographically work of Pereira de Sousa (1919), 
based mainly on coeval sources and on the parochial archives. According to this author the seismic intensity of 
this event was X-XI (Mercalli scale) for Lisbon, Setubal (west coast of Portugal, south of Lisbon) and for most 
of the villages in the Algarve from Sagres to Faro. The values of VIII-IX were attributed to some localities in 
southern Spain, e.g. Cadiz, and North Morocco. 

Another study, based on the Spanish historical reports, is the work published by Martinez Solares et al. 
(l 979). This author attributes an intensity degree of VIII to the region of Cadiz decreasing fast towards north. 
The authors conclude that the epicenter location, the depth and the focal mechanism of this shock should be the 
same of the 28 February 1969 event; this conclusion is based on the great similarity of the isoseismal maps 
obtained for both shocks, although the similar values of intensity are not compatible with the different 
magnitudes. The event of 1969 is a 7.5 (event while the magnitude attributed to the 1755 event is of the order 
of 8.3/4 this fact means that the 1755 event is approximately 15 times larger than the 1969 event. Another 
important conclusion of Martinez Solares et al., 1979) is that the 1755 event should be a multiple rupture event 
type, this conclusion is mainly based upon the duration of the earthquake reported in liistorical documents. 
Levret (1991) also concludes that the 1755 event had the same origin the same focal depth and the same focal 
mechanism as the 28.02.1969 event although their magnitudes were quite different. 

Recently Campos (1992) published a study on the 1755 tsunami effects along the coasts of Spain. This 
study presents quite detailed Spanish historical data but the information about the effects of the tsunami in 
Portugal is mainly based on available studies and not on Portuguese coeval sources. The main conclusions of 
this study concerning the 1755 event are the following: the epicenter source region should be located south of 
the west coast of Algarve and northeast of the Archipelago of Madeira in the entrance of the Gulf of Cadiz 
(considering this gulf from the S. Vincent Cape, Portugal). Other studies have been published in Portugal but 
are mainly based on the work of Pereira de Sousa (e.g. Machado, 1966, Moreira, 1968). 

ANALYSIS OF HISTORICAL DATA 
The 1755 event had immediate repercussion all over Europe of the 18th century. The catastrophic 

dimensions of this event and the fact that it was followed by a long aftershock sequence during the following 
months, aroused the interest of philosophers and men of sciences who tried to establish causes and relations to 
previous events that occurred not only in Portugal but all over the world. 

On the other hand, the fact that the earthquake occurred in Europe, in a city which ruins could easily 
be visited and where damage could be evaluated, in situ, lead to the publication of several types of reports, 
descriptions, philosophical and religious explanations. From the religious point of view the most immediate 
deductions made references to divine punishments that could be followed by others even worse. In the 
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philosophical field this event had a strong impact in the anti-optimism movement leader by thinkers as Kant 
and Voltaire, e.g. "Poeme sur la desastre de Lisbonne", "Candide ou l'optimisme". 

After the earthquake of the l'' November 1755 a considerable number of documents was written in 
Portugal, Spain and Morocco. The historical documents include descriptions of the event and damage at 
different places, apologetically dissertations, letters, poems, moral judgments, sermons, explanations and 
interpretations of the catastrophe from the physical and religious point of view. Among those documents a 
reasonable set of works was found, containing reliable descriptions of the event: these reports seem exempt of 
the emotional atmosphere of the country affected by the catastrophe and are written in a more impartial and 
precise style. Some good examples correspond to the letters of the members of the Royal Society that were eye
witnesses of the event at several places in Portugal, England Spain and Morocco (Phil. Trans., 1755). Those 
scientists sent their reports to the society and most of their letters include precise descriptions of the tsunami, 
e.g. " ... On Saturday the l'' inst. I rose at five in order to remove my ship from the custom house agreeable to 
my order; by nine we sailed down and anchor'd off the upper end of Terceras, wind at N.E., ... ,ten minutes 
before ten I felt the ship have an uncommon motion ... By my best judgment the water rose in five minutes about 
16 feet..." (B.A, 1755). 

Our review consisted on a careful analysis of a large amount of several types of documents written 
between 1755 and 1759. Our choice was based on the conclusion that only the coeval sources are reliable and 
free from historical interpretations and subsequent distortions. For the present study we collected most of the 
historical data available from the three main countries affected by this earthquake and most documents were 
interpreted directly from the original language. The first step of this research consisted in the compilation and 
reading of all information in coeval sources concerning the earthquake followed by the selection of all 
documents that contained relevant information about the tsunami (see Table 1). 

The reading and interpretation of those sources showed the need to distinguish among different 
documents according to the type of report, the wording, the date and the location where the report was written 
and finally the knowledge of the author about the subject and the correctness and accuracy of the description. 
Different documents containing discrepant information from the geophysical point of view may have the same 
reliability parameter according to their historical accuracy. The reliability scale consists of three levels: 1 -
good, 2 - reasonable and finally 3 - bad (not reliable). (see table 2). 

The documents that were classified with parameter 3 are those written in a sensational and quite 
doubtful style making references to punishments of God and that are poor in information concerning the 
earthquake and the tsunami (e.g. " ... pues alborotado el Mar, corn soberbia rigorosa quiere sair de su centro 
dando pavorosa Lisboa, y como lobo feroz El Tajo; abierta la boca parecia que intentava tragar-se la Ciudad 
toda .. . , Nueva Relacion 1755) ("The sea was so altered that wanted to came out of its center... like a wild wolf 
the river Tagus with its mouth open seemed to want to swallow the whole city") 

The set of reports with reliability parameter 2 contain useful information and are written in a more 
precise type of wording although the authors were not scientists and they show their ignorance about these 
events (e.g. "Dos movimentos do mare irregularidade do seu fluxo e refluxo no mesmo tempo, nada certamente 
sei, ainda que oi~o por noticia das terras maritimas que foi grande a desordem das aguas ... ", Arq., Min. Reino, 
1756) ("About the movements of the sea and the irregularities in its flux and reflux I don't know anything 
although people from the seaside say that the disorder of the waters was great") 

Finally most of the works with parameter 1 were written by scientists, as it is the case of the members 
of the Royal Society, or people that showed some knowledge about previous events, not only in Portugal but 
also all over the world, as it is the case of Mendorn;a (1757). 

One of the most important documents that we had access were the answers to the Inquiry made by the 
Marquez de Pombal, secretary of state at the time of the King Joseph I, to all priests (Arq. Min. Reino, 1756). 
This inquiry includes several questions that reveal a scientific mind; unfortunately the answers to those 
questions concerning the districts of Lisbon and Algarve are not available at the National Archives. Our 
attention was focused on those questions that contain relevant information on tsunami parameters: 
. At what time began the earthquake and how long did it last ? 
. What did you observe at the sea the rivers and the springs ? 

. Did the tide came up or go down first ? How many "palms" over the ordinary level ? 

. How many times could you observe the flux and reflux of the waters? How long took the water to go 
down and come up ? 

1792 



TABLE 1 - SYNOPSIS OF DOCUMENTS USED IN THIS STUDY 
TYPE OF DOCUMENT EARTHQUAKE TSUNAMI 

Descriotirinl!/Reoorts 28 11 
Dissertations/Exolanations 14 3 

Comoifations 9 5 
Newsoapers 0 6 

Chronicles/Annals 11 2. 
Letters 78 58 

Answers-•to thelnquity·* 566 10 
Moral and Religious Jud1m1ents 33 2 

Poems 7 .. 3 . 
Sermons/Prays 39 1 

TOTAL 774 101 

*(Answers to the inquiry made by the Prime Minister (Marquez de Pombal) to all parochial districts, Arquivos do 
Ministerio do Reino, 1756) 

TABLE 2 - RELIABILITY PARAMETER 
DOCU!\lENTTVPE RELIABILITY PARAMETER 

Letters to the Royal Society 
... Letters and chroriidesi nnewspapers artd mamzines 1or2 

Descriptions written by clergymen and priests 2 or 3 
-Anonvnious.· coeval·•sources 3 

Sermons, poems, moral iudgments 3 

The following example shows the accuracy of some of the answers to those questions: "Pelas nove 
horas e meia da manha comec;:ou a tremer lentamente a terra , .. , sossegou a terra por espac;:o de 2 miuntos 
quando logo repetiu segundo, corn a mesma intensao do primeiro, porem mais limitada pois duraria por espac;:o 
de 4 miuntos( ... )no referido dia primeiro de Novembro passado discurso de meia hora, corn pouca diferenc;:a , 
que veio a ser pelas 10 horas e um quarto, comec;:ou este a levantar tais montes de agua ( ... ) subiram fora da 
ordem natural 44 palmos (. .. ) observou-se que nasciam estes fluxos ou montes de agua da pancada do mar para 
a terra" (Arq. Min. Reino, 1756) ("At half past nine in the morning the earth began to shake, ... , it stopped for 
two minutes and it started shaking again for four minutes( ... ) on that day of the lst November half an hour after 
the earthquake, that is about a quarter past ten the sea began to rise over the ordinary level about 44 palms; it 
was observed that those "mountains of water" came from the sea to the earth"). In this example we can see an 
accurate description of the earthquake; the approximate travel time of the tsunami and the polarity of the first 
movement. 

METHODOLOGY 
All documents were read and interpreted in order to obtain the parameters included in the following 

check list: i) Time of the earthquake (local solar time), ii) Duration of shock (including aftershocks), iii) Mean 
run up height, iv) First movement, v) Flood area vi) Arrival of the tsunami/ Travel time, vii) Duration of the 
sea disturbance, viii) Period ix) Number of waves. 

The evaluation of the parameters: Time of the earthquake and duration of the main shock and number 
of aftershocks is important not only from the seismological point of view but it is a valuable help for the 
evaluation of one main tsunami parameters as the arrival time and/or the travel time. The arrival of the tsunami 
is either relative to the time of the beginning of the earthquake or to the end of the last aftershock. 

In order to establish the travel times of the tsunami we assumed that the instant of the generation of 
the tsunami is coincident with the time of the earthquake and that all times referred in coeval sources are local 
solar times. The fact that the scientists from the 18th century were aware of this problem is shown in the 
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following text: "( ... ) y quando em Madrid son las 10., em Lisboa no so mas que las 9.34 minutos y 18 
segundos ... "(Gallardo, 1756).("When in Madrid it was said the earthquake occurred at 10 o'clock the time in 
Lisbon should be 9h 34 min 18s, that is the difference in time between Lisboa and Madrid. All solar time 
differences present in this study were computed by the Observat6rio Astron6mico da Ajuda (Lisboa-Portugal)"). 
Whenever the arrival of the tsunami was referred to the end of the shock we added the time interval 
corresponding to mean duration of the shock .. 

The first movement is referred in the literature as the flux and reflux of the waters; According to our 
historical research and interpretation of 18th century wording the word flux was always interpreted as an 
upward movement and reflux as a downward movement. It is also important to note that the movement that is 
perceptible to the eye witnesses is the strongest and sometimes may not correspond exactly to the first 
movement, i.e if the first movement is a small reflux followed by a strong upward movement it is this last 
movement that remains in human memory and that is often referred in the reports. 

The amplitude and the run up height: the distinction between these two parameters was also rather 
difficult although it was possible to find quite precise descriptions and separate one from the other. 

The period of the tsunami: the information concerning the period should be found in the answers to 
the third question mentioned above "How long took the water to go down and come up?". Unfortunately the 
answers to that question are not very precise and abundant although some references to the period were found 
in the literature. 

The duration of the sea disturbance: from the reading of the documentation available the duration of 
the oscillations seems to depend strongly on the observation site. 

TABLE 3 - DATA CONCERNING THE TRAVEL TIME 

LOCATION 

C. S. VICENTE (37.0N,8.99W) 

CORNWALL MOUNTSBAY 

OEIRAS (38.67N,9.32W) 

MADEIRA (32.63N,16.88W) 

PORTO NOVO (39.l,9.43W) 

TIME OF THE 
EARTHQUAKE 

Oocal time) 

9h30mn 
lOh 

9h30mn 

9h38mn 

9h30mn 

DURATION OF MAIN 
SHOCK 

+ 2 AFTERSHOCKS 

8-9 
,., . 

.: .. _ ~ -~ 

lOmn 

l-2mn 

app. 15mn 

SIM · .. 

I• 

I: 

TRAVEL 
TIME 

(minutes) 

15* 

234 

25-30* 

90 

75 

· • 

* in those stations the travel times were obtained by arrival time + duration not reliable until historical 
sources from Morocco will be available 

EVALUATION OF THE TSUNAMI PARAMETERS 
·The following tables summarize the main tsunami parameters. The results presented here are those 

found in documents with reliability parameter l or 2. The geographical coordinates presented are approximate 
as we do not know what were the specific observation points; all we know is the location from where the report 
was written or from what location it refers. 

About 30 references were found on the duration of the shock. The reading of the available data shows 
that the earthquake occurred at 9 h 30 mn (+/- 10 minutes) and the time interval referred as the duration of the 
shock includes a main shock followed by two aftershocks. The mean duration of the shock was found to be 8.5-
9 minutes. Some authors propose that the interval time of 8-9 minutes should be interpreted as multiple rupture 
events, e.g. Martinez Solares et al., 1979; we decide to interpret it in terms of main shock followed by two after 
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shocks as presently we do not have a complete interpretation of the geodynamic model for that area neither we 
have a final i"'terpretation of the focal mechanism. Our interpretation does not exclude the multiple rupture 
event. 

TABLE 4 - FIRST MOVEMENT 
LOCATION FIRST MOVEMENT 

BARBADOS (13.25N,59.5W) U 

CORNWALL (UK) U 

GIBRALTAR (36.15,5.35W) U 

MADEIRA (North)** U 

PORTO (41.15N,8.18W) U 
PENICHE(39)5N9;3SW) u 

SAFI (32.3N,9.33W) U 
TANGER (35.8N,5.08W) U 

The travel time is often referred to the end of the shock, this fact means that if we consider that the 
tsunami was generated by the main shock, the travel time should be evaluated in the folloW'ing way: TT = AT + 
MDS - TE, where TT is the travel time, AT is the arrival time, MDS is the mean duration of the shock and 
finally TE is the time of the earthquake. From table 3 we found the following approximate travel times: The 
first movement of the waters is summarized in the table 4. The mean run up height is summarized on the 
following table. The values shown are obtained by the mean value of the run up heights found in the most 
reliable reports from each location and all of them are converted in meters (ljoot;:; 0.3m, Jvara;:; (4.8m)). 

The value found for Cadiz is exceptional large although several references were found in coeval 
sources with reliability parameter 1 or 2. In such cases we decided to present the value although we must 
mention that it is not reliable. 

TABLE 5 - MEAN RUN UP HEIGHT 

CADIZ (36.05N,6.30W) 15 
CEt.rtA(35,SSN, 5.3ZW) . i 

CORNWALL (51.52N, 5.53W) 2 
GiBRALTAR (36.J5N', ~,~SW1 2 . . ·. .. 

LISBON (38.73N, 9.08W) 5 

·. 

PORTO (41.15N, 8.18W) 

Finally the last parameters analyzed were the number of waves and the period: 

TABLE 6-PERIOD AND N° OF WAVES 
LOCATION p'ER.Io'D 

lMDllUTll$l ·• ·• ·. 

CADIZ (36.50N, 6.30W) 16 6 
CEUTA (35.88N, 5.32W) 15 

CORNWALL (51.52N, 5.53W) lO 3-4 
GIBRALTAR(36.l5N, 5.35W) 15 3 

LISBON (38.73N, 9.08W) lO >3 
MADEIRA (32.63N, l6.88W) 4-5 
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SUMMARY AND IMPLICATIONS FOR TSUNAMI MODELING 
The historical compilation presented includes most of the available data from Portugal, Spain and 

several other European countries. The less reliable valuables are those concerning Morocco as we had no access 
to Arab sources. The descriptions of the earthquake and tsunami observed at different places were not written in 
situ by eyewitnesses of the event so we consider all those values not reliable until some more coeval sources 
from Morocco will be available. 
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ABSTRACT 
The 1755 Lisbon earthquake, with estimated magnitude, from isoseismal maps, of 8-3/4, generated a 

huge tsunami that affected the coasts of Portugal, Spain and Morocco. Due to its large impact in terms of 
human lives and coastal damage, its analysis, as well as the study of other historical events, is essential in terms 
of risk assessment in the Iberian and North African region. 

This event is probably the earlier well documented Atlantic tsunami, with coeve references all over the 
Atlantic basin, and one of the largest in historical times. The preliminary results shown below, try to use the 
historical data to constrain the geometry of the tsunami source, taking into account the uncertainty in most 
parameters, namely the tsunami arrival time/travel time. That data is used as an input to a ray-tracing model, 
for which some new analysis tools are proposed, and to a shallow-water model. The results presented show that 
the tsunami source location is quite close to the Portuguese coast, suggesting a major axis in the NNW/SSE 
direction. 

This study was done within the European Project GITEC - Generation and Impact of Tsunamis 
Affecting the European Coasts. 

INTRODUCTION 
The lst November 1755 Lisbon earthquake, generated a catastrophic tsunami along the Iberian and 

North Morocco coast with an estimated Richter magnitude of 8-3/4. According to the available historical 
reports the shock was felt all over Europe, in northern part of Morocco and in the Island of Madeira and the 
tsunami waves were observed all over the North Atlantic coasts. 

In spite of the extensive research work on historical reports the epicentre location of that event is still 
uncertain and its focal mechanism is still not well understood. The assumed epicentre location of this event, 
inferred from previous isoseismal maps, is slightly north of the Gorringe Bank region, about 37.00N, 
10.00W (Galbis Rodrigues, 1940). Any attempt to locate the source of the Lisbon tsunami must take into 
account the extreme intensity values attributed to Lisbon and Algarve (X-XI in the Modified Mercalli Intensity 
Scale) located at different distances from the assumed epicentre, tl1e high values of Intensity reported from 
north Morocco and southern Spain (in the region of the Gulf of Cadiz) and the eye-witness accounts of the 
tsunami arrival reported along the Atlantic coasts. In this study we use the travel times and the amplitude 
tsunami data, collected in historical reports, taking into account the inferred reliability (Baptista et al, this 
issue). The most reliable descriptions were carefully selected in order to obtain a set of "observation points" 
that assure the best azimuthal range available from historical data. 

The Gorringe bank is located at the eastern part of the Azores Gibraltar Fracture Zone (AGFZ), 
separating the Eurasian and African plates. The AGFZ extends from the Azores triple junction towards the 
Strait of Gibraltar where continental collision is believed to occur into the western Mediterranean area (Figure 
1). The relative movement between Eurasia and Africa changes from right lateral strike slip with an 
extensional component at the Azores (Argus et al, 1989) to pure strike slip along the Gloria fault and thrusting 
in the NW direction at the eastern end (Auzende, 1978). At the eastern end of this plate boundary the ocean
ocean convergence is occurring at a slow rate (Minster & Jordan, 1978) with no evidence of a Benioff zone. 
This is an area of rather complex bathymetry, dominated by huge seamounts (Gorringe and Ampere banks) and 
large Abyssal Plains; the seismicity in this region is rather scattered with a mixture of different focal 
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mechanisms. Those facts suggest that a large region of the oceanic lithosphere is under deformation; for this 
reason it is rather difficult to locate the plate boundary . 

Figure 1 - Geological setting of the Iberian region. (I-oceanic crust, 3-convergence zone, 4-AGFZ, 5-10-
Fault lines). Adapted from Cabral (1993). 

BATHYMETRY 
In order to produce appropriate depth matrices to be used in the ray tracing and shallow water models, 

a composite digitised map including contour lines and depth sounding values from 25 maps at different scales 
(ranging from 1/15 OOO in some coastal areas to 1/ 3 500 OOO in the Western North Atlantic) and some 
unpublished high resolution data concerning the Gorringe Bank region was prepared (Mendes Victor et al., 
1994). The data was scanned from the original maps, where it was plotted with a Mercator projection, and 
converted from raster to vector/text format This data was then transformed to a common geographical system, 
merged into a single map and edited to check data errors and to reduce spurious discontinuities between maps. 
In those areas where there was data corning from different scales, the priority was always given to data corning 
from the highest resolution analysis. The final composite maps includes depth information in about 100 OOO 

points covering a latitude range from25° N to 50° N. The data contained in the composite map was then 
gridded to a set of net matrices with resolutions ranging from 0.002 minutes to 0.02 minutes. The gridding 
routine (Smith and Wessel, 1990), uses a continuous curvature approach, with a tension factor appropriate for 
steep topographic data. 
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RAY-TRACING METHOD 
The location of the tsunami source area was made using a ray tracing technique, that follows an 

approach developed by M. Okada (Weissert, 1990). The model simulates the horizontal displacement of a sea 
surface perturbation using a linear long wave approximation. This theory is valid, only, for tsunami 
propagation in the open ocean and leads to a simple computation of the wave speed at any given horizontal 
location as an exclusive function of the corresponding depth: 

c= Jih 
Using the predicted value of the wave speed, the model proceeds to compute the ray path, that is the 

least time path, from the source to any given grid point. This computation is done making use of the fact that 
for a delimited region, the bathyrnetry follows a plane and it is possible to obtain an analytical solution for the 
shape of the ray path within that region, from which a travel time is given by numerical integration of one 
variable. the obvious way to produce a piecewise plane approximation to the bathyrnetry is to use a triangular 
grid and assume that the depth inside each triangle follows the plane defined by its three vertices. Given the 
source location the model will then compute the shortest possible travel time for each grid point on the 
triangular grid and reinterpolates it back to the rectangular grid. In this approach, the depth will be given by: 

h(x,y)= Ax+By+C 

using the following co-ordinate transformation we can write the depth as an exclusive function ofY: 

X _ ~B;=x=-=A=y= 
- .JA2 +B2 

y _ _ A,x=+=B=~=+=C=
- .JA2+B2 

h(x,y) = h(Y) = y.J A2 +B2 

and compute the travel time as a single integral in Y: 

T= L ~h = L I+(dX /dY)2 dY 
'\/l5" gY.JA 2 +B2 

The ray path is then computed by minimising the previous integral, leading to the cycloid equations 
(using yet another coordinate system): 

X 1 - X 0 = a(O- sin(O)) 

Yi -Ya = a(l- cos(O)) 

defining the cycloid path between the two points ( x O> Ya), ( xl 'Yi ) . The numerical model computes arrival 
times at all vertices of any triangle of the grid by numerical evaluation of the travel time integral along the 
cycloid paths. 

Due to the reversibility of the ray path approach it is possible to use the ray tracing model either to 
compute the travel time of a wave front from a given source to any point, or the location of the source, given a 
set of points and corresponding travel times. In this second case, the procedure is referred as backward ray 
tracing and as been proposed by Abe (1973). While the direct ray tracing technique is not as realistic as the 
more powerful modelling approaches, directly based on the integration of the appropriate hydrodynamic 
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equations, the backward ray tracing method can be a useful technique to produce a first approximation to the 
location and geometry of the tsunami source, from where other models can proceed. 

BACKWARD RAY-TRACING 
To obtain a backward ray tracing simulation it is necessary to compute a set of maps of travel times, 

each one for a "backward moving tsunami" originating from a point source located at each of the tide gauge 
stations where travel times are known. Each station will have then its own backward travel time map and the 
contour of the real travel time, for that station, will locate the set of possible positions of the source at time zero. 
Using all available tide gauge data, it should then be possible to locate a finite region containing the tsunami 
source. In practice, however, there are errors (in the bathymetry, in the assumed travel times or in the model) 
which may lead to impossible solutions, such as negative source areas. To overcome this difficulty a 

modification of the previous diagnostic was performed, introducing for each station a time error bound i:, 

depending on the quality of the record. Then, for each station i, instead of taking the travel time contour line ti, 

the new diagnostic takes a spatial band delimited by the contours ti-'t and tj+t. Each station will define its own 
band and there will be, in principle, regions of intersection of two or more bands; these regions can be 
interpreted as candidates for the source area. On the other hand, each station will also define a forbidden area 
for the tsunami source, which will be the area between the station and its corresponding source band, leading to 
a stronger constrain on the selection of source position and dimensions. This method will be called the "method 
of area elimination". 

To check these results a second, simpler, analysis method was also used. This method may be called the 
"minimum mean absolute error method" and consists in the calculation, for each grid point, of the average, for all 
stations, of the absolute travel time error given by the difference between the measured travel time and the computed 
travel time for a point source located there. 

BACKWARD RAY-TRACING RESULTS 
Figure 2 shows the result obtained in a set of backward ray-tracing simulations, for 8 stations, using the 

area-elimination method and the data shown in Table 1. The black spots A and B indicate point sources compatible 
with 5 (out of 8) stations. Together they account for 6 stations. To obtain an acceptable travel time for Figueira it is 
necessary to extend the source to the latitude of Lisbon. It is impossible to satisfy the reported travel time to Angra (in 
the Azores) with any reasonably sized source. In conclusion, this result suggests a tsunami source located quite close to 
the Portuguese coast, extending somewhere between the latitude of Lisbon to the Guadalquivir Fault (Gq in Figure 1, 
back spot B in Figure 2), south of Iberia. 

Figure 3 shows the result obtained by the Mean Minimum Absolute Error method. The area of minimum 
error is located between the Gorringe bank and the south-western end of the Portuguese coast (the S. Vicente Cape). In 
this region the mean error is close to 16.2 minutes, which is remarkably similar to the error bounds used in the other 
method. On the other hand, it should be noted that the mean error is not just a function of observation errors. In fact, 
even with exact travel times there would be a mean error resulting from the finite extension of the source. In the limit, 
when all stations lay along a quasi-linear source, this mean error should be of the order of time taken by the tsunami to 
move along half of that source, suggesting, in that case, an extension of the source to be of the order of : 

L ,,, 2T Jih,,, 300km 

where 't is the mean error (-16rnin) and h the depth in the source region (-2500m). This size and location is clearly 
compatible with the result of the area elimination method. In the other limit, for a faraway source (which is certainly 
not the case), all mean error would result from the observation errors. 
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TABLE 1 

STATION LATITUDE LONGITUDE TRAVEL TIME MAX.HEIGHT 
(DegN) (DegW) (min) (m) 

Ooorto 41.15 8.18 - 1.2 
Figueira 40.14 8.88 45± 10 -
Oeiras 38.67 9.32 25± 10 - (5 in Lisbon) 
S. Vicente 37.01 8.99 16±7 >10 
Huelva 37.25 6.93 50± 10 -
Cadiz 36.5 6.3 78± 15 15 
Porto Santo 33.06 16.16 60± 15 -
Madeira 32.63 16.88 90± 15 4 
Angra 38.65 27.22 102± 15 -

SHALLOW-WATER SIMULATIONS 
The ray-tracing simulations can only use a part of the available historical information, namely the 

travel times. Other constrains are imposed on the location and geometry of the tsunami source by the wave 
heights, polarity, periods and duration. On the other hand there are certainly energy constraints, imposing a 
need to define a source strength (areaxdisplacement height) compatible with the estimated earthquake 
magnitude. 

In order to test different focal mechanisms a set of simulations were performed using a shallow water 
non linear long wave model based on the SW AN code (Mader, 1988). The long wave theory is valid if the depth 
is small relative to the wavelength and if the fluid is assumed to be hydrostatic. The program solves the long 
wave, shallow water, non-linear equations of fluid flow: 

oU oU oU oH U(U 2 +V2 ) 112 

- +U-+V-+g- = FV+F<xl _g-----
ot ox oy ox c 2 (D+H-R) 

oV ov oV oH U(U2 +V2 ) 
- +U-+V-+g-= - FU +F<Yl _g--'----'-
ot ox oy oy c2 (D+H-R) 

oH o(D+H-R)U o(D+H-R)V 
--+ +- -----
ot ox oy 

oR 
- = 0 
ot 

where U, V are the components of the velocity vector in the x and y direction; g is the gravitational 
acceleration; t is the time; H is the wave height above mean water level; R is the bottom motion; F is the 
Coriolis parameter; C is the coefficient for bottom stress; p<•l and p(Yl are the forcing· functions of wind stress 
and barometric pressure in the x and y directions and D is the depth. The values of U, V and H are computed 
using a finite difference equation system. 

In the present study, the shallow water model is used in a weakly non-linear mode. The initial sea state 
is imposed, with an initial displacement above the assumed tsunami source given by a simple analytical 
formula, which implies a region of upward movement in one side of the fault and a smaller region of downward 
movement on the other side, with an exponential decay of the displacement away from the fault. Figure 3 shows 
two different initial states of that kind, which will be considered later. 

RESULTS FROM SHALLOW-WATER SIMULATIONS 
A considerable number of different source locations and geometry have been considered, including 

simple sources with different extension and a few complex sources. In this paper the focus will be on a pair of 
simple sources: source S (Figure 4a), located along the continental shelf and extending between offshore of 
Lisbon and the Guadalquivir Fault, and source G (Figure 4b), located on the Gorringe Bank. Source G is 
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compatible with a scaled-up 1969 event, whereas source S would imply a completely different mechanism with 
underthrusting between the Gorringe and Iberia leading to the uplift of Iberia. Both sources would imply the 
same amount of energy. The amplitude of each source was scaled in order to obtain reasonable average heights 
at the observation points and its value would require about 30 times more energy for the tsunami generation 
than in the 1969 event. Considering the suggested relation for the total energy in both earthquakes, it would be 
necessary to accept that the 17 55 event would be more efficient in terms of tsunami generation, this being the 
case of a shallower rupture. 

Looking at the numerical results, shown in Figure 5, and comparing with the historical data presented 
in Table 1, it is clear that the G source is incompatible with most travel time data, leading to late arrivals in the 
Iberian coast. On the other hand, the travel times computed for source S are similar to historical records, except 
for Huelva where the tsunami arrival occurs later than at Cadiz (this was the case for all sources tested). In 
terms of maximum height, both simulations show significant heights at all stations, as should be expected, but 
they also tend to show heights at S. Vicente, Cadiz and Madeira somewhat smaller than expected. Some of this 
difference may be attributable to run-up effects. 

DISCUSSION AND CONCLUSIONS 
The possiblility of using historical data as an input to numerical modelling is constrained by the error 

bounds that must be attributed to those observations. This problem is still more complex when dealing with a 
phenomenon like a sea-wave, that lasts for many minutes and which height can not be directly measured by the 
observers. Nevertheless it has been shown that it is possible to obtain sensible and useful results when historical 
data is carefully analised, at the light of reliable historical criteria. 

The results presented suggest that the 1755 tsunami was probably originated by a different mechanism 
and in a different location of the 1969 Gorringe event. Both ray-tracing modelling and a series of shallow-water 
smulations have shown that the Gorringe Bank is a very unlikely location for the 1755 event, mainly because it 
leads to wrong travel times for almost all stations. This is particularly relevant because most (if not all) 
previous studies of the 1755 event have been based on comparisons with the well documented 1969 case. 

The choice of an alternative source has been made by a trial and error procedure, starting from a first
guess from the ray-tracing results, and incorporating the present understanding of regional geology (Cabral, 
1993). While both single and multiple sources were considered in this study, it has been concluded that with 
the available datasset it is not possible to validate complex solutions. On the other hand it is possible to account 
for almost all reported travel times with a simple extl!nded source along the Iberian Shelf. 

If the proposed source is valid it would have strong implications in the long term geologic evolution of 
the region and in the risk assement. It has been recently hypothesised by A. Ribeiro and co-workers (personal 
communication) that the Southwest Iberian Margin is the site of East-West compression, possibily related to an 
incipient subduction process which would be responsible for a significant part of the seismicity of the area. The 
results presented here seem to support that kind of stress field. 

While the results shown in this paper seem to be self consistent there is still some room for 
improvement in the source location, taking into account, if possible, data from other regions, namely North 
Africa. This will be pursued further. 
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Figure 2 - Source Location by the Area Elimination Method. 
Contours show the number of stations compabible with a source at the given point. 

346 348 350 

Deg E 

352 354 

Figure 3 - Source Location by the method of Mean Absolute Error. 
Contours of the mean travel time error for a point source at the given point. 
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Figure 4 - Initial displacement on shallow water simulations. 
(a- left) Simulation S - source on the Continental Shelf, maximum heigth= l5 m. 
(b - right) Simulation G - source on the Gorringe Bank, maximum hcigth=25 m. 
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Figure 5 - Sea level at different stations on shallow-water simulations. 
(a - Left) - Simulation S 

(b - Right) - Simulation G 
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NEW INVESTIGATIONS OF THE TSUNAMI DANGER IN THE BLACK SEA 

BY BOYKO RANGUELOV 

Geophysical Institute, B A S, Sofia 1113 

ABSTRACT 
During the last several years a large amount of investigations have been performed in Bulgaria 

concerning tsunami and tsunami hazard in the Black Sea. The standard procedures accepted by the 
European countries for catalogue creation, tsunami risk evaluation, tsunami energy distribution and 
modelling have been applied. A lot of new results concerning establishment of tsunami generating 
phenomena (such as earthquakes, landslides, rockfalls, submarine landslides etc.), areas of vulnerability 
from tsunami (like river's deltas and estuaries, lowlands, steep bays etc.) have been obtained 

INTRODUCTION 
It is well known from different historical descriptions [ 1,2] that very large tsunamis affected the Black sea 

coast and caused a lot of human deaths and destructions in the past. The recent relative not very strong 
earthquakes also produced registered tsunamis, for example the earthquake of 12 July 1966 with a magnitude 
5.3-5.5.The maximum amplitudes of these weak tsunamis reached 20-40 cm. These facts show that the tsunami 
potential exists in the sea and due to the closed character of it, is able to affect strongly some particular areas. 

RESEARCH ACTIVITIES 
Following the standard procedures accepted by other European countries we were able to create first of all a 

catalogue of the Black Sea tsunamis [3]. It consists of 18 cases of tsunami descriptions with sources inside the 
aquatory of the sea and 2 cases from earthquakes located on the land (i.e. outside the aquatory) - both of them 
on the territory of Turkey. The catalogue includes time of occurrence, data for the earthquake generated 
tsunami, region and subregion where tsunami effects have been observed, description of these effects and the 
reliability estimated by Iida scale. 

Next step was the establishment of the potential tsunamigenic sources and vulnerable areas. As main 
generators we consider earthquakes, surface and submarine landslides and possible rockfalls. The most 
vulnerable coast areas from the tsunami influence are as follow: steep bays, lowlands, estuaries and deltas of the 
rivers. 

To investigate the energy distribution of the tsunami energy in this closed sea, we performed the refraction 
theory, which help us to establish the energy distribution and possible "shadow" zones for the different 
tsunami genie sources [ 4]. 

For some dynamic purposes, such as estimation of predominant periods and amplitudes we were able to do 
spectrum analysis of the real tsunamigrames and registrations made by the former USSR stations during the 
last century [5]: Most of the results obtained are in good agreement with the expected parameters. 

As a next step, special attention has been paid to the travel times of the expected tsunami from the nearest 
tsunamigenic source to the Bulgarian Black Sea coast. Several calculations using linear theory, from different 
points of the Shabla-Kaliakra source zone, show that the mean travel time to the biggest town Varna are 
between 20 and 30 min. [6]. Having in mind that this source is able to produce earthquakes with expected 
Mmax up to 7,5-8,0, we consider the situation considerably dangerous, which needs extensive investigations for 
people and infrastructure protection. 

A device for special laboratory tests for tsunami generation and fast relief changes has been developed to be 
used for the solutions of the kinematic and dynamic properties of the model waves. The device is three 
dimensional with good reliability and repeatability [7]. 

It is clear that Azov Sea due to its peculiarities; small depth and specific geometry and connection with the 
Black Sea needs special attention and investigations. 
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ANALYSIS OF THE RESULTS OBT AlNED 
Eighteen cases of the observed tsunamis for the time interval of about 20 centuries show the repeatability in 

average of a case per century. A big gaps from I-st century B.C. to the 8-9 century A. D. and than to the l 9th 
century , show a very big nonregularity in the time domain, which must be taken under consideration to the 
tsunami hazard evaluation of the coast structures. 

On the other hand, almost all described cases suggest that the influence of the observed tsunamis are 
localised at the particular areas, probably due to the local coast geometry and the bottom and bathimetry 
peculiarities. All these facts support the idea that specific, nonunified approach must be used for estimation of 
the tsunami risk, taking into consideration wave propagation, coast and bottom geometry, tsunamigenic 
sources, energy distribution and all other factors influencing the behaviour of the waves and the wave-coast 
interactions for the tsunami hazard zonation of the Black sea coast. 

Having in mind that the sea is practically closed one of the important topics is to pay attention especially to 
the tsunami energy dissipation and concentration, due to the coast and bottom geometry. 

Another very important problem is the increased human and industrial concentration in the vulnerable zones 
of the coast. It is well known that so big cities such as Varna, Bourgas, Odessa, etc. are located at the very 
dangerous zones. Old chroniclers have been described the destruction and desapearance of the very big ancient 
cities - such as Dionysopoulis, Bisone,etc. So, the special protective measures are necessary for the human 
safety, the industrial reliability and marine protection. We suggest to the all suroundung countries the 
establishment of a common warning system. Initialy it may consist of the specialised seismological surveys 
belonging to each country, connected by the radio volonteeres, which is very cheep and effective. This idea 
needs agreement on the governmental level. 

CONCLUSIONS 
A new specific scientific discipline has been created concerning the investigations of the Black sea tsunamis. 

Up to the last years nobody pay attention to this very dangerous natural phenomena, due to its long time 
interval repeatability. 

As a result of large investigation progtamme many new data, facts and results concerning tsunamis in the 
Black Sea have been obtained. It will help to estimate the tsunami risk for the different vulnerable areas and to 
protect human lives, structural damages and environmental consequences. 
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TSUNAMI ENERGY DISTRIBUTION ACCORDING 
TO THE BLACK SEA GEOMETRY 

Boyko Ranguelov, Dragomir Gospodinov 

Geophysical Institute of Bulg. Ac. Sci., Sofia 1113, BULGARIA 

SUMMARY 

According to the standard refraction procedure and the inversed ray 
propagation, as well as the J:>ottom geometry on a large scale map of the 
sea, tsunami energy distribution has been modeled. Due to the coast and 
bottom geometry, five zones called "sensitive spots" of the tsunami 
energy distribution have been established. The main criteria for this 
establishment of the potential concentration or discipation zones is the 
number of rays emmitted and reached the certain points of the cost line, 
due to the depths distribution and the isobath s configuration. 

Two big zones show strong discipative peculiarities in the central 
part of the sea. If in these zones tsunami occurred, its energy would 
bedistributed rather equaly, considering the coast. Several zones, located 
near the coast line have a strong concentrative effect. Most of them are 
near the tsunamigenic zones, previouslx established and thus increase the 
tsunami danger to the coast. Other parts of the sea also show specific 
peculiarities. 

This mapping could be used in different calculations of the refraction 
and energy distributions of the big waves propagation. Having in mind 
that tsunamis could be also generated artificially, it is clear that similar 
results could be used f~r the tsunami danger estimation procedure as well 
as, for the tsunami hazard calculations. 

This is a contribution, supported by the CEC GITEC Project, contract 
number EV5V-CT92-0175. 

INTRODUCTION & METHODOLOGY 

The methodology for the tsunami energy estimation is connected with 
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the general equations of the Navier-Stocks theory. Following the general 
conditions for the potential theory, connected with the initial displacement 
(Murthy T., 1977), it is clear that: 

PHo = npg J; l\~(r)r dr 

Et = 1l' _pgr J'gD ( 11) 21: 

then 

where 

(1) 

(2) 

g-earth acceleration, p-water density, r-distance between the source 
and observation point, D-water depth,11-mean height and 1"- tsunami length. 

If the refraction theory is applied, then: 

where (3) 

1/K = 04',./ 0 cp0 (4) 

is the refraction coefficient (Murthy T., 1977). First refraction diagrams 
for the Black Sea tsunami have been plotted by Grigorash and Korneva 
(Grigorash Z., Korneva L., 1970). Using the same technique, we have 
tried to solve the inverse problem following the next conditions: 

- we created a grid with dimensions 0.5°x0.5° 

- we put respective points on the coast, where the grid crosses the coast line 

- we consider every point of this network as a radiator of the refracted rays 

- we caloulate th~ number of rays, crossing each single area and use this 
number as a criterion for energy concentration or .discipation 

To make all catculations easier, we use normalized number: 

* n = N1/N max 
(5) 

The angle of incidence for each ray is «=10~ Then, using the general 
equation for the ray refraction we calculate the ray propagation (Ranguelov 
B., 1985): 

V 1 sin( <f !+1) 
----- = ----------
v i+1 sin( t.p 1) ( 6) 

where V it V !+1 are the wave velocities at depths H1, H1+1• and '1.,~ are 

1809 



respectively the angles between the normal and .he direction~ of the ray 
propagation to the isobathe (Hi+ Hi+ ) /2. When. the r::)y goes_ from .the . 
shallower water to the deeper one, the angle d1fferenct.. .s the ; lllowing: 

(7) 

and vice versa: 

(a) 

RESULTS & DISCUSSION 

Following the described technique, the whole aquatory of the sea has 
been divided into five different areas, according to the number of the 
rays, crossing each elementary cell. 

All calculations have been performed on a map of scale 1: 1 OOO OOO 
and detail isobath configuration, taken from a military atlas (Atlas of the 
seas, 1950). 

Each of the above mentioned areas appears as a concentrator or disci 
pa tor of the tsunami energy, emmitted by each coastal point. Considering 
the reverse position, which we can obtain, if some of the described zones 
become a source of tsunami, the tsunami energy distribution will depend 
on the concentrating and discipating 1-'roperties of the sea, according to 
the coastal and bottom geometry. 

It can be seen on Figure I, that areas, concentrating the 
tsunami energy are located mainly at the western part of the sea. Also, 
several areas are located near Crimea and the Caucasus coast, as well as 
in the southern part of the Turkish depth's gradient of the south coast 
near Amasra and Fatsa. These results show some specific peculiarities. It 
is known, that the earthquakes, which had occurred on the land in 
Turkey (for example - 1939 and 1966 - see first progress report, Ranguelov 
B., 1994), created tsunamis in the sea. Now this fact is easy to explain, 
connecting it with the existence of tsunami energy concentrators located at 
the same places. This fact is important for the hazard estimations of the 
coastal floodings. 

On the other hand, the tsunami discipaters are located in the middle 
and the deeper parts of the sea. It means that if tsunamis are generated in 
these parts, their total energy will discipate to the coast more or less 
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equally. This fact is very important, considering the possibility of artificial 
tsunami generation. It must be again pointed out that Azof sea needs special 
attention, due to its specific location and smaller depths. 

CONCLUSIONS 

Tsunami energy distribution has been modeled in this paper, following 
the standard refraction procedure and the inversed ray propagation theory 
This model is highly influenced by the bottom and coast geometry and the 
results, obtained could be summarized as following: 

- five zones, called "sensitive spots" of the tsunami energy distribution have 
been determined. Two of them are located in the central parts of the sea 
and show strong discipative features. 

- the other zones are located near the coast and exibit a strong concentration 
effect. They are near tsunamigenic zones and thus might increase the tsunami 
danger to the coast. 

- the results, obtained could be also used for hazard estimations of the 
coastal floodings. 

- special attention must be paid to Azof sea, because of its specific 
location and smaller depths. 

All these results could be taken into consideration, having in mind 
that artificial tsunamis could be generated, too. 
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NUMERICAL SIMULATION OF THE 30 JULY 
1627 GARGANIAN TSUNAMI, ITALY 

S. Tinti, A. Piatanesi and I. Gavagni 

Dipartimento di Fisica, Settore di Geofisica, Universita di Bologna 

Abstract 
A numerical simulation of an historical tsunami, that occurred in 1627 in 
Gargano, Apulia, has been performed by means of a numerical model, based on 
integrating non-linear shallow water equations via a finite-element technique. 
The time integration scheme has been enhanced by including a smoothing 
algorithm, wich is able to reduce the numerical noise affecting the solution. A 
triangle-based mesh, with triangle sizes adapted to the variable bathymetry, 
proved to be advantageous in describing irregular coastlines. The Tremiti 
islands are included in the simulation in order to determine their influence 
on the tsunami evolution. The tsunami was generated by an l=XI earthquake 
and the simulation was performed for different fault positions. Macroseismic 
observations and geological studies are suggestive of a normal-fault shallow 
earthquake: however, because of the uncertainty in source location, different 
simulations have been carried out assuming that the fault be placed on land 
(two cases) and offshore (two cases). Numerical results, compared with the 
available observations, lead us to formulate some suggestions about the source 
mechanism. 

Introduction 
The promontory of Gargano represents one of the italian coastal zones subject 
to tsunami hazard. In fact it is known that the whole southern Adriatic region 
is affected by a seismicity inland and offshore, owing to tectonic motions along 
the margin between the promontory of Gargano and the Adriatic microplate 
(Console et al., 1989; Console et al., 1993). Reports on tsunamis in this 
area are avalaible only after 1600 AD because of a lack of completeness in 
earthquake and tsunami catalogues prior to this date. The Gargano events 
have been recently revised in order to establish their reliability and to determine 
their main features (Guidaboni and Tinti, 1987 and 1988; Tinti et al., 1994). 
In spite of this, the traditional earthquake data are insufficient to delineate 
unambigously the focal parameters of the 1627 earthquake source. Therefore 
this event has been studied with the further purpose of inferring useful 
informations about the seismic source. The earthquake took place on the 
30 July 1627 around midday and was followed by four large aftershocks: it 
caused more than 5000 victims and destroyed completely numerous villages 
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in the northern Gargano, with the most severe damage between San Severo 
and Lesina. Figure 1 shows a geographic sketch of the region involved by the 
earthquake together with an isoseismal map from which we can observe that the 
maximum intensity XI was reached only in a very small area inland; moreover 
all the isoseismal lines corresponding to intensities smaller than XI are open 
and suggest a continuation in the Adriatic sea north of Gargano. The most 
relevant and best documented tsunami event are reported to have occurred in 
correspondence of the lake of Lesina, with an initial sea water widthdrawal 
of about 2 miles, and the subsequent penetration inland; smaller effects are 
reported also for Termoli and Manfredonia. 

N 
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\ \ ---, __ .,. ./ I \ 

'\ J... ' -----_,. I ,\_ 

$· ----------- ,/ ~'-... __ 

Figure 1. Geographic sketch of the region affected by the earthquake. Dashed 
lines represent the isoseismal curves from Guidoboni and Tinti { 1981). Solid 
segments indicate the location assumed for the vertical faults in the numerical 
simulations. 

Numerical model 
In this paper we focussed our attention in the near field numerical simulation: 
we adopted the nonlinear nondispersive shallow water approximation of the 
Navier-Stokes equations that is known to be adequate when the typical 
wavelength is much larger than the water depth. If we designate with (, u 
and v respectively the water elevation above the mean sea level, and the 
horizontal velocity components, averaged .over the water depth, the basic 
dynamic equations can be written as: 
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{ 
8t( = -82 (Du) - 8y(Dv) 
8tU = -g82 ( - u82 u - v8yu 
8tv = -g8y( - u82 v - v&yv 

(1) 

Here h is the water depth, g is the gravity acceleration and D = h + ( is the 
instantaneous water depth, depending dynamically on the motion conditions. 
The dynamic fields are computed in a finite domain that is enclosed within a 
boundary on which they have to satisfy suitable conditions. Imposing that the 
wave be totally reflected on the coasts and be completely transmitted trough 
the open sea boundaries implies that: 

V · n = 2( C1 - Co) on the open boundary (2a) 

v . n = 0 on the solid boundary (2b) 

Here vis the horizontal velocity vector, while n is a unit vector normal to the 

boundary and outwardly oriented. Furthemore C1 = Jg( h + () represents the 

local phase velocity and Co = V"ifi, is the phase velocity of the linear wave. It 
may be noted that when (is much smaller than h, the expression (2a) reduces 
to: 

v. n = !!....( on the open boundary 
Co 

(2c) 

which is suitable for the linear approximation. The system ( 1) together with 
the conditions (2a) and (2b) has been solved numerically via a finite-element 
method. After covering the space domain with a N-node grid, the above system 
of equations can be discretized in space by means of a Galerkin procedure (see 
Tinti, Gavagni and Piatanesi, 1994 for details), which leads to a set of ordinary 
differential equations in time of the form: 

(3) 

for the 3N-component vector ~ representing the nodal values of the dynamic 
fields (, u and v. In equation (3) A is a stiffness matrix, that is formed by 3 N 
by N diagonal blocks and is constant in time: 

K 0 0 

A = 0 K 0 (4) 

0 0 K 
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while t~e operator B changes dynamically since it depends on the unknown 

vector e itself that in turn represents the nonlinearity of the system (1). The 
time integration of the system (3) has been performed by means of an iterative 
algorithm computing the solution at regular time steps flt, that is accurate 
up to the second order in flt; the integration scheme is given by the following 
equations: 

~n+t = fn + ~fltA-l B([n)fn 

en+1 = Cxn+1 
2 2 

Xn+l = [n + fltA-l B([n+1)[n+l 
- 2 2 

(5) 

en+1 = Cxn+1 

!!ere{!} represents the value the vector assumes after n integration loops, that is 

en= e(to+nllt). Furthermore, it has been introduced the constraint operator 
q which has the property of transforming the auxiliary vector Xn in a vector 

en satisfing the boundary conditions. It is known that finite-element numerical 
solutions, because of the space discretization, are affected by noise: so we 
introduced computational smoothing P!:,Ocesses capable of reducing numerical 

noise. Let us suppose that the solution e, at a generic time, can be decomposed 
into: 

(6) 

where sis the vector signal and n is the perturbing noise v~tor. Our purpose 

is to estimate the signals from the computed total vector e. If we call E the 
estimate operator we can state that: 

(7) 

In other words E is an operator that is capable of separating the signal from 
the noise and that can be used repeatedly at time steps flts = kilt: the 
higher the efficiency of the noise production the smaller the value of k (Tinti 
and GaYagni, 1994). 

Numerical simulations 
In Figure 2 it is shown the bathymetry of the basin we have chosen for our 
near-field simulations: though the size of the Tremiti islands, that are placed 
in the middle of the basin, is very small, they have been taken into account 
in order to investigate the possible distorsion they are able to induce on the 
tsunami fronts. We covered this basin with the triangular grid shown in Figure 
3, consisting of 1248 elements and 678 nodes. 
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Figure 2. Bathymetric map of the basin chosen for the simulations: the shaded 
area represents the northern coast of Gargano promontory. The map is obtained 
by the depth values, in meters, at the grid nodes. 

Figure 3. Grid used in the numerical finite-element simulations. Solid circles 
denote nodes where time histories are computed. 

Since the macroseismic data are not sufficient to determine the position and 
the size of the causative seismic fault, we conducted numerical experiments 
concerning four different positions and orientations of the fault, two inland and 
two offshore. We assumed a fault length of 35 Km and a fault width of 20 Km, 
while the slip has been taken as large as 1.3 m. In all the numerical experiments 
the earthquake fault is supposed to be shallow and vertical, . with uniform 
vertical slip. With this focal parameters the magnitude of the earthquake is 
about 6.9. The initial sea water elevation is assumed to be equal to the coseismic 
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vertkal di•placement of the •ea bottom, while the initial field velocities are 
identically null, th;, "'•umption ;, adequate when the wave e>ccitation proce,. i• 
much '"'aller than fhe typical t.unanU period, that;, the ca.e we are anaJyzing 
here. Figure 4 repre•ent, a 30 plot of the integration ba,in •een from a northern 
Point of view. It i, a three-level plot covering a rectangular domain, the higer 
level repre•ent, the land, namely the Gargano region and the Tremiti island,, 
the intermediate level is the marine region Which;, included in the grid of figure 
3 •nd Where the t.unami evolution i, computed, While the lower level is simply 
the complementary domain outside the grid which ;, plotted to complete the 
rectangle and ha, no practical meaning. The open basin boundary appears a. a 
clilf in the plot, plea.e bear in mind its po,ition while e>crunining the following 
figures 5 to 8. 

Figure 4. 3D plot of the integration basin, see the lezt for ezp/anation. 

In Figure 5 it is •hown the inhiaJ e>ccitation field together with a sequence of 
the computed water elevation for the ca.e of the inland •ource With sea bottom 
rise. The main po,itive-negative wave •Y•lem take, about one hour to leav. 
the basin, it is interesting lo ob,erve that the residua! Perturbation, that is 
•till found Within the ba.in, is due to edge waves that Propagate slowly along 
the coast and without significant decrea..e of amplitude. The second in•hore 
ca..e, with rever,e •lip, gives an inverted initial e>ccitation field that is •howed 
in figure 6. The computed water elevation i, ba.ica!Jy the '"me, with sign 
changed, with respect lo the previous case, this indirectly demon•trate, that 
non linear term, are not very important even in shallow water. A, regards 
the source placed off shore We Performed two more numerical e>cperiments. The 
fault Position is "'•umed to be in corre•pondence of the fault 'Y•tem marking 
the margin between Gargano and the Adriatic microplate. We have cho•en the 
trend E-W and NE-SW, both with subsidence for the block in the •ea facing 
northern Gargano. Figure 7 shows the case with E-W fault direction, the 
initial wave ;, split in two dipole wave,, one propagating •eaward and the other travelling toward the coast. 

1819 



t=O s t=3600 s 

t=1800 s t=5400 s 

Figure 5. 3D plot of the water elevation field at t=O, 1800, 3600 and 54 00 s 
for the' inshore fault with submarine uplift. 

t=O s t=3600 s 

t = 1800 s t=5400 s 

Figure 6. 3D plot of the water elevation field at t=O, 1800, 3600 and 5400 s 
for the inshore fault with submarine downlift . 

The latter dipole, after impacting against the coast is partially backreflected 
and partially propagates along the coast in form of edge waves. Since the 
bathymetry is characterized by a. quite soft slope, there is not strong steepening 
of the tsunami wave. Figure 8 shows the last tsunami we have simulated: in 

· this case it is interesting to observe the role of refraction caused by variable 
bathymetry. 

1820 



t=O s t= 1500 s 

t=750 s . t=2250 s 

Figure 7. 3D plot of the water elevation field at t=O, 750, 1500 and 2250 s 
for the E- W offshore fault . 

t=O s t= 1500 s 

!=750 s !=2250 s 

Figure 8. 3D plot of the water elevation field at t=O, 750, 1500 and 2250 s 
for the NE-SW offshore fault. 

The dipoles are both deviated toward shallow waters and consequently the 
coast is attacked by both system of waves; we can also note the generation 
of a small wave system due to the reflection of the main wave on the Tremiti 
islands that, because of refraction, is forced to bend toward the coast. In Figure 
9 the computed time histories of the water elevation are shown. Note that the 
curves do not represent the water elevation above the mean sea level, but rather 
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the difference between the instantaneus water elevation and the initial water 
elevation: they can be therefore interpreted as the simulated tide-gauge records. 

Les in a lake Peschici 
1.0 0.2 __ st --Sl 

......... II ....... S2 ......... ....... S2 5 s 0.5 _ ...... .,~· ........ .. .... ...... - 0.1 ..... 
~ ... / ~ .. ... 

I • ~ 
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Figure 9. Simulated tide-gauge records computed on coastal nodes 
corresponding to Lesina lake and Peschici. Each curve is relative to different 
location of the fault: S1 , is the inshore fault with submarine uplift, S2 is the 
inshore fault with submarine downlift, S3 is the offshore E- W fault and S4 is 
the offshore NE-SW fault. All curves start at zero elevation since tide-gauge 
are anchored to the coastal ground. 

The main distinction between the inshore and offshore sources is the tsunami 
period: dipoles are associated with shQrter period oscillations than single waves. 
In Lesina lake, the first arrival is always seen as a negative wave, except for the 
case of the inshore fault with submarine subsidence. Peschici is invested by a 
train of edge waves travelling along the coast: here the NE-SW fault is able to 
excite this kind of waves better, because of his stronger directivity toward the 
Est coast. 

Conclusions · 
In order to evaluate which one of the simulations is more reliable, we took 
into account historical reports. Since in Lesina the first water movement was 
a retriet, we have to reject the case of the inshore source with submarine 
subsidence, because it produces a positive first arrival. Both the offshore 
faults are to be rejected because they would produce more severe damages 
in the Tremiti islands than in Gargano and this seems to be in contrast with 
what we know sofar from the avalaible literature (Molin and Margottini, 1985). 
In conclusion, our analysis suggests that the fault responsible for the 1627 
earthquake could be placed inshore and could have caused an uplift of the sea 
floor facing Gargano. 
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