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Introduction

There is growing interest in the earthquake phenomenon from the view point of the science of
complex systems. Though seismicity is characterized by remarkably rich phenomenology,
some of known empirical laws are rather simple. The scale-free natures of the cerebrated
Omori law (Omori, 1894), and the Gutenberg-Richter law (Gutenberg & Richter, 1944),
indicate existence of long-time correlation and difficulty of distinguishing earthquakes by the
values of magnitude.

In the recent works (Abe & Suzuki, 2003, 2005a), we have found that both spatial distance
and time interval between two successive events well obey the g-exponential distributions in
nonextensive statistics (Tsallis, 1988; Abe & Okamoto, 2001), which offers a statistical-
mechanical framework for describing complex systems. The fact that two successive events
obey such definite laws means that successive events are strongly correlated no matter how
large spatial distance is. There is, in fact, an observation (Steeples & Steeples, 1996) that an
earthquake can be triggered by a foregoing one, which is more than 1000 km away. This
implies that the seismic correlation length can enormously be large and long-wave-length
modes of seismic waves play an important role. This has a strong similarity to phase
transitions and critical phenomena. Thus, it may not be appropriate to put spatial windows in
analysis of seismicity, in general, and whole data in a relevant area (ideally the whole globe,
though still not satisfactorily available) should be treated based on the nonreductionistic
standpoint.

In contemporary science, much attention is paid to statistical mechanics of complex networks
(Albert & Barabasi, 2002; Dorogovtsev & Mendes, 2003), which provides a novel procedure
for analysis of man-made as well as natural complex systems. In the network picture, vertices
and edges represent elements and interrelation (i.e., interaction or correlation) between them,
respectively. A primary purpose there is to understand the topological, statistical, and
dynamical features of the networks.

Such a concept was introduced to seismology by the present authors in 2004 (Abe & Suzuki,
2004a) in order to represent complexity of seismicity. The seismic time series data are
mapped to a growing stochastic network in a simple and an unambiguous way (see 11-2 ).
Vertices and edges of such a network correspond to coarse-grained events and event-event
correlations, respectively. Yet unknown microscopic dynamics governing event-event
correlations and fault-fault interactions is replaced by these edges. Global physical properties
of seismicity can then be explored by examining its geometric (e.g., topological etc.) and
dynamical features. It turns out that earthquake network has a number of interesting
properties, some of which are shared by many other natural as well as artificial systems
including metabolic networks, food webs, the Internet, and the world-wide web and so on.
This, in turn, enables seismologists to study seismicity in analogy with such relatively better
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understood complex systems. Thus, the network approach offers a novel way of analyzing
seismic time series and casts fresh light on the physics of earthquakes (Abe & Suzuki, 2008).

Materials and Methods
The Data

In this article, we have analyzed the seismic data taken from California [the Southern
California Earthquake Data Center (http://www.data.scec.org/)] in the following two spacio-
temporal regime:
data (A) The time interval analyzed is between 00:25:8.58 on January 1, 1984 and
22:21:52.09 on December 31, 2003. The region covered is 29°06.00'N—
38°59.76'N latitude and 113°06.00'W-122°55.59'W longitude with the maximal
depth 175.99km. The total number of events is 367613,
data (B) The analyzed period is between 00:25:8.58 on January 1, 1984 and 22:50:49.29
on December 31, 2004. The region covered is 28°36.00'N-38°59.76'N latitude
and 112°42.00'W-123°37.41'W longitude with the maximal depth 175.99km.
The total number of the events is 379728.
Both data contain no threshold for magnitude (but “quarry blasts” are excluded from the
analysis).

The Method

The method of the construction of the complex network for earthquakes is as follows (Abe &
Suzuki, 2004a). A geographical region under consideration is divided into a lot of small cubic
cells. A cell is regarded as a vertex if earthquakes with any values of magnitude occurred
therein. Two successive events define an edge between two vertices. In this way, the
complex fault-fault interaction is replaced by this edge. If two successive events occur in the
same cell, a tadpole loop is attached to that vertex. This procedure enables one to map the
seismic time series to an evolving network (see Figure 1(a)).

This construction contains a unique parameter which is the cell size. Once the cell size is
fixed, an earthquake network is unambiguously defined. However, since there exist no a priori
operational rules to determine the cell size, it is of importance to examine how the properties
of an earthquake network depend on this parameter.

An earthquake network is a directed network in its nature. Directedness does not bring any
difficulties to statistical analysis of connectivity (degree, i.e., the number of edges attached to
the vertex under consideration) since, by construction, in-degree and out-degree are identical
for each vertex except the initial and final ones in analysis. Thus, we shall not distinguish in-
degree and out-degree from each other in the analysis of the connectivity distribution (see llI-
1 and 1ll-4). However, directedness becomes essential when the path length (the number of
edges) between a pair of connected vertices, i.e., the degree of separation between the pair,
is considered. This point is explicitly discussed in the analysis of the period distribution in 111-5.
A full directed earthquake network has to be reduced to a simple undirected network, when its
small-worldness and hierarchical structure are examined (see 1ll-2 and 11I-3). There, tadpole
loops are removed and each multiple edge is replaced by a single edge (see Figure 1(b)).
The path length in this case is the smallest value among the possible numbers of edges
connecting a pair of vertices.
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Figure 1. (a) A schematic description of an earthquake network. The dashed lines correspond to the

initial and final events. The vertices, A and B, contain main shocks and play roles of hubs of the
network. (b) The undirected simple network reduced from the network in (a).

Results and Discussion

Scale-Free Nature of Earthquake Network

We study the scale-free nature of an earthquake network by evaluating the connectivity
distribution (or, the degree distribution), P(K), which is defined as the probability of finding
vertices with K edges in a network. Connectivity of a classical random network obeys the
Poissonian distribution in the limit of the large number of vertices, P(K) =e*A*/k!(1: a
positive parameter, kK =0,1,2,...), whereas a scale-free network (Albert & Barabasi, 2002;
Dorogovtsev & Mendes, 2003) has a power-law shape for large Kk ,

PK)~k, )
where ¥ is a positive exponent.
We present the connectivity distribution of the full earthquake network with tadpole loops and
multiple edges in Figure 2 (Abe & Suzuki, 2004a, 2006a). From it, we see that the
earthquake network in fact obeys the connectivity distribution of the form in Eq. (1) and
therefore is scale free. The smaller the cell size is, the larger the exponent, y, is. This is
natural since the number of vertices with large values of connectivity decreases as the cell
size decreases. However, trend remains unchanged for the different values of the cell size.
The scale-free nature of the earthquake network can be interpreted as follows. The
earthquake network has a few special vertices which have large values of connectivity (see
the vertices A, B in Figure 1). Such vertices are termed “hubs”. A striking feature we
discovered from the data analysis is that aftershocks associated with a main shock tend to
return to the locus of the main shock, geographically, making the vertex of the main shock a
hub. The situation is analogous to the preferential attachment rule for a growing network.
According to it, a newly created vertex tends to be connected to the (already existing) Ith

vertex with connectivity k; with probability, TI(k; ) = K /Z:jkj . This rule can generate a

scale-free network characterized by the power-law connectivity distribution of the form in Eq.
(1) (Barabasi & Albert, 1999). As mentioned above, aftershocks associated with a main shock
tend to be connected to the vertex of the main shock, satisfying the preferential attachment
rule. On the other hand, the Gutenberg-Richter law states that frequency of earthquakes
decays slowly as a power law with respect to released energy. This implies that there appear
quite a few giant components, and accordingly the network becomes highly inhomogeneous.

1 1

(@) (b)
01 f 0Lt
_ . oo1 |
< o0l | <
& o001 |
0.001 f
0.0001 - -
0.0001 * : 0.00001
1 10 100 1000 10000 100000 1 10 100 1000 10000
k k

Figure 2. The log-log plots of the connectivity distributions of the earthquake network constructed from
the data (A). Two different values of the cell size are examined: (a) 10Kmx 10Kmx10Km and (b)
5Kmx5Kmx5Km . All quantities are dimensionless.

Small-World Nature of Earthquake Network
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The small-world nature shows how a complex network is different from both regular and
classical random networks (Watts & Strogatz, 1998). A small-world network resides in-
between regularity and randomness, analogously to the edge of chaos in nonlinear dynamics.
Because one is concerned only with a simple linking pattern of vertices in the small-world
picture, a full network has to be reduced to a simple undirected network: that is, tadpole loops
are removed and each multiple edge is replaced by a single edge (see Figure 1b).

A small-world network is characterized by a large value of the clustering coefficient in Eq. (3)
(see below) and a small value of the average path length. The clustering coefficient quantifies
the adjacency of two neighboring vertices of a given vertex, i.e., tendency of two neighboring
vertices of a given vertex being connected to each other. Mathematically, it is defined as

follows. Assume the ith vertex to have ki neighboring vertices. There can exist at most
k.(k; —1)/2 edges between the neighbors. Define C; as the ratio
c = actual number of edges between the neighbors of the ith vertex

i &)
' k. (k. —1)/2
Then, the clustering coefficient is given by the average of this quantity over the network:
1 N
c==>c¢, @)
N =

where N is the total number of vertices contained in the network. A small-world network has
a large value of it, whereas its value for the classical random network is very small (Watts &
Strogatz, 1998; Albert & Barabasi, 2002; Dorogovtsev & Mendes, 2003):

Crandom = <k>/ N <<1, where N and <k> are the total number of vertices and the average

value of connectivity, respectively.

In Table 1, the results are presented for the clustering coefficient and the average path length
(Abe & Suzuki, 2004b, 2006a). One finds that the values of the clustering coefficient are in
fact much larger than those of the classical random networks and the average path length is
short. Thus, the earthquake networks reduced to simple networks exhibit important features
of small-worldness.

Table 1. The small-world properties of the undirected simple earthquake network. The values
of the number of vertices, N , the clustering coefficient, C, (compared with those of the

classical random networks, C, ..) and the average path length, L are presented.

cell size 10kmx 10 kmx10 km 5kmx5kmx5km

number of vertices N =3869 N =12913

clustering coefficient C=0630 (C,,,,=0014 C=0.317 (C,4on =0.003)
average path length L =2.526 L =2.905

Hierarchical Structure

In order to investigate complexity of earthquake network further, one may examine if it is
hierarchically organized (Abe & Suzuki, 2006b). The hierarchical structure can be revealed by
analyzing the clustering coefficient as a function of connectivity. The connectivity-dependent
clustering coefficient, ¢ (k), which is defined by

N

1
K)=———>¢o,, .
c(k) NP, () & Ci0y, 4

where C; is given in Eq. (2), N the total number of vertices, and Py, (k) the connectivity
distribution of an undirected simple network. Its average is the clustering coefficient in Eq. (3):
C= Z:kc(k)PSN (k). Then, a network is said to be hierarchically organized if (k) decays

with respect to K , typically due to a power law,
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c(k)~k™” (5)
with a positive exponent £ . This quantifies adjacency of two vertices connected to a vertex
with connectivity, K .

In Figure 3, the plots of C(K) are presented (Abe & Suzuki, 2006b). As clearly seen, the

clustering coefficient of the undirected simple earthquake network asymptotically decays as a
power law in Eq. (5). This highlights hierarchical organization of the earthquake network. In

view of seismicity, the decay of c(k) with respect to K is due to the fact that the vertices of

aftershocks tend not to be connected to each other directly: they are connected through the
vertices of the associated main shock as mentioned earlier.

Existence of the hierarchical structure is of physical importance. The earthquake network has
growth with preferential attachment (Barabasi & Albert, 1999; Albert & Barabési, 2002;
Dorogovtsev & Mendes, 2003). It is known, however, that the standard preferential-
attachment model does not generate hierarchical organization (Ravasz & Barabasi, 2003). To
mediate between growth with preferential attachment and presence of hierarchical
organization, the concept of vertex deactivation has been introduced in the literature
(Vazquez et al., 2003). According to this concept, in the process of network growth, some
vertices deactivate and cannot acquire new edges any more. This has a natural physical
implication in the case of the earthquake network. Active faults may be deactivated through
the process of stress release, in general. In addition, also the fitness model (Vazquez et al.,
2002) is known to generate hierarchical organization. This model generalizes the preferential
attachment rule in such a way that not only connectivity but also “charm” of vertices are taken
into account. Seismologically, fithess is considered to describe intrinsic properties of faults
(e.g., geometric configuration, stiffness, and so on). Both of these two mechanisms lead to
the complex hierarchical structure, which means that a relatively new vertex has a chance to
become a hub of the network, in contrast to the standard preferential-attachment model. In
the case of an earthquake network, it seems plausible to suppose that the hierarchical
structure may be due to both deactivation and fitness.

A point of particular interest is that the hierarchical structure disappears if weak earthquakes

are removed. For example, setting the threshold for magnitude, say M, =3, makes it hard
any more to observe the power-law decay of the clustering coefficient. This implies that the
hierarchical organization is mainly supported by weak shocks.
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Figure 3. The log-log plots of the connectivity-dependent clustering coefficient of the earthquake network
constructed from the data (B). Two different values of the cell size are examined: (a)

10 km x 10 km x 10 km and (b) 5 km x 5 km x 5 km . All quantities are dimensionless.
Mixing Property

The scale-freeness, small-worldness, growth with preferential attachment and hierarchical
organization all indicate that an earthquake network is very similar to, for example, the
Internet as a complex network. However, there exists an essential difference between the
two. It is concerned with the mixing property, which is relevant to the concept of the nearest-




31% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

neighbor average connectivity, Rnn(k) of a full network with tadpole loops and multiple edges.
This quantity is given as follows. Let us consider the conditional probability, P(k'| k), of

finding a vertex with connectivity K' linked to a given vertex with connectivity K . Then, the

nearest-neighbor average connectivity of vertices with connectivity K is defined by (Pastor-
Satorras et al., 2001; Vazquez et al., 2002)

Knn (K) =Zk'P(k'| k). (6)

If km(k) increases (decreases) with respect to K , mixing is termed assortative

(disassortative). A simple model of growth with preferential attachment is known to possess

no mixing, that is, Km(K) does not depend on K .

The plots of this quantity are presented in Figure 4. There, the feature of assortative mixing

(Abe & Suzuki, 2006b) is observed, since km (k) increases with respect to connectivity K .

Therefore, vertices with large values of connectivity tend to be linked to each other. In other
words, vertices containing stronger shocks tend to be connected among themselves with
higher probabilities. On the other hand, the Internet is of disassortative mixing (Pastor-
Satorras et al., 2001; Vazquez et al., 2002). That is, the mixing properties of the earthquake
network and the Internet are opposite to each other. We should note however that the
presence of tadpole loops and multiple edges is essential for assortative mixing: an
undirected simple network obtained by reducing a full earthquake network turns out to have
disassortative mixing.

100000 10000
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Figure 4. The log-log plots of the nearest-neighbor average connectivity of the earthquake network
constructed from the data (B). Two different values of cell size are examined: (a) 10Kmx 10Kmx10Km
and (b) 5Kmx5Kmx5Km. All quantities are dimensionless.

Period Distribution

So far, directedness of an earthquake network has been ignored. The full directed network
picture is radically different from the small-world picture for a simple undirected network. It
enables one to consider interesting dynamical features of an earthquake network. As an
example, we here consider period in the network (Abe & Suzuki, 2005b). This concept is
relevant to the question that after how many earthquakes an event returns to the initial cell,
statistically, and therefore it is of obvious interest in view of earthquake prediction.

We define period in a directed network as follows. Taken a vertex of a network, there are

various loops starting from and ending at this chosen vertex. Period, Lp, of a chosen loop is
simply the number of edges forming the loop (see Figure 5). The period distribution, P(Lp) ,

is defined as the number of loops. The results are presented in Figure 6 (Abe & Suzuki,
2005b). As can be seen there, P(L,) decays as a power law

P(L)~(L)™, )
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where « is a positive exponent. This implies that there exist a number of loops with
significantly long periods in the network. This fact makes it highly nontrivial to statistically
estimate the value of period.

Figure 5. A full directed network: -+ >V, >V, >V, >V, >V, »>V, »>V; >V, — . The

period associated with V; is 4, whereas V, has 1, 2 and 3.
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Figure 6. The log-log plots of the period distribution of the earthquake network constructed from the data
(A). Two different values of cell size are examined: (a) 10Kmx 10Kmx10Km and (b) 5SKmx5Kmx5Km.
All quantities are dimensionless.

Conclusion

We have discussed the complex-network approach to seismicity and have shown how such
an approach sheds new light on complexity of the phenomenon. We have analyzed various
properties of the earthquake network constructed from the seismic data taken from California.
However, it has been ascertained that the laws and trends discussed here are universal and
hold also in other geographical regions including Japan.

The main results we have shown in this article are as follows. Firstly, we have shown that the
earthquake network is scale free being characterized by the power-law connectivity
distribution. We have given a physical interpretation to this result based on network growth
with the preferential attachment rule together with the Gutenberg-Richter law. Secondly, we
have studied the small-world structure of the earthquake network reduced to an undirected
simple network. The value of clustering coefficient is found to be much larger than that of the
classical random network. In addition, average path length is very small. Thirdly, we have
found that the earthquake network possesses hierarchical organization. We have interpreted
this fact in terms of vertex fithess and vertex deactivation by the process of stress release at
the faults. Fourthly, We have shown that the earthquake network has the property of
assortative mixing. This point is an essential difference of the earthquake network from the
Internet that has disassortative mixing. Finally, we have reported the discovery of a scale-
invariant law of the period distribution in the directed earthquake network, which indicates that
after how many earthquakes an earthquake returns to the initial location. This result manifests
the fundamental difficulty in statistically estimating the value of period.

In the present work, the long-time properties of an earthquake network have mainly been
considered. On the other hand, given a value of the cell size, an earthquake network
represents all dynamical information contained in a seismic time series. Therefore, study of its
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time evolution may give a further insight into seismicity and may offer a novel way of
monitoring seismicity.

For example, recently we have investigated how the clustering coefficient changes in time as
an earthquake network dynamically evolves. According to our result (Abe & Suzuki, 2007),
the clustering coefficient remains stationary before a main shock, suddenly jumps up at the
main shock, and then slowly decays to become stationary again following the power-law
relaxation. In this way, the clustering coefficient characterizes aftershocks in association with
main shocks in a peculiar manner.

A question of extreme importance is if precursors of a main shock can be detected by
monitoring dynamical evolution of earthquake network. Clearly, further developments are
needed in science of complex networks.
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Introduction

Digital broadband teleseismic records of P and SH waves are used to invert for rupture
histories of recent strong earthquakes worldwide. In addition the strongest earthquakes that
occurred in Greece from 1995 are also studied. The waveform data usually filtered between
0.01 to 1 Hz are used in a finite-fault inversion technique to determine the source
complexities. The rupture history describes the slip distribution as a function of position and
time on the fault. The advantage of using broadband records at teleseismic distances is that
strong motion data are not always available or are frequently absent.

The followed finite-fault inversion approach does not permit the rupture velocity to change but
the use of multiple time windows permits the same subfault to rupture multiple times. A linear
least squares approach like the one followed gives a similar solution to a global search
algorithm where the velocity can change relative to the position on the fault. The followed
inversion approach permits the rake of the earthquake to vary upon the fault.

In cases where it is difficult to distinguish the rupture plane between the two nodal planes, the
inversion procedure was applied twice. For the same set of parameters, the nodal plane
which corresponds to the rupture plane, in most cases permits better fit between data and
synthetics. The calculated rupture histories show the source complexity and directivity of the
studied earthquakes. Slip models are calculated for several earthquakes in order to compute
detailed static stress changes and synthetic peak ground velocity maps. In this study the
results for two recent events are presented. These are the 2006 Kythira (Greece) earthquake
and the 2007 Chile earthquake.

Data Used and Inversion Method followed

The last few years many studies have revealed the importance of the finite fault inversion
procedure to our understanding of the earthquake rupture process which is able to provide an
accurate spatial and temporal evolution of the coseismic slip on the ruptured fault. The finite
fault inversion technique (Hartzell and Heaton 1983, Hartzell and Langer 1993, Hartzell et al.,
1996, Mendoza and Hartzell 1999, Segikuchi and lwata, 2002, Ji et al., 2002, Yagi et al.,
2004) has been applied using teleseismically recorded waveforms or strong motion data.
Several source inversion procedures that used teleseismic waveforms provided similar slip
models using also other types of data such as geodetic (Wald and Heaton, 1994).

An inversion approach is applied for P and SH broadband waveforms at teleseismic distances
between 30° and 90° from the earthquake epicenter. The stations belong to the Global Digital
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Seismograph Network and are downloaded through the IRIS Data Management Center. The
selection of the stations permitted the best possible azimuthal coverage which is always
needed in this kind of inversion procedures. The teleseismic waveforms are instrument
response corrected, integrated to displacement, band — pass filtered from 0.01 to 1 Hz using
a Butterworth filter and re-sampled to 0.2 samples per second.

The finite fault inversion method followed developed by Hartzell and Heaton, (1983), is
capable of estimating the spatial distribution of slip and risetime distribution on the ruptured
fault. The application of this method starts by constructing a rectangular fault plane which is
discretized to a number of uniform cells which are called subfaults. The source parameters
(strike, dip, rake and source depth) are used as input to produce the elementary synthetics for
each subfault. A total of 10 point sources were distributed over each subfault. The point
sources are necessary to simulate a continuous rupture.

For every earthquake several different values of source velocity, varying from 2.6 to 3.5
km/sec, risetime, fault dimensions and time lag were used. The source of the elementary
synthetics is of trapezoidal shape. The width of the source is chosen to be short compared to
the total risetime on the fault. In most of the studied earthquakes the crust models used to
produce the synthetics interpolated from the code CRUST2 (Bassin et al., 2000). The amount
of slip in successive time intervals for each subfault is lagged in time by the width of the
source. In this way, as described by Hartzell and Langer (1993), risetime functions are
constructed and are free to vary as a function of position on the fault plane. The subfault may
fail within the maximum allowed time window. The final rise time is obtained by the
summation of the individual rise time functions for each time window. In most of the finite fault
inversion studies the source velocity is taken as the 80 or 90% of the median S wave velocity.

The point source responses were computed with a code based on the generalized ray theory
(Langston and Helmberger, 1975). The exact way these synthetics were constructed was
discussed in the study of Heaton (1982), assuming that circular rupture fronts propagate at a
given rupture velocity everywhere on the assumed fault plane. The absolute size of
dislocation is specified to be related to the position on the fault. The elementary synthetics are
always filtered with the same filter as the data and are convolved with an attenuation
operation assuming t*=1 sec for P and t*=4 sec for SH waves.

In the finite fault inversion some frials are also made with the rake to vary across the
dimensions of the fault, as it is used by Hartzell et al. (1996). In this case each subfault has
n*2 model parameters to change during the inversion, where n is the number of time windows
and 2 is for two mechanisms. The multiple time window approach of Hartzell and Heaton
(1983) allows each subfault to rupture in any of the time windows used, based on the detail of
the waveforms.

The observed waveforms and the synthetics produce an overdetermined system of linear
equations of the form, Ax=B, where A and b are matrices concerning the joined elementary
synthetics and teleseismic waveforms respectively, x is the solution vector including
dislocation weights to be given at each subfault so that the final synthetics fit well the original
data. The solution revealed from these matrices is not always stable and several constraints
are needed. The constraints usually used at this kind of studies are well analyzed and
explained in the studies of Hartzell and Heaton (1983) and Hartzell et al. (1991). Usually two
constraints are used the moment minimization and smoothing.

In cases where there is no information about the rupture plane, the calculations are made
twice using the two nodal planes of the focal mechanism. The nodal plane which is also the
rupture plane, for the same parameters with the other plane used, would permit better fit
between data and synthetics, as it is discussed by Mori and Hartzell (1990).
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In conclusion the inversion method followed permits the identification of the fault plane, the
calculation of the moment magnitude, the source time function, the fault dimensions and the
detailed temporal and spatial position of slip on the fault.

Slip model of January 2006 Kythira, Greece earthquake and static stress transfer

On 8 January 2006 at 11:34 UTC a strong, thrust type faulting, earthquake (M,,=6.6) occurred
in Southern Greece. The mainshock was located at 36.232°N, 23.395°E at the depth of 64
km. The data include 25 teleseismic P waveforms and 5 SH, of 60 sec duration, which were
selected based upon data quality and azimuthal distribution. The waveforms were first
converted to displacement by removing the instrument response and then used to constrain
the slip history based on the linear finite fault inverse algorithm of Hartzell and Heaton (1983).

A surface of 70 km length and 24 km width was discretized by 108 subfaults, 18 along strike
and 6 along dip. The surface edge of the fault starts at 48 km depth from the Earth surface
and the down deep edge is at 72 km depth, the hypocenter is situated at 64 km depth and at
a distance of 35 km from the left edge of the fault. Several rupture front velocities were tested.
The fixed velocity value for rupture propagation of 3 km/sec produced the best fit between
data and synthetics. The rake was left to change during the inversion between 70° and 160°,
6 time windows with 0.7 sec time lag duration for each one were used.

The fit between data and the calculated synthetics is presented in figure 1. The results show
that the mainshock’s moment magnitude is Mo=1*10® dyne*cm, Mw=6.6 and the event
ruptured a fault of nearly 30 km length. The nodal plane dipping southeast fits better the
synthetics. The total duration of the mainshock is nearly 14 sec, with the majority of slip
occurring between 3 and 8 sec of the far-field source time function. The inversion revealed
one main region with significant slip. This region with significant slip is situated near the
event’s hypocenter with a maximum of 0.8 m slip, as presented in figure 2. The rake upon the
fault mainly changes between 90° and 140°.
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Figure 1. Comparison of observed and synthetic teleseismic waveforms. Synthetic to
observed amplitude waveforms are indicated.

The slip model distribution revealed from the finite fault inversion procedure was used to
compute the coseismic Static Coulomb Stress Changes in elastic half space. As it is
presented from King et al. (1994); Harris and Simpson (2002), positive stress changes of 0.5
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bars are able to trigger nearby events and negative values of the same amount are able to
suppress them. Recent studies have revealed also stress transfer related with strong events
occurred in Greece (Papadimitriou E., 2002, Ganas et al., 2006, Papadimitriou P. et al,,
2006).

Earthquake induced stress changes, which are applied to a fault plane, are estimated using
rectangular dislocation calculations that simulate static earthquake slip in an elastic halfspace
(Okada, 1992). This technique is performed using the change of the Coulomb Failure Stress
ACFS, (Harris and Simpson, 2002):

ACFS = At + u(Ac + Ap)

where A7 is the change in shear stress on the failure plane in the expected rake direction on
the target fault, 1 is the coefficient of friction, Ao is the change of normal stress (positive

for tension) and Ap is the change in pore fluid pressure. The value for the internal coefficient

of friction used was p=0.6 which is an intermediate value for Coulomb studies. For this
calculation p is considered constant and it is assumed not to change as a function of slip and
time on the rupture plane. Robert's Simpson DLC software is used which is based on
subroutines of Okada (1992) to calculate the displacements and their derivatives using
Poisson’s ratio 0.25 and a shear modulus of 0.33 Mbars.
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Figure 2. Temporal and Spatial Slip distribution on the ruptured fault plane. The first 6 sub-figures are
snapshots with 3 seconds time difference between them. The seventh sub-figure presents the total slip
on the ruptured fault.

In most of the papers studying the static stress changes uniform slip is usually adopted
across the ruptured fault and most often the epicenter is selected to be in the center of the
theoretical fault rupture. This assumption does not always provide any detail on calculations.
In figure 3 it is showed the distribution of stress changes based on the suggested slip model
of this study. The strongest static changes are concentrated in regions in the east of Kythira
Island, mostly southern the fault rupture. The obtained Coulomb stress pattern indicates
positive values of stress in the direction where the Leonidio earthquake occurred in January
of 2008, but it is not clear that it was triggered by the Kythira event because of the very low
values of transferred stress.
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Figure 3. Calculated coseismic static stress changes for Kythira earthquake using the slip model
revealed from the finite fault inversion procedure. White star represents the epicenter of the mainshock.

Slip model of November 2007 Chile earthquake and Synthetic PGV map

On 14 November at 15:40:50 UTC a very strong, thrust type faulting, earthquake (M,=7.7)
occurred in Chile. The rupture process and history are studied using broadband teleseismic
data. The mainshock was located by USGS at 22.204°S, 69.869°W and EMSC at 22.17°S,
69.97°W about 165 km NNE of Antofagasta, Chile. The data include 12 teleseismic P
waveforms and 12 SH waveforms which were selected based upon data quality and
azimuthal distribution. These waveforms were first converted to displacement by removing the
instrument response and then used to constrain the slip history based on the linear finite fault
inverse algorithm of Hartzell and Heaton (1983). The broadband teleseismic data,
downloaded through Iris Wilber Il application, were inverted by allowing a variable dislocation
rise time at each point on the fault. A surface of 180 km length and 30 km width was
discretized by 108 subfaults, 18 along strike and 6 along dip. The surface edge of the fault is
at 20 km depth and the down deep edge at 50 km depth, the hypocenter is situated at 37 km
depth and at a distance of 120 km from the left edge of the fault. Several rupture front
velocities were tested. The fixed velocity value for rupture propagation of 2.6 km/sec
produced the best fit between data and synthetics. The velocity model used to produce the
elementary synthetics is provided by Mendoza et al. (1994) who studied another strong event
in Chile.
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The results show that the moment magnitude of the mainshock is, Mo=5*10""dyne*cm,
Mw=7.7 and the event ruptured a fault of nearly 120 km length. The nodal plane dipping-west
fits the data better. The total duration of the mainshock is 56 sec, with the majority of slip
occurring the first 40 sec of the far-field source time function. The inversion revealed two main
regions with significant slip (figure 4). The first region, at the northern part of the fault, extends
around the earthquake’s hypocenter and the second which has two maximum peaks is found
at the southern part of the fault nearly 40 km from the first region. In the finite fault inversion 6
time windows with 2 sec time lag duration for each one were used. The rake which was left to
vary during the inversion approach between 90° and 180° mainly varied between 90° — 100°.
Figure 5 shows the Peak Ground Velocity distribution using the calculated slip model and the
code of Bouchon (1981).
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Figure 4. Slip distribution on the ruptured fault plane for 2007 Chile earthquake.
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Figure 5. Synthetic Peak Ground Velocity map estimated using the slip model retrieved by the waveform
inversion. The white star indicates the earthquake’s epicenter.

14



31% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

Conclusions

In this study two detailed coseismic slip models are presented for the January of 2006
Kythira, Greece earthquake and the 2007 Chile earthquake. Both earthquakes are related
with thrust type faulting. The inversion approach applied revealed the spatial and temporal
distribution of slip. The slip model of Kythira earthquake is quit simple. The dimension of the
ruptured fault is about 30x10 km with a maximum slip of 0.8 m close to 68 km depth. Static
Coulomb stress analysis, using the calculated slip model, did not reveal clearly stress transfer
to the Leonidio earthquake occurred two years after.

The slip distribution of Chile earthquake is complex with at least two sources. The dimension
of the ruptured fault is about 120x15 km with a maximum slip of 7 m close to 35 km depth.
The determined slip model is used to calculate the spatial distribution of the peak ground
velocity (PGV). The strongest values of PGV are concentrated in two regions which can be
related with the two revealed main sources.
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Introduction

The territory of the Republic of Moldova is exposed to influence of earthquakes generated by
Vrancea intermediate-depth seismic zone. Earthquake related studies are guided by the qua-
lity of the available data. The paper presents the database designed for the purpose of
seismic hazard and seismic risk studies of the territories affected by the Vrancea

earthquakes.

Data
Instrumental Data

There are five recording stations in Moldova for which strong and moderate earthquake data
(4.0Mgr<7.2) were obtained during the 1977-2008 period. Currently, the database stores
over 450 recorded ground motion recorded horizontal components from 52 events.

Macroseismic Data

Macroseismic part of the database includes information on building damages and
geotechnical conditions at sites where these buildings are located. Moldova suffered heavy
damage and losses as a consequence of the 1977 and 1986 Vrancea zone earthquakes.
These earthquakes have provided ample damage data of the existing building stock. After the
March 4, 1977 earthquake (M=7.2), 2765 (i.e. 23% of total investigated 11849) buildings were
completely destroyed and 8914 (75%) were seriously damaged. Similar statistics for the
August 30,1986 earthquake (M=7.0) showed 1169 (i.e. 2%) of total investigated 58538
buildings were completely destroyed and 7015 (12%) of them were seriously damaged.

Geotechnical data

Geotechnical data contain information concerning stratification of soils on 1210 sites.

Database structure

The adopted model of database includes four tables for instrumental and nine tables for
macroseismic data respectively. The instrumental data consists of: Catalog, Stations, Station
Soil Profile Characteristics and Records. Two main tables containing macroseismic data there
are: Macro (buildings location, damage degree of buildings, type of buildings, number of
floors) and Geophysical Profile (soils velocity values, attenuation parameters). Additionally,
the information about the geomorphology of territory, soil lithology, bedrock depth,
underground water level, thickness of water saturated soil, densification capacity of soil and
seismic category of soil according to current aseismic code MD SNiP 1I-7-81can be found.

In this way, the database provides the necessary information for investigation associated to
soil-related earthquake response and structural damages.
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Schematic representation of the database is shown in the Figure 1.

Fig.1. Schemnatic representation of the database
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Output Example of the Elaborated Database

With the help of the compiled database different procedures could be performed, such as
calculation of natural periods of soil vibration, amplification functions as well as construction of
various associated maps in function of specific task. Namely the last feature of the created
database — ability to produce seismic hazard and risk related maps is considered as the main
advantage. Furthermore, the whole research is aimed on creating the tool that could generate
ground-shaking response for a scenario seismic event, or explain properly the spectral
content of seismic records on the given site, and to correlate them with the observed
structural damage. The presence of the strong and moderate intensity seismic records on the
given site contributes positively to the accuracy of the data and the applied methods. Besides,
the variation of the depth and elastic properties of soft soil deposits resulted in significant
differences of the amplification capacity that is recognized by the existing maps of seismic
microzonation for the studied site, outlining zones with VII and VIII degrees of intensity (MSK
scale). Utilization of database allowed constructing the maps containing information on spatial
distribution of soil amplification factor. Evidently combination of different unfavorable solil
conditions usually results in a strong response of the structures and higher damages during
strong Carpathian (Vrancea) earthquakes. In this way, the August 30, 1986 Vrancea
earthquake with magnitude Mggr= 7.0 and epicentral distance of ~220 km to the south-west of
Chisinau resulted in a devastating damage of numerous buildings, including seismic-resistant
structures in some areas of the city (Alcaz, 1999). The correlation of buildings’ damage
degree d, with soil amplification factor A was studied. The result of analysis is presented in
Fig.2 showing coefficient of correlation 0.6. It is necessary to note that the damage data are
characterized by high dispersion, but it is dear that damage degree is proportional to the
amplification factor of sites.
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Figure 2. Correlation of a damage degree with site amplification factor

The city is a densely constructed zone, especially in central part were 1870 of buildings with
high share of low- to moderate-code masonry buildings already have experienced 2-4 strong
seismic events (1940, 1977, 1986 and 1990). The assessment of seismic risk for these
buildings, some of which are the historical monuments, accounting for the observed degrees
of damage, with the use of compiled database could obviously represent the main goal in the
future investigations.
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Utilization of the database could also lead to the improvement of macroseismic scale MSK,
which could define the alternative criteria for assessment of seismic intensity on the basis of
instrumental data.

Conclusions

The Vrancea earthquake records, damage data and dynamical properties of the soft soils
were collected, structured and digitized in a uniform format that will stimulate development of
the innovative methodologies for seismic hazard and risk forecasts.
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Introduction

Earthquakes are terrible catastrophic natural phenomena, which within several seconds
destroy people, the whole cities and villages, cultural and material assets created by the
people for centuries and years, change ecological balance of environment and reject back all
spheres of the sustainable development of a human society of the region, subjected to the
earthquake. In the developing countries, seismic hazard, vulnerability to earthquake disaster
and, therefore, economic damage have increased during the beginning of the 21st century, as
rapid urbanization, uncontrolled growth of large cities and building development, lead to the
occupation of areas along active faults that are prone to seismic activity.

The damage and fatalities caused by the regional earthquakes seem to be associated with
high population density in the epicentral area, the vulnerability of poor erected structures, and
faults of their design, the ground-hydrogeologic conditions of the building territory, seismo-
geological appearances (rock falls, landslides, subsidence, etc.) related to earthquakes,
underestimating the earthquake-fault hazard, as well as lack of knowledge in seismic hazard
and risk definition methodology.

In order to minimize the loss of lives, property damage and social-economic disruption caused
by destructive earthquakes it was necessary to have a reliable and homogenous
seismotectonic and earthquake data source. Any advancement in our knowledge of
assessing and mitigating earthquake risk must be based on the rigorous collection and
analysis of reliable seismological and geological observational data. An earthquake catalogue
and isoseismal maps of strong earthquakes are the first and more fundamental step towards
knowledge assessing earthquake hazard, seismic risk and short-, mid- and long-term
earthquake prediction. They will allow to solve the problem of a long-term forecasting of the
place and the force of earthquakes, that is to allocate those territories, where the earthquakes
of the defined maximum intensity are possible, and also those territories, where each
earthquake was expressed by the greatest force (pleistoseistal areas), thus dividing territory
of countries on zones of different seismic hazard and allowing to compile or to reexamine
seismic zoning maps of their territories, and also seismic microzoning maps for populated
points of different scale, which will be submitted to the governments for practical application
as the normative documents.

At the maiden stage of works, that is in 1970-1975 we went through the possible sources
containing items of information on earthquakes, including far past events. In this connection a
rich manuscript, fund, literary and other materials of Armenian historians, fundamental
description catalogues of E.l. Byus and V.A. Stepanyan and others were looked over. By
uniform, complex methodology collection and analysis of all available data about earthquakes
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having place on territory of the Republic of Armenia from most ancient times up to 1975 are
held. The catalogue of these earthquakes is composed. The outcomes of works are included
in the book “New Catalog of Strong Earthquakes in the USSR From Ancient Times Through
1975” published in 1977, Moscow [NC1 (1977)]. In 1982 the book is reprinted in USA,
California with some corrections and additional information, including earthquakes having
place up to half of 1977 [NC2 (1982)].

Other part of the problem, that is publication of isoseismal maps of strong earthquakes, due to
some circumstances, was not realized.

In different time various authors (E.I. Byus, N.N. Ambraseys, M. Berberyan, G.P. Gorshkov,
T.Ho. Babayan, A.A. Nikonov, E.A. Egorova, H.V. Sargsyan, N.M. Sargsyan, S. Gengoglu, A.
Gurpinar, E.G. Geodakyan, P.A. Aghamirzoev, V.A. Kasparova, Z.Z. Soultanova, L.V.
Shahsouvaryan et al) have made isoseismal schemes or maps of some strong earthquakes
of Armenia and adjacent territories with various approaches and with various detail and, very
often, without taking into account geologic-tectonic conditions of environment, macroseismic
field legitimacies and ground-geomorphologic conditions etc.

In this connection and with such approach we compile the Atlas (T.Ho.Babayan, 2006), which
includes the catalogue and isoseismal maps, also the maps of pleistoseistal areas and
seismotectonics of strong earthquakes of the Republic of Armenia, Mountainous Karabagh
(Artsakh) and adjacent territories on more complete primary data on earthquakes, covering
the longest possible time period.

Materials and Methods

The great volume of source information is used. All known manuscript, archival, historical,
archeological and literature sources, describing strong earthquakes were gathered. To
collection and processing of description macroseismic data especially rich ancient Armenian
bibliography assisted.

Having accounted for probable sources of exaggeration and error, it was necessary
reevaluate the historical seismic data from the point at which they correlate satisfactorily with
historical evidence. Sources, surveyed at the maiden stage of works are looked over,
additional references that became available for me after publication of [NC1, 1975 and NC2,
1982], and domestic and foreign sources including macroseismic and instrumental
information about earthquakes having place in RA after that publication, as well as sources of
data on strong earthquakes occurred out of the borders of the RA, are used and interpreted.
More complete list of available sources is composed.

During the collection, processing and retrieval phase of the preliminary data on earthquakes,
it became clear that most of earthquake catalogues and reports have many shortcomings,
differences, mis-interpretations and erroneous estimation of the earthquake parameters,
which are needed in overestimation. In the present work we treated all available and also
additional accessible data, and have compiled new, corrected variants of isoseismal maps.

In the Atlas earthquakes, which were not involved in the last edition of the New catalogue
[NC2, 1982], and also events for subsequent more than 25 years after its last date are
included. A number of strongest earthquakes, isoseismals of which of intensity 5 and more
partially covered territory of RA or MK, though their epicenters were outside of this territory, in
boundary with other states zones, are included in the Atlas as well, due to close link between
the geologic-tectonic conditions, newest movements and seismicity of these territories. It was
also necessary to include these earthquakes in the work, as the earthquakes occurring
outside are essential for estimating the seismic hazard and seismic risk within our territory.

All data of more complete primary sources are considered critically and if necessary corrected
or reestimated. For every earthquake joint processing of all known macroseismic,
instrumental, seismo-geological, engineering-geological and built-construction data, and the
critical analysis and reinterpretation are carried out, in particular when there were differences
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and possible errors in their evaluation, as well as in the case of divergence of data found in
different sources. At the same time the quality and reliability of scientific level of information
was taken into account. Macroseismic data were reexamined and generalized and then
compared with instrumental data if there were any.

The data of the earthquakes were checked, provided a uniform level of estimation on the
uniform system of classification for all earthquakes and for some earthquakes overestimated
chiefly on the basis of the earliest original sources. For a homogenization of intensity
estimations of all earthquakes and affected populated points if possible they were estimated
for unified conditions, which were not taken into account in compiling of the publishing
versions of the catalogues. All information was processed including also negative information.
Data on source parameters which we determined by source data and isoseismal maps of the
given earthquake in catalogue are marked. Dates of earthquakes are marked on new
chronology, and time is transferred in GSM.

For compilation of isoseismal maps and catalog the exact definition of the degree of seismic
intensity by the uniform, homogeneous level of an estimation and system of classification for
all earthquakes and settlements probably plays the main role. For this purpose the transition
from descriptive estimations to estimations for average ground conditions (sandy clays-clayed
sands, with a ground-water level lower than 5 meters from a daylight level and a plain relief)
and buildings of an average rigidity (T = 0.2-0.5s) is whenever possible realized. Both
epicentral intensity and intensity at settlements for each earthquake were revised and
estimated by critical approach according to the scale MSK.

An important step toward standardizing earthquake data was the choice of the macroseismic
intensity estimation scale. In this connection there were compared and analyzed the
macroseismic intensity estimation scales working nowadays in the world practice (MM, EMS-
98, MSK). The variant of the scale, i.e. MSK scale was chosen, which mostly corresponds to
buildings and constructions widely spread in our region, and also to our building types,
classification of the description and degree of damages, quantities and formulation, as well as
effects on environment, described in our sources. That allowed transmitting from verbose
description of earthquake effects to estimating an intensity degree for the epicenter and every
populated point of every earthquake. Besides there are not essential distinctions between
intervals of different intensities of MM, EMS-98 and MSK scales.

It is important to take into account, that in ancient Armenian historiographical traditions in
information on earthquakes only an injured large city, a monastery or a church are usually
marked, or it is mentioned that the earthquake took place in the country or in any region, and
there are no data on its consequences in small cities and villages. For such ancient
destructive earthquakes there weren’t enough macroseismic data in sources to compile an
isoseismal map. But, as without these data, in particular, without earthquakes with intensity 8
and more, the estimation of the seismic hazard of the considered territories would not be
high-grade. Therefore we included 21 such earthquakes in the given atlas, having compiled
theoretical isoseismal of maximal intensity limiting the most injured area (i.e. pleistoseistal
area) for each of these earthquakes.

The scientific interpretation of available seismological, macroseismic, historical, built-
construction, built environment conditions etc. were given. In the Atlas (T.Ho. Babayan, 2006)
the new compiled catalogue, isoseismal maps and descriptions of strong earthquakes are
composed and included.

Data on focal basic parameters which we determined on sources and isoseismal maps,
together with all available international source data in new catalogue are presented.

On isoseismal map of every earthquake main parameters of the earthquake source and the
list of settlements exposed to that earthquake with corresponding intensities were presented.

Every earthquake has a description of its consequences, quoted from the primary sources,
and comments on the event if necessary. Descriptional data are presented so that the values
of parameters of the earthquakes should be based on facts. Texts are accompanied by
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complete references on the event, which include the complete macroseismic information for
descriptive text.

Data about fault tectonics and seismotectonics of the Republics of Armenia, Mountainous
Karabagh and adjacent territories with various types and details are involved in works of large
experts in this area: L.A. Vardanyants, K.N. Paffenholc, A.A. Gabrielyan, A.T. Aslanyan, M.
Berberian, V. Ketin, V.G. Papalashvili and M.S. loseliani, M.G. Aghabekov, E.Sh.
Shikhalibeili, etc

Generalizing all materials the map of seismotectonics of RA, MK and adjacent territories
including tectonic conditions and pleistoseistal areas of strong earthquakes compiled.

The received data and the maps were finally made out on the computer. It is noteworthy, that
mainly the use of computer-based methods in the evaluation of works finally contributed to a
better definition of the scale, coordinates, design and base-map, as well as correction of
typing errors, elimination of duplications, etc.

Results and Discussion

Critical reexamination and homogenization of the combined instrumental and macroseismic
data resulted in the compiling isoseismal maps and the new catalogue of strong earthquakes.
They include representative, and homogenous data on nature, parameters and affected areas
of earthquakes, defined by the improved methods of analyzing descriptive macroseismic and
instrumental data, as well as methods of scientific interpretation of materials, compiling of
isoseismal maps and defining main parameters of earthquakes. To make values of intensity
homogenous, for each populated point all data have been revised, assessed damage grades
and if necessary, overestimated by unified methodology, taking into consideration shaking
effects, construction and soil types, topographical conditions etc. Improved methods of
analyzing and interpretation of materials, compiling maps and definition source parameters
allowed to exceed homogenous data for all earthquakes.

Atlas includes isoseismal maps of earthquakes with intensity of 5-6 and more, occurring in the
Republic of Armenia, Artsakh and adjacent territories from most ancient times through 2003,
scale 1:1000000.

The identical scale - 1:1000000 of compiling of all isoseismal maps is one of terms for
providing their identical condition. For 6 strongest earthquakes the more detailed isoseismal
maps, scale 1:500.000, for their more affected areas are also composed, to take in all
affected populated points more clearly.

Atlas includes: principles, procedures and methodology of compiling corrected, unified and
homogenized isoseismal maps, catalogue and descriptions; 86 isoseismal maps, and a
unified homogenous data catalogue on earthquakes having place in RA, Arthakh and
adjacent territories from ancient times through 2003; a description of the effect of every
earthquake and 6 other events, which in sources are marked among destructive earthquakes,
settling their origin, location and character; the seismotectonic maps i.e. the maps of
seismicity of the Republic of Armenia, Artsakh and neighboring territories showing tectonic
faults and confined them strong earthquakes pleistoseistal areas (including theoretical
pleistoseistal areas of 21 earthquakes) and the location of strong earthquakes sources with
corresponding parameters; and a list of the used bibliography.

Conclusions

Total 107 strong earthquakes occurred from 600 B.C. till 2003 in territory of Republic of
Armenia, Artsakh and adjacent parts of Transcaucasus are included in the Atlas.

Atlas contains isoseismal maps of strong earthquakes compiled for the first time. It includes a
reexamined, corrected and unified homogenous data catalogue, isoseismal maps and
descriptions of 86 strong earthquakes, compiled by the improved on newest scientific level
uniform, complex methodology presented in work. Each of isoseismal maps of 86
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earthquakes with the same scale compiling 1:1000000, and for more affected area of 6 of
them scale 1:500000 includes isolines, shocked localities with seismic intensity degree in this
points and source parameters determined according to given isoseismal map and source
data. In the same way information on 21 ancient disastrous earthquakes, for which are
constructed theoretical isoseismals limiting pleistoseistal areas (areas limiting by isoseismal
of maximal intensity) are included. In the new catalog of all earthquakes the errors in
determination of their basic parameters and full source data for every earthquake are also
included.

Description of each event quoted from the primary sources accompanied by necessary
comments and followed by the list of references. Actually, the work is a full database about
the strong earthquakes taken place on the considered territory.

All data generalized in the map of the main tectonic faults and peistoseistal areas and also in
the map of sources of strong earthquakes (including theoretical peistoseistal areas and
sources of 21 strong events), scale 1:1500000.Actually, work is a database about the strong
earthquakes taken place on the considered territory.

The Atlas is compiled for the use by specialists in different spheres of Earth sciences,
seismology, geology, geophysics, geography, seismic resistant construction, projectors,
earthquake prediction, seismic risk and earthquake hazard estimation, history, as well as by
the general public.

The methodology of the fulfilling of strong earthquakes complete knowledge database and
isoseismal and seismotectonic maps, and also analyzing and estimation of strong
earthquakes consequences may be successfully used in international requirements and
activities.

| want to mention memory of Prof. N.N. Shebalin (IPhE of the Ac.Sc. USSR) for directing me
at initial stage of works, when | was composing Armenian part of the “New Catalog of Strong
Earthquakes in the USSR” [NC1, 1977 and NC2, 1982].
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Introduction

Within the NATO Science for Peace Project 981882 “Site-effect analyses for the earthquake-
endangered metropolis Bucharest, Romania” we determined a unique, homogeneous dataset
of seismic, soil-mechanic and elasto-dynamic parameters. Ten 50 m deep boreholes were
drilled in the metropolitan area of Bucharest in order to recover cores for dynamic tests and to
measure vertical seismic profiles. These are used for an updated microzonation map related
to earthquake wave amplification. The boreholes are placed near former or existing seismic
station sites to allow a direct comparison and calibration of the borehole data with actual
seismological measurements. A database is assembled which contains P- and S-wave
velocity, density, geotechnical parameters measured at rock samples and geological
characteristics for each sedimentary layer. Using SHAKE2000 we compute spectral
acceleration response and transfer functions obtained from the in situ measurements. The
acceleration response spectra correspond to the shear-wave amplifications excited in the
sedimentary layers from 50 m depth (maximum depth) up to the surface. We present the
acceleration response results from four sites.

Bucharest, the capital of Romania, with more than 2 million inhabitants, is considered, after
Istanbul, the second-most earthquake-endangered metropolis in Europe. It is identified as a
natural disaster hotspot by a recent global study of the World Bank and the Columbia
University (Dilley et al., 2005). Four major earthquakes with moment magnitudes between 6.9
and 7.7 hit Bucharest in the last 68 years. The most recent destructive earthquake of 4 March
1977, with a moment magnitude of 7.4, caused about 1.500 casualties in the capital alone.
All disastrous earthquakes are generated within a small epicentral area —the Vrancea region-
about 150 km northeast of Bucharest (Figure 1). Thick unconsolidated sedimentary layers
below Bucharest amplify the arriving seismic waves causing severe destruction. Thus,
disaster prevention and mitigation of earthquake effects is an issue of highest priority.

There are only a few sites which were investigated coincidently with geophysical and
geotechnical techniques to relate the local geology with seismic wave propagation properties
in Bucharest City (especially amplitude-amplification properties). Therefore, the main purpose
of the NATO SfP Project 981882 is to obtain a unique, homogeneous dataset of soil-
mechanic and elasto-dynamic parameters of the subsurface of Bucharest from ten new
boreholes to model the so-called seismic site responses. Here we present the seismic
measurements and modelling results from 4 selected sites.

NATO Science for Peace Project 981882

The zoning of the metropolitan area of Bucharest for seismic amplification pattern
(microzonation) has been pursued with great effort since the 1977 disastrous event.
Geophysical groups at the National Institute for Earth Physics (NIEP) and civil engineers at
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the National Institute for Building Research worked on this problem, as well as foreign
institutions like the Universitat Karlsruhe (TH), the University of Trieste and the Japanese
International Cooperation Agency. Their work resulted in an improved seismic database
obtained from modern seismic observation networks as well as several borehole analyses.
Based on these observations recent microzonation studies were done by e.g. Aldea et al.
(2004), Cioflan et al. (2004), Kienzle et al. (2004), Moldoveanu et al. (2004), Mandrescu et al.
(2007) and Wirth et al. (2003). However, all of these studies could cover only fraction of the
microzonation problem, because either seismic data alone (Wirth et al., 2003) or numerical
modelling based on the assumed geological layering (Cioflan et al., 2004) was done. Sokolov
et al. (2004) used spectral amplification factors and a probabilistic method to determine
ground motion site effects in Bucharest. A major drawback of all studies is missing
geophysical and geotechnical information from well-distributed boreholes in the Bucharest
City area.

0 km 10 km
44.3° 26 26.1 26.2

Figure 1. Map with area under investigation. The metropolitan region of Bucharest,
Romania, is mainly inside the characteristic ring road with a diameter of about 20
km. Residential and industrial areas are indicated in grey; lakes, channels and
rivers in black. The ten borehole sites are shown as circles and numbers. Sites with
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broadband instruments during the URS experiment (Ritter et al., 2005) are
indicated with triangles.

New high-quality seismic waveforms were measured during the URS (URban Seismology)
Project from October 2003 until August 2004 (Fig. 1). Within this project 32 state-of-the-art
broadband stations were continuously recording in the metropolitan area of Bucharest (Ritter
et al., 2005). This unique dataset provides important information on the seismic amplitude
variation across the area. Additionally, there is a modern ground acceleration observation
network (K2-network) which has been upgraded in the last years by the Universitat Karlsruhe
(KA) and NIEP and which is run by NIEP. From this network a database with valuable strong
motion recordings emerged.

To complement the seismic data with a coherent set of borehole measurements and dynamic
core analysis, we received funding from NATO to drill ten boreholes in the city, to recover
cores for dynamic geotechnical testing and to conduct seismic borehole measurements. The
main objective of the project is earthquake risk mitigation and better seismic safety of
Bucharest. The boreholes are placed near URS stations (Urban Seismology project
2003/2004 - (Ritter et al., 2005) or K2 stations (a strong-motion recording network) of the
National Institute for Earth Physics, Bucharest (NIEP) to allow a direct comparison and
calibration of borehole data with actual seismic measurements. The determined dynamic
material parameters and the structural information will be used as input for linear and non-
linear waveform modelling to estimate the seismic amplitude amplification at specific sites in
Bucharest. These modelled waveforms will be compared and calibrated with observations
from seismic stations in the city. The results from the site-effect analysis will be gathered in an
updated seismic microzonation map of Bucharest which will be disseminated to the public and
especially to the end-users who will introduce our results in the future city planning.

Results of the down-hole seismic measurements

Most P-wave seismic velocities (Vp) values recorded in Bucharest City are in a harrow range
(Table 1) . The velocities recorded at the Ecologic University site are a bit larger. The seismic
shear wave velocities (Vs) are in a very close range: between 120-160 m/s at the surface and
400-440 m/s at 50 m depth. Results obtained by the down-hole method in 4 boreholes drilled
in Bucharest City are presented in Table 1. They were used as input data in the program
SHAKEZ2000 as described below.

Table 1. Mean weighted seismic velocities for the first 5 (of 7 types) of Quaternary layers in 4
boreholes in Bucharest City (Figure 1). For a description of the layers see Ciugudean-Toma
and Stefanescu (2006), Bala et al. (2007b), Mandrescu et al. (2007) or Ritter et al. (this vol
ume).

Geological 1 2 3 4 5 Mean Vs
layer for the first
30m 50 m
Mean Vp Vs Vp Vs Vp Vs Vp Vs Vp Vs Vs3o Vs
weighted m/s | m/s | m/s | m/s m/s m/s m/s m/s m/s m/s m/s m/s
velocities
Tineretului 180 | 140 | 570 | 220 | 943 | 316 -- 1790 | 400 | 289 332

Park (site 1)

Ecologic 300 | 120 | 118 | 220 | 1250 | 241 | 1770 | 378 | 2170 | 410 316 356

Univ (site 2) 0

Astronomic 200 | 120 | 914 | 281 | 1200 | 330 | 1713 | 380 | 2160 | 440 | 296 337
Inst. (site 3)

Titan2 290 | 160 | 800 | 250 | 800 | 250 | 980 | 350 | 1675 | 406 | 326 366
Park (site 4)

Mean 233 | 138 | 870 | 270 | 995 | 297 | 1555 | 374 | 1812 | 407

weighted V
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The mean weighted seismic velocities for the first 5 (of 7 types) of Quaternary layers are
computed and given also in the Table 1 for the four sites, in order to be compared with
seismic velocity values obtained from previous seismic measurements. Weighted mean
values for Vs are computed according to the following equation (1):

3 h
)
Vs=ahe ®

i=1 VSi

where h;and Vs; denote the thickness (in meters) and the shear-wave velocity (in m/s) of the i-
th layer, in a total of n layers for the same type of layer ( Romanian Code for the seismic
design for buildings - P100-1/2006). According to the same code, the weighted mean

values Vs , computed for at least 30 m depth, determine 4 classes of the soil conditions:

1. Class A, rock type : VS > 760 m/s;
2. Class B, hard soil : 360 < VS <760 m/s;
3. Class C, intermediate soil: 180 < VS < 360 m/s;
4. Class D, soft soil: VS <180 mf/s;

All the Vs3o values in Table 1 belong to type C (intermediate soil) after this classification
(Romanian Code for the seismic design for buildings - P100-1/2006). Even the Vs 5o values in
Table 1 fall in the type C of the classification. According to this code, the elastic response
spectra characterising the 4 classes of the soil conditions will be determined using the
methodologies in the international practice.

One-dimensional ground response analysis at 4 sites in the Bucharest City area

A ground response analysis consists of studying the behaviour of a soil/rock deposit
subjected to an acceleration time history applied to a layer of the profile. When dealing with
earthquake ground motions, the acceleration time history is usually specified at the bedrock.
Examples of response quantities that can be obtained are the acceleration, velocity,
displacement, stress, and strain time histories for any layer. Some of the applications of these
analyses are the liquefaction potential or the seismic risk assessment in earthquake-prone
regions.

Different methods of ground response analysis have been developed including one
dimensional, two dimensional, and three dimensional approaches. Various modelling
techniques like the finite element method were implemented for linear and non-linear
analysis. Extended information on these analyses is given by Kramer (1996). Here we apply
an equivalent linear one-dimensional analysis, as implemented in the computer program
SHAKEZ2000 (Ordbénez, 2003). The term one-dimensional refers to the assumption that the
soil profile extends to infinity in all the horizontal directions and the bottom layer is considered
a half space. Only the vertical propagation of seismic waves is considered, usually shear
waves. The equivalent linear one-dimensional analysis is often an approximate linear
approach. The non-linear behavior of the soil is accounted for by means of an iterative
process in which the soil damping ratio and shear modulus are changed such that they are
consistent with a certain level of strain calculated with linear assumptions. The non-linearities
of the soil are not implicitly considered as in fully non-linear methods; rather at each iteration
cycle the equations of motion solved are those of an equivalent linear model.

The equivalent linear method was proved to obtain good approximations of the response of a
soil deposit subjected to an earthquake. and it had been successfully compared with finite
element methods and fully non-linear analysis. A recent comparison made with finite element
non-linear codes was performed in a seismic amplification study in Lotung, Taiwan (Borja, et
al., 2002).
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Input Data

The static soil properties required in the 1D ground response analysis with SHAKE2000 are:
maximum shear wave velocity or maximum shear strength and unit weight. Since the analysis
accounts for the non-linear behaviour of the soils using an iterative procedure, dynamic soil
properties play an important role. The shear modulus reduction curves and damping curves
are usually obtained from laboratory test data (cyclical triaxial soil tests). The variation in
geotechnical properties of the individual soil layers are mostly impossible to model because of
the lack of appropriate data. Therefore, these poorly constraint properties should be assumed
constant for each defined soil layer. In built shear modulus reduction curves and damping

curves for specific types of layers are used in SHAKE2000 based on published geotechnical
tests (Ordonez, 2003).

As ing)ut data the interval seismic velocities Vs (in m/s), as well as the natural unit weight (in
kN/m~) and thickness of each layer (in m) are used. All these data are stored in a database
for four new borehole sites in Bucharest area (Table 1, after Bala et al., 2007a). The velocity
values from Table 1 are close to other measured values by Hannich et al. (2006) and Bala et
al. (2007b). The recorded motion of the 27.10.2004 earthquake (Mw=5.8) at K2
accelerometer station BBI in Bucharest is used as seismic input motion. All 3 components
(one vertical and two horizontal components) were available. This station is placed in the
borehole at INCERC site at 100 m depth. The strong motions BBI_E (east-west component)
and BBI_N (north-south component) were chosen as being a representative acceleration
recorded in a borehole in Bucharest from a moderate Vrancea earthquake.

Acceleration response spectra obtained at 4 sites in the Bucharest City central area

Acceleration response spectra computed at different depth levels with the programme
SHAKE2000 show the amplification due to the package of sedimentary layers from 50 m
depth to the surface (Figures 2-6). These response spectra are thought to represent the case
of a moderate to strong earthquake motion (see above).

Site Tineret Park; Ground motion : BBI E/27.10.2004

0.15 ! ! !

Layer 1 - Sa for 10%
damping - SHAKE

4 Layer 4 - Sa for 10%

& £ damping - SHAKE
= is
S i n - Layer 8 - Sa for 10%
= 010 yer
& Y damping - SHAKE
= n
] roly v Layer 10 - Sa for 10%
< N $ 4 damping - SHAKE
E LA ['f 1
b+ ! ‘n L 1
2 | Wl ) 3 . L
& 0.05 [ ‘j s
' A 4
' 0 V4 |
._.‘-—.-v
00) —————— 7 ————— T J
0.001 0.01 0.1 1 10

Period (sec)

Figure 2. Calculated spectral acceleration response computed for the site Tineretului Park
(site 1 in Figure 1). As input wavelet the strong motion from BBI_E is taken (see text). Results
for four layers are shown.

The response diagramme for Astronomic Institute (Figure 3) is very similar to the diagramme
for Tineretului Park (Figure 2), with a peak of 0.16 g acceleration at 0.55 s period. For the site
Ecologic University (Figure 4), near Dambovita river, we find 2 acceleration peaks, one at 0.2
s (0.14 g), especially in the first layer, and another again at 0.55 s (0.15 g). For the site Titan
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2 Park (Figure 5), the amplification occurs between 0.09-0.2 s (0.12 g) and also at 0.5 s (0.15
9)-

The EUROCODE 8 currently proposes two standard shapes for the design response spectra.
Type 1 spectra are enriched in long periods and are suggested for high seismicity regions and
magnitude Mg > 5.5. Type 2 spectra are proposed for moderate seismicity areas and exhibit
both a larger amplification at short periods, and a much smaller amplification at long period
contents, with respect to Type 1 spectra (Ms < 5.5). In Figure 6 the type 1 spectral
acceleration was found (EUROCODES) as determined from the comparison with the spectral
acceleration at the site Astronomic Institute.

Finally, SHAKE2000 needs specific geotechnical inputs such as: input signal (scenario
earthquakes), shear wave velocity and soil thickness. Some real borehole profiles are
available now with shear wave velocity and soil thickness, including some measurements on
the core samples. The proper input signal, either a real earthquake or an artificial strong
motion created with SHAKE2000, remain to be chosen and tested in future work. The level in
the geologic profile considered “bedrock”, where this input signal should be applied, should be
properly documented from field measurement.

Conclusions

1. A new international research project was initiated in 2006 - NATO SfP Project 981882:
Site-effect analyses for the earthquake-endangered metropolis Bucharest, Romania. This
project, conducted by the National Institute for Earth Physics, Bucharest, Romania and
Universitat Karlsruhe (TH), Germany, has the target to fill the gap in the knowledge
concerning seismic and geotechnical parameters in the shallow (H < 50 m) layers in
Bucharest, especially in the Quaternary layers 1 - 5, as they are described by Ciugudean and
Stefanescu, 2006.

2. The computed values for seismic velocities are in the same range as others obtained by in
situ seismic measurements of different types. They are added to the database at NIEP, which
is a valuable collection of elastic and dynamic parameters of the sedimentary rocks obtained
by direct measurements. The values will be used for further studies on the seismic
microzonation of Bucharest City using linear and non-linear approaches.

3. The velocity values obtained in the first 3 layers (Table 1) are very important and among
the first results measured in these sedimentary layers and reported for Bucharest City. They
are well correlated with the values obtained in Bucharest by Hannich et al. (2006) using the
SCPT method.
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Figure 3. Calculated spectral acceleration response computed for the site Astronomic
Institute.
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Figure 4. Calculated spectral acceleration response computed for the site Ecologic University.
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Figure 5. Calculated spectral acceleration response computed for the site Titan2 Park.
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Figure 6. Calculated spectral acceleration response (5% damping) computed for the site
Astronomic Institute and the corresponding design spectra from EUROCODE 8 (Type 1 - soll
Q).
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Introduction

In seismic microzonation we want to display the variation in seismic response of the
subsurface and subsequently determine where the soil is being amplified to a level that may
damage existing buildings or other structures. Frequently peak ground acceleration (PGA) is
used to determine the maximum horizontal forces that can be expected. The method is not
always adequate, because PGA often correspond to high frequencies, which are out of range
of the natural frequencies of most structures.

The largest amplification of the soil will occur at the lowest natural frequency or its
fundamental frequency, which corresponds to the characteristic site period. In situ
measurements of shear wave velocity in the soil and the soil thickness, provide a direct
measure of the characteristic site period. Extensively seismic noise measurements is a much
accessible method and computed H/V spectral ratio can also provide a good indication on
the fundamental frequency of the site.

Average shear wave velocity in the first 30 m depth (Vs-30) as defined in EUROCODE 8 and
Romanian Code P100-1 is a useful indicator in seismic microzonation, showing zones with
low values of average seismic velocities in Bucharest.

Peak Ground Acceleration determination in Bucharest

Bucharest is one of the most affected cities by earthquakes in Europe. Situated at 140 — 170
km distance from Vrancea epicentral zone, Bucharest had suffered many damages due to
high energy Vrancea intermediate-depth earthquakes. For example, the 4 March 1977 event
produced the collapse of 32 buildings with 8-12 levels, while more than 150 old buildings with
6-9 levels were seriously damaged. Since then the occurrence of 3 other earthquakes (1986
IM=7.1; 1990 /M=6.9; 2004 /M= 6.0) demonstrated that the Vrancea seismic activity is
continuing, permanently threatening the Bucharest City area.

The studies done after 1977 earthquake had shown the importance of the surface geological
structure upon ground motion parameters and emphasized the need for new methods of
guantifying the site effects.

The earthquake from 27.10.2004 was one of the most studied as there were many good
recordings in the Bucharest City area. The accelerometer network of National Institute for
Earth Physics has recorded this earthquake and the PGA map for Bucharest was computed
for the 3 components. Considering only the EW horizontal component, they show variation in
the PGA with amplitudes with ratio from 1 to 4 (16 to 60 cm/s2) in the city area (Fig. 1).
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Most of this variation is due first to the package of the Quaternary sedimentary layers which
amplify the original strong motion arrived from the earthquake to the bedrock.

Figure 1. Map of the interpolated values of PGA_EW [cm/s’] in Bucharest for the earthquake
of 27.10.2004. Coordinates are in UTM.

Geology of the Bucharest area

Bucharest City is situated in the central part of the Moesian Platform, an important structural
unit of Romania which corresponds to the Romanian Plain.

The Moesian Platform has a basement with 2 structural units: a lower one with chloritic and
sericitic schists of Precambrian age and an upper one made up of old Paleozoic folded
marine formations going back to the Middle Carboniferous age. The sedimentary cover of the
Moesian Platform is relatively thick, exceeding 6000 m. The Cretacic basement was identified
at about 1000 — 1500 m depth and it is covered by Sarmatian and Pliocene deposits. The sea
disappeared gradually and heterogeneous Tertiary and Quaternary deposits are composing
the surface geology in Bucharest City area. The Tertiary formations in Bucharest area are
estimated to be about 700 — 800 m thick and they are covered by Quaternary sediments.

The cohesionless Quaternary deposits are largely developed in the Bucharest area, with
thickness of about 200 m in the south to 300 m in the north (Figure 2). The existing amount of
geologic, hydrogeological and geotechnical data make possible to know the general
lithological succession from the bottom upwards for the Lower and Upper Quaternary
deposits. They are represented in Figure 2 by seven main lithologic complexes consisted
mainly of gravel, sands and shales or clays. For a description of the layers see Ciugudean-
Toma and Stefanescu (2006), Bala et al. (2007b), or Ritter et al. (this volume).

The local geology above the 7-th layer, the Fratesti layer A, which is 100 m depth in the south
to 200 m depth in the north, is very rapidly changing from one point to another in only a few
hundreds of meters ( Bala et al., 2006). The real succession of the 7 principal layers as well
as their physical properties can be ascribed only by in situ measurements in boreholes.
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Figure 2. Geological cross-section in a N-S direction in Bucharest City.

Physical Parameters of Quaternary Sedimentary Layers in Bucharest

Down-hole seismic measurements were performed by a combined effort of National Institute
for Earth Physics (NIEP), SC “Prospectiuni” S.A. and SC METROUL SA in 12 sites
(boreholes) from Bucharest City in the frame of the CERES Project 34/2002 and CERES
Project 3-1/2003. Detailed information about the measurements and seismic velocity values
obtained was presented by Bala et al., 2006 and 2007b.

Mean weighted values for Vp and Vs are computed for each of the 12 boreholes according to
the following formula:

S h
Vg = =L = (1)
Z VSi

i=1

Where h;and Vs; denote the thickness (in meters) and the shear-wave velocity (in m/s) of the
i-th layer, in a total of n layers, existing in the same type of stratum ( Romanian Code for the
seismic design for buildings - P100-1/2006 and EUROCODE 8).

The site Bazilescu was excluded from presentation due to low velocities recorded in all the
layers, for which a satisfactory explanation was not yet found. However in a recent paper
(Hannich et al, 2006) seismic measurements using SCPTU techniques are presented for the
same site (BAZI) and low Vs values are presented of about 250 m/s at 26 m depth, with a
large drop (150 m/s) between 7 - 11 m depth. This confirmation of low velocity of the shear
waves in the same site put into evidence by another method will lead us to reconsider our
measurements in Bazilescu site.

The National Center for Seismic Risk Reduction (NCSRR, Bucharest) instrumented in 2003
seven sites in the northern half of Bucharest City (Aldea et al., 2006) in cooperation with the
Japan International Cooperation Agency (JICA). NCSRR performed downhole measurements
at all sites that were instrumented, the deepest investigation was down to 140 m depth. All the
results of the mean weighted seismic velocities (Aldea et al., 2006) are gathered in the Table
1.
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Other shear wave velocity values for the shallow layers (down to 50 m depth) were obtained
in the frame of the NATO SfP Project 981882 in the years 2006 - 2007 and they were
reported by Bala et al., 2007a and Ritter et al., 2007.

Characteristic Site Period

The largest amplification of the soil will occur at the lowest natural frequency or its
fundamental frequency. The period of vibration corresponding to the fundamental frequency is
called the characteristic site period (see Eq. 2). The characteristic site period, which only
depends on the soil thickness and average shear wave velocity of the soil, provides already a
very useful indication of the period of vibration at which the most significant amplification can
be expected.

Using the velocity data from 8 of the boreholes of the 12 presented by Bala et al., 2007b, the
map from Figure 2 was computed according to the formula:

T =4h/VS 2)
In which T = characteristic site period in seconds and VS is the average velocity until the

Fratesti layer, considered to be the basement layer and h is the total thickness of the
sedimentary layers.

A\ Otopeni

Figure 3. Map of the characteristic site period (in seconds) for the Bucharest City.
Coordinates are given in UTM system [meters].

The characteristic site period was computed with h being the total thickness of the main
geologic layers until the 7-th layer (Fratesti Layer, described by Ciugudean and Stefanescu,
2005). VS is computed as mean weighted velocity value down to the same geologic layer for
each of the 8 sites.

The map from Figure 3 shows an increase in the characteristic site period, from 1.25 s in the
south (NIEP-Magurele) to 1.75 s in the north (Otopeni site), due to the general increase of the
depth to Fratesti Layer from south to north. In the meantime due to the different values of
mean weighted velocity for each site, some variations in the characteristic site period appear
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right in the central part of Bucharest, which is the most sensible zone vulnerable to strong
seismic events. In the near future some new data must be recorded in this central part of the
city in order to obtain better geophysical characteristics of the sedimentary layers.

Mean Weighted Seismic Velocity Vs 3o and Vs.so

Seismic velocities in the Table 1 are obtained by several authors by seismic measurements in
boreholes. They were gathered in order to compute the mean weighted seismic velocity for
the first 30 m depth (VS-30), for each case according to formula (1). A first map of VS-30 is
presented in the Figure 4.

Table 1. Mean weighted seismic velocity for the first 30 m depth (Vs30) and 50 m (Vs.s)
obtained in different sites in Bucharest City

No. Borehole Vss0 | Vsso References

1. Grivita_110 330.9 | 341

2. Politehnica_200 297.2 | 310 | Balaet al., 2006, 2007b.
3. Policolor 100 286.0 | 292.5

4. Otopeni_200 243.1 | 274

5. Magurele 112 289.8 | 313

6. lorga 170 245.1 | 254.6

7. Foradex 81 295.7 | 3154

8. Buciumeni_ 150 255.8 | 281

9. Bazilescu 172 247.3 | 248.2

10. Centural 288 | 318.4

11. Centura2 260.5 | 292

12. Tineretului Park 263 304 Bala et al., 2007a.
13. Univ_Ecologica 281 326

14. Inst Astronomic 283 320

15. Titan2 Park 308 341

16. Motodrom Park 288 327 Ritter et al., 2007
17. Student Park 295 319

18. | Romanian Shooting Fed. | 297 347

19. Geologic Museum 320 328

20. AGRO 311 -

21. BAZI 267 --

22, INCERC 311 - Hannich et al., 2006
23. INMH 264 -

24, METRO 303 -

25. MOGO 281 -

26. VICT 290 -

27. | City Hall 219 | 258 Aldea et al., 2006
28. | Municipal Hospital 245 | 281

29. | NCSRR/ INCERC 270 | 302

30. | Piata Victoriei 284 | 310

31. | UTCB -Pache 288 | 318

32. | Civil Protection 293 | 309

33. | UTCB - Tei 309 | 326

According to the map in Figure 4 the Vs-30 have a range from 220 — 320 m/s. The north part
of Bucharest is characterized by rather low velocity values, under 280 m/s, while in the south
medium values are encountered. The central part is characterized by a low value zone
around City Hall and Municipal Hospital, followed to the north by high values (Grivita) and to
the east by medium values (UTCB Tei).
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Figure 4. Map of the mean weighted seismic velocity (Vs.g) in Bucharest City from downhole
seismic measurements. Coordinates are given in UTM system (meters).
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Figure 5. Map of the mean weighted seismic velocity (Vs.so) in Bucharest City from downhole
seismic measurements. Coordinates are given in UTM system (meters).
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The VS-50 map shows the a range of higher velocity values, from 270 — 340 m/s, with low
values in the north, and medium to high values in the central part of the city (Figure 5). A
pronounced low is present in the center around the sites of City Hall and Municipal Hospital,
both located near Dambovita river, with velocity values under 300 m/s. Some 2 sites show
high values of up to 340 m/s (Romanian Shooting Federation and Titan 2 Park).

Conclusions

The earthquake from 27.10.2004 was one of the most studied as there were many good
recordings in the Bucharest City area. The free field accelerometer network of National
Institute for Earth Physics has recorded this earthquake and the PGA map for Bucharest was
computed for the 3 components. Considering only the horizontal EW component, it shows
variation in the PGA with amplitudes ratio of 1/4 (16 to 60 cm/s2) in the city area (see Figure
1). Most of this variation is due to the package of the Quaternary sedimentary layers which
amplify the original strong motion arrived from the earthquake at the bedrock.

The Quaternary local geology in Bucharest City is very rapidly changing from one point to
another in only a few hundreds of meters (Bala et al., 2006 and 2007a). The geological layer
which is considered the bedrock is the Fratesti layer A, which depth is at 100 m in the south
and 200 m depth in the north. The real succession of the 7 principal layers as well as their
physical properties can be ascribed only by in situ measurements in boreholes.

The largest amplification of the soil will occur at the lowest natural frequency or its
fundamental frequency. The period of vibration corresponding to the fundamental frequency is
called the characteristic site period. The characteristic site period, which only depends on the
soil thickness and average shear wave velocity of the soil, provides already a very useful
indication of the period of vibration at which the most significant amplification can be
expected. The map (Figure 3) shows an increase in the characteristic site period, from 1.25 s
in the south to 1.75 s in the north, due to the general increase of the depth to Fratesti Layer A
from south to north. In the meantime due to the different values of mean weighted velocity for
each site, some variations appear right in the central part of Bucharest, which is the most
sensible zone vulnerable to strong seismic events. The values of the characteristic site period
have the same values as those computed in the same sites using an entirely different
method: the spectral ratio H/V method (Bala et al., 2007 a, b).

Seismic velocities in the Table 1 are obtained by several authors by direct seismic
measurements in boreholes. They were gathered in order to compute the mean weighted
seismic velocity for the first 30 m depth (VS-30) and 50 m depth (VS-50), for each case,
according to formula cited in the Romanian Code for the seismic design for buildings - P100 -
1/2006 and in EUROCODE 8. All the VS-30 values in Table 1 belong to type C of soil after
this classification ( Romanian Code for the seismic design for buildings - P100-1/2006). Even

the VS-50 values in the Table 1 fall in the type C of the classification (180 m/s < Vs < 360
m/s).

According to this code, the elastic response spectra characterizing the 4 classes of the soil
conditions will be determined using the methodologies in the international practice.

A first map of VS-30 is presented in the Figure 4 for the Bucharest City area. According to this
map, the north part of Bucharest is characterized by rather low velocity values, while in the
south-west medium values are encountered. The central part is characterized by a complex
mixture of low values (lorga _170) with medium (Politehnica 200) and high values
(Grivita_110).

The VS-50 map shows the range of the velocity values from 270 — 340 m/s, with low values in
the north, and medium to high values in the central part of the city (see Figure 5).

This image shows that in the central part of the Bucharest, where low value areas are mixed
with high values, new seismic measurements are needed in order to have an improved image
of this important parameter which has a great impact on the microzonation map of the
Bucharest City, Romania.
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Introduction

Bucharest, the capital of Romania, with more than 2 million inhabitants, is considered after
Istanbul the second-most earthquake-endangered metropolis in Europe. It is identified as a
natural disaster hotspot by a recent global study of the World Bank and the Columbia
University (Dilley et al., 2005). Four major earthquakes with moment-magnitudes between 6.9
and 7.7 hit Bucharest in the last 68 years. The most recent destructive earthquake of 4th
March 1977, with a moment magnitude of 7.4, caused about 1.500 casualties in the capital
alone. All disastrous earthquakes are generated within a small epicentral area — the Vrancea
region - about 150 km north of Bucharest. Thick unconsolidated sedimentary layers in the
area of Bucharest amplify the arriving seismic shear-waves causing severe destruction. Thus,
disaster prevention and mitigation of earthquake effects is an issue of highest priority for
Bucharest and its population.

As a major scientific aim we develop calibrated seismic response laws which can be used to
describe the seismic wave amplification in Bucharest. Several seismic recording stations from
different institutions are running in the Bucharest area. There are also numerous shallow
boreholes from different institutions which were used to map the subsurface lithology.
However, there are only 16 boreholes which were partly geotechnically investigated to relate
the local geology with seismic wave propagation properties (especially amplitude-
amplification properties). Therefore, a NATO Science for Peace project (SfP 981882) was
initiated to obtain a unique, homogeneous dataset of soil-mechanic and elasto-dynamic
parameters of the subsurface of Bucharest. Within this project 10 new, 50 m deep, boreholes
were drilled to recover cores for geotechnical laboratory measurements and to measure in
situ seismic velocities. These parameters are the input information to model the so-called
seismic site responses (see Bala et al., this volume). In a second step these modelled site
responses will be compared to already available observed site responses (measured
seismograms) to derive the relationship between the measured subsurface soil / rock
properties and the observed seismic amplitudes. Then this calibrated relationship can be
applied to other available borehole lithologies in the metropolitan area of Bucharest. Thus in
the end this research programme will help to develop an optimised seismic microzonation of
the metropolitan area of Bucharest which will be implemented for the future urban planning. In
this contribution we report about the geotechnical measurements that are later used for linear
and non-linear wave propagation simulations.

Drilling Programme

According to the proposed plan of the project ten new boreholes with a depth of 50 m were
drilled in the metropolitan area of Bucharest in order to obtain the necessary data for a new
and modern map with site effects related to earthquake wave amplification. The boreholes
(Figure 1) are placed near URS stations (URban Seismology project 2003/2004, Ritter et al.,
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2005) or K2 stations (a strong-motion recording network) of the National Institute for Earth
Physics, Bucharest (NIEP) to allow a direct comparison and calibration of borehole data with
actual seismic measurements. The positions of the ten proposed boreholes were also chosen
in order to fill geophysical and geotechnical information gaps in the metropolitan part of
Bucharest.

Four boreholes were drilled in spring 2006. These boreholes are in the following locations:
Titan 2 Park, Tineretului Park, Ecologic University (near Dambovita River) and the Astronomic
Institute of Romania (near the Carol Park). In 2007 another six boreholes were drilled at the
following sites: Motodrom Park, Tei Park, Bazilescu Park, Romanian Sport Shooting
Federation, Geological Museum (Victory Place — central Bucharest) and the last one in
southern part of the city, at the National Institute of Earth Physics (NIEP), in Magurele. The
sites can be seen in Figure 1, for further information see Ritter et al. (this volume).
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Figure 1. Arial view of Bucharest and its surroundings. The positions of the boreholes are
indicated with pins for 2006 sites and with arrows for 2007 sites, together with abbreviated
site names.

Geotechnical Investigations

A total number of 250 soil and rock samples were gathered from the 10 drill sites at different
depths by the Department of Engineering Seismology (NIEP). These samples were carefully
selected mainly without disturbances for cohesive material (sampling as it was recovered
from the tube of the drilling machine) and partly disturbed for cohesionless material (soil
samples which had no proper consistency). With the data from these samples we created a
data base, which contains the following parameters:

- drill location,
- GPS coordinates of drill,
- date of recover,
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- depth of sample,
- short geological and mechanical characterisation of each sample.

In Table 1 all geotechnical experiments performed with the samples from the ten sites are
summarized.

Table 1. Overview on the geotechnical experiments conducted with the recovered core
samples; ss: soft soil; sh: hard soil

Operation No. Objective

Drilling of 50 m deep boreholes 10 Drilling and Probing Operations
Resonant column tests 58 Dynamicac parameters for linear and non-linear

modelling of wave propagation
Triaxial tests (dynamical, 15 Dynamical and mechanic parameters
undrained);
CU Triaxial test 6 (ss) Standard geotechnical experiment

6 (sh)

Edometric tests 19
Angle of repose 7 Standard geotechnical experiment
Granulometry 54 Standard geotechnical experiment
Maximum and minimum 6 Standard geotechnical experiment
compactness
Determination of e min and e_max 12 Standard geotechnical experiment
Determination of liquid and plastic 4 Standard geotechnical experiment
limit

Results and discussions of some tests

After a first close examination of the database with the core samples, 58 samples were
chosen from representative geological layers for tests in the resonant column. One sample
was chosen from a soil layer. The Drnevich resonant column is used for the experimental
determination of the dynamic soil response at harmonic oscillations, through soliciting a
cylindrical sample with harmonic stationary vibrations, torsional and/or longitudinal in
resonance mode. In our case the torsional mode is applied. Inside the resonant column cell
the geological pressure of the sample is simulated.
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Figure 2. Resonant column tests with different core samples from the Tineretului
Park. G is the shear modulus, Gama is the shear strain, D is the damping ratio.

In Figure 2 the result of a resonant column test is presented which was conducted in a
Drnewich apparatus with different soils from the site Tineretului Park. The dynamic triaxial
tests for the determination of the deformability properties of the core samples were done in
accordance to international specifications, e.g. with the Romanian standard P125 — 84 “The
Determination of Shear Resistance of Soils under Cyclic Dynamic Load through Cyclic
Compression Tests”, but also the restrictive Japanese norm: “Standards of Japanese
Geotechnical Society for Laboratory Shear Tests — JGS 0542-2000 — Method for Cyclic
Triaxial Test to Determine Deformation Properties of Geomaterials”. The triaxial apparatus
used is the model: DTC — 367 (Seiken Inc. Japan). In Figures 3 and 4 CU triaxial test results
are presented for the Magurele borehole site with samples from 3.5 — 5.0 m depth (Figure 3)
and 21 — 25 m depth (Figure 4).
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Figure 3. CU triaxial test. g is the load in kPa, ¢ is the deformation in %.
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Figure 4. CU triaxial test. q is the load in kPa, ¢ is the deformation in %.
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The tests were made with three samples from the same depth interval. Thus one can
observed the influence of the geological pressure for obtaining the same deformation. The
strengths of the soil samples is similar as for other data of the Bucharest area.

In Table 2 we present the results for the identification of the sample in the laboratory (1),
identification of the sample after the Ternary Diagram (2), granulometry, mass and humidity.
The sample chosen is from Tineretului Park.

Table 2 Core sample analysis results from Tineretului Park. m is mass of sample, mq is dry
mass of sample, w is humidity of the sample, Wyegium iS medium humidity of sample. The
samples description contains percent of: clay / dust / fine sand / medium sand / coarse sand /
gravel and the density of the mineral skeleton (g/cm®) with the particle percentage with
diameter d < 2 um.

Sample  Depth m My w Whedium  Sample description

(ID) (m) (9) (9) (%) (%)

P1 3.0-3.5 Without humidity (1) Sandy clay, red brown
(2) sandy clay
16/26/48/6/2/2
2.7, 10

P2 3540 087 2364 3088 31 (B FACSL T orey dots

35.91 27.70 29.64 (2) clay
31.59 24,21 30.48 34/36/20/6/2/2
33.34 25.60 30.23 2.72,28
147.27 112.65 30.73 Edometric test
ps 4045 045 2828 3080 31
31.78 2436 30.46 (2) clay
33.03 25.34 30.35 34/44/22/0/0/0
37.14 28.42 30.68 2.72,22
147.26 11352 29.72 Edometric test

P6  7.0-85 Vithouthumidity I(i%t)lecgl?srts; sandyellowgrey. &
(2) dusty sand
0/14/4/22/58/2
2.65, -

(2) dusty sand
0/12/4/414176
2.65, -

In Table 3 the results from the test of compression-settling are presented for core samples from
the boreholes in Tineretului Park and Astronomic Institute. The results show the general
characteristics of samples of the Bucharest area.
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Table 3. Tests of compression—settling. Core sample identification: 1.1: Tineretului Park 3.5-
4.0 m depth; 1.2 Tineretului Park 4.0-4.5 m depth; 3.1 Astronomic Institute 3.0-3.5 m depth;
3.2 Astronomic Institute 5.0-5.5 m depth; 3.3 Astronomic Institute 47.0-48.0 depth;

Parameters: Mgs.1: edometric modulus (in kPa) in the pressure range 50-100 kPa; Mi.:
edometric modulus (in kPa) in the pressure range 100-200 kPa; M,.3: edometric modulus (in

kPa) in the pressure range 200-300 kPa; &, : specific deformation (in %) at a pressure stage

of 200 kPa; a,: volumic compressibility coefficient (in kPa™); n: porosity (in %); e: pore index
(dimensionless); S,: saturation range (in %).

Sample 1.1 1.2 3.1 3.2 3.3
Mosi= 4545 3333 25000 10000 16667
= 5263 3774 25000 12500 18182
M,.3 = 5556 5882 15385 15385 16667

£,= 4.10 5.40 0.75 2.10 1.15

a,= 3.347 10™ 3.136 10™ 1.046 10™ 1.036 10™ 1.01310™

= 19.1 19.1 19.9 20.3 19.6

n= 46 46 38 37 41

e= 0.86 0.84 0.61 0.59 0.69

S,= 0.98 0.97 0.80 0.87 0.87

In Table 4 the plastic limit determination is given for core samples from the boreholes
Tineretului Park and Astronomic Park. The results have the general characteristics of the
Bucharest area.

Table 4. Plastic limit determination. Core sample identification: 1.1: Tineretului Park 3.5-4.0
m depth; 1.2 Tineretului Park 4.0-4.5 m depth; 3.1 Astronomic Institute 3.0-3.5 m depth; 3.2
Astronomic Institute 5.0-5.5 m depth;

Parameters: w: humidity; wp kneading limit [%]; wL: flow limit [%]; Ip: plasticity index [%], IC
consistency index; IA activity index.

Sample 1.1 1.2 3.1 3.2
%< 2, um 28 22 31 29
w 31 31 19 19
wp 22 20 17 17
wlL 62 51 45 47
Ip 40 31 28 30
IC 0.78 0.65 0.93 0.93
IA 1.43 1.41 0.90 1.03

Conclusions

A drilling and core recovery project was conducted in Bucharest, Romania. By obtaining the
geotechnical parameters of the core samples for these ten sites situated at different locations
in the Bucharest area, we cover zones where these parameters were not known before. This
makes our effort unique and of great importance for the new comprehensive data bank
acquired during the project. The geotechnical data vary at the different location sites in the
city, but have the general characteristics of Bucharest geotechnical parameters. This data
acquisition is part of a comprehensive project where also geophysical and geological data
were gathered. Their combined interpretation makes this project of great significance for
seismic risk mitigation for the Bucharest city area, for a safer seismic design and for the
improvement of microzonation efforts.
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Introduction

Modern building codes for seismic design define the seismic action in terms of damped elastic
response spectra. Spectral ordinates account for site effects through the use of specific soil
amplification factors, F,, that are a function of site category and, in some cases, of the
shaking level for the reference site condition (e.g., National Earthquake Hazard Reduction
Program — NEHRP (Building Seismic Safety Council — BSSC, 2003), Norme Tecniche per le
Costruzioni — NTC (Ministero delle Infrastrutture e dei Trasporti, 2008)). The reference
shaking level can be obtained from probabilistic or deterministic seismic hazard analyses
while soil classes are defined on the basis of the average shear wave velocity in the upper 30
m of a soil profile, Vs3o

For a given site class, F, defines how much the ground motion that would be expected for the
reference site condition (e.g., rock condition) is amplified by that particular soil type. Different
definitions of F, can be found in literature. In the NEHRP provisions, F, represents the ratio of
the spectral acceleration, S,(T), for a given site condition to the value of the spectral
acceleration corresponding to the reference condition. In Eurocode 8 — EC8 (Comite
Européen de Normalisation — CEN, 2003), it is defined as the ratio of the average
acceleration response intensity (Von Thun, 1988), ASI, for a specific soil category to the
acceleration spectrum intensity for the reference site condition. A similar definition is given by
Pergalani et al. (1999), Pergalani et al. (2003), and Barani et al. (2008) but the pseudo-
velocity response spectrum intensity (Housner, 1952), S/, is used to quantify the ground
motion level at the site of interest instead of ASI. The use of an amplification factor based on
integral measures of the ground motion intensity, such as S/ and AS/, has the advantage that
these quantities relate better to the building damage than other ground motion parameters
such as PGA, PGV, and S,(T) (e.g., Miyakoshi & Hayashi, 2000). Indeed, both AS/ and S/
account for the amplitude and frequency content of earthquakes in a single parameter
(Kramer, 1996; Miyakoshi & Hayashi, 2000).

The amplification factors defined in building codes can be evaluated by using empirical data
recorded during earthquakes or, alternatively, are the results of analytical studies consisting
of one-dimensional (1-D) equivalent linear or nonlinear ground response analyses (e.g.,
Dobry et al.,, 1994; Seed et al.,, 1994). In this latter case, the degree of knowledge of
geophysical and geotechnical parameters used in defining the 1-D model of the soil column
may have an important role on the final F, values. Hence, the uncertainty in the soil properties
should be considered for the characterization of the ground response of a soil column and,
consequently, for the quantification of F,. To this purpose, Bazzurro and Cornell (2004)
propose to include the uncertainty in the soil properties through a Monte Carlo approach that
consist of randomly varying the soil parameter values.

The main objective of this work is to quantify the influence of the uncertainty in the soil
parameters on the ground motion amplification. Two sites in Tuscany (Northern ltaly),
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representative of different case studies, are considered here. These sites presents similar
characteristics except for bedrock (i.e., infinite half-space at the bottom of a soil profile) depth
that, in one case, is known from boreholes and geophysical data while, in the other, is highly
uncertain. The ground response of the profiles considered is evaluated by driving a suite of
real accelerograms recorded at rock sites through different samples of each soil model. Each
sample is obtained by randomization of the soil properties (Bazzurro & Cornell, 2004). A
computer program that accounts for the nonlinear behavior of soils is applied to evaluate the
site response.

Methodology

In order to evaluate the ground response of each profile the following procedure is applied:

) a conventional probabilistic seismic hazard analysis — PSHA (Cornell, 1968) is
performed to choose earthquake time histories (seismic input) for dynamic analyses and to
scale records to ground motion levels with a certain probability of exceedance in a given
period of time. Specifically, the 5%-damped uniform hazard spectrum (UHS) for a mean
return period of 475 years is calculated for a dense range of frequencies. The UHS refers to
rock conditions. Then, the peak ground acceleration, PGA, and 1.0s spectral acceleration,
S4(1.0s), hazard are disaggregated in order to define the magnitude-distance (M-D) scenarios
dominating the rate of exceeding the target ground motion values. In this application, we have
deliberately ignored the epistemic uncertainty affecting input models (e.g., recurrence models,
attenuation models) and parameters (e.g., earthquake recurrence parameters). An exhaustive
PSHA including epistemic uncertainty in the calculations is not the purpose of the work;

. a large number of real accelerograms recorded at rock sites are collected according
to the M-D pairs controlling the site hazard (4.5 < M < 6.0 and 0 < D < 20km) and the focal
mechanism prevailing in the study area (normal and strike slip). Subsequently, an automatic
procedure based on Monte Carlo sampling is applied to select the suite of acceleration time
histories whose average 5%-damped response spectrum best matches the target UHS (for
details see Barani et al., 2008). A group of 10 accelerograms is selected. The corresponding
acceleration response spectra are shown in Figure 1 where they compared with the reference
UHS.

—  Target UHS
0.8 + T T Individual spectra
—_—— — = Average spectrum

« Average +/- 1o |

LETTIrTe

2.0

Period (s)

Figure 1. Matching between the target UHS and the average of 5%-damped response spectra
of selected accelerograms.

. geotechnical and geophysical data (e.g., shear waves velocity profiles, horizontal to
vertical (H/V) spectral ratio measurements), are acquired in order to define 1D models of the
soil columns. H/V measurements are also used to assess the reliability of amplification
functions, AF(f), obtained from dynamic analyses;

. numerical ground response analyses are performed using Shake91 (Schnabel et al.,
1972; Idriss & Sun, 1993), a computer program that uses an iterative, equivalent linear
approach to approximate the nonlinear, inelastic behaviour of soils. This program computes
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the response of a soil deposit that is idealized as a system of homogeneous visco-elastic
layers of infinite horizontal extent overlying a uniform half-space (bedrock) subjected to
vertically propagating shear waves. Each layer is homogeneous and isotropic with known
thickness, unit weight, maximum shear modulus, modulus reduction curve, and damping
curve. Dynamic analyses are performed both for the base case, with soil properties whose
values are equal to those obtained from field or laboratory tests, and the randomized case,
with uncertain soil properties;

o the soil amplification (and its related uncertainty) is evaluated for each site by a
frequency-independent amplification factor defined as:
F =23 1)
ASI"

where AS/® and ASI'indicate the acceleration spectrum intensity at the surface and at the
rock outcrop, respectively.

The acceleration spectrum intensity is calculated as in EC8 (Rey et al., 2002):
25

ASI = j S, (TYT @)

0.05

where S,(T) indicates the average acceleration response spectrum and T the spectral
period.

Description of the sites and soil modelling

In this study the ground response of two sites located on an alluvial terrace of the Serchio
River in Northern Tuscany (ltaly) is analyzed. These sites present similar stratigraphic profiles
with Quaternary alluvial deposits overlaying Pleistocene fluvio-lacustrine materials. The main
difference concerns the depth of the bedrock, the infinite half-space at the top of which the
input motion has to be assigned to. At one site (site S1), it is known from boreholes, down-
hole measurements, and seismic refraction profiles. At the other (site S2), instead, it can be
roughly estimated as a function of the fundamental frequency of vibration of the soil column
(Ibs-von Seht & Wohlenberg, 1999):

1/(1-a)
Ho|Vel-a) 4 -1 [1]
4F,

where H is the thickness of the soil deposit above the bedrock, F, the fundamental frequency
of the soil column, V; the surface shear wave velocity, and a gives the depth dependence of
the velocity.

The values of V, and a are obtained by analyzing several shear wave velocity (Vs) profiles
relevant at some sites within the Serchio Valley (http://www.rete.toscana.it/). Specifically, the
value of a is obtained from regression analysis of Vs versus depth (z). The (log) regression
model fitted through Vs data is represented by the following equation:

In(V5)=In(V,)+aln(1+z/z,) (O, =0.235) [2]
where zo=1m, V, =195 m/s, and a = 0.320 (+/- 0.011).

As stated above, both the sites considered are characterized by a quite homogeneous
stratigraphy with Quaternary alluvium overlaying Pleistocene fluvio-lacustrine soils. Alluvial
deposits consist mainly of sands and gravels whose relative proportions vary slightly with
depth (i.e., the percentage of sand varies from about 44% to 46% while that of gravel from
10% to 29%). The total unit weight (y) is about 21.5 kN/m?® while the maximum shear modulus
(Gmax), Which was established on the basis of Vs, varies from 197 to 226 MPa. Fluvio-
lacustrine materials, instead, consist of a stratigraphic alternation of gravels, sandy gravels,
and silty clay. The total unit weight is about 21.8 kKN/m®. Gy is in the range of 623 to 1355
MPa. The bedrock at the base of these deposits consists mainly of sandstones belonging to
the Oligocene-Miocene “Macigno” formation. Thin layers of siltstone and limestone can be
observed. The mean values of y and G, for the bedrock are 25.4 kN/m® and 2971 MPa
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respectively. For all these materials, modulus reduction and damping curves were obtained
from specific laboratory tests (http://www.rete.toscana.it/; Foti et al., 2002).

As stated in the previous section, two different numerical characterizations of the soil column
are considered to estimate F,, namely the base case and the randomized case. The former is
based on the best engineering estimates of the soil properties. The latter, instead, includes
the uncertainty in the soil parameters through a Monte Carlo approach that consists of
randomly varying y, Vs, modulus reduction and damping curves. The uncertainty in modulus
reduction and damping curves is modelled by varying the shear strain value at 64% of G/G.x,
&e4% (Bazzurro & Cornell, 2004). The same random perturbation factor is applied along the
entire modulus reduction and damping curves. These three random variables (RVs) are
considered lognormally distributed. In particular, for site S1, we assume o, =0.06 (e.g.,

Lancellotta, 1995), o, =0.19 (estimated from site-specific data), and o, =0.35

(Bazzurro & Cornell, 2004). For site S2, we adopt the same values of standard deviation
except for o,,, thatis set to 0.350 according to what obtained from regression analysis (see

Equation 1). Distributions are truncated at +20,,, to prevent unrealistic parameter values.

The uncertainty associated with the soil geometry is also considered by randomizing the
thickness (h) of each layer of the soil profile. For all the layers of profile S1, we assume that h
follows a normal distribution with o, equal to 0.5 m. This uncertainty level is adopted also for
profile S2 with the exception of the layer just above the bedrock. For this layer, indeed, the
uncertainty affecting h reflects the uncertainty in bedrock depth — that is, it depends on the
uncertainty in Fo (0, =0.228), V, (0,,, =0.146), and a (0, =0.011). The value of f, is

obtained from H/V spectral ratios of microtremor recordings (Figure 2).
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Figure 2. H/V curves for site S2.

However, in many situations microtremor measurements are unavailable and the value of F
is unknown. In these cases, the bedrock depth can be estimated with great uncertainty only
by interpretation of local geology and geomorphology. Common practice is to perform
different numerical analyses increasing progressively the depth of the boundary where the
seismic excitation is applied. Thus, it is possible to evaluate the effect of bedrock depth on
site response. To account for these situations we consider an alternative randomized case for
site S2 (hereinafter case S2b) assuming that the bedrock depth, H, can take on any value
between 30 m (bottom of soil profile from borehole) and 150 m (bottom of soil profile assumed
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from interpretation of geomorphology) independently of F,. In other words, we assume that H
follows a uniform distribution.

For site S1, Figure 3 compares the base case with 1000 characterizations of the soil column,
each one generated via Monte Carlo simulation. An analogous figure (Figure 4) is shown for
site S2 when the uncertainty in bedrock depth is modelled as a function of F, (hereinafter
case S2a).
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Figure 3. One thousand samples of randomized soil properties for site S1 (grey lines). The
base case is superimposed (black line).

Results and Discussion

To study the influence of the uncertainty of the soil properties on the site response, ten
accelerograms selected as described previously are driven through each sample of the soil
columns.

For site S1, Figure 5 compares the average amplification function AF(f) (defined as the
modulus of the corresponding transfer function; for details see Kramer (1996)) and the
average surface response spectrum for the randomized case with those for the base case.
The amplification functions for the two cases are very similar to each other up to a frequency
of 10 Hz. In this frequency range, the reader can observe a slight difference in the values of
the first resonant frequency that, for the randomized case, is shifted towards lower
frequencies. For higher frequencies, the average AF(f) for the randomized case appear to be
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smoother than the AF(f) for the base case that clearly shows an amplification peak at
approximately 14 Hz. Response spectra for the two cases are nearly identical with the
spectral ordinates for the randomized case that are slightly greater between 0.15s and 0.25s.
This implies a mean value of F, that is 3% greater than that obtained for the base case (see
Figure 7, to come).
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Figure 4. One thousand samples of randomized soil properties for site S2a (grey lines). The
base case is superimposed (black line).

Figure 6 shows results for site S2. The left and right panels display the AF(f) curves and
surface response spectra for case S2a and S2b respectively. In both cases, the average
amplification function obtained from randomization is significantly smoother than that for the
base case that, besides the fundamental frequency, allows the identification of two
amplification peaks at about 4 Hz and 6 Hz. These peaks can be also observed by inspecting
the H/V curves in Figure 2 (bottom panel). Note that, for case S2b, we assume as base model
the same profile adopted for case S2a where the bedrock depth was calculated from Equation
1. The average AF(f) curves for the two randomized cases are similar in shape but differ in
the amplification level that is slightly greater when the information on F, is neglected (case
S2b). In this case, moreover, the average AF(f) does not allow a clear identification of the first
resonant frequency of the soil column. Note, finally, that both the amplification functions for
the randomized and the base case show a de-amplification for frequencies greater than 9-
10Hz. Contrary to the AF(f) curves, which show substantial differences, response spectra for
the randomized and the base case are very similar to each other.
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For the two site considered, the values of F, obtained for the randomized and the base case
are displayed in Figure 7. For the randomized case we present the mean, median, and modal
values of the amplification factor. Analyzing the figure shows that the uncertainty in the
geometrical and geotechnical properties of the soil columns has a large role on the F,
variability that is quantified here in terms of standard deviation. The largest uncertainty is
observed for case S2b where the standard deviation is equal to 0.26. As expected by
comparing the surface response spectra, the mean value of F, for the randomized case and
that for the base case do not show significant differences (generally lower than 4%).
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Figure 5. Amplification functions and surface response spectra for site S1.
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Figure 6. Amplification functions and surface response spectra for site S2. Both cases S2a
(left panel) and S2b (right panel) are shown.
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Figure 7. Values of the amplification factor for each site analyzed.

Conclusions

In this study we have investigated the influence of the uncertainty in the soil parameters on
the ground response of two sites in Tuscany. In particular one site presents a rather thick soil
deposit above the bedrock whose depth is highly uncertain. In order to account for the
uncertainty in the soil characteristics a Monte Carlo approach consisting of randomly varying
the soil parameter values is applied. The ground response of each sample of the soil model
was evaluated by using a computer program that approximates the nonlinear, inelastic
behaviour of soils using an iterative, equivalent linear approach. A suite of real
accelerograms, which reflect the scenario events controlling the site hazard, was driven
through each profile. As a result, the amplification function, AF(f), the acceleration response
spectra at the free surface, and the soil amplification, quantified here by a frequency-
independent amplification factor, F,, were obtained.

Comparing the average amplification functions obtained after randomization of the soil
parameters (randomized case) with those obtained by using the best engineering estimate of
the soil characteristics (base case) shows that former are generally smoother. This behaviour,
which is not manifested by the surface response spectra, is more evident as the uncertainty in
bedrock depth increases (compare site S1 with site S2b). Although the differences in the
AF(f) curves for the randomized and the base case can be significant, our results reveals that
the amplification functions for the base case are generally within 10 of the average curve
obtained by randomizing the soil properties. Comparing response spectra, instead, does not
indicate significant differences between the randomized and the base case. This is reflected
in the values of F,. The randomized case, indeed, gives F, values similar to the base case.
Finally, our results provide an independent check of site factors published in EC8 and in the
Italian building code (Ministero delle Infrastrutture e dei Trasporti, 2008). The values of F,
calculated in this study are similar to that proposed by EC8 for Type B sites (360 < V5 < 800
m/s) whose seismic hazard is dominated by earthquakes with magnitude less than 5.5 (F, =
1.35). For the same soil category, the value of the amplification factor proposed by the Italian
building code appears unconservative, being equal to 1.20. This value corresponds to about
the mean minus one standard deviation F, shown in Figure 7. As a consequence, in some
cases, the spectral ordinates proposed by the ltalian code could be exceeded by those
obtained from dynamic analyses (e.g., Barani et al. 2008).
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Introduction

The development of methodologies and software applications for the seismic risk assessment
of building stock is currently a major challenge both for professionals and for decision-makers
in countries affected by earthquakes. Several applications have been created during recent
years, each being designed according to the specific requirements of the concerned country.
The HAZUS methodology and software [HAZUS, 1999] are one of the most complex and
robust applications, designed to include multiple types of hazard, in a comprehensive
approach.

During the last three years, a research project has been conducted in Romania, by an
interdisciplinary team, aimed to develop a software platform for the seismic risk assessment
of general building stock. The project has benefited of the experience and results from several
studies performed during the last two decades by the participants, in the framework of
national and international research programs.

Materials and Methods
The Data

The platform is structured around the ROSERISdb geodatabase, which contains data on the
building stock, spatial references and seismic hazard data.

Data concerning building stock includes key attributes to be used as an input for the seismic
risk assessment methodology, as well as auxiliary attributes, as building occupancy or area,
which are used for a better definition of building stock properties. The key attributes are
derived based on “primary” attributes, as structure type, number of stories and year of
construction (Fig. 1).

Each building is assigned a unique identifier, which serves for creating relationships to spatial
references and to other data.

Seismic hazard is defined in a simplified manner, according to the prescriptions of the new
Romanian seismic design code, P100, enforced in 2006 [P100-1, 2006]. The new code is
harmonized with Eurocode 8 [EN 1998-1, 2004]. Seismic hazard data is specified, for a mean
recurrence interval of 100 years, by the values of peak ground acceleration, a,, and of control
periods, Tg, T, Tp. The functions which define the shape of the design spectrum are built in
the software application. Alternatively, the variation can be specified by the user.
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The Methodology

The seismic risk assessment methodology implemented in the ROSERIS platform is
summarized in Fig. 1.
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risk analysis:
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Figure 1. Flowchart of the seismic risk assessment methodology implemented in the
ROSERIS platform

As it can be seen in Fig. 1, seismic design code is determined based on the year of
construction, as shown in

Table 1. The years in the table are specified according to the timeline of seismic design code
development in Romania.

Table 1. Classification according to year of construction

Year of construction Seismic code category Description

<=1963 NC No Code
1964...1977 LC Low Code
1978...1991 MC Moderate Code

>= 1991 AC High Code

The building height category (low-rise, LR, medium-rise, MR, and high-rise, HR) is
determined based on the number of stories, correlated with structure type.

The structural typology is then determined based on structure type, building height category
and code level category.

The other key parameter is spectral displacement. In order to calculate it, the eigenperiod of
the building, T4, is first computed, by using the approximate formula provided by the P100-1
code:

3
Ti=C¢- Hc/1 , (1)
where Hc is the building height and C; is a coefficient depending on structure type.
Then, by using formula (2), the spectral displacement, in centimetres, is
obtained.
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SD(Ty)=¢(T4)- q- [ZT—:TT -SA(T4)-100. (2)

In the above formula, q is the behaviour factor, SA(T;) is the design acceleration spectrum,
and ¢(T,) is a coefficient, determined according to the prescriptions of the P100 code, as a
function of T; and T¢.
T
1<¢(Tq)=3-25-"1<2. 3)
Tc

The structural typology and the spectral displacement are used as input parameters with the
fragility curves, in order to determine the probabilities of the buildings of being in one of the
following damage states: ND (no damage), SD (slight damage), MD (moderate damage), ED
(extended damage) and CD (complete damage).

Fragility curves are provided, for different building typologies, based on previous studies of
the university members of the team and on the indications of the HAZUS methodology. The
values of the parameters of the fragility curves are built in the software module dedicated to
seismic risk assessment.

Figure 2 shows an example of fragility curve used in the methodology, for reinforced concrete
structures.

—— Usoara

P(>ds|Sd)
o
(6]

0.3
—— Moderata
02 — Extinsa
0.1 —— Completa
0
0 10 20 30 40 50

RC2H -Cod moderat Sd, cm
Figure 2. Example of a fragility curve determined for reinforced concrete structures

Additionally, a mean damage ratio is calculated, based on cumulative probabilities.

The Software

The structure of the platform consists of a core GIS application, which performs both the
management of own built-in modules and the launching of two “satellite” applications,
MAGDA and EVARISX. These applications can either be launched by the core GIS
application or they can be run independently on any computer, without requiring the
installation of other platform components. The feature is aimed to ensure maximum flexibility
in performing various operations on different computers, in order to allow contributions from
multiple operators.

The application for building stock data collection and management, MAGDA, was developed
for creating and editing records in the ROSERISdb database. In the first phase of data
collection, MAGDA can be used by different operators, which are not necessarily instructed in
the use of the entire ROSERIS platform. Only basic computer knowledge is required for these
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operators, whose role is to collect and transmit data to the central dispatcher. Figure 3 shows
one of the screens of the MAGDA application.
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Figure 3. Screen of the MAGDA application

Besides data collection and editing, MAGDA also performs some preliminary data processing,
in order to determine the building typology and the eigenperiod, T;. Obtained values are
stored in the ROSERISdb database.

The application for seismic risk analysis, EVARISX, performs the final calculations in the
seismic risk analysis, obtaining the probabilities for damage states and the mean damage
ratio. Resulted values are stored in the ROSERISdb database. EVARISX provides also the
capability of viewing and editing the records in the database.

It shoud be mentioned that, in this stage of operation, geodatabase features are not included
in ROSERISdb. This phase is accomplished by the GIS ROSERIS core application, which
also creates relationships with spatial data, based on the unique identifiers of buildings.

The interface of the GIS ROSERIS application is shown in Fig. 4.

The GIS ROSERIS application provides the capability of displaying both input and output of
the methodology on maps, and of presenting data in reports and graphs. A sample report is
presented in Fig. 5.

The GIS ROSERIS application allows the generation of maps, reports and graphs for all
significant input and output data of the analysis, allowing a thorough and accurate
understanding of the results. This capability is probably one of the most important component
of the interaction and communication between scientists and decision makers.
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Figure 5. Report generated with the GIS ROSERIS application

Results and Discussion

The ROSERIS software platform provides a basic tool for the assessment of seismic risk. Its
structure is adapted to the seismicity of the country, characteristics of the building stock and
regulatory context.
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The functionality of the platform allows an efficient work procedure, by de-coupling the
operations of data collection, analysis and presentation.

The main advantages of the ROSERIS platform reside in the simple and robust seismic risk
assessment methodology, compatible with European standards, and in the capacity of
providing intuitive representations of the spatial distribution of significant input and output
characteristics.
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Introduction

In 1995 at Kobe, Japan, the great eartquake named Hyogo-ken Nanbu Earthquake of
magnitude Mj7.3 was occured just under the Kobe urbanized area and many building
structures were destroyed along to the coast of Osaka Bay due to the strong motions. And
also in 2007, Kashiwazaki, Japan, the big earthquake named Niigata-ken Chuetsu-oki
Earthquake of magnitude Mj7.2 was occured at near the Kashiwazaki coast of Japan Sea and
hevy damages of many buildings were appeared at soft soil condition’s area in Kashiwazaki
City. These damages of building structures are caused by site effect of soft soil conditions
generating the amplification of strong motions and also building structural dynamic
characteristics. In 1994 at Adora, Spain, it was appeared very clear phenomena on the
damages of RC buildings due to the resonant effect with predominant period of soil and
natural period of RC building (Navarro M, 2007). These building structural damages were
appeared commonly in the earthquake damages at many places in the world.

Accurate prediction of the response of buildings subject to strong motions requires the
information of in situ dynamic properties of the building, including natural frequencies and
damping ratios. In particular, the damping ratios of in situ buildings are difficult to estimate, yet
these parameters have significant effects on the response due to external excitations.
Usually, ambient excited vibration data is recorded, and various methods, such as Fourier
Spectrum analysis and wavelet analysis, have been developed to identify structural dynamic
characteristics. However, these methods based on the ambient vibration data meet their
difficulty to identify the characteristics of higher modes that contributed the vibration,
especially for the damping ratios (Yang J.N., 2004). In addition, the structural damping ratio
may change with the response amplitude, and there is a little different between the dynamic
characteristics obtained from the ambient vibration data and that obtained from the strong
motion record (Enomoto T., 2002; Wen Y.K., 2006).

To estimate the structural dynamic characteristics exactly, the free vibration of higher mode
with large amplitude response using rotor machine is necessary. However, there are many
limitations of the available rotor machine, which constraint their applications. For example, the
quality of actuation force of the type with electric servo motor is low when it operates in small
amplitude; there needs large space for the rotor machine with oil servo to provide the
necessary oil sources. In addition, the vibration noise is to be easily produced because of
their operation mechanism. In this study a new type vibration generator of which the shaking
force is generated from sliding mass system actuated by linear motor using electromagnetism

65



31% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

actuation is developed. The excitation force of the vibration generators manufactured
approaches 900 kN, and the operating frequency ranges from 0.1 Hz to 20.0 Hz. The
machines can be easily installed on the top of buildings because of little space needed. In this
paper, the formulation, mechanism and characteristics of the developed vibration generator
are introduced firstly. Then, to test its performance, basic performance test and excitation
experiments of a three-floor building are carried out.

Outline and mechanisim of vibration generator

To reduce the installation space and to be transported conveniently, the vibration generator
with electromagnetic motor has small size. As shown in Figure 1, it has a box shape with
178.0 cm of length, 61.0 cm of width and 30.0 cm of height excluding fixing jig. The total
weight is 1140.0 kg, and the full actuation force is 9.0 kN. A summary of the specifications is
given in Table 1 (Servo Technos Co., Ltd., 2006).

The manufactured machine of vibration generator is shown in Figure 2. The main body
composes of base plate, side plate, cover, guide rail, mass, coils, permanent magnets and
displacement sensors etc (Figures 3). The parts of the machine can be dismantled into pieces
with a maximum approximate weight of 20. 0 kg, and they can be assembled freely. In
addition, the whole system includes the control device, power system and output device, etc.

(&) Machine of vibration (b) Power control board (c) Signal generator and
generator sampling board

Figure 2. Photo of the vibration generator and control system
The vibration generator is actuated by electromagnetic force using the electromagnetic fields

theory. The winding coil is fixed on the sides of the mass. When servo electronic current flows
down the coil, air gap magnetic field occurs. It moves straight according to the phase
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sequence depending on the control of electronic current and is called walking wave
magnetism field. The magnetism field interacts with the field produced by the permanent
magnets that configured on both inner sides of main body. Electromagnetic force is then
produced by the interaction and actuates the mass to move straight. Therefore, by the
adjustment of frequency and amplitude of electronic current through signal generator and the
adjustment of servo power amplifier, the movement of the mass is controlled. In addition, a
feedback control system is designed, by which the real position of the mass is checked
comparing with the target position and rectified in real time when the position error appears.

Mass
- Cover Bolt
r ] _. Coil
Displacement
y lacem Permanent
ass _ - _ Side plate- _ | " vibration | magnets
. Bolt == : direction
. . _ : ‘ k Case
P < 3 i m p : .
COIl 1 . - o \‘_\\ e e / . . . | | . i
| : [T ™ "Hydraulic T T T
NN damper | 1 ¢
Permanent ' X
.__magnets
_ - Displacement
" Guide rail sensor Guide rail

Base plate

Figure 3. Configuration of the vibration generator

Table 1. Specification of vibration generator

Items Specification
Excitation force 3kNx3=9kN
Maximum £250mm
amplitude
Maximum velocity +1500mm/sec
Excitation 0.1Hz ~ 20Hz
frequency
Excitation direction Horizontal Direction
Control function Displacement control

Outline and mechanisim of vibration generator
Basic Performance Test

Experiments are carried out to test the basic performance of the vibration generator.
Harmonic wave is selected as input signals with a certain frequency of 3.7 Hz taken as an
example. The tested vibration response is compared with the theory values. Figure 4 gives
the comparison results, and the response amplitude is 1.74 cm, 0.83 cm and 0.37 cm
respectively, to evaluate the performance of small amplitude actuation considering the
limitation of the vibration generator with electronic motor. It has shown that the tested
movements of the mass agree well with the theory wave. The displacement errors are given
in Table 2. It shows that the absolute values of maximum error almost do not change with the
reduction of the peak response of the mass, and the maximum amplitude error is lower than
1mm. Even the relative errors enlarge following with the decrement of peak response, for
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example the relative error approaches 16.0 % at time of amplitude of 0.37 cm. However, the
average relative error also keeps small level and is lower than 5.0 %.
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Figure 4 Comparison of measurements and theoretical values

Table 2. Errors between results of basic performence test and theoretical value

Amplitude Maximum Error ratio Average error Average error
A(cm) error D/A(%) Dav(cm) ratio
D(cm) Dav/A(%)
1.74 0.08 5.0 0.013 1
0.83 0.04 5.0 0.013 2
0.37 0.06 16.0 0.016 4

Application of Dynamic Characteristic test

To evaluate the efficiency for practical application of the vibration generator, a 3-story building
with steel frame is taken as an example and the structural dynamic characteristics is tested.
The building has a measurement of 15.0 m in longitudinal direction, 8.0 m in transversal
direction and 10.0 m in height (Figure 5). The dynamical characteristic test of the building will
focus on following aspects: by ambient vibration, sweep vibration and sinusoidal excitation of
the building, the frequency and damping ratio of the building was tested; and by emergency
operating stop experiments of mass the damping ratio of the building was measured. During
the excitation tests of the building, the performance and operation stability of the vibration
generator was evaluated at the same time.
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Figure 5. Building and disposition of vibration generator and sensors

The disposition of the vibration generator and sensors are shown in Figure 5. The vibration
generator is disposed at the centre of 1st floor of the building, and the excitation is in Y
direction. To measure the response of the building, velocity sensors are used, and are
positioned in Y direction (Horizontal Direction) at the centre of each floor and in Z direction
(Vertical Direction) at the edge of each floor.

Ambient Vibration

To compare with the result of excitation test by the vibration generator, time history response
of the building under ambient vibration was measured by all sensors for 10.0 minutes prior to
the excitation test, and the sampling frequency was 50.0 Hz. Then modal analysis was carried
out. Fast Fourier Transform with number of samples being 1024 was used to analyze the
power spectral of the test data. Velocity amplitude spectra of sensor points in Y direction and
Z direction are given in Figure 6. From the figures, it shows that there are two predominant
frequencies of 0.3 Hz and 3.7 Hz. And the peak values of power spectral at 3.7 Hz decrease
with the floor number changing from 3F to 1F. It is determined that 3.7 Hz is the building’s
natural frequency. Meanwhile, the fact that the peak values at 0.3 Hz are almost the same
between each floor shows quite a deep ground effect. It is inferred that 0.3 Hz is predominant
frequency of soil ground.
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Figure 6. Power spectral density of velocity
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Sweep Vibration and Sinusoidal Excitation

Sweep vibration test of the building was carried out with frequency ranging from 0.1 Hz to
10.0 Hz by the vibration generator. A resonance-phase curve of the velocity data on 3rd floor
measured in Y direction is shown in Figure 7(a). In the figure, there is a large peak in
amplitude at 3.7 Hz and the phase delay shows 90°, from which that 3.7 Hz is the building’s
first natural frequency can also be determined. A peak is also shown at 7.0 Hz which is
considered to be the building’s second natural frequency.

To recognize the performance of the sweep excitation of the machine, sinusoidal excitations
to the building with frequency changing from 2.5 Hz to 7.5 Hz and with same amplitude was
carried out by the vibration generator. Time history of velocity was recorded. Figure 7(b) gives
the resonance-phase curve results of the 3rd floor in Y direction, which also shows the same
regulation of amplitude and phase following with frequency as that of sweep vibration. The
phase changes at 7.0 Hz, however the amplitude is not large. It can be inferred that when the
excitation amplitude was enlarged, the vibration amplitude contributed by second mode, at
the frequency of 7.0 Hz, will be excited easily. In this view, the test shows that the vibration
generator has good operation performance of sweep excitation. Comparing with the result of
ambient vibration, the second mode can be easily identified by the excitation test.
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Figure 7. Resonance and phase curve of the velocity response of the 3rd floor

Free vibration test

When the vibration generator operates at the resonance frequency, the first natural frequency
of 3.7 Hz, large response of the building will happen. Stop the machine’s operation urgently,
and then free vibration of the building is continued. Time history of displacement of the
machine and that of velocity of the 1st floor in Y direction are shown in Figure 8. By power
spectral analysis and logarithm decay rate method respectively the natural frequencies and
decay constants are analyzed. The results are given in Table 3.
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Figure 8. Operating stop of mass and free vibration response of building

Table 3.Test results of frequency and damping ratio of the building

Vibration test Natural frequency ( Damping ratio
Hz )
Ambient vibration 3.7 _
Sweep excitation 3.7 _
Sinusoidal excitation 3.7 0.06
Free vibration test 3.7 0.06

Results and Discussion

A new type vibration generator actuated by electromagnetism is developed in the paper. The
parameters and magnetism of the vibration generator is introduced. The basic performance
test and building excitation test show that the machine has good performance of low
amplitude operation and is efficient for the dynamic characteristic test of buildings, especially
for structural damping ratio and high modal frequency.

The vibration generator has perspective application. Its strong movement excitation can also
be adopted to test dynamic characteristic of soil ground, such as the effect analysis of the
neighbouring building to dynamic of the on site ground (Navarro M, 2007). The paper gives a
simple example of performance test. Complicated tests, such as realization of random
vibration and the time delay during input signal and its operation, will be carried out later.
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Introduction

In order to mitigate disaster losses, it is necessary to establish an effective disaster
management and risk system. The first step of the management is constituted by
preparedness studies before the earthquake (disaster). In order to determinate disaster and
risk information it is necessary to have a seismological observation network.

Due to the monitoring of the earthquakes in the country-wide scale, recording, evaluation,
achieving and to inform to the public authority, the project named “Development of the
National Seismic Network Project-USAG” has been started. 7 Three Component Short
Period, 65 Local Network- Broad-band, 57 Broad-band, 13 One Component Short Period
stations and 209 accelerometers have been operated in the frame of this project. All of the
stations transmit continuously their signal to the ERD (Earthquake Research Department)
seismic data center in Ankara.

Earthquake activity in Turkey and surrounding region has been observed 7 days / 24 hours, in
ERD data center in Ankara. Data exchange has been carried out EMSC-CSEM.

Weak Ground Motion

Investigate the causes of earthquake and determine reliable earthquake parameters by
tracing active faults perform studies on earthquake hazard and risk analysis, determine the
reoccurrence period of the earthquake prediction research are the purposes of the project.
142 seismic stations have been operated in the frame of this project (Figure.1).

Observation studies along North Anatolian Fault System have been carried out since 1990 by
continuous and online data acquisition. Especially since 2000, earthquakes occurred in the
country have been observed continuously on real-time basis. A high quality data has been
provided by broad band stations of GDDA (General Directorate of Disaster Affairs)-ERD.

73



31° General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

BLACK SEE
sivop

I W Km
0 65 130 195 260

aé MEDITERRANEAN SEE A Broad-Band (57)
. Yk A short period (13) General Directorate of Disaster Affairs
A Three Component (7) Earthquake Research Department
® ” 2 » » a - M o 35 s | W Broad Band - Local Network (65)g 41 42 43 44

Figure 1. Seismic stations of USAG.

Data presentation and revision of data base studies were completed in December 2007.
The data is provided by Scream or Earthworm in real-time.

Data format (SUD, SAC, (mini) SEED)

Request methods (FTP)

Continuous data

Data acquisition format GCF

Archiving (Scream and Earthworm for waveform data)

MSSQL for bulletin and catalog

Quality control

Power spectral density

Strong Ground Motion (TKYH)

The main purpose for the operating strong ground motion network is;

-to measure the acceleration and forces that cause damage to the buildings

-to develop the methods of constructing earthquake resistant structures,

-to collect the data intended for the preparation of the microzoning map and the constitution of
the data base also for the studies of the earthquake hazard and risk, earthquake master plans
and earthquake scenarios of the provinces.

At present, 209 accelerometers have been operated in National Strong Ground Motion
Network (Figure.2). It is necessary to increase the number of accelorometeres at least 1000.
This network has been operated only by our Ministry in the county-wide scale.
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Figure 2. Stations of National Strong Ground Motion Network

Operation of the Local Networks In the Scope of the Tkyh

Under the frame of the “the Development of the National Strong Motion Recording System
and the Establishment of the Dense Local Networks” project; BYTNet (Bursa-Yalova 14
instruments), DATNet (Aydin-Denizli 6 instruments), MATNet (K.Maras-Antakya 18
instruments), ANTNet (Antalya 10 instruments), DNet (Dizce 5 instruments) and ANANet
(Eskisehir 4 instruments) local networks have been established (Figure.3).

Figure 3. Local Networks of Strong Ground Motion
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TURDEP (The Research Project On The Earthquake Behavior Of The Regions With
High Seismic Risk (Geo-Strategic) But Different Tectonic Regimes By A Multidiciplinary
Approach)

For earthquake hazard reduction, it is aimed to observe earthquake activity and earthquake
precursors by multidisciplinary studies related to the three main fault zones in our country and
to introduce the earthquake hazard seriously in the regions under risk (Figure.4). Thus, a data
base information will be obtained for a disaster management system in the international
standards. 14 universities participate in this project which is supported by Tubitak- Marmara
Research Center.
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Figure 4. Investigation regions and distribution of stations

Benefits of the USAG Project

-Investigate the causes of earthquakes

-Determine the origin time, magnitude, location and depth of earthquakes

-Observe all active faults

-Study on earthquake hazard and risk analysis

-Determine the reoccurrence period of the earthquakes

-Study on the earthquake prediction research

-Prepare hazard maps and to direct Emergent Aid System

-Prepare bulletins, earthquake catalogs and archive data

-Constitute data base for the earthquake information system

-Inform immediately scientific institutions, press, public and national-local Crisis Center
-Improve earthquake resistant building techniques,

-Provide the utilization of the network as Early Warning System at the places which have
strategical importance.
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Introduction

Information related to earthquakes and accuracy of earthquake data have been increased in
the instrumental period of which the begining can be accepted as the year 1900. When the
earlier period of time is considered, comprehensive macroseismic data, historical records of
earlier period of time, indirect common records and the prehistorical paleoseismic data are
restricted means which are useful for earthquake information.

From 1900 approach to today, the number of destructive earthquakes in Turkey increased.
After all, in the first 30 years, the relative decrease is remarkable (Figure.1). The reason is,
not to be aware of macroseismic effects of earthquakes and having no issue on this subject,
rather than not to be occurence of destructive earthquakes. Depending on the increase of
seismic records and quality after 1960 the number of recorded earthquakes was increased
and smilar to this after 1930’s an increase occurs in obtaining extensive macroseismic
earthquake data.

BEyidogan, 1991

DAmbraseys, 1988

®Bagci, 2000
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Figure 1.Year-earthquake number diagram of various catalogues (Ambraseys, 1988;
Eyidogan et al., 1991; Bagci et al., 2000)

But, evaluation of all destructive earthquakes occurred in the last century in the same window
causes misapprehension and incorrect acceptations. Because of that reason, we discuss
destructive earthquakes occurred in Turkey in two sub-periods as the years between 1900-
1930 and 1930-present. Although it is difficult to put a definite border between these periods,
the methods to obtain this data , variation and reliability af data have an important role in this
seperation. In this study, the first period which data is more restricted relatively has been
discussed. First ten years of this term represents the period of time that Otoman Empire was
in great difficulties in terms of administration and coordination and communication was at
lowest level. In the second ten years, destructive wars including “First World War” occurred
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and these wars caused the diffucilties to obtain data and this period, turned in to a dark
situation. In the third ten years of this period, although the difficulties during the constitution of
republic, administrative treatment become regular in short period of time. For these terms, the
most distinctive feature is that all records are in Otoman Turkish language till the year 1928.
Transcription of these documents needs a spesific culture and because of that reason it
become difficult for the researchers today to obtain these documents written in this language
from the old archives.

In this study we tried to homogenize the window of the years between 1900 and today.
Although it is impossible in terms of regional effects (the number of records for western
Anatolia is more than that of Eastern Anatolia) we think inhomogenities were eliminated.
Criterions and reasons to compile this catalogue are given below.

Less number of catalogues which were not regional and include Turkey and nearby
surrounding area.

Not to be aware of the period of time 1900-1930 comprehensively.

Not to consider the earthquakes occured beyond the political borders but caused damage in
Turkey.

Available catalogues includes many errors. For the epicenter, differences more then
hundereds of kilometers (Table.1); for origin time of some earthquakes, errors in mounth level
and the error confusing the effects of earthquakes occured in approximate time and nearby
places can be shown as examples.

Table 1. Earthquakes with great differences in location, origin time, magnitude and
macroseismic effects compared to the previous studies.

May 31 1901 Balchik (Bulgaria) Earthquake MS=7.2 43.40N-28.70E

Ocal (1968) 41.00 N-29.00E istanbul (270 km) MS=5.5
December 04 1905 Pétirge (Malatya) Earthquake MS=6.8 38.12N-38.63E

Ocal (1968) 39.00 N-39.00E Harput (38.70 N-39.20E) MS=6.7
Eyidogan et al. (1991) (88km) MS=6.8
Ayhan et al. (1980) 39.00 N-39.00E Cemiskezek (103km) MS=6.8

June 03 1907 Mus Earthquake MS=5.0 38.70N-41.50E

Local sources confuse the effects of this earthquake with the effecets of earthquakes occurred on
1891 and 1903.

May 28 1914 Gemerek Earthquake MS=5.6 39.25N-36.00E

Ocal (1968); Karnik (1969) 39.70 N-36.00E Akdagmagdeni (50km) MS=6.7
Eyidogan et al. (1991) MS=5.6
Alsan et al. (1975); Ayhan et al. (1980)  39.84 N-35.80E Akdagmagdeni (70km) MS=5.4
May 13 1924 Horasan Earthquake MS=5.3 40.00N-42.00E

Alsan et al. (1975) 41.24 N-42.39E Savsat (140km) MS=5.0
Ocal (1968) 40.00 N-42.00E Pasinler-Horasan MS=6.7
Karnik (1969) 39.70 N-42.80E Eleskirt-Agri(80km) MS=5.3

Pinar and Lahn (1952) declare that no earthquake occurred on May 13 1924 and it was confused with
September 13 1924. But, decision of council ministers confirms the earthquake and the damage (BCA,
30.18.01.01..010.37.9).

November 20 1924 Cobanlar (Afyon) Earthquake MS=5.9 38.55N-30.78E

Ocal (1968) 39.00 N-31.00E Emirdag (Afyon) (55km) MS=4.0
Karnik (1969); Shebalin et al. (1974) 38.30 N-30.20E Kiziléren (Afyon) (30km) MS=5.9
Ambraseys (1988) 39.00 N-30.00E Altintas (Kitahya) (85km) MS=6.0

January 09 1925 Ardahan Earthquake MS=6.0

Although Pinar and Lahn (1952), Ocal (1968), Ergin et al. (1971) give the date of earthquake as
February 08 1925; Karnik (1969), Alsan et al. (1975), Ayhan et al. (1980) and ISC (International
Seismological Centre) give the date of earthquake as January 01 1924.

August 07 1925 Dinar-Bozkurt Earthquake MS=5.9 38.10N-29.80E

Ocal (1968) 37.40 N-30.50E Bucak (Burdur) (100km) MS=5.7
Eyidogan et al. (1991) MS=6.0
Alsan et al. (1975) 37.91 N-29.33E Cal (45km) MS=5.9

78



31% General Assembly of the European Seismological Commission ESC 2008

Hersonissos, Crete, Greece, 7-12 September 2008

Ergin et al. (1967); Okamoto et al. 38.00 N-30.50E Senirkent (Isparta) (65km) MS=5.0
(1970)

Karnik (1969) 38.00 N-30.50E Senirkent (Isparta) (65km) MS=5.9
March 01 1926 Acipayam-Denizli Earthquake MS=6.0 37.40N-29.30E

Ocal (1968) 36.80 N-30.00E Elmali (Antalya) (90km) MS=4.0
Shebalin et al. (1974) MS=6.4
Karnik (1969) 36.80 N-30.00E Elmal (Antalya) (90km) MS=5.8
Comninakis and Papazachos (1986) 37.00 N-29.40E Altinyayla (Burdur) (45km) MS=6.2
Alsan et al.(1975), Ayhan et al. (1980)  37.03 N-29.43E Altinyayla (Burdur) (45km) MS=6.1
June 26 1926 Rhodos Earthquake MS=7.4 36.50N-26.86E

Galanopoulos (1961) 36.50 N-27.50E MS=8.7
Duda (1965) MS=8.3
Karnik (1969) MS=7.7
Comninakis and Papazachos (1986); MS=8.0
Papazachos and Papazachou (1989)

Shebalin et al. (1974) 36.10 N-27.80E MS=6.9
Alsan et al. (1975) 36.54N-27.33E MS=7.3
Ayhan et al. (1980) MS=7.7
Makropoulos (1978) 36.75N-26.98E MS=7.3
Ben-Manehem (1979) 36.50N-26.86E MS=8.0
Eyidogan et al. (1991) 36.00N-28.00E MS=7.0
May 02 1928 Emet (Kitahya) Earthquake MS=6.2 39.50N-29.10E

Pinar and Lahn (1952) 40.65 N-26.80E Gelibolu (Saros K.) (235km) -

Ergin et al. (1967) -
(03.05.1928)

Ocal (1968) (Defined as Gelibolu) 39.70 N-29.30E Harmancik (30km) MS=5.5
Karnik (1969) MS=6.1
Okamoto et al. (1970) 40.50 N-26.80E Gelibolu (Saros K.) (225km) MS=5.8
(03.05.1928)

Shebalin et al. (1974) 40.50 N-26.50E Gelibolu (Saros K.) (250km)  MS=6.1
Eyidogan et al. (1991) 39.70 N-29.70E Domanig (60km) MS=6.2

Pinar ve Lahn (1952) and Ocal (1968) mention that earthquake caused damage in Gelibolu, Bolayir,
Enez and Kavak and the earthquake ruptured for 25km long part of the fault ruptured for 50km long
during the 1912 earthquake extending from Saros Bay to Sarkdy. The effects this earthquake was
confused with the effects of Chirpan and Plovdiv (Bulgaristan) earthquakes occurred on April 14-18
1928. Although these earthquakes were felt strongly in the North-west part of Turkey, probably they

might cause also damage in Thrace.

Materials and Methods

In the firsr stage of the study 17 different catalogues which include all of the region or some
parts of region have been used (Table.2). The parameters of earthquakes with M=4.5 have

ben complied and tehese catalogues have been compared for each year.

Table 2. Catalogues used in this study

Calvi (1941) 2000 BC - 1900
Pinar and Lahn (1952) 11-1952

Ergin et al. (1967) 2-1965

Ocal (1968) 1850-1960
Karnik (1969) 1901-1955
Okamoto et al. (1970) 1600-1964
Shebalin et al. (1974) 1901-1970
Alsan et al. (1975) 1913-1970
Ben-Manehem (1979) 92 BC-1980
Ayhan et al. (1980) 1881-1980

Comninakis and Papazachos (1986) 1901-1985
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Ambraseys and Finkel (1987a) 1899-1915
Ambraseys (1988) 1899-1988
Eyidogan et al. (1991) 1900-1988
Ambraseys and Jackson (1998) 464 BC-1995
Ambraseys and Jackson (2000) 1509-1999
Bagci et al. (2000) 1900-2000

In the second stage of the study effects of the earthquakes known as destructive earthquakes
or earthquakes with magnitude which could be caused damage have been searched from
different sources. These sources:

- Explanations in catalogues,

- Earthquake news of the papers puplished in Ottoman Turkish language such as
Vakit, Tercuman-1 Hakikat, Milliyet and Cumhuriyet,

- Ottoman Archives of Prime Ministry for the years 1900-1920 (In Otoman Turkish
language)

- Republic Archives of Prime Ministry for the years 1920-1930 (Otoman Turkish
Language for the years 1920-1928)

- Earthquake Reports ( General Directorate of Disaster Affairs (GDDA) Earthquake
Research Department (ERD) archives)

- Local libraries and yearbook of provinces.

- Earthquake reports in Turkish or foreign languages and other puplications.
linformation data collected from all these sources have been complied as a result of careful
research . All of the different options from these sources have been given without comment
not to direct the last users.

Results and Discussion

In the “Revised Destructive Earthquake Catalogue for Turkey and Nearby
Surrounding Area Between 1900-1930” 60 earthquakes have been studied. In this
paper catalogue have been tried to be told generally without macroseismic details of
all earthquakes.

Unlike the previous studies in this study, earthquakes occurred beyond the borders of
Turkey but caused damage in Turkey such as 1900 Eastern Mediterranean, 1901
Balchik (Varna), 1904 Samos Island, 1905 Black Sea (East), 1901 Finike- Kas
(Mediterranean), 1922 Rhodos Island, 1926 Kos Island, 1926 Kas (Mediterranean),
1926 Rhodos Island, 1926 Akyaka- Leninakan, 1930 Salmas earthquakes and also
the earthquakes occurred in Turkey but their damages not known before have been
studied (Table.3). In the avaliable catalogues, the uncertanities on location, date and
effects of earthquakes except the mentioned ones have been tried to be eliminated
by the official sources and new findings of historians and geologists.

Table 3. Destructive earthquakes that their damages not known before

19.02.1900 Dogubayazit Ms=4.8
27.04.1900 Yozgat 0=V

16.05.1900 Eskisehir Ms=4.7
18.08.1910 Palu (Elaz1g) Ms=5.0

30.03.1912  $Semdinli (Hakkari)  Ms=5.1
10.08.1912 Sarkdy- Murefte Ms=6.2
13.09.1912  Sarkdy- Murefte Ms=6.8

09.08.1918 Cankiri Ms=5.8
13.05.1924 Horasan Ms=5.3
03.10.1924 Zara (Sivas) 10=Vii

20.11.1924 Cobanlar (Afyon) Ms=5.9
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22.10.1926 Akyaka-Gumru Ms=6.0
29.12.1926 Kadisehri (Yozgat)  10=Vii

18.05.1929 Susehri (Sivas) Ms=6.1
10.12.1930 Erzincan Ms=5.6

After the establishment of Republic of Turkey alteration of the names of districts and
sub-districts in the new administrative system, also connection of these regions to
different provinces caused great difficulties to find the recent equivalent names of the
locations mentioned in the sources of that period with old names. Because of that
reason, for some earthquakes, the revised old names of the places given in
parenthesis together with the names used recently (Figure.2). This study having a
property of source list for that period is in the characteristics of an archive
compilation. Only the list of earthquakes is given here without touching on the
explanations (Table.4).
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Figure 2. The region with maximum damage during 09.08.1912 Sarkoy-Murefte
Earthquake.
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Introduction

The estimation of expected damage during a future strong earthquake before or just after its
occurrence is a difficult task because it depends on the characteristics of earthquake source,
the site conditions, and the building vulnerability itself. However, at present it is possible to
estimate seismic motion in solid bedrock and at surface soil in the potential shaken area and
at each urban area point also if soil characteristics are known. Furthermore, it is also possible
estimate damage to buildings and probable casualties (Vidal et al., 1996; 2008).

A reliable forecast of the distribution of future earthquake damage in urban areas is an
adequate way for reducing the impact of future earthquakes. Thus, the development of
straightforward methods to estimate Earthquake Damage Scenarios (EDS) and Early
Earthquake Loss Assessment (EELA) may be considered as the first level evaluation of
earthquake impact for Civil Defense in order to apply Earthquake Disaster Prevention
measures in the first case (EDS) and for Emergency Planning in both cases (EDS & EELA).

In the western Mediterranean region there are zones with moderate to low seismic hazard
level but unfortunately, due to their high building vulnerability conditions they have a moderate
to high seismic risk level. In these zones it is necessary to perform upgraded data bases on
elements at risk, a reliable vulnerability assessment of these elements, and an adequate
study of soil conditions to achieve a detailed estimation of ground shaking distribution
(Earthquake Scenarios, ES) and expected damage and losses (EDS). That estimates can be
calibrated by mean historical earthquakes. Furthermore, the methods must be applicable not
only to regional scales but urban areas to.

When the main factors involved in seismic risk such as attenuation characteristics, soil
amplification, building vulnerability, and so on, are desegregated in a Geographical
Information System (GIS) and jointly combined with a direct damage estimation method it is
possible to obtain easily ES, EDS and also EELA for emergency purposes. This assessment
of potential earthquake damage in urban areas provides a basis for seismic risk reduction and
earthquake risk management.

The Southern Spain region is the most hazardous seismic zone of Spain, especially the
Granada, Malaga and Almeria provinces (Vidal, 1986). In this zone more than ten moderate
magnitude but destructive historical earthquakes have occurred in the last five centuries. In
2002 an Early Damage Estimation computer program (SES2002) was implemented by Civil
Defense at national level. To regional scale and for Emergency Planning also, a seismic risk
evaluation has been recently carried out for Andalusian region (SISMOSAN Project, 2007).
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Nevertheless, only a few earthquake risk evaluation studies have been developed recently in
in Spain corresponding to the urban areas of Malaga (Irizarry et al, 2006, 2007), Barcelona
(Irizarry, 2004; Lantada et al., 2007), Motril (Perez et al., 2007) and Granada (Feriche et al.,
2008; Vidal et al., 2008).

In this work a methodology to obtain EDS in urban areas it is presented. The amplification
factors have been obtained by seismic-geotechnical classification of soils; the building
vulnerability was evaluated from Building Typology Matrix and Vulnerability Index (Milutinovic
& Trendafiloski, 2003) and finally, earthquake damage were estimated by using Probability
Damage Matrix and with a Geographical Information System (GIS). This methodology has
been applied to an Andalusian moderate-sized urban area (Velez Malaga town).

Materials and Methods
Soil classification, amplification factor and seismic hazard map

A preliminary 1:10.000 geotechnical map as a guide, borehole database, local site
stratigraphy, SPT data, Vs of subsurface materials estimated from SPT values, and several
geological cross-sections, previously obtained by Lidycce Group (Nogués, 2002 ), were used
to characterize the geo-technical properties of geological surface units and estimate the soil
structure of Velez Malaga urban area (Figure 1). The effects related with local ground
conditions: Amplification of ground motion by soft soils, liquefaction of water-saturated thick
soils (sand, silt, gravel) and landslides triggered by shaking have been analyzed from these
data. For obtaining the ground shaking amplification by surface soil layers, a local
geomorphological division of the surface materials has been carried out taking into account
both the geological and geotechnical characteristics of them and the nature of the substrate.

Following the Building Seismic Safety Council (BSSC, 2004) and the Eurocode 8 (ECS8),
average shear-wave velocity in the upper 30 m of sail, Vs, has been used for site
classification sites according soil type. To assign the Vs value at each material group, the
values proposed empirically by Borcherdt (1994), NEHRP, 2003, Yamazaki et al. (2000),
Dobry et al (2000), Stewart (2003) and those obtained in recent investigations developments
in this field in southern Spain (Delgado et al., 2000; Navarro et al., 2001, 2007; Benito et al,
2006; Garcia-Jerez et al., 2007) have been taken into account. Then, the geological sites
were grouped in six soil categories on the basis of averaged shear wave velocity VA (Table
1). This classification has similarities with that adopted in the 2003 NEHRP Provissions,
(BSSC, 2004). In relation with the four soil types proposed by the Spanish Building Code
(NCSE-02), the current classification subdivide first soil class of NCSE-02 in two new ground
categories (Ia and Ig), and the four in IV, and IVg new ones. Only soil types Ig, Il and Il are
found inside Velez Malaga town and soil type IV, at the Velez river zone (Table 1) close to
the urban area.

Table 1. Soil types according BSCC 2004, EC8 (Eurocode 8) and PW (Present Work) and
PGA Amplification Factors (AF) used in this work.

SOIL TYPE Description Vs mis AF
BSCC EC8 PW General Velez Malaga BSCC ECS8
A A Ia Hard rock Not found > 1500 >800 0.9
B Is Rock Schisst massif 760- 1.0
1500
C B Il Soft rock & Silty clay & silt  360- 360-800 1.2
Very dense soil 760
D C [ Stiff soil Fillings, sandy  180- 180-360 1.4
silt, red ravel, 360
E D IVa Soft soil Alluvial of the <180 <180 1.8
Vélez river
F E Vg Special soils Not found S1<100 22.0
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The shear-wave velocity was used here to characterize the liquefaction potential (Andrus and
Stokoe, 1997; Seed et al, 2003) joint to likely depths to groundwater. Although recent, loose
and granular soils are present in the Velez riverside, placed close but outside of the urban
area (Figure 1), the groundwater levels indicate liquefaction could be possible for strong
shakings along Velez riverbeds.

Leyend
[ clay and sitt (i)
7 Ligt colour esquist (-B)
[Zark esquist (1-8)
Yelow g {0 [
[ Jupper re avel (Ill) \
[l Gravel and sand (1) |

[Isandy silt-quatemay- (IV-A) | |
[ sandy silt -tertiary- (1Il) \
B Fills (1)

Figure 1. Simplified geotechnical map of the Velez Malaga town showing lithology distribution
and soil classification based on the V33° values.

The earthquake-induced landsliding has been assessed with slope data derived from digital
cartography, geologic maps and from air photo interpretation. No landslides are hoped for
inside the urban area but could occur in slopes placed northward of town near rivers, gullies
and roads. Tabla 5: clasificaciéon de suelos de la NCSE-02 y factores.

The estimation of seismic ground motion was obtained firstly calculating shaking on the
bedrock site (soil type Ig) and secondly by adding the influence of shallow ground conditions.
Depending of final target, the seismic motion on rock could be obtained from probabilistic
seismic hazard map, or from historical earthquakes intensity data, or by using deterministic
methods. To calculate seismic ground motion expected in each point of the urban area we
use PGA and SA(T) values in the bedrock multiplied by the amplification factors of the site.

Due to the fact that seismic hazard maps (incorporating soil conditions) can be the basis for a
seismic emergency planning purposes, the expected ground motions have been expresed by
means of Macroseismic Intensity (I) parameter.The intensity is obtained from PGA and SA(T)
data applying Okada et al (1991) relationship. When starting from EMS intensity values
reached on rock in historical earthquakes the final intensity on soil can be roughly estimated
increasing 0.5 and 1 degree for soils Ill and IV, , respectively, and =1.5 for soils type Vg ,
according toTiedemann (1992) assumptions.
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Building vulnerability assessment and Earthquake damage evaluation

Building vulnerability is the degree of damage to given building subjected to ground shaking
of a given intensity. Vulnerability assessment based on past earthquake damages (empirical
vulnerability) assumes that certain groups of buildings characterized by a similar seismic
behaviour tend to experience similar earthquake damage also and constitute vulnerability
classes. Thus, a series of empirical vulnerability functions can be obtained for these
vulnerability classes from field damage observations (e.g. the ATC-13, 1985 functions).

To proceed to the vulnerability evaluation for each building of Velez Malaga town, we used
the vulnerability index and damage functions methodology (Bernardini, 2000; Giovinazzi &
Lagomarsino, 2004) defined as level | in the Risk-UE project (Vacareanu et al, 2004;
Giovinazzi, 2005). Thus, structural typology, age and other characteristics (as regularity,
position...) of the buildings have been considered. First step was to define a Building
Typology Matrix (BTM) from specific features of buildings of the town, considering the BTM
established by Risk-UE project and assigning average vulnerability indices to the vulnerability
classes according to proposal of Milutinovic & Trendafiloski (2003). Risk-UE define 23
building classes for European countries: 10 classes for masonry (M), 7 for reinforced concrete
(RC), 5 for steel (S) and 1 for wooden (W) buildings.

Vulnerability index VI values range between 0 and 1, being their higher values for the most
vulnerable buildings and lower to higher resistant buildings. For each building type Risk-UE
calculates four vulnerability indices: VI* most probable value of VI; [VI- ; VI+] bounds of the
plausible range of VI (usually obtained as 0.5-cut of the membership function); [VImin; Vimax]
upper and lower bounds of the possible values of VI (Giovinazzi and Lagomarsino, 2004).
The vulnerability index value VI for each building is calculated simply summing to the
characteristic vulnerability index VI* (according to the building type) two modifier factors AVR
(to take into account the particular quality of building construction) and AVm (that considers
the effects due to state of preservation, seismic design level, number of floors, irregularity,
soft-story, foundation an soil morphology):

V, =V, + AV, + AV, )

The main vulnerability modifier is seismic design level being 0.16 for pre or low code level and
-0.16 for high level. The remainder modifiers have lower values, generally 0.04, except for
buildings with 6 or more stories and low code level that reach 0.08. For these reasons a first
simplified estimate of the vulnerability index is here used that considers: typologies, periods of
construction according to seismic design level and also the following modifier factors: bad
maintenance, serious irregularity, soft-story in the building and more than 6 stories.

5
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Figure 2. The mean semi-empirical vulnerability functions for the most common Risk-UE
building typologies (Giovinazzi & Lagomarsino, 2002).

Once the vulnerability index is assigned, the evaluation of building earthquake damage was
obtained by using the intensity function proposed by Sandi and Floricel (1995) and applied by
Giovinazzi and Lagomarsino (2002) and (Giovanazzi, 2005). This semiempirical function
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(based in observed damage in past earthquakes) correlates the mean damage degree pp with
the seismic action at each site (characterized by means macroseismic intensity | (EMS)) and
the building vulnerability (with vulnerability index V1) (Figure 2):

n, =25 {1+ tanh( I+ 6'252\:/)" _13'1)}

Six damage states are considered labelled as: None, Slight, Moderate, Substantial to Heavy,
Very Heavy and Destruction. The probability of each state of damage, or the damage
probability matrix (DPM), can be calculated from mean damage pD using the beta
distribution. Thus potential physical damage scenarios have been obtained and plotted for the
Velez Malaga town (and for any selected area) in mean damage values or in terms of each
damage state of EMS scale.

()

Results and Discussion

A column soils classification based on Vs values (estimated mainly from geotechnical,
borehole and SPT data) was performed and a detailed ground amplification map has been
obtained (Figure 3). The resulting amplification factor values vary from nought, where
engineering bedrock (Soil type Ig), is exposed, to medium (1.4 for PGA and 2.4 for SA(T))
where stiff soils are present. Outside of the urban area (at the western zone of the town)
appear soils of type IVA, and soil liquefaction could be possible for strong shakings.

After a historical seismicity revision, the largest historical event affecting Velez Malaga has
been used to estimate a scenario earthquake. This historical event corresponds to the 1884
Andalusia earthquake (M~6.8) located around 15 km far away from Velez Malaga. Thus, an
intensity of VII-VIIl on bedrock has been considered to estimate the EDS in terms of
probability of damage.

Intensity

~ Buildings N o .
[ ] =75 || o

[ tews=80
[ tas=85

Figure 3. Macroseismic intensity distribution map for an event similar to 1884 earthquake

The population and building data of INE 2001 census for Velez Malaga town are: 35.322
inhabitants and 5.520 buildings. The typology, conditions and vulnerability of 4.957 buildings
were evaluated; more than 65 % are RC buildings and masonry the remainders (mainly of
brick walls). 72% of the buildings have one or two stories and 3% have 6 or more stories. 7
BTM classes were finally identified: 4 for Masonry (M1.2, M1.3, M3.1, M3.4) and 3 for
Reinforced Concrete (RC1, RC3.1, RC3.2). The minimum typology vulnerability index V*
obtained is 0.40 and the maximum 0.74. When modifier factors are considered minimum total
vulnerability index VI is 0.40 and the maximum is 0.94. According to EMS-98 scale, the
majority of the buildings belong to the A, B, and C classes, and less frequent to D class
(Figure 4). The damage distribution for tested buildings is shown in Table 2.
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Figure 4. a) EMS-98 Vulner-ability classeé of the buildings (left). b) Earthqu
Velez Malaga down-town obtained with VI* (righ).

For damage estimation two typology vulnerability indices have been considered: VI* (the most
probable value of VI), and VI+ (the maximum plausible value of the VI). The total VI has been
calculated in both cases taken into account the modifiers. The more serious damage appears
in the old buildings located in the northern part of the city. The number of uninhabitable tested
buildings is 619 (12%) and as far as 1.184 (24%) when VI+ it is used.

Table 2. Number of buildings affected for each EMS damage degree

EMS Damaged buildings (only tested buildings)

Damage (I rock = VII-VIIN
degree V*+modifiers V' + modifiers

0 231 -

1 1.165 -

2 2.303 207

3 1.238 1.955

4 20 2454

5 - 341

Conclusions

Several aspects of the proposed methodology applied to a moderate-sized town of the
southern Spain with a low-to-moderate seismic hazard must be emphasized: Firstly, the
advantage to use V33° data instead of shallow lithological data for a more consistent soil
classification and soil amplification factor estimates. For example, thin surface layers of dry
loose soils (less than 5 m thick) overlying deposits (of sand, gravel or stiff clay) of high
density (soils type IIl) or very high density (type 1) are detected in Velez Malaga and the soll
columns have Vg™ values corresponding to site class Ill. Consequently a more reliable
ground motion and intensity values distribution is obtained and a better final prediction of
damage distribution also.
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Secondly, a more accurate vulnerability assessment of the building is achieved apliying the
vulnerability index method. In this case, the vulnerability index VI* has been more realistic
than VI+. The total vulnerability indices VI of the buildings of the historical quarter (central part
of the town comprised by old masonry building structures) are high values, generally greater
than 0.8.The highest damage is predicted in this quarter putting in evidence building
vulnerability has a higher influence on damage distribution than ground amplification in this
case.

Thirdly, the worst scenario calculated for Velez Malaga (Intensity on rock of VII-VIII) forecasts
12% and 24% of uninhabitable buildings depending of typological vulnerability index used.
EDS obtained using only typological index VI* or building vulnerability classes of EMS scale
provide lower prediction of earthquake damage, being crucially sensitive to use behaviour
modifiers in vulnerability assessment as has been carry out in this work. Comparing final
predictions of damage, fatalities, homeless, etc. apliying VI indices with that obtained using
Chavez (1998), the last gives intermediate values between those calculated with VI* and VI+.

Finally, it is remarkable the methodology possibilities to estimate earthquake ground motion,
vulnerability and finally potential building damage and direct human consequences by means
of different approaches. This methodology gives reliable and very useful results for improving
seismic-risk reduction and risk management policies at local level.
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Introduction

The effects recognition of ancient earthquakes on archaeological relics has always been a
matter of debate in archaeoseismology (Karcz and Kafri, 1978; Stiros, 1996), being always
difficult (and often impossible) to ascertain whether observed damage should be related to
seismic shaking or to other causes (i.e., wars, floods, burns, time-decadence, etc.).

This issue becomes particularly critical when facing with single buildings and/or if
observations can not be extended to wide areas (i.e., to different settlements). Moreover,
once hypothetically assessed that the observed effects (i.e., structural damage) were
seismically induced, it is very uncertain to infer the earthquake epicentral parameters.

On the other hand, the faulting of archaeological sites - even of a single relic - although
representing an exceptional case, provides certain and reliable data on the causative
earthquake (e.g. in Galli and Galadini, 2001). For instance, surface faulting always coincides
with the earthquake mesoseismic area, and — in terms of energy release - it always yields the
overtaking of a minimum threshold of magnitude (e.g., Mw>6). In favorable stratigraphical
contexts, the analysis of faulted archaeological relics - more than a classic paleoseismological
trench-study - gives reliable information concerning the dating of the earthquake(s), the
kinematics, and the associated magnitude of the responsible seismogenic source (i.e., by
measuring slip direction and offset amount, respectively).

In this paper, we present analyses carried out in the Molise region (central-southern lItaly),
along an almost unknown 1*-cent.-BC Roman aqueduct (Fig. 1). By means of detailed, and
often blind field surveys, we were able to individuate the underground traces of the aqueduct,
and in particular in the trait which we supposed to be affected by a primary active fault.

Our preliminary results yield the occurrence of repeated faulting of the water supply in the
past two millennia, i.e. during large historical earthquakes, the last being one of the strongest
event known in the Middle Age (September 1349, Mw=6.6).

Seismotectonic overview of the region

Briefly, this sector of the chain of the southern Apenninic Arc (i.e., a buried duplex system of
Mesozoic—Tertiary carbonate thrust sheets, overlaid by a thick pile of rootless nappes; see
Patacca and Scandone, 2007) is currently characterized by NE-SW extensional processes,
evidenced by the studies on the active faults of the area (see Galadini and Galli, 2000; Galli
and Galadini, 2003; see Fig. 1), by the (few) focal mechanisms of the local earthquakes, and
by recent GPS analyses (Giuliani et al., 2007).

Actually, large earthquakes (Mw>6.5) devastated the entire region in the past (Fig. 1), both in
the first millennium AD (346/355 and 847 events), and in the second one (1349, 1456, 1805
events). While the 1456 and 1805 events have been related to the activity of the N-Matese
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fault system (together with an unknown event of the early 3" cent. BC; see Fig. 1 and Galli
and Galadini, 2003), the 346/355, 847 and 1349 earthquakes are still poorly defined.
Nevertheless, in-progress paleoseismological researches allow to identify an unknown active
fault (Aquae luliae fault, AlIF in Fig. 1) to which the 1349 event is surely linked (Galli et al.,
2008). Since this fault affects the aqueduct path near Venafro, we though that the study of the
crossing zone was an exceptional choice for obtaining valuable information on the fault
activity and for earthquakes recognition.
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Figure 1. DEM of central-southern Apennine (see upper-left inset) showing the epicentre of
the main earthquakes (Mw>5.5; from CPTI04, except: 280 BC: Galli and Galadini, 2003;
346/355: based on data in Galadini and Galli, 2004; 847: based on data in Figliuolo and

Marturano, 2002; 1349: Galli et al., 2008), and the known normal primary active faults (USFS,
Upper Sangro fault system; RCAFS, Mount Rotella—Cinquemiglia—Aremogna Plains fault
system; NMFS, northern Matese faults; AlF, Aquae luliae fault). The two focal mechanisms
are the Mw=>5.8, May 5, 1984 event (Anderson and Jackson, 1987), and the Mw=4.2 event
occurred on February 20, 2008 (MedNet, 2008). Both show NE-SW extension driven by NW-
SE normal faults.

The Venafrum aqueduct

This aqueduct is archaeologically worldwide known because of the famous Edict of the
emperor Caesar Augustus (Tabula Aquaria, dated from 17 to 11 BC: CIL 10, 4842; see
Mommsen, 1883; Pantoni, 1961), which contains a unique collection of regulations
concerning the use and maintenance of water supplies.

Nevertheless, although the existence and general path of this aqueduct has been known
since Ciarlanti (1644) and Cotugno (1824), its structure and precise location has never been
investigated, with the exception of a quick survey performed in the 1930s by Frediani (1938).
The aqueduct starts from the spring of the Volturno River (548 m a.s.l.) near the famous
Benedictine San Vincenzo a Volturno Abbey (Fig. 1), and after a 200-m-abrupt step, it runs
along a flat 31-km-long winding track, until it arrives at Venafro (225 m a.s.l.). It mainly runs
through a tunnel (specus; see Fig. 2) inside the carbonate and marly hill slopes, overtaking
the talweg of streams by arched bridges, most of which have now collapsed (Fig. 3).
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hydraulic

NoTh Plaster

Figure 2. Sketch of different typologies of the buried specus of the Venafrum aqueduct; A,
arched stone-masonry (3) in loose terrains (2); B, lined trench in clayey terrains (1). Note the
bipedals at the bottom.

In the flat areas, where the subsoil is made up of alluvial/colluvial or clayey deposits, the
Romans built it into a trench and then covered the excavation (Fig. 2B). The specus is 0.6 m
wide and 1.6 m high, with a round stone arch and an external structure in opus incertum

(irregular stone masonry).

Figure 3. View of the specus of the aqueduct that we discovered along the hillside of Venafro.
On the right, the hanging relic of the specus at the crossing of a deep talweg.

The internal walls are coated with hydraulic plaster (i.e., opus signinum=cocciopesto mortar),
whereas the bottom is lined with bipedals (i.e., typical Roman 61x58 cm bricks).

The aqueduct was built in the first half of the 1* century AD, as has been deduced from a
letter of M. Tullius Cicero (living between 106 and 42 BC; see Cicero 1% century BC) to his
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brother (Ad Quintum fratrem, 3, 1), and it was then finished or restored by Emperor Augustus
at the end of the same century. Conversely, we do not known when it ceased to function,
although it is reasonable to believe that it fell into disuse during the fall of the Roman Empire
(4‘“-5th century) due to the lack of maintenance or due to a traumatic event. Near the village of
Pozzilli, we attempted to date the first mud layer filling the bottom of the tunnel, but we
obtained an absolute age (780 to 410 BC 2¢ calibrated age), which is not consistent with the
history of the aqueduct, and it probably belonged to the parent material of the deposit that
penetrated inside the specus.

The survey of the Venafrum aqueduct

As aforementioned, neither the survey quoted by Frediani (1938) nor others studies contain
analytical information concerning the location and elevation of the aqueduct. Therefore, we
carried out a specific survey that was aimed at discovering and measuring aqueduct relics
across the fault zone (Fig. 4). Due also to information obtained from the people of the area,
we found aqueduct relics in a dozen different localities, nine of which have been directly
inspected. The elevation of each point (generally the level of the bipedali, or the inner arch)
was then measured by means of topographic levellings (associated error +10 cm), and
positioned on 1:5,000 maps. We finally traced the path of the aqueduct by following the
altimetric gradient between each observed point, obtaining a detailed map from which we
have derived an actual topographic section along the 8,500 m of the investigated track.

Roman Aqueduct
inspected
geomagnetic survey

< observed

Figure 4. DEM of the aqueduct/fault crossing area (detail of Fig. 1; from Galli and Naso,
submitted). The bulldozer symbol indicates one of the paleoseismological trench excavated
across the fault.

We focused our efforts along the fault zone (Arcora site in Fig. 4), where we also carried out a
geomagnetic survey using a portable caesium vapour magnetometer/gradiometer; Figure 5
shows the magnetic anomaly that was measured in the footwall, which perfectly depicts the
aqueduct in depth.

These results are summarized in Figure 6, which shows the aqueduct profile from the villages
of S. Maria Oliveto to Venafro. The first section, from S. Maria Oliveto to the quarry site, has a
3.5/1,000 gradient, which is lower, at 2/1,000, going on towards the creek, and it reaches
1/1,000 between the Arcora and lvella sites. It then rises again, to 3.2/1,000, towards the
Pozzilli cemetery, and to 2/1,000 towards Venafro.

For our specific aims, the most significant result relates to the net step between the last
observed point at Camporelle site (bipedali level at 244.8 m a.s.l.) and the one in Arcora
(240.4 m a.s.l.), which are only ~200 m away from each other. By adopting the gradient
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measured between the quarry site and Camporelle (2/1,000), and taking the aqueduct trace
towards the Arcora site, the step between the two strands is at least 3.6 m high, and it occurs
exactly in the fault zone.

observed (Arcora site)

observed
(Camporelle site)

Figure 5. Shaded relief elaboration of part of the geomagnetic survey performed along the
aqueduct trace (Camporelle—Arcora tract in Fig. 4). Arrows indicate the net magnetic anomaly
fitting with the aqueduct path. In the right panel, the specus is sub-outcropping (~0.5 m, as
checked in some pits excavated ad hoc), whereas farther east (left panel) it disappears
nearing the fault zone (i.e., it is dismantled and eroded by the progressive process of fault
scarp retreating). Triangles are observed and levelled points.
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Figure 6. Section of the Roman aqueduct across the Aquae luliae fault. Note the step seen
between the two strands (Venafro—Arcora vs Camporelle—S. Maria Oliveto), which occurs just
at the fault crossing point. A continuous deformation, revealed by the lowering of the gradient,
occurs as nearing both the fault on both sides. For simplicity, this section does not show other

possible fault/aqueduct intersections between Arcora and Ivella (e.g., in Fig. 5).

Considering that it would have been absolutely senseless for the Romans to have
intentionally lost more than 3 m in altitude before arriving at their final destination (Venafro; as
verified all along the 8-km-long path surveyed), and, furthermore, to have done this in a flat
and clayey zone, we believed that this 3.6-m-high step was actually due to surface faulting.
Unfortunately, in this sector the aqueduct almost parallels the fault (Fig. 4), and due to the
erosion of the raised block (i.e., due to fault scarp retreat processes), a dozen meters or so of
its structure has been completely lost (Fig. 7).

This is confirmed by the geomagnetic analyses that progressively “lose” the aqueduct traces
as it neared the fault (Fig. 6). At this stage, the excavation of the aqueduct was not possible
because of the presence of large olive trees.

Anyway, the fault has been detected in several trenches that were dug along its surficial trace
(Galli et al., 2008), one of these located just 200 m from the crossing site (see Fig. 4)
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Figure 7. Sketch of the aqueduct (brick) in the fault zone (not to scale). Relics of the aqueduct
were observed and their altitude were calculated, both in the hangingwall and in the footwall
(arrows). Here, the absence of the tunnel nearing the fault has been confirmed by
geomagnetic analyses. At present, all of the area is occupied by olive trees, which hampered
the excavation of the trenches.

Conclusion

These preliminary results, coupled with those gathered through paleoseismological analyses
carried out along the Aquae luliae fault (Galli et al., 2008), allow to locate definitely (and for
the first time) the large 1349 earthquake (i.e., absolute ages in trenches postdate the faulting
to 1150-1270 AD, and 1290-1420 AD; others predate it to 1450-1650 AD; Galli and Naso,
submitted), providing reliable epicentral parameters for this Middle Age event.

In facts, the fault length (~22 km) and the offset per-event (~1 m) derived from both
archaeoseismological and paleoseismological data yield a Mw~6.6.

Moreover, the amount of the total offset of the Venafrum aqueduct across the fauilt zone
(~3.6 m) is obviously not consistent with a single coseismic rupture, accounting for at least
other two 1349-like surface ruptures occurred after the 1* cent. BC (age of its construction).
Actually, these ruptures have been observed in the paleoseismological trenches, and they
have been constrained between 240-560 AD, and 1020-1210 AD, even if it was impossible to
provide more detailed ages on each single events.

However, if we look at the known earthquakes of the area during the 1* millennium AD (Fig.
1), and if we consider the distribution of their effects (Galadini and Galli, 2004; Figliuolo and
Marturano, 2002), both the 346/355 AD and the 847 events could be considered as possible
candidates for these ruptures/offsets.

Ongoing researches are aimed at excavating the fault/aqueduct crossing zone, in order to
obtain more reliable data on the number and age of coseismic faulting of this Roman work.
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Introduction

Colossal socio-economic damage of the Spitak earthquake complex character of its
manifestation attracted attention and became a subject for observations for many specialists
of the leading seismological centers of the world. One of the main approaches of the
investigations was the study of the fracture formation process and seismic radiation during the
main shock of earthquake, definition of its kinematical and dynamic properties. The analysis
of the wave fields according to the instrumental records of the teleseismic and regional
stations, utilization of the inversion methods at record processing of volumetric seismic waves
gave a base to prove that the source process during the Spitak earthquake had a multiplet
character and represented a multiact process of rupture formation of the source zone [1.2.3].
This conclusion was further confirmed by the results of the detailed geological observations at
the period of the aftershock process development in an epicentral zone [6,7,8]. Moreover the
structural analysis of the primary seismic dislocations in a pleistoseismal zone and location of
the hypocenters of the first strong aftershocks put forward the complex geometry of the
fracture formation. From the positions the Spitak earthquake’s source represents a complex
of the surface breaks along which mobilities occurred at a definite sequence explaining the
complex radiation of seismic energy. The model reflecting geometry of these surfaces and
defining the mobility sequence is proved to be called the geodynamical model of the focus.
For the Spitak earthquake several variants of the model focuses were suggested consisting of
3, 5 and 16 subsources [1,2,3]. The first two variants are based on the investigation of the
wave picture of the instrumental records of teleseismic stations in base of 16 subsources
models the results of the complex geological and instrumental observations are accepted in
epicentral zone. The strongest aftershocks are taken in the capacity of subsources. This
model doesn’t naturally reflect the fracture formation process of the main shock but it rather
concerns the development of the whole aftershock process. The inversion method of
volumetric waves according to records of the nearest stations is used in work [3] for source
modeling. On the basis of the instrumental record “Ghoukasyan” station accelerogram the
displacement of ground on the station was counted and further by means of exhaustion of
subsources quantity in a source a satisfactory correspondence of theoretical and
experimental data was achieved. As a result of observations a model was chosen consisting
of 5 subsources. The rupture formation of the source occurred in a horizontal direction. It
contradicts the results of many observations proving the bilateral simultaneous rupture
formation of source with output break to south-east of the earth’s surface and depression up
to 12km deep to west and north-east.

Results and Discussion

Proceed from the above stated an attempt was made to ascertain the model of the Spitak
earthquake on the basis of the complex results of geological and instrumental observations
and data or sources mechanisms in different segments of aftershock field. The formation of
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geodynamic model which is considered to be the strongest earthquake’s source in region was
very important for real seismic hazard assessment and forecast observations organization.
Adequately built geodynamic model essentially clears up conditions of seismogenesis, gives
an opportunity to reveal which seismotectonic structures are embraced by the source field
and which mode of seismic mobilities occurred in its various segments (subsources).

Seismotectonic conditions of the strained state of the source zone

The source region of the Spitak earthquake is located in a zone of the Pambak-Sevan fault
which being northeastern branch of the Northern Anatolian deep fault in Asia Minor. To the
meridional direction the Aragats-Spitak lineament stretches which is one of the tectonic lines
bounding the Transcaucasus dihedral uplift [4]. Crossing of these 3 main directions of tectonic
dislocations presents a huge disjunctive node where a pleistoseismal zone is settled (fig.1)
[5,6,7,8]. According to geomorphological observations data in epicentral zone a system of
shallow faults of the young late quanternary age is located on northern slopes of the Pambak
ridge and Pambak basins oriented to north-west [8]. The strained state of the earth’s crust of
region is well studied in work [9] and is represented in the form of complex system of fracture
dislocations of various mode. The dominated stress here is undoubtedly the submeridional
compression which is approved by the convergence of the Arabian and Eurasian plates.

The analysis of the strained state of the region on the whole according to the earthquake’s
source mechanism shows the stress compression in a short horizontal plane to north-east
15%-20° and the stress tension in a vertical plane from 30°-60° [10]. The analysis of deformed
state of the central part in Asia Minor by tensors of strongest earthquakes’ seismic moments
revealed that the uniaxial horizontal tension with the thrust mobilities elements is considered
to be the characteristic deformation process. The tension is oriented in azimuth 66°+180° and
the compression in azimuth is 24°+18° on the earth’s surface. The deviator modulus of sum
tensor of relative deformation for this region is 2.04*10” and the corresponding value of sum
velocity of the relative deformation is 9.73*10° [11]. The presence in source zone of these
deformation processes forms a complex picture as from the point of region’s geodynamic and
the description of earthquake’s source mechanism and mobilities in them as well.

The focus mechanism of the main shock is defined by many observations. The received
solutions do not contradict each other. One of the planes has a short-meridianal stretching
(A,=296), with a dip to north-east at an angle about 55°. The second nodal plane has a short
—meridianal direction with microseismic data and also with geological observations data gave
an opportunity to choose a short-longitudinal direction in the capacity of true plane strike [6, 7,
8, 13]. The source mechanism considers the thrust-strike-slip mode with predominance of
mobility thrust component of fracture strike. By selected fracture plane abruptly falling to north
the fracture of the northeastern wing happened accompanied by the right-lateral slip. The
data on the main shock’s mechanism are in a good agreement with the earth’s crust
disturbance complex which happened in a pleistoseismal zone of a focus and were studied in
detail during geological field observations [6,7,8].

To seismodislocations of the Spitak earthquake refer:

The earth’s surface uplift over an extent of 60km to the center in region of Spitak town
according to repeated levelling on route Leninakan-Spitak-Kirovakan [14]; the primary
seismogenous fractures, cracks, seismic gravitational phenomenon; landslides without
displacement along the slope, landfalls, hillsides, subsidences of fill-up soils. According to
data [6, 7, 8] the total longitude of zone of traced fractures was about 35km and allowing for
seismic gravitational phenomenon the total longitude of disturbances reached up to 50km
(fig.1).

All researchers distinguished 3 extended sections (8-9km) of intensive display of primary
seismic dislocations. The first southeastern section located from Alavar village to the valley of
the Spitak river is expressed by the right-lateral thrust-strike-slip and strike slip fractures
system. Amplitude of the mobility in the central part of the fracture reached 1.5m and
decreased up to zero values to the direction of the sections’ edges. The same picture was
observed with the horizontal amplitude of the right-shift displacement. The azimuth strike of
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the southeastern seismic dislocations segment was 130°-140°. The second section of primary
seismic dislocations adopted as central segment extended from the western margin of Spitak
town through Geghasar village up to the right board of the Chichkhan river to the short-
latitudinal direction. The residual disturbances of the surface on the segment were more
defined. The quantities of the maximal, vertical and horizontal right-shift displacement
reached 1.5+1.8m. It is important to note that most of geologists while observing the
epicentral zone stated the belonging of seismodislocations displayed on the seismogeneous
fracture.
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Figure 1.

The third section northwestern segment of seismic dislocations system was placed on the
southern slope of the Bazum ridge. Especially short, thin rents without displacements were
developed on the segment. Evidently this mode of dislocations is connected with the source
which did not emerge the surface and is the result of a strong shaking.

Two fractures of the right-shift and thrust mode are distinguished which have an extent of
about 200m. The orientation of these fractures is 310°+320°.

Source parameters of the Spitak earthquake were studied according to large spectrum
instrumental data of short-period, mid-period and long-period broad-line equipments.
Bibliography of the research results in this field is extensive enough. We studied the research
results given in the works [1, 15, 16]. The volumetric waves data recorded on 14 digital
seismic stations in a diapason of epicentral distances 30°-90° gave a base to reveal the
movement peculiarities in a source zone [1]. The process mechanism was selected in a focus
in the form of three subsources and the parameters are shown in a table 1.

table 1
Mx10%° ¢ 20 Him A, Angele A slip
din.sm of angele
bedding
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1 0.64 40.90 44.27 2.5 290 44 131
2 0.58 40.80 44.37 6.0 314 83 151
3 0.51 40.93 43.90 7.3 269 71 142

The diagram analysis of frequency-temporal field of the Spitak earthquake according to digital
station “Obninsk” carried out in work [15] points to 2 eruptions of energy emission P-wave.
One of them is at an interval from 7 till 21sec and the second one from 31 till 31sec. Intensity
and duration of the first eruption exceeds 2 times the second one and obviously include the
group of intensive subsources. The utilization of the method of complex signal while data
processing of digital seismic stations at epicentral distances 10°+20° [16], gave an opportunity
to display on the record of a direct P-wave separate source impulses on the record of a
definite P-wave. For the impulses the time lage is defined relatively to the first arrival —+t,
visible periods-T, duration-1, magnitude-M,,. The data are given in table 2.

table 2
N 1 2 3 4 5 (aftershock)
+t sec 0 3.5 5 19 260
T sec 2 1.0 55 5
T sec 2.5 1.5 9 6

By Fourier transformation digital records and digital station code method the spectral
composition of P wave is studied. The Pwave spectrum and also source spectrum by digital
station code have 2 angular frequencies 0.03 and 0.15Hz (angular periods 30 and 6.7sec),
and it shows the presence of several subsources with angular frequency spectrum of about
0.15Hz.

The following main source parameters of the Spitak earthquake are calculated from the
source spectrum:

Seismic moment Mo=1.85*10"°N, M.
Energy logarithm in J IgE=15.35
Seeming strain n°=40bar

Source length L=45km

Mean shift along the fault D=1.3m

The aftershock field analysis of the Spitak earthquake has a significant meaning for the reveal
of geometry surface of rupture formation in a source. The results of high-precise epicentral
instrumental observations are served as a base with a system of telemetric and analogous
temporal seismic stations [17, 18]. The hypocenter definition and aftershock process analysis
during the first days after the main shock were carried out according to data of regional
seismic stations of the Caucasus. The first primary data showed the complex character of the
space-temporal aftershock distribution [19, 20]. The definite part of the aftershocks occurred
in groups or by the so-called epicentral chains. The trajectory of the epicentral chains
distinguished 3 separate epicentral field sites: central site with an epicenter of the main shock
and aftershock, southeastern and western sites. Later on taking into account the instrumental
data, the development of aftershock process in a structure of aftershock field 4 main sites
differing by seismic fault dip plane and source mechanisms (fig.2) were distinguished by all
researchers.

Aftershock field of the Spitak earthquake and source mechanisms on different sites of the
field are in detail studied in [21]. According to the given data in this work it is possible to
analyze the characteristic peculiarities of the aftershock field (fig.3, a, b). It includes: changing
geometry along the definition zone, correspondence of the distinguished sites to the results of
seismic dislocations geological data and also the study results of subsources impulses in a
wave field of longitudinal P-wave.
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Figure 3a,b. Vertical transversal profiles of Spitak earthquake aftershock zone

105




31% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

Conclusion

Analyzing the whole complex of the above mentioned seismological and geological data one
may conclude that the rupture formation of the Spitak earthquake had a complex character. It
will be reasonable to adopt the geodynamic model of the Spitak earthquake’'s source
consisting of 4 subsources (fig. 4).

The scheme of rupture formation represented the fault on a central site corresponding the
Pambak-Sevan fault with the further simultaneous bilateral spreading of fracture to south-east
and west-north-west.

The southeastern direction coincided the Alavar regional fault. To the western and
northeastern directions the gradual depression of the focus happened which was located at
12-15km deep along the Pambak-Sevan fault and 12km deep along the diagonal continuation
of the Alavar fault. The northwestern continuation had a tendency of spreading to the direction
of the strongest earthquakes’ focus zones of the Djavakhet plateau.

RN

Figure 4. Geodynamic model of Spitak earthquake

References

Pacheco J.F., Estabrook C.H., Simpson D.W. & Nabelek J (1989). Teleseismic body wave
analysis of the 1988 Armenian earthquake, Geophys. Research Letters, 16, N12, 1425-
1428.

Cisternas A., Philip H., Bousquet J.C. et al (1989). The Spitak (Armenia) earthquake of Dec.7,
1988, Field observations; Seismology and Tectonics, Nature, 339, N6227, 675-679.

Grizer V.M., Cisternas A., Dorbat L. & Philip H (1988). The source modeling of the Spitak
Earthquake Dec.7, Izv. Ac.Sc. of the USSR, Physics of the Earth, 1991, 12, 46-55.

Gabrielyan A.A., Sarkisyan O.A. & Simonyan G.P (1981). Seismotectonics of Arm.SSR,
Yerevan, Publ. YSU, 282 p.

Milanovski E.E (1990). Geological structure of the region of the disastrous Spitak earthquake
in northern Armenia and tectonic conditions of its origin, Geotectonics, 1, 3-13.

Trifonov V.G., Karakhanyan A.S. & Kojhurin A.l (1990). The Spitak earthquake as a
manifestation of modern tectonic activity, Izv. Ac.Sc. of the USSR, Geotectonics, 6, 32-
46.

Rogojin E.A. & Ribakov L.N (1990). Tectonic position and geological manifestation of the
Spitak earthquake Dec.7, 1988, lzv. Ac.Sc. of the USSR, Geotectonics, 6, 32-46.
Nikonov A.A (1990). The disastrous Spitak earthquake Dec.7, 1988 in northern Armenia,
Problems of seismotectonics and source mechanism, lzv. Ac.Sc. of the USSR,

Geotectonics, 1, 14-32.

106



31% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

Rastsvetaev L.M (1989). The shift and the Alpian geodynamics of the Caucasus,
Geodynamics of the Caucasus, M., Publ. Nauka, 106-113.

Geodakyan N.E. & Geodakyan E.G (1996). The analysis of the strained state of the main
seismotectonic zone of the Armenian plate, Abstracts of the jubilee scientific conference
dedicated to the 35th year of the foundation IGES NAS RA, Gyumri, 18-19.

Geodakyan N.E., Voronina V.E. & Geodakyan E.G (1996). Modern state of the strained
processes in the Earth’s crust of the Caucasus region, Abstracts of the jubilee scientific
conference dedicated to the 35th year of the foundation IGES NAS RA, Gyumri, 17-18.

Geodakyan E.G., Aharonyan V.J., Danilova N.A. & Yunga S.L (1989). Peculiarities of focal
mechanisms of the Spitak earthquake aftershocks, lzv. Ac.Sc. of Arm.SSR, Nauki o
Ziemle, XII, 3, 71-77.

Geodakyan E.G., Galinski G.L., Papalashvili V.G., et al (1991). Spitak earthquake Dec. 7,
1988, Isoseismal maps, Earthquakes in the USSR, 1988, M., Publ. Nauka, 74-86.
Balyan S.P., Lilienberg D.A. & Milanovski E.E. (1989). The latest and modern tectonics of
seismoactive orogens of Armenia and the Spitak earthquake region, Geomorphology, 4,

3-16.

Moskvina A.G., Gosbatova I.V., Zakharova A.l. et al (1991). Several peculiarities of source
process of the Spitak Earthquake, 1zv. Ac.Sc. of the USSR, Physics of the Earth, N11,
M., Publ. Nauka, 39-55.

Novikova E.I. & Rautian T.G (1991). The parameters of the Spitak Earthquake source Dec.7,
1988, Izv. Ac.Sc. of the USSR, Physics of the Earth, N12, M., Publ. Nauka, 32-46.
Arefyev S.S., Tadevosyan R.E., Parani |.E., Geodakyan E.G., Cisternas A. et al (1990). The
Spitak earthquake Dec.7, 1988, Seismic observations, Problems of Egineering
Sismology, issue 31, Sources and influence of disastrous seismic motions, M., Publ.

Nauka, 4-29.

Arefyev S.S., Aptekman J.Ya., Gosbatova I.V., Geodakyan E.G. et al (1991). Aftershock
catalogue of the Spitak Earthquake Dec. 7, 1988, Izv. Ac.Sc. of the USSR, Physics of
the Earth, N11, M., Publ. Nauka, 60-73.

Godzikovskaya A.A., Geodakyan E.G. & Tovmasyan A.K (1990). The Aftershock process in
the Spitak source zone according to regional stations data at the interval of 7.12.1988-
24.01.1989, Problems of Engineering Seismology, issue 31, M., Publ. Nauka, 29-35.

Teitelbaum Yu.M., Nikonov A.A., Godzikovskaya A.A. & Geodakyan E.G (1990). Aftershocks
and fractures in the source of the Spitak earthquake Dec. 7, 1988, Izv. Ac.Sc. of the
USSR, Physics of the Earth, N5, M. Publ. Nauka, 16-27.

Dorbat K., Dorbat L., Aptekman J, Ya. et al (1991). Source geometry of the Spitak Earthquake
according to the detailed aftershock study data, Izv. Ac.Sc. of the USSR, Physics of the
Earth, N11, M. Publ. Nauka, 86-95.

107



31°% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

Bucovina Romanian Seismic Array (BURAR) - Contributions
to the On-Line Seismic Monitoring in South-Eastern Europe

GhicaD V (1), Popa M (1), Radulian M (1), Raileanu V (1)

(1) National Institute for Earth Physics, P.O. Box MG-2 Magurele, Romania, daniela@infp.ro,
mihaela@infp.ro, mircea@infp.ro, raivic@infp.ro

Keywords: seismic array, seismic monitoring, detection capability, detection threshold

Introduction

The Bucovina Romanian Seismic Array (BURAR) was deployed in 2002, in the northern
Romania, into South-Eastern Europe, under a joint effort of the Air Force Technical
Applications Center (AFTAC) of the United States of America and the National Institute for
Earth Physics (NIEP), Romania. BURAR array is located in Suceava County, near the border
to Ukraine (Figure 1). The geographical coordinates of the reference station (BURO1) are
47.6088°N, 25.2168°E and an elevation of 1151 m.
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Figure 1. Geographical location of the BURAR array

BURAR consists of 10 seismometers located in boreholes and distributed over an area of
km?; inter-element distance varies between 500 m and 2000 m (Figure 2). A vertical-
component short-period (1 Hz natural frequency) Geotech Instruments GS21 type instrument
is placed in each of nine sites. The tenth site of array (BUR31) is equipped with a three-
component broad-band Geotech Instruments KS54000 type instrument (flat to acceleration
response), placed near short-period site BUR08. The sampling rate is 40 samples per second
for both short-period and broad-band data. Data from each receiver are digitized, time-tagged
and transmitted in real time, via radio data link (2.4 GHz frequency band), in the CD-1.1
format, to an unmanned central recording subsystem, in the field site facility (FSF), located
near BURO4 site. From FSF, data are directly forwarded by satellite link in CD1.1 format, to
the Romanian National Data Centre (RO_NDC), and re-transmitted from here, in real-time, to
the National Data Center of USA (US NDC), in Florida.
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Figure 2. Configuration of the BURAR array

When arriving to RO_NDC, the data in diskloop are converted to continuous CSS3.0
database format. This database file system is the input to the automatic array data processing
tasks, used for the on-line monitoring with BURAR system (Ghica and Schweitzer, 2007). At
RO_NDC, an on-line data processing has been implemented, based on the RONAPP signal
analysis software package (Mykkeltveit and Bungum, 1984), kindly supplied by NORSAR,
and customized for BURAR. Seismic data are constantly scanned by automatic detection
algorithms and analyzed with automatic routine processing (Fyen 1989, 2001, Schweitzer et
al., 2002), consisting of three steps: detection, phase identification, and localization (see also
Schweitzer et al.,, 2002, Ghica and Schweitzer, 2007). The automatic on-line processing
provides daily listing with the results of all three steps.

The purpose of the paper is to investigate the BURAR detection capabilities, using the
automatic processing results (i.e., identified phases), in order to verify the array contribution to
the on-line seismic monitoring in the South-Eastern Europe.

Data and Methods
Data Sources

BURAR data recorded between January 2005 and December 2007 have been analyzed to
test the array monitoring capabilities. For this time period automatically detected and
identified phases were investigated to associate them to events listed in seismic bulletins.
Automatic estimates of back-azimuth, phase velocity and origin time for each detection are
given by the frequency-wavenumber (f-k) analysis step included in the on-line data
processing.

To identify the events detected by BURAR, from the recording of automatic identified phases,
two types of lists with reference events are used. Therefore, for teleseismic observations (A >
20°) the list was compiled from the PDE bulletins, while for the list of regional and local events
(A < 20°), PDE bulletins and Romanian Earthquake Catalogue are merged together, the
double entries being carefully eliminated. Additionally, for teleseismic distances, a magnitude
detection threshold has been set to 4.5. Consequently, the final lists comprise 22,249
reference teleseismic events and 17,707 reference regional events. For all these events, the
epicentral distances and the corresponding back-azimuth values were calculated.

Association of Automatically Observations to Reference Events

To identify the automatic observed phases with BURAR from the reference events, a program
was used for automatically associating of the observed onsets with theoretically estimated
onsets calculated for the bulletins (Schweitzer, 2001).

The procedure compares the possible phases calculated from ak135 tables (Kennett et al.,
1995) with the detected onsets. The absolute onset times of first and later arrivals were
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estimated for BURAR array, using distance, depth and origin time of the event. To reduce the
number of erroneous associations, some restrictions related to epicentral distance and event
magnitude are introduced, and all theoretical phases to be considered for comparison with
observed ones had to be separated in time by least three seconds (Schweitzer, 2001). Then
the list of onsets was compared with the parameters automatically calculated for detected
onsets with BURAR. Additional restrictions for the automatic procedure are described by
Schweitzer (2001).

For this study, only first arrival identified by above technique was used to define the events
observed with BURAR array.

During the considered time interval, from a total of about 23,700 events detected by BURAR
(Figure 3), 13,261 teleseimic events and 2,821 regional events were kept to be complied with
initial terms (epicentral distance and magnitude threshold).

180° 2407 300° 0 60° 1207 1 Bl'_'l'

1I30' 2407 3007 0" 60" 1207 186'
Figure 3. Events detected with BURAR array between the 2005 and 2007 years

Results and Discussion

To show the capabilities of BURAR, some results of evaluation of the array detection ability
should be discussed:

a) Teleseismic Distances

As a result of the aperture, geometry and number of elements of the array, BURAR is very
efficient to detect teleseismic events (A > 20°. Considering a detection threshold for
magnitude of 4.5, BURAR onsets could be associated to almost 60% of all events in the
teleseismic distance range, for the time interval considered (Figure 4).
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Figure 4. BURAR monthly detection capability for teleseismic events between 2005 and 2007

In terms of monthly statistics, the highest rate of events detected from the total reference
events (detection capability) was observed mostly for the winter and spring month
(November, December, January, February March, April and May); the rate decreases by 20%
in the summer season (especially in August), when the thunderstorms associated with
lightning activity damage the electrical equipment and introduce noise into the system (Figure
4), and the local roads traffic is increased.

Thus, the middle part of winter is the best time for operation of the BURAR array, due to the
restraining of the local specific activity (especially agriculture and farming) and of the road
traffic. Moreover, the large falls of snow in the BURAR area influence the increasing of the
array detection capability, since the snow is acting as a noise attenuator.

Generally, the good detection capability of BURAR for teleseismic events is due mainly to the
general low level of background noise at low frequencies (below 3 Hz) (Ghica et al., 2005), as
well as to the application of the advanced array techniques to recognize P and PKP onsets.
Regarding rate of detected events per epicentral distance, BURAR detection capability clearly
decreases beyond 90° (Figure 5), and starts to increase from about 120° for PKP phases.
This decreasing part emphasizes the influence of the core shadow zone on BURAR
recordings and consequently, the rapid decaying of signal amplitudes and the defocusing
effects of the body-waves which reach array site.
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Figure 5. BURAR detection capability for teleseismic events versus epicentral distance
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Figure 6. BURAR detection capability for teleseismic events versus back-azimuth

On the other hand, the detection capability is higher for the distances between 140° to 155°,
around the PKP caustic, along with the detection peak for PKP near 145° caused by the
focusing effect of the Earth’s outer core on the recorded amplitudes.

In terms of back-azimuth, the detection capability of BURAR for teleseismic events is higher,
especially for the 5° to 45° back-azimuth range (Figure 6), generally corresponding to the
Japan, Kamchatka, and Kuril regions (an epicentral distance of around 75°), and to the PKP
caustic (Tonga region). Also, detection capability is once more increased in the 115° — 120°
back-azimuth range, subsequent to a distance of 20° — 30° (Iran, Pakistan, Afghanistan
regions).

b) Regional Distances

For regional distances (A < 20°), the BURAR efficiency in the events detection decreases to
about 18% of all events within this area (Figure 7). The monthly detection capability for
regional events generally follows the same trend as for teleseismic observations, with a
diminishing of the number of events detected during the summer time (Figure 7), caused by
the specific seasonal activity and atmospheric conditions.

Furthermore, the local site conditions (crustal structure and high frequencies cultural noise),
and array dimension affect the signal coherency, and reduce the array detection capability.
Within local distances (A < 5°), BURAR capability is relatively high (Figure 8), with a decline in
the 2 — 4° range, for the earthquakes produced in the Romanian seismogenic zones as
Banat, Danubian zone, Predobrogean Depression and Intramoesian Fault, where the rate of
seismic activity is moderate to relatively high, but the magnitude has a low level (Radulian et
al., 2000).
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Figure 7. BURAR monthly detection capability for regional events between the 2005 and 2007
years

A detection peak is present near 5° (Figure 8) that could be related to the induced seismicity
in the Polish mining area. This area, present also the azimutal distribution for the BURAR
capability (Figure 9), could be correlated with the weak attenuation in the lithosphere structure
on that direction.

After a strong decreasing zone beyond 6° (Figure 8), mainly corresponding to the Greece and
Italy area seismicity, the regional detection capability of BURAR raises again, for distances
between 13°to 17°, to reach a relative peak near 17°, coincident with the distance range of
caustic for regional P-waves (Pn), according to the global velocity models.

For the analyzed data, azimuthal variation of detection threshold was observed for BURAR
array (Figure 9). Therefore, a very good effectiveness in detecting events from East-South-
East direction, for an 80° — 115° back-azimuth range (Caucasus, Anatolian region), is pointed
out. This is most likely due to the high seismicity of the region, with large magnitude of the
events, and to the low attenuation along the travelling path.

A good detection capability of BURAR is also observed for the regional events in North-West
direction, which can be associated with the induced events, occurred in the two large mining
areas (see also Wiejacz and Kowalski, 2007; Stec, 2007): Upper Silesian Coal Basin (delta
around 5° and back-azimuth range of 300° — 307°) and Lubin Copper Basin (delta about 7°
and back-azimuth between 303° and 310°).
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Figure 8. BURAR detection capability for regional events versus epicentral distance
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On the other hand, the detection capability of BURAR is highly decreasing to the West-South-
West direction, corresponding to a 245° — 295° back-azimuth range and epicentral distance
larger than 8° (Italy and Western Europe area). We assume that this situation is probably
caused by the low magnitude of seismicity (magnitude below 5.0) and by the lithosphere
complex structure, i.e., tectonics of the Dinarid — Pannonian Basin — Carpathians region.
Travel path is crossing the thin Hungarian Plain lithosphere, which ovelies an astenospheric
dome, with lower seismic velocities and higher attenuation (Posgay et al., 1996).

Additionally, BURAR efficiency is low for events originating from South-South-Western
direction, corresponding to an azimuthal range of 165° — 210° and an epicentral distance
between 9°to 12°. This decreasing of array capability is matching the region of Hellenic arc
(Figure 10), along which the Africa plate subducts beneath the Aegean Sea plate. The area is
characterized by shallow intermediate depth earthquakes produced on faults in the boundary-

region of the two plates, for which the magnitude threshold of detected events by BURAR
raises to 3.5.
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Figure 10. Detection capability of BURAR for regional distances. Cross symbols describe
events detected by BURAR; grey circles depict reference events reported in bulletins
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Within regional distances, the statistical analysis is not relevant for the North-Eastern
azimuthal domain (back-azimuth range of 345° — 80°), which is characterized by a low
seismicity, therefore very few BURAR detections are observed.

A variation curve of magnitude detection threshold with regional epicentral distance shows the
BURAR efficiency (Figure 11).
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Figure 11. Local magnitude versus epicentral distances for regional events. Cross symbols
describe events detected by BURAR; grey circles depict reference events reported in bulletins

The detected magnitudes increases with distance: for delta smaller than 3.5° the detection
threshold decreases to 2.0, while for delta beyond 14°, the detection capability of BURAR can
be estimated to local magnitude threshold of 3.5. Moreover, for epicentral distances below
3.5°, BURAR array observes about 86% from total events with local magnitude > 3.5,
whereas for delta beyond 3.5°, over 65% of reference events with the same magnitude are
missed by the array.

Conclusions

Analyzing data recorded between 2005 and 2007, it is obvious that BURAR is a sensitive
station that provides a good seismic monitoring coverage of the South-Eastern Europe, by on-
scale recording of weak-to-strong events in a large range of epicentral distances.

A good detection capability for teleseismic distances was demonstrated, since almost 60% of
BURAR onsets could be associated to the reference events, with a detection threshold
magnitude of 4.5.

BURAR effectiveness for the regional distances slightly exceeds 18%, being influenced by the
low coherency of the signal at frequencies higher than 3 Hz, caused by the array dimension
and the crustal structure beneath the station. Furthermore, BURAR shows a strong
azimuthally variable detection capability within regional range, which seems to be related both
to local site conditions and travelled structure effect on the array observations.

The magnitude of events observed with BURAR is variable with epicentral distance within
regional range, generally increasing with delta.
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Introduction

A small-aperture seismic array MMAI at Mt. Meron, Galilee (in operation since January 2003)
was established by CTBTO as station AS049 of the International Monitoring System (IMS).
Since then a number of experimental and calibration explosions with Ground Truth
Information GTIO were conducted in Israel and Jordan. Good recordings of signals from most
of the shots were obtained at MMAI. We collected raw data of 17 explosions and evaluated
back-azimuth and apparent velocity using the common F-K analysis procedure incorporated
in a software package jSTAR by GIl. Based on accurate explosion parameters (coordinates
and origin time) we computed deviations of estimated azimuth and velocity from Ground Truth
values. A systematic eastward bias was determined for explosions located to the south of the
array.

Materials and Methods
The used explosions

A number of large-scale calibration explosions of different design were conducted recently in
Israel and Jordan, under close collaboration of national seismological institutions (Gitterman
et al. 2006). The experiments were in the context of CTBT monitoring in the Middle East, and
aimed to improve the velocity models for calculating travel times to regional and IMS stations
and to extend the Ground Truth (GTO) database. Recently source phenomenology explosion
experiments of special design were conducted for empirical modelling of nuclear test seismic
source, investigation of explosion phenomena, dynamic parameters and spectral features of
radiated seismic waves (Gitterman, in review). Locations of the explosions and the array are
shown in Figure 1, Ground Truth parameters and design details for the selected explosions
are presented in Table 1. Shots in several experimental series (Bet Alpha, Oron) were closely
placed, providing almost the same distance and azimuth, therefore they were fixed for a
central point of a series.

The Data

A small-aperture (2.53 km x 2.58 km) seismic array MMAI at Mt. Meron consists of 16
elements (Figure 2): 16 vertical SP sensors in boreholes about 50 m deep, the central station
MMAQO includes also a BB seismometer in a 103 m deep borehole (coordinates MMAO:
33.01527N, 35.40305E). In some explosions a few (1-5) elements were excluded from
processing due to malfunctioning or strong noise.

The Method

A standard broadband F-K analysis procedure was used for evaluation of back-azimuth to an
explosion and apparent velocity (e.g. Kvaerna and Ringdahl, 1986). The procedure is
incorporated in a software package jSTAR developed by Gl (Pinsky et al., 2007). For pre-
processing visualization of recorded signals we used filtering range 1-10 Hz; for preliminary
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processing a fixed time window 3 sec since first P-arrival (actually P and Pn phases) and F-K
analysis frequency range 1-5 Hz were chosen.
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Figure 2. Configuration of small-aperture array MMAI (AS049) at Mt. Meron (aerial photo).

Results and Discussion
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The results of the F-K analysis applied to the selected explosions are presented in Table 2
and some examples of recorded signals and processing results are shown in Figure 3.

Table 1. Parameters of GTIO explosions in Israel and Jordan, observed at MMAI array.

#  Location Date LatitudeN Origin Local Charge Design
LongitudeE Time, GMT mag. ton
Mp
1 Sayarim 15.06.04 29.84188 13:00:01.49 3 325 in 11 holes diam.
(Israel) 34.85851 0.7m,depth H~20m
2 Mehola 20.10.04 32.22269 12:15:00.0 24 3.0 in a hole diam.
(Israel) 35.55644 0.6m, H~35m
3 DeadSea 20.10.04 31.3949 15:05:00.0 3.2 0.75 underwater, H~50m
(South) 35.43104
4  DeadSea 21.10.04 31.74982 15:05:00.0 3.1 0.75 underwater, H~50m
(North) 35.5270
5 Ruwayshid 4.12.04 32.457 15:00:02.18 2.7 40.0 in 20 holes diam.D
(Jordan) 38.509 =0.55m, H=20m
6 Eshidiya 17.01.05 30.019 13:00:02.64 2.6 20.0 in 14 holes
(Jordan) 36.204 D=0.46m, H=20m
7 Bet Alpha 6.06.05 32.545 10:05:01.42 1.5 0.5 in a hole D=0.55m,
"8 (Israel) 35.469 H=15m
9 10:30:01.60 1.5 0.5 in a hole H=16m
10 11:00:01.33 1.4 2.0 in 2 holes H=15m
12:00:01.53 2.6 20.0 in 20 holes H~15m
~11  Oron 17.07.06 30.916 13:30:02.38 2.0 1.24 H=26.5m, decoupl.
12 (Israel) 35.007 13:56:40.99 15 1.24 H=63m, decoupled
_13 Decoupling 14:15:.02.14 2.4  1.24 H=30m, coupled
14 experiment 14:18:53.40 1.8 0.31 H=30m, coupled
15 Oron 2.01.07 30.896 09:31:12.32 2.7 4.2 H=26m, coupled
16 DOB 34.993 10:01:13.44 2.6 4.2 H=45m, coupled
17 experiment 10:30:31.28 2.5 4.2 H=59m, coupled

Table 2. Estimation by standard F-K analysis of back-azimuth (Az) and apparent velocity (V).

# Distance, Real parameters Estimates
km Az,° V, km/s Az° error V,km/s error Z

1 3555 188.2 7.95 175.2 -13 6.92 -1.05 0.288
2 89.0 170.7 6.23 1649 -5.8 6.19 -0.03 0.444
3 179.7 179.2 7.95 169.2 -10 7.80 -0.15 0.630
4 140.8 175.3 7.95 170.1 -5.2 7.14 -0.85 0.715
5 297.6 102.8 7.95 100.8 -2 7.80 -0.15 0.501
6 340.7 167.3 7.95 153.4 -13.9 7.45 -0.5 0.395
7 159.4 -13.9 6.50 0.27 0.299
8 162.3 -11 6.35 0.12 0.334
9 52.5 173.3 6.23 171.3 -2 6.34 0.11 0.357
10 163.7 -9.6 6.67 0.44 0.699
11 182.3 -6.7 6.66 -1.29 0.393
12 170.5 -185 9.13 1.18 0.172
13 235.7 189.0 7.95 175.2 -13.8 6.92 -1.03 0.519
14 172.2 -16.8 7.51 -0.44 0.493
15 175.0 -14.3 7.22 -0.73 0.641
16 238.1 189.3 7.95 1774 -11.9 7.57 -0.38 0.586
17 174.8 -145 7.54 -0.41 0.359
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Figure 3. Samples of records and F-K analysis results for Ex.16 with high SNR (a), Ex.12 with
low SNR (b) and Ex.5, the only from the East (c). Filtering 1-10 Hz was applied.

Obtained F-K azimuths and apparent velocities are compared to real azimuths, due to
accurate explosion coordinates, and to reference apparent velocities due to precise distance
and local 1D velocity model used in GllI routine earthquake location (Table 2). Estimation
errors were also calculated as difference between estimated and real values. Target Z-
function values are presented also in the table, illustrating Signal-to-Noise Ratio (SNR) and
demonstrating reliability of F-K estimations. High Z-values are found for most explosions with
high SNR (Figure 3,a,c), whereas Ex.12 with very low SNR (Figure 3,b) showed a low Z-value
and large estimation errors (Table 2).

Conclusions

All azimuthal values are under-estimated, significant systematic errors about 10-14° are found
for most explosions located southward of the MMAI array. For the only explosion from the
East (Ex.5) the error is very small (2°). Most of apparent velocity values are also under-
estimated but not significantly, except of Ex.7-10 at a close distance (~50 km), and a remote
Ex.12 with very low SNR, providing therefore an unreliable estimation.

In order to improve azimuth and apparent velocity estimations and reduce errors, array
analysis of the selected dataset will be continued, using different length time windows,
processing frequency range, seismic phases (e.g. Pg, Sg); a new-developed robust array
processing tool (Pinsky, 2004) will be also applied to the data.
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Introduction

“Learning the lesson .. or at least how it should be done”. From this perspective it is
interesting to look back and analyze the changes to the local understanding of seismic risk
and the awareness of the problem determined by the 1976 Friuli Earthquake (N-E of Italy).
More than thirty years form that experience, it can be observed that a lot of things have
changed with respect to risk management in the Friuli Venezia Giulia Region, either for the
researchers from the local scientific institutions or for the politicians and the public
administrators. In particular, from a point of view of civil protection, the reciprocal relationships
and the synergy among those subjects have contributed to meaningful improvements and
they are the main reasons for the progressive advancements in the definition of a modern,
concrete and rational action of prevention for seismic risk mitigation. “A posteriori” analysis
allows us to derive important lessons in the field of seismology, earthquake engineering,
urban planning, sociology but also other useful information could still be derived. In this work,
in particular, a rereading of the activities developed by the seismic research group of the
University of Udine (1) on the basis of both the Friuli earthquake data and the relative lessons
that can be learned will be delineated.

1976, Friuli Earthquake and the development of an awareness for risk management

On May 6, 1976, an earthquake of magnitude 6.4 on the Richter scale struck central Friuli, a
region located in the North-Eastern part of Italy at the borders of Austria and Yugoslavia (now
Slovenjia). On September 11, 1976 the earth shook again; two more shocks occurred
followed four days later by one of magnitude 6.1.

The devastated area covered about 1800 km® Over one hundred villages were almost
destroyed. More than 17,000 houses, a large number of schools, churches, town halls and
factories were ruined. In many places there were important art treasures and historical
landmarks. In Udine, the biggest urban centre of the affected part of region, with almost
100,000 inhabitants, more than 50% of dwelling units were damaged.

From a seismological point of view, although the Friuli region has a long seismic history, the
magnitude of the two earthquakes were, as far as it was known, unprecedented and therefore
unexpected. As result, no consciousness of the real seismic risk was present in the
population and in the public administrators.

The sequence of the two earthquakes resulted in a demoralizing effect on Friuli inhabitants
but also provided evidence of the deficiencies in the knowledge both in the technical and
planning field. People responded to the first shock by endeavouring to rebuild their houses
and to resume quickly their business activities.
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In a very short time after the May 1976 earthquake, about 85000 buildings were inspected as
required by a subsequent regional law (LR. 17/76 - Friuli Venezia Giulia Region), and the
same number of data sheets were filled and collected. The aim of that collection was to define
the number of dwellings not usable after the earthquake and to assess the cost of retrofitting.
On the basis of that law a large number of damaged buildings were retrofitted using the
techniques provided by the regional administration.

But in September the second earthquake showed, in a dramatic way, the complete
inadequacy of the strategy adopted and the knowledge deficiencies in the management of the
problem. This forced the administrators and the scientists to deepen their knowledge and to
redefine the strategies. The following reconstruction management produced very good
results. The disaster marked the infusion of a lot of investments, the modernisation of
machinery and the re-launching of the industrial sector, which increased job opportunities
(Geipel, 1980a and 1980b). As result, the whole Friuli region experienced new dynamic
trends and accelerated the economic development (Cattarinussi et. al, 1981) of the area. So,
the Friuli reconstruction became an example of success in the international panorama and an
element of pride for the Friulian people.

From a socio-economic point of view, the two earthquakes were, together, an agent of social
changes (Barbina G., 1979). For scientists, technicians and administrators, the combination of
the two events and the failure of the first strategies of the retrofitting of buildings imposed a
serious opportunity for reflection to enable a definition of a response based on the risk
concept.

As part of the reconstruction plan of Friuli, in 1978, the University of Udine (also called
University of Friuli) was founded. Together with the other scientific institutions of the Region
(University of Trieste, Experimental Observatory of Geophysics of Trieste, Institute of
International Sociology of Gorizia and International Centre For Mechanical Sciences of Udine)
developed intensive studies and researches on the earthquake related problems from a
plurality of points of view (seismological, engineering, sociological, economic, cultural).

At the same time, a group of UNESCO international experts met in Paris (Founier d’Albe,
1979) and had discussions on the risk conceptualization in the field of natural disasters. Risk
was related to three main components: hazard, vulnerability and value of elements at risk. At
that time it was a revolutionary way of conceptualizing the problem and allowed us to
delineate a modern view for defining risk mitigation strategies.

In the middle of the eighties taking in account both the catastrophic experience of the 1976
earthquakes and the new approach introduced by UNESCO, the government of Friuli Venezia
Giulia Region enacted a law (L.R. 64/86)" aimed to institute a regional system of Civil
Protection. The final scope of the law was the protection of environment and citizens against
natural and man-made risks. The strategy to reach the objectives was based on the following
main activities:

- Prevision;

- Prevention;

- Rescue.

Prevention was not only conceived as a technical action but was considered as part of a risk
culture and as a primary public concern and task. The regional Government holds the
coordination of the whole civil protection activities on its territory.

The regional act was very innovative in the Italian scenario. In fact in Italy, at that time, the
civil protection was intended as an organization only finalized to intervene in the post seismic

! At that time Prof. Marcello Riuscetti of the University of Udine (I) — seismologist, head of the seismic risk group of
research - was member of the Council of the Friuli Venezia Giulia Region. He was one of the promoters of the law
and gave his determinant contribute for transferring the more advanced scientific knowledge in the vision and
organization of the regional civil protection system.
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event. At national level the concepts of prevention, prediction and protection were introduced
only six years later by the law on the institution of the national civil protection (L. 225/92).

Since the official foundation in 1986, the regional civil protection has grown up and has
always been considered as an advanced model of reference in the national panorama,
becoming another element of pride for the friulian people and local administrators. With the
L.R. 19/2000 and L.R. 1/2001 the competences of the regional civil protection were enlarged
to the international and national solidarity respectively.

All these facts together defined the conditions allowing the start of a progressive definition of
robust knowledge and methodology for the management of risk. Scientists, people and public
administrators were not only involved but also motivated to provide their contribution to an
unigue design of civil protection structured on a modern vision of the management of risk. In
accordance with this vision a sequence of finalized projects were financed and supported
which permitted the definition of an important feedback from research and operative worlds.

Overview on the “a posteriori” studies

After earthquakes in 1976, Friuli and 1980, Irpinia (South of Italy) much progress was
obtained in the seismological field and in the definition of the seismic hazard of the whole
national territory. The “Geodinamica” project of the National Council of Research (CNR-PFG,
1980) led to the development of new criteria of seismic classification based on the best and
more advanced knowledge at that time.

However, not so much effort was provide to improve the knowledge on vulnerability. Only at
the end of eighties the National Group of Defence from Earthquakes began to study this
issue. The data of damages of the Friulian village of Venzone were taken as reference for a
first test of an index methodology of vulnerability assessment. At that time the vulnerability
represented the less known parameter in the UNESCO'’s conceptualization of risk.

In that context a strategic partnership between the scientific institutions and Civil Protection of
the Friuli Venezia Giulia Region commenced. During the years the feedback between the
subjects produced a virtuous sequence of activities which led both to a progressive increasing
of knowledge and a definition of support tools required for risk management.

Two main phases can be distinguished. The first one was addressed to collect the data of the
1976 Friuli earthquake which was considered useful for “a posteriori” analyses. The second
one, currently still in progress, has the aim to develop specific finalized studies to support the
management of risk.

First phase

At the end of the eighties the components of seismic group of research of the University of
Udine posed the following question: what we can learn from an “a posteriori” analysis of the
Friuli earthquake experience, in particular in term of the vulnerability of masonry buildings? As
part of an answer, the research group started the difficult acquisition and reorganization of the
data derived from the technical investigations carried out after the LR 17/76, in a specific
database, called Fr.E.D. (acronym of Friuli Earthquake Damages). At the beginning of the
nineties, a first release of the database was completed. Another research team of the Institute
of Architecture of Venice (I) and of the Polytechnic of Milan (Doglioni et al., 1979) started with
the systematic acquisition of the whole photographic material collectable on the Friulian
churches damaged by the earthquake. These operations of reconstruction and reorganization
of data were financed by Civil protection of Friuli Venezia Giulia Region and by National
Group of Defence from Earthquakes of the National Council of Research. It is important to
underline that these operations were considered as preventative activities.

On the basis of these data, many investigations have been carried out. Seismic vulnerability
of residential buildings, also referring to the masonry buildings in historical centres, was
studied (Grimaz, 1993). Relationships between ground motion and damageability power were
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investigated (Casolo et. al, 1994) and fragility curves of buildings of different levels of
vulnerability were derived (Grimaz et al. 1997). Riuscetti et al. (1997) and Carniel et al. (2001)
elaborated statistically the Fr.E.D.’s data and defined six classes of vulnerability (meaningfully
different) corresponding to six typologies of buildings.

Grimaz et al. (1996) developed an expert system for damage assessment of buildings in the
seismic area, based on functional criteria and on a scale of synthetic damage judgements
(GSD scale). The GSD scale allowed us to relate the physical damage to the indirect
consequences, as: reparability, usability and possibility to cause victims. This scale was also
related to the levels of the EMS98 damage scale (Grinthal, 1998)

Other studies carried out in the fields of geology, seismology and seismic hazard by
researchers of the University of Trieste and the Experimental Geophysics Observatory of
Trieste (an overview can be found in Carulli and Slejko, 2005).

Second phase

Taking into account the new knowledge derived from the “a posteriori” studies developed in
the first phase, the research group of the University of Udine, together with the researchers of
the other two scientific institutions, began to support the Civil Protection of the Friuli Venezia
Giulia Region in the definition and implementation of actions with a multidisciplinary risk
approach.

Three main projects were designed and carried out (fig. 1).

1976 Friuli Earthquake experience
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Figure 1. Interaction between civil protection and scientific institutions for the applied research in the
seismic risk management field

The first two projects have been completed, while the last one has just started. It is interesting
here to underline that each finalized study has been generated by the results of the previous
one. The seismic risk map was proposed taking into account the knowledge derived from the
studies carried out in the first phase, in particular in the field of vulnerability. We can say that
the “a posteriori” studies on the 1976 Friuli earthquake data have permitted to set out the
basis for the development of seismic risk studies and, together with the results of the finalized
studies, have also produced useful lessons to learn from the point of view of seismic risk.
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Figure 2. Comparison between Iysk macroseismic map of 1976 May Friuli earthquake (at left) and
seismic risk map of Friuli Venezia Giulia Region (at right). In the risk map the darker is grey the higher is
the risk of the municipality (M€/inhabitant for recovering predicted damages)

Lessons to be learnt

The lessons to be learnt from the “a posteriori” studies on the 1976 Friuli earthquake
experience and from the more recent applications of the politic on risk management in the
Friuli Region can be summarized referring to the main components of the UNESCO’s
conceptualization of risk.

About the hazard:

In a region of moderate seismic activity a probabilistic approach is preferable. Two types of
event must be taken into consideration: the more frequent with destructive power, in the short
period, and the biggest foreseeable, in a long period.

Caution has to be exercised in order to define the maximum event predictable on the base of
the historical earthquakes catalogue. For the 1976 Friuli case, never in the previous 2,000
years had another event of the same magnitude been observed. In order to resolve this
problem, the same researchers working in the finalized project cited above, in a recent study
on the Venetian-Friulian area (AA.VV., 2008), have proposed the consideration of different
hazard scenarios. In particular they have taken into account not only the historical
earthquakes but also those evaluated as possible on the basis of seismo-tectonic considera-
tions, even though they are not included in the seismic catalogue.

The differences in terms of local effects in a Region with flat plains, hills, mountains, and
valleys are relevant. A recent study based on Fr.E.D. database information (Grimaz, 2008,
submitted) quantified the morphologic effects founding they are larger than lyto-stratigraphic
effects. Secondary effects of hazard must be taken into account in the definition of seismic
actions on the elements at risk.

About the element at risk:

Not only people and buildings constitute elements at risk. Loss can be also recorded in term
of the compromisation of the functionality or performance of infrastructures, life-lines, social
relationships, etc. Different types of losses can be strictly correlated. Cultural and sociological
values have a great role in the post earthquake dynamics and in the human behaviour.
Disaster contributes to the provision of evidence to the priority given to the values by the
community affected.

About the vulnerability:

In an area of moderate seismic activity, the vulnerability is the principal element defining the
damage and the main parameter from which it is possible to define preventive actions for risk
reduction. This means that the vulnerability must be well known before the earthquake. Also,
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the strategies for its reduction must be applied, thus optimizing the resources available. Both
the vulnerability of the physical system and the vulnerability of organizational and sociological
systems must be taken into account. Tools for prediction of impact scenarios in terms of
usability and potential deaths, should be developed (Grimaz, 2008, submitted).

About the risk in the post restoration:

The restoration interventions after a disaster could determine a disparity between the level of
risk in the affected area and the level of risk in the surrounding area. Integrative interventions
should be actuated to equalize the level of risk in the whole territory This fact is clearly shown
in the previous figure 2 where the actual lower seismic risk levels in the Friuli Venezia Giulia
region (right picture) correspond to the epicentral area of the isoseismic map (left picture).

About the risk management approach:

Civil protection has to manage a plurality of risks (of natural and man-made origin), therefore
a global vision allowing us to manage at the same time the different risks of a region would be
desirable. There is still a lot of differences in the language of the different subjects managing
the risk, either among scientists of different disciplines and among technician of public
institutions involved in different type of risk management. The introduction of a common
language is extremely important.

Other lessons:

A global systematic and finalized registration of the data of the various aspects of the disaster
immediately after the event and during all the successive period has an enormous value for
improving knowledge. The lessons learned deriving from “a posteriori” analyses of the data
constitute a fundamental basis for activity of prevention and contribute to the preparedness in
terms of definition of the best ways and strategies of data collection for the future. But if on
one hand the analysis of past experiences is a useful action of prevention, on the other hand
it is necessary to keep memory of the data of the past, because it is not so easy to rebuild
them even just a few years later.

Toward an holistic and multidisciplinary vision of seismic risk management

The original UNESCO’s model R=R(H,V,E) has been developed by the researchers of the
University of Udine who have given to the vulnerability a more extensive meaning within a
cause-effect interpretation of the problem.

In particular an holistic conceptual model, compatible with the UNESCO original formulation ,
has been elaborated. In that model hazard, vulnerability and elements at risk, even though
they are separate concepts, are considered together. A damage process, in a logic of cause
and effect, is taken as reference (fig. 3). The elements at risk are individuated as target
containing values recognized as such (human life, strategic values, economic values, etc) on
which one or more adverse actions (the seismic action or other indirect actions caused by
earthquake like landslides, differential failure, ect.) can act. In this conceptualization the
vulnerability describes the response characteristic of the systems containing the values, in
terms of concurrence in the damageability.

CAUSE - EFFECT

action » response = CONseguence

Figure 3. Exploitation of a cause-effect problem in an elementary process conceptualization

The elementary process defined in fig. 3 can be transformed in a more elaborate conceptual
process which considers an adverse event producing adverse actions on a system containing
a target with values (fig. 4). In this formulation the losses occur when the adverse action
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reaches and interacts with the target with an adverse power capable of producing a negative
alteration of the value. The formulation could be compared directly to the UNESCOQO'’s
components of risk.
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Figure 4. Correspondence between the holistic process formulation (above) and the UNESCO’s
combination of risk component (below)

For the case of seismic risk, the adverse event is the earthquake. If we consider the human
life as exposed value and the people as the target, the response of the buildings to the
ground motion defines one type of vulnerability. With this conceptualization, a plurality of sub-
systems and their interrelations can be considered in the vulnerability definition (physical,
engineering, sociological, economic, human behavioural, etc) and such an approach allows
us to consider that the whole seismic scenario can be read within an unique global
interpretative scheme.

On the basis of this vision, recently the research project on scholastic buildings in the Friuli
Venezia Giulia Region has just commenced. More than 1200 buildings will be inspected and
characterized in terms of seismic risk. Landslope and idrogeological risks will be also taken
into account. The study will be a first test of interaction of different disciplines that so far have
worked separately. The priority of intervention on the schools will be defined considering the
different types of potential actions that could be interact with the values present or associated
to the schools. As values, people and strategic function of the school in the ordinary and
emergency situations will be considered.

Conclusions

The studies developed after the 1976 Friuli earthquake demonstrated that, if a disaster is
regarded as an experience from which it is possible to learn, it could be an important occasion
to improve the scientific knowledge and the capability to manage a complex problem. But this
is possible only if the data of the experience has been, in some manner, recorded.

Sudden and massive disasters, such as earthquakes, are a “total” phenomena because they
affect the physical and social aspects of human living. The holistic understanding of all the
factors contributing to a successful disaster-risk management cannot be provided by any
single discipline. Technical adequacy of the mitigation policies are not valuable without proper
geological and engineering knowledge; and at the same time, we cannot understand post-
earthquake dynamic without analysing the socio-cultural, political and economic configuration
of the affected society. In a few words, what the Friulian community has learnt from the past
disasters is that the management of risk reduction is a multidisciplinary task requiring an
holistic and systemic approach. It is now known that it is opportune to generate a synergyic
intraction between public administrators and researchers, so to take into account the lessons
to be learnt, the operative needs, and to allow the transfer of knowledge.

The holistic vision illustrated above can help in the advancement of this proposal.
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Introduction

Aswan reservoir on the Nile River in the southern Egypt, called High Dam, is one of the
largest reservoirs in the world that controls the electricity and irrigation in the prevailing part of
country. Construction of the High Dam began on 1960 and completed on 1972. The reservoir
extends over about 500 km in the Egyptian and Sudan territory; it has a capacity of
approximately 162*10° m?® of which about 130*10° m® is effectively considered for live
storage. The maximum water depth in the dam site area is about 111 m. The reservoir was
filled in 1964 and reached a water level of above 177.47 m above the mean sea level on
November 1978, which correspond to an average depth of 50 m (according to Selim et al.,
2002).

Many dam designers and operators have tended to close their eyes to the engineering
problems posed by reservoir induced earthquakes. This is because of four factors (for details
see www.seis.com.au/Basics/Dams.html):

e Dams are often built in active earthquake areas.

e Reservoirs can trigger earthquakes.

e Some water supply structures are susceptible to earthquake motion.

e The consequence of a dam or water supply failure is high.
Summary of 10 largest reservoir induced earthquakes is possible to find on asc-
india.org/gq/ris10.htm (Tab.1). The earthquakes at Aswan (Egypt, 1981, M, = 5.6) and
Burragorang (Australia, 1973, M, = 5.5) were also in the magnitude range than 5.5. However,
due to a lack of information regarding a comparable magnitude they have not been included.
Reservoir seismicity has been observed at many dams all over the world and the list presents
only the ten largest events for which seismic information was available. The seismic activity at
Lake Crowley, believed to have been reservoir related, is considered doubtful. A rough
estimate of the moment magnitude of the Xingfengjiang earthquake has calculated using an
empirical relation between surface-wave magnitude Ms and moment-magnitude M,, as
determined by Chen.

Studies that described knowledge about reservoir induced seismicity were published, e.g.
Allen (1982), Gupta (1992) and Talwani (1997).

This study summarizes results that document increasing of seismicity in Aswan area after
filling of reservoir.

Table 1. Summary of 10 largest reservoir induced earthquake (asc-india.org/gq/ris10.htm)
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No. | Date Origin time UTC | Magnitude M,, Location

1 11 December 1967 | 22:51:19 6.6 Koyna, India

2 5 February 1966 02:01:45 6.2 Lake Kremasta, Greece
3 19 March 1962 6.2 Xinfengjiang, China
4 20 July 1938 00:23:35 6.0 Oropos, Greece

5 22 April 1983 5.8 Srinagarind, Thailand
6 1 August 1975 20:20:12 5.8 Oroville, U.S.A.

7 23 September 1963 5.8 Kariba, Zimbabwe

8 13 April 1969 17:58:39 5.7 Kinnersani, India

9 14 September 1941 | 18:39:12 5.4 Lake Crowley, U.S.A.
10 4 October 1978 16:42:48 5.4 Lake Crowley, U.S.A.

Aswan area seismicity

The Aswan High Dam is located in a region of very infrequent earthquake occurrence, as
revealed by 5000 years record of Egypt. Thus, the sudden occurrence of the November 14,
1981 earthquake (M 5.3) with its large number of aftershocks was a significant concern to
scientists and engineers either inside Egypt or internationally. The occurrence of this
sequence of earthquakes raised broad questions about the possibility of future local
earthquake activity and the seismic safety of the Dam. In particular, the proximity of the
earthquake activity to the lake High Dam and the lack of reported earthquake activity prior to
the filling of the reservoir have suggested the possible influence of the reservoir as an
earthquake triggering machine. The recorded earthquake history began about 5000 years ago
with the hieroglyphic texts of Pharaonic Egypt, and is continuing in the present with the
operation of microcomputer-based Telemetry seismic Network by the Helwan Institute of
Astronomy and Geophysics, Department of Seismology staff.

For a long time, Aswan area was considered aseismic area where no earthquakes were
reported, except some historical events that have been taken place inside the area. However,
recording of many events with low or moderate magnitude after filling of the Aswan reservoir
in 1964 and the installation of Aswan seismic network in 1982 has suggested the possible
influence of the reservoir as an earthquake-triggering tool. After the occurrence of the 1981
earthquake, a local seismic network was installed around the northern part of Aswan reservoir
to monitor the seismic activity in the area. A review of current seismicity and referring
seismological studies were published, e.g. Mohamed (1997, 2003), Selim et al. (2002) and
Haggag et al. (2008).

Geology and tectonics of the Nile Valley

Said (1962, 1981) and Issawi (1981) studied the area of the Nile Basin. These papers were
aimed at obtaining information about the drainage system, the stratigraphy and structural
geology on this part of Egypt. The stratigraphy of the Nile Valley, extending from Assiut to
Aswan, is generally dominated by a sedimentary succession ranging from lower Cretaceous
to Pleistocene-Holocene (Quaternary) (Fig. 1). It has an average thickness of about 1500 m.
The thickness of the sedimentary succession decreases southward until it reaches 60 m in
certain locations such as west Aswan City where the sediments are composed mainly of
Nubia formation of Cambrian to Cretaceous (Issawi, 1981). These sediments overlie,
unconformably, the Pre-Cambrian basement. The Nubia formation is mainly composed of
sand and sandstone with some clay and shale intercalations.

131




31°% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

> -

3l 32 33

. 6 M XXX XXX Xxxx
X X X X X XX XX

Quaternary V74 Pliocene 3 Eocene Paleocene
E=| U.Cretaceous L. Crefoceous Basement

Figure 1. Geological map of the Nile Valley and surrounding parts (compiled after
The Egyptian geological survey and mining authority, 1981).

WWCC, 1985, showed that the nature of the tectonic stress system presently acting on and
within the Aswan region is indicated through two lines of evidence; a) earthquake focal
mechanism and b) the pattern of late Cenozoic faulting. This evidence directly reveals the
effect of the stress regime and from the causative stresses or sets of stresses may be
inferred.

a) Earthquake focal mechanisms: As a result of the very low level of seismicity in Upper
Egypt, few large earthquakes within and near the study area have been sufficiently well
recorded to obtain focal mechanism solutions.

b) Late Cenozoic faulting: Within the Aswan study region the late Cenozoic faulting has been
observed in two areas; predominantly normal faulting on the Red sea fault system east of the
crest of the Red Sea Mountain; and strike slip faulting on the faults of the western desert fault
system.

The western desert faults that cross the area are classified into several systems depending
on their trends; the most important of these are the east-west system that exhibit right-slip
displacement, and the north-south system that exhibit left-slip displacement. The east west
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faults dominate in the region, they are longer and have larger total displacements than the
north south faults (Fig. 2). The E-W fault system includes a) Kalabsha fault that crosses along
Gabel Marawa, it was identified as the most active fault in the area and the source of 1981
earthquake, it is also dominated by a right-lateral slip motion (Kebeasy et al., 1987) and b)
The Seiyal fault, it is about 12 km to the north of Kalabsha fault. The N-S fault system
includes Gabel El-Barqga fault, Kurkur fault, Khour El-Ramla fault, Gazelle fault and Abu Dirwa
fault.

Aswan Telemetric Seismic Network

After the main shock of November 14, 1981, it was of great importance to monitor and to
study the seismic activity in this area, particularly for the safety and stability of the Aswan
High Dam.

In late June 1982, a telemetric seismic network of eight seismograph stations was installed
around the northern part of Aswan reservoir. A ninth station was added in December 1982,
after that in 1985 the Network was expanded to thirteen stations. It is now a part of the
Egyptian National Seismic Network and operates by the satellite system. The main purpose of
this network was to monitor the seismic activity along the Kalabsha fault which continuously
occurs in the area (Kebeasy et al.,, 1987). Fig. 3 shows the geographical location of the
seismic stations.

Seismic zones

The largest recorded earthquake that took place in Aswan area in the recent history occurred
on November 14, 1981 with a magnitude 5.3, the event has been occurred at Gebel Marawa
(Kebeasy et al., 1987). The main shock was distinctly felt as far as Assiut (450 km to the north
of Aswan) and Khartoum, Sudan (650 km to South). Since that time, the Aswan area
considered to be a low active seismic area.

Most of the seismic activity in the area concentrates in the intersection between the east-west
and north-south fault systems. The most active zone is located on and around the east-west
Kalabsha fault as shown in fig. 2.
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Figure 2. Location map of the earthquake epicenters recorded during the period from1982 to
2007 and the significant faults in the area
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The fig. 3 indicates that the activity is concentrated in the Kalabsha area and can be divided
into the following seismic zones according to the level of the seismic activity.

Seismic Zone (A)
A few number of events were located to the west of the High Dam, they are of low magnitude
and focal depth.

Seismic Zones (B) and (C)

Scattered micro-earthquakes have occurred in the River Nile channel north of the Kalabsha
faults .These events are not associated with Dabud fault which lies east of the cluster, but
they may be associated with a major North-South fault trend (Youssef, 1968).

Seismic Zone (D)

It is a zone of the highest seismic activity, with focal depths almost between 15-25 km, which
is concentrated in and around the Gebel Marawa seismic station along the most active
Kalabsha fault and in which the main shock is occurred (Kebeasy et al., 1987).

Seismic Zone (E)
This zone lies 20 km east-north east of GMR seismic station. It represents the activity aligned
along the Kalabsha fault trend. Magnitude range is between 1.7 - 3.4 with focal depth
between 2-7 km.

Seismic Zone (F)
It is a very shallow zone relative to zone (A), with a focal depth between 1-3 km. It lies to the
east of seismic zone (E) along the Kalabsha East - West fault.

Seismic Zone (G)

It lies to the West of Khore ElI-Ramla fault near KRL seismic station. It can be considered as
the second active zone after Marawa zone and characterized by a focal depth extends down
to 8 km.

Seismic Zone (H)

The Abu Dirwa seismic zone, it is located near the NAL seismic station along the Abu Dirwa
N-S fault, the general character of the fault suggests that it has a low degree of activity
(WWCC, 1985).

The activity in Kalabsha area as a general can be also divided according to the focal depth
into two seismic zones with different focal depths as following: a zone with focal depth less
than 12 km, and another one with focal depth greater than 12 km.

Discrimination between earthquakes and explosions

Earthquakes have foci usually deeper than explosions, with different media physical behavior
and surface influence, and, therefore, their respective wave fields possess different kinematic
characteristics. The enhanced development of regional surface waves from shallow events is
well known and widely used to make easier discriminations mentioned in heading. In recent
years, many investigators have demonstrated different solutions of this problem, e.g. using
amplitude, spectra, spectral ratios, velograms (e.g. Baumgardt and Zigler, 1988, Kim et al.,
1994, Pinski et al., 1996). To solve the problem of discrimination between earthquakes and
explosions in the Aswan area, our initial studies were performed.

The first results of elaboration indicate that spectral analysis (Fast Fourier transform) of
velocity records from seismic stations in Aswan area is possible to use for fast decision.
Typical spectrum of earthquake is presented in fig. 4, typical spectrum of explosion in fig. 5.
Both events were recorded at station KRL that is situated near reservoir (zone G). The main
difference is narrow interval in small values of frequencies for explosions and broadband
spectrum for earthquakes. However, it was also documented more complicated spectra for
booth types of events.
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Figure 3. Sketch of position of seismic stations, epicenters location (monitored by Aswan
Telemetric Seismic Network during 1981-2007) and seismic zones

Conclusion

Current pattern of seismicity in the Aswan area was presented in this paper. Today, set of
recorded events is compound of three types of records: earthquakes, reservoir induced
earthquakes and seismic events generated by explosions in quarries. To discriminate
explosions from earthquakes of both natures, spectral analyses of records are possible to use
for fast decision. The main difference is narrow interval in small values of frequencies for
explosions and broadband spectrum for earthquakes. However, this is the simplest method
and detailed study has to come after. Simultaneously, it is studied the discrimination using
other techniques as amplitude ratio of P and S wave (e.g. Dahey, 1997).

Whole studied region with recorded epicenters is possible to divide into eight geographical
zones (zone A — zone H, see fig. 3). These zones are possible to be described using not only
geographical viewpoint but also basic parameters of earthquakes. Evaluation of seismicity in
the area under study is concentrated in the Kalabsha part (e.g. Haggag et al., 2001). At the
same time, studies that evaluated the effect of the fluctuation of the water level in reservoir
are performed (e.g. Haggag and Sayed, 2001, Selim et al., 2002, Mekkawi et al., 2004).
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Figure 5 Wave pattern (Z component) and relevant FFT spectrum of explosion (April 5, 2007)
recorded at station KRL
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Introduction

On 21 May 2003, an earthquake with magnitude Mw 6.8 (Ms 6.9) struck the environs of
Algiers, the capital of Algeria, causing extensive damages in different provinces in the north-
center of the country. This earthquake took place where we have no evidence of previous
significant earthquakes, either instrumental or historical. It was been felt with macroseismic
intensity IX-X in two small cities near the epicenter, Boumerdes and Zemmouri, and an
intensity of VII-VIII in several districts of Algiers, where many modern building collapsed and
many others were seriously damaged. It has been one of the most destructive events in
northern Algeria since the 10 October 1980, El Asnam earthquake (Ms 7.3) (Hamdache et al.,
2004).

The northern Algeria area, as a part of the Ibero-Maghrebian region, have experienced
different moderate to low seismic events as a result of the compressional movement between
the African and Eurasian plates. The tectonics of this region has been the subject of
numerous studies, including Meghraoui (1988), Yielding et al. (1989), and Aoudia and
Meghraoui (1995). The main structures are briefly and clearly summarized in Pelaez et al.
(2003, 2005). The studied earthquake occurred at the eastern part of Algiers city, in the
region of Boumerdes, which is located on the coast, in the central part of Algeria. Much of the
coastal area is characterized as broad alluvial plains punctuated by metamorphic rocks from
the Atlas thrust belt to the south. The gently sloping alluvial plains have been uplifted by past
earthquakes. The marine terraces along the coastline have been uplifted at an estimated rate
of about 0.25 mm/yr (Wang et al., 2004). This region is the eastern edge of the Quaternary
Mitidja basin (figure 1), which has been formed during north-south Miocene extension (Philip,
1983).
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Figure 1. Tectonic map of the Mitidja basin (Ayadi et al., 2003)

This extension has been followed by a north-south to NW-SE compression. The
compressional movement continued during the Quaternary (Meghraoui, 1988; Boudiaf et al.,
1998) and is still active, as shown by recent recorded seismicity (Mokrane et al., 1994) and
re-cent deformation. This deformation is represented by active folding oriented northeast-
southwest (Meghraoui, 1988). The east-west to ENE-WSW trending Mitidja basin is bordered,
as shown in figure 1, by the Mediterranean sea and Blida mountains to the north and south,
respectively. Long term regional seismicity reveals several large earthquake in the Algiers
region, including the 1365 earthquake (lo = IX), and the 28 January 1716 event, which was
felt with intensity X, destroying Algiers and causing more than 20000 deaths (Mokrane et al.,
1994). The region of Zemmouri and Boumerdes has been affected by recent small
earthquakes with magnitude up to ML 5.3. The most important seismic event near Algiers
during the twentieth century was on 16 September 1987 (mb 5.2). This earthquake did not
cause significant damage. Others minor events occurred in the region including some felt
events.

In this study, we present the results obtained in the processing of the accelograms recorded
on 21 May 2003 earthquake, which occurred on the north-east edge of the Mitidja basin, on
the Zemmouri coast.

Ground motion records

The 21 May 2003 earthquake was characterized by an offshore reverse faulting resulting from
the compressional movement described above. The focal mechanism corresponded to an in-
verse fault with ENE-WSW direction dipping towards the S (figure 2). The modelled rupture
(Yagi, 2003) corresponded with a plane of 75 km in length and 20 km in width. The duration of
the rupture modelisation was about 18 s, producing a maximum displacement throughout the
surface of the fault of about 2.3 m (figure 2).

Figure 2. Map showing the modelled rupture (Yagi, 2003), the focal mechanism and the
accelerograph stations that properly recorded this event

The rupture pattern is characterized by an asymmetric bilateral propagation of the rupture,
propagating from the epicenter about 30 km towards the WSW. Two asperities are clearly
distinguished. It is shown that the rupture propagation condition influences the obtained
records at accelograph stations. At this point, the Algerian network of accelerographs,
monitored by the CGS (Centre National de Recherche Appliquée en Génie Parasismique),
consisted of a total of 87 stations; 29 digital stations (Etna and SSA-1), and the rest
analogical ones (SMA-1, with photographic records). From all of them, only 13 records have
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been usable, corresponding to the stations shown in the figure 2. Unfortunately, the quality of
these 13 records is not optimal, presenting and/or displaying some of them problems that
determine their use and the results, like wrong operation of the instrument at diverse
moments, spikes, and records without coda or pre-event.

As shown in the figure 2, most of the accelerograph stations are located to the SW of the fault
area, with a very poor azimuthal coverage. Stations are located in different soil type as
defined by CEN (2003): 3 stations are on soil type A (BLI, HAM and MEL), 8 on soil type B
(Ti1Z, KED1, KED2, AZA, HUS, KOU, TIP and AIN), and the two others on soil type C (DAR
and AFR). The distance of the stations to the rupture plane varies between 9.8 km (KED1 and
KED2) and 136.0 km (AIN). The geological site conditions are related to the Quaternary
Mitidja basin; almost of them can be characterized by a stuffed sedimentary river basin of
alluvial quaternary deposits. Especially the two stations located at Dar El Beida (station DAR)
and El Afroun (AFR) are exactly within the own river basin. It is important to point out that
stations KED1 and KED2 are located at the same site and distant only 150 m. The first station
is in the embankment of a dam, down, just on the basement, whereas the second one is
something remote of the dam. Other two stations, HUS and KOU, are only 1.5 km distant.

Processed records

The previously quoted 13 accelerogram records have been considered as optimal. The
records obtained at the different stations, shown in the figure 3, have been processed with
great attention to derive reliable results for seismic engineering purposes. The records are
used to derive in a first step the corrected acceleration, velocity and displacement time
histories. The obtained results show some particularities.
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Figure 3. Corrected acceleration records. NS component

The predominance, in average, of the obtained results in the EW components, is opposed to
the NS ones. In the opposite, the computed displacement shows a great predominance of the
NS component. Considering the a,,s and maximum pseudo-acceleration spectra values
derived for each component, in average, any predominance of any component on other is
observed. The maximum obtained PGA value is equal to 0.59g, occurring at the KED2
station, on the EW component, which is associated to a frequency of 12.5 Hz. At the DAR
station, a PGA value equal to 0.51g is obtained on the EW component, associated in this

140



31°% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

case with a frequency equal to 3.6 Hz. The same component at the DAR station provides a
maximum computed PGV value equal to 40.3 cm/s, and a maximum computed PGD value
equal to 17.3 cm. For each NS and EW component, the Arias and Housner intensities have
been derived. For example, the obtained results at DAR station are the following. For the
Arias intensity, 3.8 m/s for the horizontal intensity, and 4.2 m/s for the total intensity have
been obtained. For the Housner intensity, 101 and 124 cm for components NS and EW,
respectively, have been obtained. For the maximum pseudo-acceleration spectra, with a 5%
damping, 2.06g and 1.94g, for NS and EW components, respectively, have been computed.
The maximum displacement in the horizontal hodogram is equal to 18.6 cm. The particularity
of the DAR station is the fact that it is located in the Mitidja basin (figure 2), at only 16.2 km of
the rupture, on a soil type C and, just in the direction of the rupture propagation, showing a
clear directivity effect. All these parameters have been clearly influenced the record in this
station.
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Figure 4. Computed displacements. NS component

The results displayed in figures 3 and 4 show a clear amplification at the HAM station, which
is not explain by the site soil type (figure 2). At the stations BLI, AFR and TIP a clear ground
wave pattern appear on the acceleration plots (figure 3), which is more clearly observed on
the plot displaying velocity and displacement (figure 4). This result could be explained by the
fact that stations are located on the border of the Quaternary Mitidja basin (figure 2) and
some edge effect is observed.

The records at the two stations located around the Keddara dam (KED1 and KED2) show
some similarities. The distance between these two stations is about 150 m, and computed
displacements are practically the same. Nevertheless, in other two stations 1.5 km distant
(HUS and KOU), any similarities appear neither on the acceleration records nor on
displacement or velocity.

The 21 May 2003 earthquake is the most destructive event since the 1980 El Asham
earthquake. This event caused extensive damage on building. It is one of the most and best
documented event from the macroseismic point of view (figure 5). Preliminary macroseismic
investigations and macroseismic map have been published by Ayadi et al. (2003).
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This map is considered at this moment the most appropriate, and it agrees very well with our
computed data. It is possible to relate obtained instrumental results to the macroseismic
intensity assigned to the site. Thus, station DAR is located within the isoseismal of degree
VIII, stations HUS and KOU within the one of degree VII, and stations KED1, KED2 and BLI
within the one of degree VI. The Dar El Beida site (DAR) is, comparatively to the other sites,
where the higher macroseismic intensity and the biggest computed values for all parameters,
except for the PGA value, are obtained.

The Housner intensity is probably the most appropriate value related to the damage level that
we have computed at each station site. The obtained results are the following: 113 cm at the
DAR site, 62 cm at HUS, 46 cm at KOU, and 33.4 and 31.9 cm at KED1 and KED2,
respectively. The extensive damage on recent buildings, suggest us to compare the pseudo
acceleration spectra derived from the recorded accelerograms at each station with the design
spectra proposed by the CEN (2003) code and the uniform hazard spectra (UHS) obtained in
previous works (Peldez et al., 2006) using a probabilistic approach.
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Figure 5. Isoseismal map for the 21 May 2003 earthquake (Ms 6.8) (Ayadi et al., 2003)

The pseudo acceleration spectra derived from records agree with the two others graphs in
most stations, nevertheless, in other ones the computed pseudo acceleration spectra is
clearly greater than the design spectra proposed by the CEN (2003) code and the UHS
proposed in the paper by Peladez et al. (2006). The obtained results at the DAR station are
shown in figure 6.
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Figure 6. Pseudo acceleration spectra (in red) for the NS and EW components, UHS (in
black) specifically computed for the site, and EC-8 horizontal elastic response spectra (in
blue), all damped at 5%, for the DAR station
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This case has been pointed out by other authors (v.g. Bommer et al.,, 2002) in other
earthquakes. It proposes the fact to promote or not a change in the building code in the site or
region, by considering or not this computed pseudo-acceleration spectra. In our case (figure
6), they appear values of about 2.0g in the range 0.0-0.4 s, a period range very interesting in
any building code.

Finally, the duration of the records obtained from the horizontal components in the stations
less than 25 km away of the rupture plane is of about 10.2 s.

Site effects, attenuation and directivity

Here we examine some aspects related to the site effects, ground motion attenuation and
directivity in the occurrence of the main event.

The site effect has been examinated in detail at each station using the well known approach
of spectral H/V ratio (horizontal-to-vertical ratio) from pseudo acceleration spectra and from
Fourier spectra. Clear site effects can be observed at DAR (figure 7) and AFR stations, for
frequencies of the order of 3.5 and 2.0-3.5 Hz, respectively. In the other stations, typical
consolidated site ratios are obtained.
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Figure 7. Computed H/V spectral ratio at the DAR station

The ground attenuation for different parameters has been carried out using the Joyner-Boore
distance, that is, the distance to the rupture. Taking into account the insufficient records, the
clear amplification in some stations, the observed directivity, especially in the nearest
stations, and the poor azimuthal coverage, data don't allow us to model in a suitable way the
ground motion attenuation. For example, figure 8 shows the PGA values, computed for the
two horizontal components, versus the Joyner-Boore distance.
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Figure 8. PGA vs. rj,. EW component: =. NS component:
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The behavior showed in figure 8 is observed independently of the used parameter. A clear
amplification in the AFR and HAM stations, located 73 and 95 km distant to the fault plane,
respectively. This is explained by the soil type conditions and topographic effects. In the
nearest stations, below 30 km, there is not a clear behavior, very influenced by the directivity.
The last step in the record processing has been devoted to derive the hodogram. To do so,
we have composed the first 15 s of computed NS and EW displacements from the arrival of
the more energetic phase. Obtained results are shown in figure 9, where we have added
surface fault projection.

On the one hand, the obtained results in DAR, KOU, HUS and TIP approximately show a
polarization of the displacement in the direction of the rupture propagation, that is, NE-SW.
Coseismic deformations measured in this zone (Yelles Chauche et al., 2004) show net
displacements in this same direction. The results obtained in KED1, KED2, TIZ and AZA
show a polarization of the displacement in direction practically perpendicular to the previous
one. They agree with the focal mechanism and the propagation of a less energetic NW-SE
rupture (focal mechanism). Also they agree with the coseismic deformations measured in this
area (Yelles Chauche et al., 2004). Finally, in stations BLI, AFR and HAM, although it is not
so clear, it can be seen a displacement also in the NW-SE direction due to surface waves
(Semmane et al., 2005).

A similar pattern was observed in the 1994 Northridge, California, earthquake (Wald et al.,
1996). The earthquake keeps a great parallelism with the one from Algiers in magnitude, focal
mechanism and focal parameters. In this case, a strong directivity due to the directivity in the
propagation of the rupture was also observed.

Figure 9. Computed hodograms and surface fault projection

Conclusions

The aim of this study has been the process of the recorded accelograms during the 21 May,
2003 earthquake. The process takes into account the specificity of the different records and
the insufficient data to derive suitable attenuation of the ground motion. Nevertheless, with
these data, some important results have been obtained related to the station soil type and to
the directivity. The results obtained at some stations like KED1 and KED2, or at HUS and
KOU, have been examined in detail to derive possible similarities. The horizontal hodograms
obtained at each station agree with the fault rupture model derived by using coseismic
deformation data. This result has been also obtained for the Northridge earthquake. Great
attention has been made to the relation between estimated ground motion parameters and
macroseismic intensity, finding a clear similarity between Housner intensity and damage. The
extensive damage generated by this earthquake suggest us to compare the pseudo spectral
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acceleration derived from the records, the design spectra suggested by EC-8 and the uniform
hazard spectra estimated through probabilistic methods. The obtained result is similar to the
one obtained for the 2001 El Salvador earthquake.
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Introduction

In the last years, a new probabilistic seismic hazard assessment for Northern Algeria has
been carried out. To do it, the used catalog for this study mainly consists of those published
by the Spanish IGN, supplemented for the Algeria zone with data published by the CRAAG,
and initially updated to 2002. The data published for the region by the EMSC and by the
USGS have also been incorporated into the data file. Afterwards, the catalog was updated to
June 2003, including the 21 May 2003, M 6.8, Algiers earthquake. The non poissonian events
identified via EPRI methodology have been removed. Four complete and Poissonian seismic
models were established and used, considering the seismic characteristics of the catalog:
those with a seismicity of a) M = Ms 2.5 after 1960; b) M = Ms 3.5 after 1920; c) M = Ms 5.5
after 1850; and d) M = Ms 6.5 after 1700. The spatially smoothed seismicity approach was
used for the computation of the seismic hazard. The reason is that this methodology
combines both parametric and non-parametric probabilistic methods. Besides, it is well
adapted to model disperse or background seismicity, i.e., the seismicity that cannot be
assigned to specific geologic structures. Initially, this approach was proposed and developed
by Frankel (1995). Seismic hazard map in term of PGA with 10% probability of exceedance in
50 years is obtained for rock, which correspond to a seismic hazard map for a return period of
475 years. Afterward, we have derived SA values for rock (Vs > 750 m/s), corresponding to
soil types A in the Eurocode 8 and S1 in the Algerian building code, damped at 5%, for
different periods. The obtained results were plotted as contour maps as well. In addition to the
seismic hazard assessment at different periods, we have computed the UHS at different
locations. The used attenuation model allows us a high definition in the computation of the
spectra.

Finally, from the computed uniform hazard spectra for different type of soils, and estimated
specifically for the most important cities, those obtained for a return period of 475 years and
a 5% of damping are used to propose design spectra. We have used the Newmark-Hall
(1982) approach with certain modifications. The spectral acceleration for 0.2-sec is used to
establish the spectral region for lower periods (region controlled by the acceleration), while
spectral acceleration value for 1.0-sec is used to establish the spectral region for intermediate
periods (region controlled by the velocity), as such it is proposed in the most recent
International Building Code.

Obtained results have been published in terms of PGA (Pelaez et al., 2003 & 2005), SA and
UHS (Pelaez et al., 2006) and response elastic spectra (Pelaez et al., 2007).

Data and methodology outline

As has been pointed out before, the used catalog for this study mainly consists of those
published by the Spanish IGN, supplemented for the Algeria zone with data published by the
CRAAG, and initially updated to 2002. Data from the EMSC and the USGS have also been
incorporated in the catalog. Afterwards, it was updated to June 2003, including the 21 May
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2003, M 6.8, Algiers earthquake (Hamdache et al., 2004) and the reappraisal of significant
earthquakes which occurred in the 19th century, mainly in northeastern Algeria (Harbi et al.,
2003). All the magnitudes and intensities were converted to Ms magnitudes, and all the non-
Poissonian earthquakes identified via the methodology proposed by EPRI (1986) were
removed. The attenuation relationship developed by Ambraseys et al. (1996) was employed
in our study. Finally, four complete and Poissonian seismic models were established and
used, considering the seismic characteristics of the catalog: those with a seismicity of a) M =
Ms 2.5 after 1960; b) M = Ms 3.5 after 1920; ¢c) M = Ms 5.5 after 1850; and d) M = Ms 6.5 after
1700. The final result was obtained by weighting the partial results derived from each of the
models.

Results

Among obtained results, initially we detail mean PGA values with 10% probability of
exceedance in 50 years, i.e., for a return period of 475 years, for rock (Vs > 750 m/s) (figure
1). The greatest values of the seismic hazard appear in the central area of the Tell Atlas. In
particular, in the province of Chlef, including the city of El Asnam, and the western part of the
provinces of Tipaza and Ain Defla, the mean PGA values are above 0.24g, and reaches
0.48g in the epicentral areas of the 1954 and 1980 El Asnam earthquakes. We can observe in
the seismic hazard map another lobe, with a lower value, around 125 km to the east of the
previous one. It includes the provinces of Blida and mostly Algiers, including the city of
Algiers. Values above 0.24g are also reached in this area.
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Figure1. Seismic hazard map in terms of PGA for a return period of 475 years

Afterwards, we have derived SA values for rock, corresponding to soil types A in the
Eurocode 8 and S1 in the Algerian building code, damped at 5%, for different periods. The
obtained results were plotted as contour maps as well. These plots commonly show that
maximum values occur again in the central part of the Tell Atlas, close to the location of the
historical earthquake of January 15, 1891 (macroseismic magnitude Ms 7.0), and to the more
important recent instrumental earthquakes of September 9, 1954 (Ms 6.8), and October 10,
1980 (Ms 7.3). The maximum SA value in this region, for a return period of 475 years, is
0.95g at 0.2-sec and 0.4-sec, and 1.07g at 0.3-sec. This region appears clearly as the seismic
source generating the higher seismic hazard level, independently of the return period being
considered. As example, obtained results for periods of 0.2 and 1.0-sec are shown in figures
2 and 3. All the calculations are done for rock, 5% damping and a return period of 475 years.

In both cases, although with different level of hazard, the maximum spectral acceleration
values are observed in the central region of the Tell, in particular, in the region of the Chleff
(EI Asnam). As has been pointed before, this is the epicentral area of the 1954 (Ms 6.8) and
1980 (Ms 7.3) earthquakes. In the city of EI Asnam, for return periods of 100 and 475 years,
values of spectral acceleration of the order of 0.4g and 1.0g are obtained, respectively, in the
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range of periods 0.2-0.3-sec.

The uniform hazard spectra (UHS) have been also derived at different locations. To use the
Ambraseys et al. (1996) attenuation relationship allows us to compute spectra with a high
resolution. An example, the UHS for Algiers, is showed in the figure 4.
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Figure 2. Seismic hazard map in terms of SA for a period of 0.2-sec. It has been computed for
rock, 5% damping, and a return period of 475 years
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Figure 3. Seismic hazard map in terms of SA for a period of 1.0-sec. It has been computed for
rock, 5% damping, and a return period of 475 years.
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Figure 4. Uniform hazard spectrum for Algiers. It has been computed for rock, 5% damping
and a return period of 475 years (Pelaez et al., 2006).

Design spectra. Preliminary results

The method used here in order to know the design spectra for a certain return period and
damping coefficient, need as input only values of the spectral acceleration for two periods, 0.2
and 1.0-sec (Malhotra, 2005). Initially it must be computed the value

3 SA(1s)
s SA(0.2s)
Next, the design spectrum is defined as
0.45A(0.2s)+3SA(0.2s)Tl T <0.2T,
S
SA(T) =+ SA(0.2s) 0.2T, <T <T,
SA(1s)1T—s T>T,

The final result is a simplified design spectrum in where, strictly speaking, only the spectral
accelerations for 0.2 and 1.0-sec correspond to the return period for which this spectrum has
been computed.

In the following table (table 1), the values that define the design spectrum for some of the
most important cities in the north of Algeria, for different soil types, and for a return period of
475 years, are shown.

Citi rock soft stiff
es SA (0.2s) SA (1.0s) SA (0.2s) SA (1.0s) SA (0.2s) SA (1.0 8)
Oran 0.289 0.111 0.394 0.149 0.400 0.161
Mostaganem 0.270 0.126 0.368 0.169 0.374 0.208
Medea 0.493 0.218 0.683 0.360 0.672 0.293
Mascara 0.369 0.150 0.504 0.201 0.512 0.248
El Asnam 0.865 0.441 1.180 0.593 1.200 0.731
Tiaret 0.262 0.145 0.358 0.194 0.364 0.239
Argel 0.466 0.206 0.636 0.760 0.646 0.340
M’Sila 0.309 0.113 0.421 0.151 0.428 0.186
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Tizi-Ouzou 0.211 0.103 0.287 0.138 0.291 0.170
Blida 0.638 0.264 0.871 0.355 0.885 0.437

Table 1. SA (g) for a return period of 475 years, periods of 0.2 and 1.0-sec, and 5% damping.
Soil types are according to the classification by Ambraseys et al. (1996).

In the figure 5 some results are shown. We can see for the cities of the El Asnam, Algiers and
Oran the design spectra for rock (Vs > 750 m/s, corresponding with the soil type A of EC 8)
and soft soils (180 < Vs < 360 m/s, corresponding with the soil type C of EC 8).

Finally, in figure 6 we show the clear relationship among SA(0.2 s) values and the PGA value
obtained at the same location, the same return period, and the same soil type. We can
observe that, independently of the return period, the spectral acceleration value for a period of
0.2-sec is the double of the PGA value for rock, and of the order of 2.6 for other types of soils.
This dependency implies that we can use as parameters to define the proposed design
spectra the pair (SA(0.2 s), SA(1.0 s)) or the pair (PGA, SA(1.0 s)) with the same reliability.
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0.5 0.5
o-O'illTllTl'lTlTlTTl'lTli n-DII[ITTITIT[ITTIT'I[I'I
00 05 10 15 20 00 05 10 15 20
1.0 1.0
Algiers 0.5+ 0.5
u-u rrrrrrrrryrrrriyrrrieg uluIlIIIIlIIIIIIIIIIIIll
00 05 10 15 20 00 05 10 15 20
1.0 1.0
Oran 0.5 0.5
u-u rTrrrrTrrrryrrrrirrrTrg u'uIIIIIIIIIIIIIIIIIllll
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Figure 5. Uniform hazard spectra (pseudo-acceleration (g) vs. period (s)) for a return period
of 475 years and 5% damping, computed for the cities of the El Asnam, Algiers and Oran.
Uniform hazard spectra (in black), elastic design spectra proposed in this work (in blue) and
elastic design spectra proposed in the EC-8 (in red).
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Figure 6. Relationship between SA(0.2 s) and PGA. For each type of soil, slope (a) and
coefficient of determination (r2) values are showed

Conclusions

This study gives a large overview on seismic hazard estimation obtained in northern Algeria.
The obtained results are used to propose design spectra in this region. The advantage of the
proposed approach is the use of only two parameters obtained for a specific return period,
soil type and damping.

In our case, we have used the parameters obtained from the estimation of uniform hazard
spectra (UHS) obtained previously at different locations in northern Algeria.

After comparing design spectra, uniform hazard spectra and elastic response spectra
according with EC 8, we observed that design spectra obtained using the procedure
explained in this study, are easier to define, presenting a high reliability in mostly cases,
especially for intermediate and long periods.
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Introduction

Lajia Site of Minhe County, Qinghai province, in China, which occupies the front of the second
terrace along the northern bank of Yellow River, is above 25 m high the river and | km
distance (Fig. 1). It is located in the southern Guanting Basin where the Yellow River flows
from west to east and forms three terraces there(Yang X Y, Xia Z K, Ye M L, et al. 2003,
2004).

A paleo-earthquake measuring above 7 on the Richter scale with intensity of [ hit Lajia Site
which probably was epicenter, it maybe occurred at 3900B.P. or so based on data of aging of
the Institute of Archaeology of Chinese Academy of Social Sciences and Archaeology
Department of Peking University. The main types of paleo-earthquake relics in the Guanting
Basin where Lajia Site is located were dikes, craters, sandblasts and local depressions
without sills (Yang X 'Y, 2003).

The paper contrasts and analyzes 46 samples obtained from three sections at Lajia Site,
explores phenomena as well as mechanisms. The kernel of the paper is to explore
mechanisms of abnormal MMS occurred in mutation strata shaped by sandblasts of paleo-
earthquake, speculate general modes of MMS influenced by earthquake and explore
mechanisms of abnormal MMS through the whole processes of earthquake (earthquake in
pregnancy, eruption and ending) firstly.

1, s
Figure 1. Position of the Lajia Site (from Google Earth, been revised).
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Figure 2. Human remains in the fourth house Figure 3. Interior of the seventh
unearthed in 2000. house unearthed in 2000.

Figure 4. Phenomenon of rolling ground of Figure 5. The northern wall of Lajia
the Square V unearthed in 2001. Site 0T1106-1102.

Figure 6. The western wall of Lajia Site Figure 7. The natural section of
0T1106-1105. Wangshigou.
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Materials and Methods

Not only may the magnetic minerals which sediments carry reflect the climate condition in
specific depositional environment but they also have sensitive responses to paroxysmic
geological disaster events such as volcano, paleo-earthquake (Nils-Axel Mérner, 2008) and
mudslide.

Abundant studies have been done from home and abroad (Li J S, et al, 1999; Tsafrir Levi, et
al.2006), but It is rare to explore mechanisms of MMS from internal force, especially from the
whole processes of earthquake as a systemic study. The mechanisms of abnormal MMS
have not been explained synthetically and deeply yet, and that is what just will be discussed
in this paper.

Invited, helped and participated directly by Ye M L, Researcher of Chinese Academy of Social
Sciences institute of archaeology, also the leader of archaeology group of the Lajia Site, 46
samples were collected respectively: 17 and 14 samples were gained at the northern wall of
T1106-1102 and the western wall of T1106-1105 of the northern Lajia Site(GPS geographical
position: 35°51.843'N, 102°48.615'E, altitude: 1804m); 15 samples were gathered from the
natural section of Wangshigou of the eastern Site (GPS geographical position: 35°51.788'N,
102°48.847'E, altitude: 1801m).

MMS data were obtained as follows: the gathering samples were dried in laboratory naturally
first, and then tested the entire MMS using the tool of KLY-3 produced by AGICO Corporation
of Czech Republic in the Nanjing University Region Environment Evolution Research Institute
Environment Magnetism Laboratory.

Results and Discussion

Abnormal MMS of Wangshigou natural section

Abnormal MMS of Wangshigou natural strata occur at the 5th and 11th samples, the two peak
values whose strata correspond to pale black and brown clay are 540 and 587(x10-8Sl)or so.
They also are located at two obvious high value areas of | and 7 of Rb/Sr whose data were
obtained from the Chemistry Analysis Center of Nanjing University.

Mass magnetic susceptibility/ 1681 Rb/Sr Content of R/PPM Content of SPPM
Stratum histogram

Deptries 000 300 00.8 0.4 0120 60 0 200100 0

-1 Number and
position of sample

. 2
L3

4

28
Unreach to the bottom

Figure 8. Curves of soil MMS and Rb/Sr of Wangshigou natural section

Brief description to strata: A: red moderate silver sand B: brown red grained sand C: scarlet
red silt D: Brown red grained sand E: ash black clay F: pale red grained sand G: pale brown
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clay H: brown yellow clay |: red clay J: red clay K: pale brown clay L: pale yellow clay M:
Brown yellow rd clay N: scarlet red clay O: loess
Through analysis on experimental granularity data gained from Nanjing Normal University:
Probability cumulative curves of the granularity of the four samples of the strata with peak
values of MMS and the adjacent down strata are all “three segments” (Fig. 9) and “single
peak” of frequency curves of granularity(Fig. 10).
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Figure 9. Figure 10.

Figure 9. Probability cumulative curves of granularity of four points of Wangshigou.
Figure 10. Frequency curves of granularity of four samples of Wangshigou (single peak).
(A: the fifth sample point B: the sixth sample point C: the eleventh sample point D: the twelfth
sample point)

Why the phenomenon of abnormal MMS of Wangshigou natural section appeared at dark
brown clays perhaps has a connection to paleo-flood. Red clays were probably brought onto
the terrace from the bottom of the riverbed and ambient mountains and converged there first
when deluging during the Tertiary Period, then marshes and prosperous plants lived in the
floodplain after flood withdrawal. Abundant organic materials magnetite were made in the
body of iron bacterium of soil organic materials while absorbing iron from the outside(Sun J M
et al. 1995)(Iso dark soils such as pale black or brown clays onto the red clay were formed.
They are basic features of sediment in a river environment and high rainfall with probability
cumulative curves of “three sections” , frequency curves of granularity with “single peak”, and
high values of Rb/Sr(Chen J, et al.1997).

Abnormal MMS of the western wall of T1106-1105

Two peak values of MMS of western wall of T1106-1105 (Fig.11)appear at points of A2 and
F1 whose strata are pale brown clays also. This is the same phenomenon as Wangshigou
natural section, that is to say: MMS of pale black and brown clay are higher than the yellow
and red of the main soils in the local area obviously.

Probability cumulative curves of granularity are same as natural section of Wangshigou with
“three segments” (Fig.12); but frequency curves of granularity of the western wall are
complicated: the B1 and F2 are “single peak” (Fig.13), but points of A2 and F1 where
mutuation of MMS appeare with intricate “double peaks” (Fig. 14) which maybe were
interrupted by human activities. Farther researches will be done in the future but without deep
discussion here.
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Figure 11. Stratum diagram and curve of soil MMS of western wall of T1106-1105. (A pale
brown clay B brown yellow clay C pale red clay D pale red clay E pale red clay F pale brown
clay G yellow red clay)

Figure 12. Probability cumulative curves of granularity of four samples.
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Figure 13. Frequency curves of granularity of B1 and F2 samples (single peak).
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In brief, contrast and analyze strata to extract authentic information of paleo- environment
change not only through up and down of MMS to restore paleo-environment for the reasons
of many interacted factors but also through synthetic analysis on experimental data of
granularity, Rb/Sr, etc.

Abnormal MMS of northern wall of T1106-1102
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Figure 15. Strata histogram of the northern wall and curve of MMS of T1106-1102.

The northern wall contains only 8 strata but with high fluctuated MMS which maybe was
influenced by human activities (Shi Wei et al. 2007). But the most important discovery is that
a huge increment of MMS appears obviously from the 7th to the 10th samples (Fig. 15) which
are sites of earthquake sandblast through macroscopicaldiscernment.

Abundant minerals such as magnetite, red limonite, epidote, garnet, tourmaline, hornblende,
chlorite, picrite, zircon, rutile, leucoxene etc. (Table 5) are found in the 8 samples of the
northern wall of T1106-1102 by Geological Survey of Jiangsu Province. The highest peak
values of magnetite content appear at strata of sand blow of the 7th and 10th samples are
683.6 g-t-1 and 976.9 g-t-1respectively; values of other six samples are between 195.8 g-t-1
to 39.3g-t-1, so the abnormal MMS mutation of stratum of sandblast is caused by very high
magnetite content with maximum of several tens of times compared to other strata, and MMS
experience intricate processes as magnetic grains change with outside environment such as
temperature, stress when earthquake eruption.

Table 5 Parts of experimental data of heavy mineral of northern wall of T1106-1102

Mineral magnetite Limonite Epidote Garnet Tourmalin  Hornblende
Strata
Content
N3-3  Weight/g 0.0160 0.1164 0.1041  0.0521 Small 0.0214
Content/gt”  74.1 539.6 482.6 241.5 Small 99.2
N5-5  Weight/g 0.0046 0.1183 0.1097  0.0317 Small 0.0144
Content/gt’  195.8 4971 461.0 133.2 Small 60.5
N6-7  Weight/g 0.1968 0.3088 0.2794  0.0882 Small 0.0368
Content/gt’ 683.6 1072.7 970.5 306.3 Small 127.8
Mineral Black,semi- Black,brown, Pale Pale Pale Dim green,
feature pien grain,  semi-pien yellow-  pink,orange, brown, prismatical
magnetism  grain green semi-pien trigonal
semi- grain prism
pien
grain
N6- Weight/g 0.1781 0.3339 0.2922  0.1252 Small 0.0417
10 Content/gt’ 976.9 1831.5 1602.8  686.7 Small 228.7
Mineral Black,semi- Black,brown, Pale Pale Pale Dim green,
feature pien grain, semi-pien yellow-  pink,orange, brown, prismatical
magnetism  grain green semi-pien trigonal
semi- grain prism
pien
grain
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N7- Weight/g 0.0131 0.0847 0.0577  0.0252 Small 0.0090
11 Content/gt’  39.3 254.4 173.3 75.7 Small 27.0
N7- Weight/g 0.0221 0.0688 0.0635 0.0247 0.0018 0.0071
13 Content/gt’  79.4 247.4 228.4 88.8 6.4 25.5
N7- Weight/g 0.0078 0.0393 0.0483  0.0090 Small 0.0067
15 Content/gt’  43.5 219.6 269.9 50.2 Small 37.4
N8- Weight/g 0.0106 0.0315 0.0462  0.0049 Small 0.0157
17 Content/gt’  69.5 206.8 303.3 321 Small 103.0

Note: Small : <10 granules; Single : 1~2 granules
General models of MMS influenced by the whole processes of earthquake

Three procedures of earthquake in pregnancy, eruption and ending are speculated to
generalize general models of MMS influenced by the whole processes of earthquake
respectively.

Earthquake in pregnancy (Abnormal period of MMS)

Earthquake in pregnancy has tight relation with rock strain and rupture in the adagio time with
high temperature and stress(Wang J T, et al, 2000), although the primary factor influencing
rock magnetic susceptibility is the ferromagnetism mineral content. There is a close relation
with pellet size of magnetism mineral and structure, as well as factors of temperature, stress
and so on (Cheng Y X, 2005).

The magnetostriction phenomenon is produced when the shape and the volume of rocks are
changing as the ferromagnetic crystal of rocks magnetized in the outside magnetic field. The
relationships between magnetic susceptibility and stress is based on the magnetocrystalline
free energy minimum principle at the situation of low pressure (0~30MPa)of random
orientation to the magnetocrystalline(Ding J H, 1994):

X "=x0(1-Sx 9 )
1

X L=X0(1+28x ')
In the equation above: x0 is isotropy magnetic susceptibility without stress(1Sy is stress
sensitivity of magnetic susceptibilityllx * is magnetic susceptibility of parallel direction of
pressure axis[lx L is magnetic susceptibility of vertical direction of pressure axis.

Considering the complexity of actual procedure of the earthquake, Hao Jingi et al.(1999)
simulated the physical condition of epicenter. The experimentation suggested magnetic rock
samples underwent a rheological process at conditions of high-temperature, high-pressure
and low-strain-rate values, during rehological process. The degree of anisotropy of magnetic
susceptibility (AMS) reached highest value of 1.025 in 700-800(] at the phase of tight plastic
deformation and stable creep deformation, the maximum principal axis direction of ellipsoid of
magnetic susceptibility departed from the direction of press axis from 2.6°to 15.2°, the “Effect
of rock rheology on rock susceptibility” that rheology make rocks change magnetic
susceptibility was confirmed (Hao J Q, et al. 1999).

Earthquake eruption (Huge change period of MMS)
Physical changes

Extremely complex affects were influenced by temperature increment with the released
internal energy suddenly to magnetic susceptibility of different magnetic substance, the
magnetic susceptibility of ferromagnetic material (magnetic-order) is specially positive big
number, the spontaneous magnetization produces below the ferromagnetic Curie temperature

Te and becomes paramagnetic materials above high temperature and obeys the Law of

“Curie--Weiss”. The magnetic susceptibility X has the relation to the thermodynamic
temperature LT as shown below(]

159



31°% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

C
T-T,

Z =
(CLICurie constant),
Chemical changes

The MMS increase also may be caused by complex chemical changes of certain minerals as
temperature is elevated. The change process of MMS becomes more complex. Generally
speaking, the most important materials of carrying magnetite are ferrimagnetism melnikovite
of iron sulphides and pyrrhotite, LiH Y ( Li H'Y et al.2005) carried on detailed experiments on
characteristics of magnetic susceptibility of pyrite samples changing with temperature. Two
probable ways that pyrite is transformed into pyrrhotite were speculated: one is that pyrite
pellets first transform into magnetite through the oxidation of surface adsorption oxygen. More
pyrrhotite was formed through deep response between new production of magnetite and
sulfur volatilized from pyrite crystal lattice with temperature increment, two chemical equations
are as shown below(]
3FeS2 + 802 = Fe304 + 6S02 ; Fe304 + 5S = 3FeS + 2502

Another way which is main source of the pyrrhotite is probably that the pyrite transforms into
the pyrrhotite by direct desulphurization. All these changes may make accretion and
complexity to the soil magnetic susceptibility.

Electrokinetic magnetic effect

Besides temperature and pressure influences on magnetic susceptibility to soil or rock,
analyzed above, bunkers (the sites of earthquake sandblast) were found in the [ T1106-1102
of the Lajia Site. The sand with water suspending liquid possibly broke through the weak spot
of soil layer or spurted to the surface along cracks under the high temperature and high
pressure during earthquake. Streaming potential and induction magnetic field may be
produced as sand blowing, dross remnant magnetization (DRM)( R.Thompson, et al.
1995)was made when sands with the magnetic pellets subsided in the water and made
themselves along the magnetic field orientation outside at the same time.

Earthquake ending (Record period of MMS)

According to the theory of magnetic memory at present, the phenomenon of magnetic
memory depended on synthetic actions of geomagnetic field and stress. After the earthquake
energy was released suddenly, the deposit compacted again and MMS recorded the
earthquake information while experiencing the complex change of the earthquake process.
Because of the function of magnetic memory of the magnetic mineral grains, the coercive
force of magnetic mineral grains swelled after earthquake and got very stable remanence
while recording the information of environment mutation even in weak geomagnetism at that
time.

Conclusions

Abnormal mass magnetic susceptibility(MMS) usually appears in strata influenced obviously
by external force (flood, human activities etc.) or internal force (earthquake).

The mutation of MMS of natural sections at Lajia Site usually appear at strata of black clay or
pale grown clay which perhaps have relations with paleo-flooding; MMS of cultural strata
influenced by human activities is relatively intricate; the most obvious abnormal MMS at Lajia
Site come forth in mutation strata shaped by sandblasts of paleo-earthquake.

It is beneficial to gain a comprehensive and embedded understanding of abnormal MMS at
Lajia Site since it is the first time that through the whole processes of earthquake (earthquake
in pregnancy, eruption and ending) to explain the mechanisms. We can generalize probable
mechanisms influenced by earthquake through theories of piezomagnetic, rheologic magnetic
effect, and magnetic memory etc., in each period of earthquake respectively. It is also
beneficial as a methodology to detect environmental mutation in local area within a relative
short time span based on data of granularity, Rb/Sr, heavy mineral and dating etc.
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Introduction

Triggering of earthquakes by filling of artificial water reservoirs is known for over six decades.
Even if this happens at only a small percentage of reservoirs in the world, up to 90 sites have
been globally identified where earthquakes have been triggered by filling of water reservoirs
(Gupta, 1992; Talwani, 1997; Gupta, 2002). The reservoir-triggered seismicity usually
appears under special conditions and is controlled by factors as the geology of the region,
fracture location and directions, appropriate ambient stress field conditions, hydromechanical
properties of the rocks, as well as the size of the reservoir, and specially the water depth, or
the periodicity and extent of the water level fluctuations (Ruiz et al., 2006).

On September 18, 2004, a 4.6 mbLg (magnitude derived from surface amplitude) earthquake
occurred in the western Pyrenees, at around 20 km ESE from Pamplona city. The epicenter is
located at around 4 km distance from the Itoiz dam, which started impounding in January
2004. We decided to study the aftershock sequence and to compare it with others occurred at
the same area in order to evaluate weather this could be a case of reservoir induced
seismicity. In order to do so, we first decluster the catalogue by means of a link algorithm
whose distance is based on the ETAS model. We then analyze the different clusters obtained
by analyzing their fractal dimension and the properties of the complex network they form.

Materials and Methods

The study area is located in a region with a complex thin-skinned structure belonging to the
South Pyrenean Zone (Ruiz et al., 2006), and represents a square of 2°x2° centred in the
111-m high ltoiz dam (42.8N, 1.35W). The data used have been recorder by the Instituto
Geografico Nacional (IGN), and contains earthquakes from 1999 to 2008. In total, 2350
earthquakes with magnitude greater than 1 have been used. The a and b-values of the
Gutenberg-Richter law (Gutenberg and Richter, 1956) for all earthquakes are: a = 0.95+0.16
and b = 1.11+0.09, with correlation coefficient of 0.9566. It was obtained by fitting the
probability density function (pdf).

In order to study the September 18, 2004, 4.6 mblLg, aftershock sequence, we first proceed to
decluster the catalogue. In the literature of seismology, people traditionally use some window-
based methods or link-based methods to decluster the catalogue or to identify earthquake
clusters (Zhuang et al., 2004). The main problem is to identify which earthquakes are
correlated, because there is no unique operational way to distinguish between aftershocks
and main shocks (Baiesi and Paczuski, 2005). In this work, we use a correlation function
based on the ETAS model. The likelihood of two earthquakes to be correlated is given by
(Helmstetter and Sornette, 2002):

®,, (t—,,7 ~F) = p(m )Pt~ )O(F —T)) (1)
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where O, (t—t;,F —F) is the seismic rate induced by a single “mother’, or the “bare

propagator”. p(mi) gives the number of “daughters” born from a mother of magnitude m; :

p(m;) = K10*M=") (2)

which is justified by the power law dependence of the volume of stress perturbation as a
function of earthquake size. a quantifies how fast the average number of aftershocks per
main shock increases with the magnitude of the main shock (mother). We will set it to the b-
value b = a = 1. my is a lower bound magnitude bellow which no aftershock is triggered. K'is a
constant that will be embedded in the correlation threshold.

1
Y(t-t)= PR (3)
(c+t-t)
lI’(t—'[i)accounts for the Omori’'s law (Omori, 1894). We assume p=1 and ¢=0.001
(Helmstetter and Sornette, 2002). Finally,

I
]
dl —+1
d

d)(f—ﬁ) is the spatial “jump” distribution from the mother to each of the daughters,

O(F-F) =

(4)

quantifying the probability for a mother to be triggered at a distance |F - F,| We set y=1 and
d=1 (Helmstetter and Sornette, 2002).

We first calculate the distance between events as ©. We then create a hierarchical cluster
tree where two events are linked if their correlation is higher than certain threshold, where we
have more than only one giant component. Then, we already have a complex network we can
analyze.

The basic characteristics of a complex network are its degree distribution, its average length
and its clustering coefficient, that are described below.

The degree (or connectivity) diof a node i is the number of edges incident with the node. The
characteristic path length Lp is the mean of the shortest path (expressed in number of edges)
connecting any two vertices on the graph. We used Dijkstra's algorithm to implement this
calculation (Dijkstra, 1959).

The cluster coefficient Cp is the likelihood (between 0 and 1) that the kv neighbors of vertex v
are also connected to each other, averaged over all vertices. Regular networks or graphs
have a high Cp (Cp = 3/4) but a long characteristic path length (Lp = N/2k); random graphs
have a low Cp(k/N) but the shortest possible path length (Lp = In(N)/In(k)). A network is said
to present the “small world” behaviour when it has a clustering coefficient close to that os a
regular network but a low path length, similar to that of a random network (Watts and
Strogatz, 1998).

In order to better describe the aftershock sequences, we also calculate their correlation
dimension (Grassberger and Procaccia, 1983).
Results and Discussion

Once we applied the described declustering algorithm to the data, we obtained a declustered
catalog with 994 mainshocks, which follows a Gutenberg-Richter power law with a=
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1.17+0.22 and b=0.68+0.08. The threshold that gives more than 1 giant component is ©>1.
Since the locations in depths were not very accurate, and in most of the cases the location
algorithm does not give the depth of the earthquakes, we decided to do the study in two
dimensions.
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Figure 1. Main cluster corresponding to the m=4.6, September 18, 2004 earthquake. In blue
we show the main shock.
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Figure 2. Degree distribution corresponding to the m=4.6, September 18, 2004 earthquake.

In Fig. 1 we show the main cluster, corresponding to the m=4.6, September 18, 2004
earthquake, and with 115 earthquakes with magnitude greater than 1. The correlation
dimension is 1.44+0.03. In Fig. 2 we show the degree distribution corresponding to the
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complex network obtained for this aftershock sequence. The corresponding clustering
coefficient and average path length are C=0.42 and L=1.48. As we can see, the clustering
coefficient is low. The clustering coefficient corresponding to a random network would be
Crand=0.49 in this case, higher than the one obtained, and the path length would be
Lrand=1.18, lower than the one obtained. So, no small world behaviour is found.

We now proceed to study other aftershock sequences obtained in the same region. The first
one corresponds to the m=3.8, February 21, 2002 earthquake, with 83 aftershocks with
magnitude greater than 1. The correlation dimension found is 1.08+0.04, which approaches a
line. Note the difference with the one obtained for the m=4.6, September 18, 2004
earthquake, where the aftershock sequence seems to be more diffused. Note also that the
m=3.8, February 21, 2002 earthquake occurred before the Itoiz reservoir impoundment.
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Figure 3. Degree distribution corresponding to the m m=3.8, February 21, 2002 earthquake.

In Fig. 3 we show the degree distribution corresponding to the m=3.8, February 21, 2002
earthquake. As we can see, the nodes are highly correlated between them. This is reflected in
the clustering coefficient, C=0.97, higher than the corresponding to a random network,
Crand=0.95. Its average path length is L=1.00, lower than the corresponding to a random
network, Lrand=1.01. We observe that there is a small world behaviour, and that the network
is very close to a random network.

Other important cluster is the m=3.4, May 4, 2006, with 41 earthquakes. The degree
distribution is very similar in shape to the m=3.8, February 21, 2002 earthquake, except that
the maximum degree is around 41. The correlation dimension is 0.52+0.03, in between a
point source and a line. The clustering coefficient is C=0.93, and the corresponding to a
random network would be Crand=0.88. The average path length is L=1.02, and for the
random network would be Lrand=1.04. As we can see, there is also small world behaviour.

Finally, the cluster corresponding to the m=3.1, June 22, 2007 has 30 earthquakes with
magnitude greater than 1. The degree distribution is very similar to the two preceding
earthquakes. The correlation dimension is 0.74+0.02, and the clustering coefficient and
average path length are C=0.93 and L=0.97, respectively. The corresponding to a random
network are C=0.90 and Lrand=1.03, so it is also a small world network, close to a random
one.
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As we can see, the only cluster with no small world behaviour is the one corresponding to the
m=4.6 September 18, 2004 earthquake. It also has other differences, as the shape of the
degree distribution and the correlation dimension. It can be caused by the higher magnitude,
so that the aftershock sequence is more diffused in space. It also can be due to the 2D
analysis, imposed by the data, so that the other earthquakes are more vertical that this one.
Other cause can be a difference in the source, and could be a reservoir-triggered earthquake,
because of the first impoundment at the Itoiz 111 high dam. Other authors (Ruiz et al, 2006)
found that this earthquake is a case of rapid response of reservoir-triggered earthquake. Our
analysis shows that other seismic series at the same area have different behaviour than this
one, either before or after impoundment of the reservoir. So, in case of being a reservoir-
triggered earthquake, it would correspond to the initial seismicity, that is the most widely
observed category of reservoir-triggered seismicity.
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Introduction

The beginnings of underground mining of tin-tungsten deposits in the area of Slavkovsky les
Mts. date back to the first half of the 16" century. The mining at Cistd — Jeronym Mine
(Sokolov district, West Bohemia) - began much later than in the surroundings. Although the
development of mining in this mine was rapid, it did not last long. However, the mining and
sporadic exploitation continued with many interruptions until the beginning of the 20" century.
Detailed description of mining history in the locality of Cistd was realized by Zirek and
Kofinek (2001/2) and Kalab et al. (2008). The Jeronym Mine is “textbook” of mining methods
(rock breakings), e.g. hammers of various dimensions and so-called bits (wedges, Fig. 1),
work done with fire (fire setting, Fig. 2), blasting (from 1774, Fig. 3).

S

Figure 1. Jeronym Mine — rock breaking using traditional hand tool — hammer and bit
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Figure 3. — Jeronym Mine — gallery exploited using blasting

The Jeronym Mine was “forget and re-appeared” (historical documentation was destroyed
during fire in 1772). This mine is undoubtedly such an engineering monument with European
significance. In 1990, the Jeronym Mine was declared as cultural monument of the Czech
Republic. This mining locality is not open for public in the present time but in connection with
the assumed utilization of the mine for the purpose of tourism, in 2001, works started to obtain
more objective and specific idea about the stress-strain and stability state of this shallow mine
(Kalab et al., 2006). Integral part of this study is also evaluation of seismic load of the
Jeronym Mine. Seismological monitoring and first data are described in this contribution.

Instrumentation

Seismological monitoring has started together with the reconstruction of old drainage adit in
2004 because significant load by vibrations occurred (drilling and blasting especially). Seismic
recording apparatus PCM3-EPC (e.g. Knejzlik and Kalab, 2002) with special modification for
environment with high air humidity and drip water (inner and outer housing IP55) was
realized. Therefore, signal cables (connection with the DCF 77.5 kHz time receiver,
seismometer junction box and GSM modem) are pulled-on to additional silicon tube. The
seismic apparatus with three seismometers of SM-3 type and with telemetric transmission of
data through the GSM net is used for triggered registration of events. The apparatus consists
of data acquisition system PCM3 and a single board PC (Advantech Biscuit PC PCM-3864).
During the period when recording of seismic data is not triggered, the PC decodes only the
time information of DCF. It means that free machine time is available in this mode. This can
be advantageously utilized for Master Unit functioning in the built distributed control and
measurement network. The apparatus is telemetrically connected to the Institute of Geonics,

168



31°% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

which will enable the remote control of station operation, a change in the setting of operating
parameters and data transmission to the interpretation centre.

Observing of stability of underground spaces began in 2001 when quarterly inspection of
selected parameters started (changes in mine water level fluctuation — 4 points, measurement
of openings of joints - 10 points, measurement of horizontal and vertical directions of cross-
section convergence — 21 points). Using results from mathematical modeling of stress
distribution (Hrube3ova et al., 2007), new set of points for continuous monitoring was
selected.

To have more detailed information about rock massif behavior, distributed control and
measurement network for evaluation of hydrologic, geomechanical and other parameters has
been built up in the Jeronym Mine from the first half of 2006. Instrumentation is generally
based on commercial control kit and sensors (Knejzlik, 2006, Knejzlik and Rambousky,
2008). Current monitoring points include (Fig. 4):

» KV2 and KV3 for measurement of changes in mine water level fluctuation

 KD1 - KD4 for measurement of openings of joints (aperture of joints)

» KK1 for measurement of vertical direction of cross-section convergence

* KT1 and KT2 for measurement of temperature of mine atmosphere

« CCBM1 and CCBM2 for measurement of change of tensor stress state of rock mass

(e.g. Stas et al., 2005)
» LD1 laser distance meter

Distributed control and measurement network system is integrated to the existing seismic
recording station (equipped by data transmission via GSM network to registration centre in
Ostrava). Completely monitoring system is performed as modular to have possibility to
change configuration of this system.

"
N 1
N /”/’
il i
Vi Sy Al
/
S W5
Va Ny
Ve i
<
southnorth front wiew Q\‘;Xla-a ,;f
&N s

0 10 20 30 40 m

B Jeronym shatt
I flooded mine workings
level of the Jeronym adit
spatial workings above the adit level
@ gallery from adit level to upper level
= (imber stairs above infilling material
'-‘ drainage adit

EE% infilling material

K1. K2, K3, K4 - spatial workings

Figure 4. Sketch of Jeronym Mine (part called Abandoned Mine Workings) including two
cross-sections and positions of measurement points (see text)

Seismological Monitoring
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The North-West Bohemia/Vogtland is the nearest region with natural seismicity (Kracke et al.,
2000) that is located about 25 km to the west from the mine. The 1985/86 swarm (December
— February) ranks among the largest in the whole region under discussion. More than 8000
events were recorded in its course, the two largest (M. =4.6 and M, = 4.1) of them caused
partial damages of buildings (Fischer and Horalek, 2003). A characteristic feature of this
region is the repeated occurrence of intraplate earthquake swarms with M < 5.0. In the past
decade, swarms that occurred in January 1997and August-December 2000 were dominant
seismic activity within this region (e.g. Horalek et al., 2003, Nehybka and Til8arovéa, 2007).
The strongest, macroseismically felt shock of swarm of 1997 had a local magnitude of 3.0.
However, seismological monitoring in the Jeronym Mine does not exist during that time.

First evaluation of seismic loading of the Jeronym Mine was published by Kalab (2003).
Experimental measurement contributed evaluation of ambient seismic noise during common
activities in the underground spaces; maximum velocity values does not exceed 2*10° m.s”
on vertical component and 5*10° m.s™ on horizontal ones. Seismic effect of heavy traffic on
road above the mine represented the most significant manifestations. Nevertheless, the
building operations during reconstruction of old drainage adit increased the seismic load.

In June 2004, together with initialization the old adit reconstruction, seismological monitoring
was started by means of a station installed directly in the mine working. Seismometers SM3
type with upper limit frequency 80 Hz were used because main aim was detecting vibrations
generated by blasts using as a part of technology during renovation of passage for drainage
and ventilation. Three sensors in geographical organization are anchored on concrete pillar in
underground space to have possibility to detect the highest frequencies of recorded
vibrations. Velocity amplitude of the seismic channel was 0.5 mm.s™.

More than 250 events of blasting operations were recorded during reconstruction of the adit.
The wave patterns consisted of several wave groups that represent individual stages of
blasting (Fig. 5).
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Figure 5. Example of wave pattern (January 10, 2006, loc. time 13:05) of blast generated in
the Jeronym adit (horizontal axis is local time, vertical, N-S and E-W components [in m.s'1]
are displayed top down)

Particular aims of seismic monitoring were:
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e To maximize breakup without failure of rock in the surroundings,
e To minimize seismic effect in underground spaces,
e To use the most value of boreholes with explosives and specific timing.

Main aim of the monitoring was to avoid damages to the monuments in the mine. Using the
Czech technical standard 73 0040 and an expert oplnlon the limit value of maximum
oscillation velocity in the working was fixed to 0.1 mm. s, It was necessary to regulate
parameters of blasting operations when this value was exceeded (see it in Flg 6 — October,
27, Dec. 11 and Dec. 16). Maximum measured velocity value, i.e. 0.16 mm.s™', was detected
at the vertical component (component Z). Relation between maximum values of vertical
component of velocity and distances was good (Fig. 7); correlation coefficient R*= 0.51 using
230 input data from years 2005 and 2006, changes in blast scheme were not take into
account. Relations for horizontal component were not so good.
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Figure 6. Trends of maximum values of component velocity generated by blasting operations
in Jeronym adit through time period 01.09.2005 — 31.12.2005 (date in format day.month.year)

After finishing of reconstruction works, seismic load of mining spaces very decreased. It was
possible to set lower trigger level. Current recorded seismic events (triggered regime) are
possible to divide into following groups:
o Earthquakes from West Bohemia/Vogtland region (Fig. 8)
e Seismic events from “surroundings” (firstly earthquakes from Alps and mining induced
seismicity from Lubin area in Poland, Fig. 9)
e Far distant earthquakes (only small parts - garbled signal due frequency range of
apparatus)
e Technical seismicity (especially heavy lorries)
o Seismic effects of quarry blasts (mainly feldspathic quarry Krasno and stone-pit
Vitkov)
e Ambient noises and indefinable signals
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Figure 9. Example of wave pattern (October 19, 2007, loc. time 06:42) of tectonic event from
Germany, ML=3.6 according NEIC-HDF (horizontal axis is local time, vertical, N-S and E-W
components [in m.s'1] are displayed top down)

Number of events in individual groups in 2007 was 15 — 21 — 17 — 80 — 124 — 150 records
(the same sequence of groups as above). Maximum values of velocity interpreted from wave
patterns of events mentioned above are usually up to 10 mm.s™. Therefore, it is necessary
to say that current seismic load of Jeronym Mine is low and, probably, it do not have
influences on stability of underground spaces.

Conclusion

Methodology of evaluation of seismic load of historical mining monuments has to respect
strict protection of conserved parts, careful installation of instrumentation and individual
evaluation of measured data. From the seismological point of view, common technique was
accepted:

Evaluation of natural seismicity in near surroundings

Expected manifestations of technical seismicity (generated by traffic, quarries, ...)
Short term experimental measurements of ambient noise

Design of seismological monitoring

Installation of sensors and seismic apparatus

Monitoring and/or experimental measurements, interpretation of data

Evaluation of influence of vibrations on stability of underground spaces

Nogohr~whN =

Current evaluation of seismic load of the Jeronym Mine documents slight manifestations of
vibrations in underground spaces. However, the seismological measurements described
above are very important for detailed assessment of rock stability. From the other hand, it is
necessary to evaluate influence of subsequent reconstructions in the mine (for example, a
gallery connecting the Old Mine Workings and Abandoned Mine Workings parts is planned).
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Introduction

Karvina region, part of the Upper Silesian Basin (Czech Republic and Poland, Fig. 1), where
intensive mining induced seismic events have been documented for a long time (e.g. Holub,
1995, 1996, Kalab and Knejzlik, 2002), is the area with underground exploitation of hard coal.
Underground exploitation in this region is implicating changes in configuration of stress-strain
conditions in rock massif. Subsequently, overrun of limiting state of elastic parameters can
evoke brittle fractures and radiation of seismic energy (mining induced seismic event). These
events have similar character as weak natural earthquakes and they are closely connected in
space and time with current mining activities. There are frequent origins of mining induced
seismic events here because significant part of production has been doing in seams with high
seismic risk.

UPPER SILASIAN
COAL BASIN

® CITY
HARD
SN COAL
BASIN

Figure 1. Geographic location of a part of the Upper Silesian Coal Basin situated on the
territory of the Czech Republic (Takla et al., 2005)

Very intensive seismic events are documented in area under discussion (e.g. Rudajev, 1993)
- the most intensive events originated in April 1983; radiated seismic energy about 10" J
(local magnitude about 3.7). Today, seismic network operated in this area by mines authority
records as much as 30 thousand seismic events per year and quantity from 100 until 500 of
them with seismic energy greater than 10* J (local magnitude about 1). With the exception of
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two rockbursts in 1983, no rockburst with energy more than 10® J was recorded. Monitoring
seismic activity in the Karvina part of Upper Silesian Coal Basin contributes to the
formulation of mining operation strategy and the situating of workings. At present, it is an
inseparable part of the prevention strategies in rockburst condition.

Mining induced seismicity does not only implicate number of problems in underground
workings, but the most intensive seismic events have also significant macroseismic effect on
the surface (e.g., Kwiatek, 1998, Kalab, 2004). This seismic effect on surface structures in
Karvina region is monitored using solitaire seismic stations operated by the Institute of
Geonics. Experimental investigation shows that seismic velocity component of the most
intensive shocks exceeds the value of 10 mm.s'1; value of acceleration component reaches
500 mm.s™ (e.g. Kalab and Knejzlik, 2002). There exist real possibilities of damaging
buildings due to overcrossing of the limit values according the Czech Technical Standard
CSN 73 0040 “Loads of technical structures by technical seismicity”. Vibrations will also
evoke unpleasant feeling of inhabitants.

The most popular seismological method for evaluation of seismic site response is based on
Fourier transform of records and on horizontal to vertical spectral ratio method, so called
horizontal to vertical spectral ratio (HVSR) method or Nakamura’s method. Principles and
theoretical reasons of this method were described in details in many papers, e.g. Borcherdt
(1970), Nakamura (1989) or Abott et al. (2001). Nakamura's method is usually used with
earthquakes. However, this method has number of modifications that were presented, for
example, during 30" General Assembly of ESC in Geneva in 2006. Paper presented by
Olszewska and Lasocki (2004) documents that the HYSR method can be successfully used
to evaluate the local influence of the surface layer also for induced seismicity, in spite of the
fact that in this case the conditions for application of the method essentially differ from the
conditions met in natural seismicity. Interesting results from Poland were published also by
Frej (2006, 2007).

Seismic effect on the surface

The main parameters influencing values of seismic effect on the surface were as follows (e.g.
Doyle, 1995, Shearer, 1999, and others):

e Seismological parameters - “size” of seismic event (magnitude, seismic energy),
prevailing frequencies of vibrations, duration of maximum phase, size and depth of
focus, distance between evaluated point and epicenter,

e Geological parameters - local geological setting (response of surface and sub-surface
layers), location of faults, elastic properties of medium in which seismic waves
propagate,

e Constructional (structural) parameters - type of subsoil, connection between base and
subsoil, dimensions and types of structures, distribution of masses in building,
resonance characteristics of structures.

Specificity of seismic loading in areas with underground mining activities (e.g. Kalab, 2004):

e ,Quick® migration of focus areas in time and space (depending on current position of
mining operations),

e Foci in shallow depths (compared with depths of earthquakes) with significant event
frequency,

e Wide amplitude range (up to tens of mm.s™ in epicentral areas) and frequency range
(from 0.1 up 30 Hz at least),

e Complicated source mechanisms (explosive, implosive, composite) => complicated
wave field on surface (deformed by local inhomogeneities).

Single Station Spectral Ratio

Methodology for our calculation of spectral ratios:
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e Mining induced seismic events are recorded (velocity records) using PCM3-EPC
apparatuses (Knejzlik and Kalab, 2002),

e Spectra for horizontal and booth vertical components are calculated using FFT
algorithm,

e The resulting vertical and horizontal spectra are smoothed with spline function,

e The two horizontal spectra are averaged to form one horizontal spectrum,

e Single station spectral ratio is calculated.

The main principles were presented e.g. by Nakamura (1989), Abbott et al. (2001), Lermo
and Chavez-Garcia (1994) and others. We developed software for our records that is called
MISS (Mining Induced Seismic events).

Initial results from calculation of spectral ratios for data recorded in the Karvina region were
presented by Kalab and Knejzlik (2006a, 2006b, 2006c), Kalab and Lyubushin (2008) or
Kalab et al. (2008).

Partial results from these experimental calculations with individual events can be compiled:

e Spectral ratios of records of mining induced seismic events from different stations in
Karvina region show individual shapes (related to sensor location and local geology)

e Two or more maxima are detected, which indicate complexity of the subsurface layers
in this place (due to natural conditions or situation after sinking due to mining)

Experiment with weak and strong events sets

Karvina region contains many technical sources of vibrations with different intensities, partly
inside the area under study, partly in the nearest surroundings. First results using ambient
noise records document rather different shapes of spectral ratios comparing with ratios of
seismic events (Kalab and Lyubushin, 2008). Therefore, two sets of mining induced seismic
events from three seismic stations were prepared. The first sets contain events whose values
of recorded component velocity on given station exceed 1 mm.s™'; these sets are signed
using name of station with index strong. The second sets contain events with recorded
component velocity in range 0.5 — 1 mm.s™'; these sets are signed using name of station with
index weak.

Obtained results are presented in figures 2 — 7. All sensors are located in concrete cellars of
large buildings; therefore, spectra are significantly influenced in higher frequencies (up to
15 Hz). Thickness of sedimentary rock (unconsolidated and consolidated, generally strongly
faulted) above the Carboniferrous massif are 400 m (seismic station Darkov 1), 450 m
(seismic station Karvina 1) and 550 m (seismic station Stonava 1). Quaternary sediments, i.e.
soils, loess, fluvial and redeposited materials, have thickness very variable, usually not higher
than 15 m. Levels of groundwater ranged from 2 m up 10 m below surface.

The shapes and maximum values of spectral ratios for data recorded at Stonava station are
very similar to each other for both data sets (STO®™", STO"**). The maximum value of H/V
ratios (thicker lines) is about 8 at 2.3 Hz. Less significant peaks are at about 11 Hz. The
second set pair was prepared for data recorded at Karvina station. The H/V ratios for both
data sets are again similar; the maximum value of ratios is about 6 at 1.4 Hz. The set
KAR®™" has also second significant peak of the same value at 5.5 Hz. It is question if it is
effect of local geology or effect of resonant vibrations of structural element in building.
Spectral ratios for data sets from Darkov station show substantial differences. The set
DAR®™" has only one significant wide maximum about 8 at 2 Hz. However, the set DAR"**
has one wider maximum about 10 at 1.7 Hz and second one about 6 at 3.7 Hz. The results of
H/V ratios for data sets from last mentioned station are not comparable. Perhaps, this effect is
consequence of interference of vibrations generated by mining induced seismic events and
next source of technical seismicity from surroundings. From the methodical point of view, it is
possible to add that character of spectral ratios is determined using about 15 — 20 events in
elaborated set of events from given station (averaged spectral ratios do not changed).
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Conclusion

Using of mining induced seismic events for determination of influence of local geology on
seismic manifestation on the surface was documented by several authors, especially by
Olszewska and Lasocki (2004). Comparison of H/V spectral ratios for two sets of mining
induced seismic events from three seismic stations operated in Karvina region is presented in
this paper. One group of data sets contains seismic events with significant manifestations in
given point; second one was compounded from seismic events with manifestation of medium
intensity. Obtained results document that it exists points with significant differences in the H/V
spectral ratio curves and points with the same shapes of the H/V spectral ratio curves.
Significant sources of vibrations in surroundings of seismic station are probable reason of this
effect. Industrial seismicity (factory, forging shop, mining ventilation ...) has significant sense
in the Karvina region.
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Introduction

Syria is the country of intensive active tectonics that are manifested by Late Pleistocene and
Holocene faulting, folding, deformation of marine and river terraces and volcanism. Majority of
them are concentrated in Western Syria, representing the northern part of the Dead Sea
Transform zone (DSTZ) and adjacent southwestern termination of the East Anatolian fault
zone (EAFZ) (Fig. 1). The DSTZ and EAFZ include their main active segments and
associated active faults as well as some older strands that were active mainly in Miocene and
Early Pliocene, but demonstrate fragmental younger activity up to now and can be qualified
as possibly active faults. Some possibly active faults have been identified also in the
Palmyride thrusted-folded belt; the Jhar fault seems to be the most active there. The Late
Quaternary volcanism is concentrated in the Jebel Arab highland (Harrat Ash Shaam),
Southern Syria and perhaps the adjacent part of Jordan.

Archaeological signs of the Homo inhabitancy document the Lower, Middle and Upper
Paleolith (in the Euphrates valley, Palmyrides and DSTZ) and the Neolith (in the DSTZ, Upper
Euphrates valley and its northern tributaries) as well as the continuous sequence of the
Bronze and Iron Ages, Phoenician, Hellenistic, Roman, Byzantine and Islamic cultures. The
oldest manifestations of seismic influence were found in walls of the Bronze Age Khirbet EI-
Umbashi (the Jebel Arab highland) and the Phoenician town of Ugarit (1365 or 1300 B.C.).
Numerous data on seismic destructions were obtained in the Roman, Byzantine and Medieval
Islamic buildings. The first historical data on the strongest earthquake are related to the ~760
B.C. event (Book of Prophet Zacharia 14: 4-5). There are a lot of reported data on the
Hellenistic and younger strong seismic events. So, the archaeoseismological data can define
more exactly parameters of known historical earthquakes rather than identify new ones.

The goal of this paper is to demonstrate results of studies of seismic influence on
archaeological objects that were carried out for seismic hazard assessment in Syria. The
studies included: (1) Archaeological dating of geological structures, characterizing the Late
Quaternary tectonic activity and seismic rupturing; (2) registration of displacement and
deformation of ancient constructions to define sense and rates of motion on active faults; (3)
studies of seismic destruction and damage of ancient constructions to obtain characteristics
of historical earthquakes.
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Figure 1. Active faults and discussed archaeological sites: Ap, Aphamea; Ar, Arwad Island;
Ha, Al Harif aqueduct; Kc, Krak des Chevaliers; Ku, Khirbet EI Umbashi; Mh, Minet et-Halwa;
Pa, Palmyra; Sm, St. Simeon Monastery; Ug, Ugarit. JH, Jhar fault; JA, Jebel Arab highland

Archaeological dating of active geological structures and seismic ruptures

The archaeological data have been obtained for dating both the prehistorical and historical
geological structures which are important for seismic hazard assessment of the region. For
example, the Tartus offshore active fault zone, associated to the DST is represented by the
sinistral en echelon row of small anticlines in the shallow shelf of the Mediterranean. Two of
them form small islands: Arwad and El Abbas. Structure of the anticlines is manifested by
deformation of the Tyrrhenian marine terrace which is exposed in these islands and the
adjacent parts of the Mediterranean coast. The lower limit of the age of deformation was
defined by dating of the terrace with using two methods. At first, shells within the limestones
and sandstones of the terrace cover gave the U-Th age from 83.4+4.6/-4.4 Ka to 128.5+10.4/-
9.2 Ka (99.9+7.4/-6.8 Ka in the Arwad Island) (Dodonov et al., 2008). At second, the marine
terrace was correlated with the river one whose cover contains the Middle Paleolithic artifacts.
Both methods define the marine terrace age as beginning of the Late Pleistocene and
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correspondingly the age of deformation as the Late Pleistocene and Holocene. It permits to
qualify the Tartus zone as active one and to estimate preliminary its Mmax as 7.3.

The archaeological method was used also for dating of small seismic graben in the eastern
side of El Ghab pull-apart basin of the DSTZ in the recent town of Afamia near ruins of the
Roman-Byzantine city of Aphamea (Fig. 2). The graben is filled by debris with the Roman
ceramics that proves the younger age of the earthquake.

A

Figure 2. Archaeologically dated seismic ruptures. (A) Seismic micrograben in the eastern
side of the El Ghab pull-apart basin near the city of Aphamea. (B) 12-meter sinistral offset of
the Roman aqueduct on the El Ghab fault near the village of Al Harif
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Displacement and deformation of ancient constructions on active faults

Offsets or deformation of ancient constructions in active fault zones are rare, but very
important as exact data for definition of sense, average rate and sometimes regime (seismic
or creep origin) of motion on the fault. One of the most spectacular examples is the 12-meter
sinistral offset of Roman aqueduct on the El Ghab segment of the DST near the village of Al
Harif, 5 km northward town of Myssiaf (Fig. 2). Trenching of the fault zone near the aqueduct
dated it by the I century A.D. and showed that the offset was a cumulative effect of 3 seismic
events; the youngest of them corresponded to the 1170 earthquake (Meghraoui et al., 2003).

Figure 3. Deformation of the main church of the St. Simeon Monastery, North-western Syria.
(A) Counter-clockwise bend of the eastern wing. (B) Total deformation of the church
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Another example is deformation of the St. Simeon Monastery (490 A.D.) between two en
echelon strands of the St. Simeon sinistral fault (Karakhanian et al, 2008). 4 wings of the
cruciform main church were built as 3-nave basilicas, surrounding an atrium with ruins of the
St. Simeon-Stylist pillar in the center; probably, the atrium was originally covered by dome.
The church was destroyed in the first half of the VI century, when it lost the dome (Tchalenko,
1953) and an entrance was replaced from the western wing to the southern one. The restored
church was destroyed and reconstructed in the X century, but later was ruined again. The
eastern wing is curved now counter-clockwise relative to the axis of symmetry, characteristic
for other constructions of the church, to 39, if the curved continuation of the axis follows from
the pillar to the central apse, and to 6°, if it is parallel to the northern and southern walls of the
eastern wing (Fig. 3). Maximum total bend of the eastern wing can reach ~3 m. Near the
recent walls, fragments of the older walls (a & b in Fig. 3, B) are curved to 3° more, up to ~1
m relative to the recent walls and up to ~4 m relative to the axis of symmetry. Fragments of
walls of the primary entrance near the western wing are curved clockwise to 9° (up to 3 m).

The described curves of the church walls prove deformation between two strands of the St.
Simeon fault with bending and pushing of the central block to the S. If we take into account
also hypothetic counter-clockwise rotation of the wall of the former reservoir in front of the
western wing, the pushing could be accompanied by S-type deformation. Numerous evidence
of seismic destruction and damage both in the St. Simeon Monastery and the Byzantine town
of Telanissos to the SW of it (on the western side of the St. Simeon fault) prove seismic origin
of the deformation. If we consider the bend of the eastern wing by element of architectural
design or construction error (that seems to be doubtful), the seismic deformation is limited by
the bend to ~1 m of the older walls relative the recent ones in the eastern wing and bends
near the western wing; the single strongest earthquake in the first half of the VI century would
be enough to produce such bends and the later seismic influence was not accompanied by
the deformation of constructions. If we consider the total bend of the eastern wing by
seismotectonic deformation also, its curve reaches ~4 m and requires as minimum 2 or 3
earthquakes: in the first half of the VI century and before and after reconstruction of the X
century. The seismotectonic deformation in the first half of the VI century is identified with the
528/529 seismic event (Ms=7.5). After it, the church was restored to the middle of the VI
century, but could be destroyed or damaged again by strong earthquakes in 587/588, 854
and others. After the reconstruction in the end of X century, the monastery could be destroyed
by the strong earthquakes in the XlI century and 1822 (Karakhanian et al., 2008).

Seismic destruction and damage of ancient constructions

The most typical manifestations of seismic influence are: lateral and/or vertical bend of walls;
rotation of wall blocks; one way fall of walls and columns. Lateral bend of the wall without
ground rupturing (Fig. 4, A) as well as other signs of seismic influence were found in the
Phoenician town of Ugarit. According to the historical documents, the town was destroyed
approximately in the second half of the XIV century B.C. The obtained data argue into the
seismic origin of the destruction. Lateral and/or vertical bends of the walls were found also in
ruins of the Roman terms in Minet et-Halwa northward the city of Latakia, the Hellenistic
construction of the Arwad Island and the St. Simeon Monastery. Rotation of stone blocks in
the walls are the most characteristic for the ruined buildings of the St. Simeon Monastery (Fig.
4, B) and the adjacent town of Telanissos. The latter demonstrates one way rotation of the
blocks in several buildings.
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Figure 4. Seismic destruction of archaeological sites. (A) Deformation of the wall in the town
of Ugarit. (B) Rotation of wall blocks in the St. Simeon Monastery. (C) One-way collapse of
the south-eastern wall of Agora in the city of Palmyra. (D) New tower was built on the former
one, destructed by the ~1170 earthquake in Krak des Chevaliers

One way collapse of the southeastern wall of Agora in the town of Palmyra to the SE looks as
a result of seismic influence (Fig. 4, C). It impelled us to study directions of fall of columns in
the town. Majority of them fell also to the S115-130°E (Fig. 5). Palmyra was destroyed by the
Romans in the Ill century A.D. and later was mainly in ruins, although a part of the town was
inhabited. The ruins were covered by the 1-2 m thick layer of dust and debris and were
excavated by archaeologists which reconstructed a part of constructions. So, the fallen
columns could be partly replaced. It is necessary to take into account also the NW-SE and
NE-SW directions of the main Palmyra streets. Nevertheless, the southeastern maximum of
the fallen columns is the serious argument for strong seismic influence on the town. It is
important that we documented a lot of fallen columns on the debris layer surface. The lower
parts of some columns, situated within the debris layer did not fall. The same is characteristic
for the lower part of the southeastern Agora wall. This means that the destroying earthquake
took place, after the Romans had destroyed the town, probably in the Medieval times.
Direction of the column fall shows that the earthquake epicenter was situated to the NW of the
town in the Palmyride folded-thrusted belt, probably in the Ghar fault zone.
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Figure 5. Rose-diagram of directions of fall of columns in the city of Palmyra

Discussion and conclusion

Two groups of the tasks, related to seismic hazard assessment in Syria are solved with using
archaeological data. The first group is definition of sense, average rate and regime (portion of
seismic displacement) of motion on active faults. The group includes offsets or deformation of
archaeological constructions (the El Ghab and St. Simeon faults) as well as geological and
geomorphologic features dated by archaeological means (the Tartus fault zone). The data are
used to estimate parameters of active fault as potential seismic zones. The found sites,
related to the first group are situated on active strands of the DSTZ.

The second group is estimation of seismic destruction and damage of archaeological
constructions to define epicenters, age and intensity of the earthquakes. The most evident
manifestations of seismic influence are: lateral and/or vertical bend of walls; rotation of wall
blocks; one way fall of walls and columns. Because the strongest seismic events were fixed in
the historical documents, the archaeseismological data are usually identified with some
historical earthquakes and give a possibility to define more exactly their parameters. For
example, in the fortresses of Krak des Chevaliers, we found indications of destruction of the
original Crusaders’ fortress in ~1170 (Fig. 4, D) and multiple damage after occupation of the
rebuilt fortress by the Mamelukes in 1271. Correlation of the obtained data and historical
documents helped to constrain the epicentral area of the 1170 earthquake (Ms=7.7) more
accurately. The previous investigators attributed the earthquake to the Antioch area. But large
destruction in the Krak des Chevaliers and the offset of the aqueduct near the village of Al
Harif (Meghraoui et al., 2003) as well as the historical data on destruction in Tripoli, some
other towns in the Tripoli-Krak des Chevaliers area and even in the town of Accon show that
the 1170 seismic destruction spread far to the south. This can have two explanation. The first
is that two earthquakes happened in ~1170 with the epicentres near Antioch and in the
Tripoli-Krak des Chevaliers area. The second proposes the single catastrophic event with
epicenter in the southern part of the EI Ghab fault zone and seismic influence up to Accon
and Antioch.

Majority of the archaeological manifestations of seismic influence are situated in and near
active and possibly active strands of the DSTZ and EAFZ, but not only. Signs of seismic
destruction in Palmyra demonstrate influence of the Medieval strong earthquake, whose
epicenter was located in the Palmyride folded-thrusted belt, probably in the Jhar fault zone.
These are necessary to take into account for seismic hazard assessment in Syria.
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Introduction

The urban planning of many cities is usually based on economic and social factors, without
taking always into account the local geology and the active geodynamic processes. The
problems emerging due to this constraint are accentuated with the increase of the population,
the industrialization and the seismic impact during the last decades. Nafplion is one of these
cities (see Figure 1), originally founded on safe ground, but it is expanding in recent years
along the coastline on ground of questionable safety factor with reference to seismic and
liquefaction risk.

The need to set up and test a methodology, able to give reliable evaluation of the seismic and
liquefaction risk for extensive areas, is considerable, especially for the countries with high
seismicity, like Greece.

The methodology, we followed, combined the usual borehole testing measurements of the
standard regulation for the seismic and liquefaction risk with geophysical measurements, in
order to spread out high credibility information to wider areas.

The geophysical techniques also aided to the detection and study of the large active faults as
possible earthquake sources.

The gravity survey, as a reconnaissance method, is suitable to locate possible deformations
of the bedrock, which can be attributed to faults. As a follow-up survey, seismic depth imaging
can delineate the structure if this is related to an active or inactive fault. In the case of active
faults, the dip and the total throw are usually examined. These are related to seismological
records and geological observations for further investigation of their characteristics. Their
seismic activity can also be evaluated after few months earthquake monitoring from portable
seismographic network.

With the knowledge of the characteristics of the seismic sources we can proceed with
stochastic modelling to estimate the expected seismic movement (calculation of PGA) at a
specific site, in case of a hypothetical activation.

The procedure for liquefaction assessment included the calculation of the Factor of Safety
(FS) against liquefaction and the potential of liquefaction in terms of probability, (where FS =
cyclic shear stress required to cause liquefaction / equivalent cyclic shear stress induced by
earthquake), the evaluation of liquefaction time history for any earthquake scenario and the
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analysis of site response in region of Nafplion taking into account the liquefaction
susceptibility of the stratum.

Figure 1: Location map of the survey area (small box) close to Nafplion city

Geological setting

The regional geology of the Argos plain is composed of: Coastal deposits, made of loose, fine
silty sands and silty-clayey soils, alluvial fans and fluviotorrential deposits. The sediments’
bedrock includes alpine and post-alpine sediments, such as flysch, limestone and Neogene
marl conglomerates. The investigation area (see Figure 2) is formed by alluvial, mainly
lagoonal deposits, overlying flysch and limestone formations.

With regards to groundwater regime, within the Quaternary deposits, successive groundwater
aquifers are developed, being under intensive exploitation by well boring. This resulted to a
considerable sea water intrusion in recent years. Within some parts of the investigation area,
at an altitude lying of a few meters above sea level, a weak unconfined coastal aquifer is
developed at a small depth near surface, which is underlain by deeper confined aquifers. This
shallow unconfined aquifer belongs to a local marshland. The sand-silty, clayey-silty nature of
soils and the presence of the ground water table near the surface, constitute a particularly
unfavorable regime concerning the foundations. Within this regime an attentive control of the
liquefaction potential is pertinent.

In the Argos plain, where Nafplion is situated, a liquefaction has been recorded in the past,
happened on 2/6/1898 and caused from an earthquake of M=7 with epicenter (37.60, 22.50)
only 27 km far (NWW) from Nafplion. Three important seismic zones in the wider region of
Nafplion have given strong earthquakes in the historic era (Argos fault, Epidaurus fault and
Xylokastro fault) (Papazachos and Papazachou, 2003).

Geophysical investigations

The geophysical techniques were carried out in the area aiming at: a) the detection of
possible seismic faults (important for the seismic hazard analysis) and b) the determination of
the velocity models in order to contribute to the estimation of the amplification of the possible
peak ground acceleration (PGA) in the study area and the evaluation of the Factor of Safety
against Liquefaction.
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Figure 2: Geological map of the investigated area. The seismic lines are presented with black
colour. The numbered curves indicate the possible faults as derived from the gravity survey.

Geophysical investigations for mapping the bedrock relief and detection of possible
faults
Gravity survey

The gravity survey covered an area of 35 km? with 270 stations, conducted with a Scintrex
CG-5 gravity meter.

From the Bouguer map (Figure 3) a residual map was extracted and the locations of the
maximum gradient were plotted (shown with the numbered curved lines in Figure 2). These
indicate possible geological contacts or fault positions. Two major lineaments can be seen
possibly attributed to faults: The first one lies at the eastern side of the area with NW-SE
direction. This is a known fault that has been mapped in the past from geologists as an
inactive one. The second one, at the western part of the map, runs through the investigation
area. Further investigation work with seismic methods was considered necessary.

BOUGUER MAP
s o8 W00 1500 NAFPLION

Figure 3: The Bouguer map indicates the existence of two possible faults at the investigation
area.

192



31°% General Assembly of the European Seismological Commission ESC 2008
Hersonissos, Crete, Greece, 7-12 September 2008

Seismic Survey

We conducted seismic survey to delineate the suspected fault as pointed out from the gravity
survey. Each of the seismic profiles (see Figure 2) AA", CC’, EE’, FF" was about 300 m long.
The line HH" was 180 m long. The main target of the seismic profiles was the determination of
the dip of the bedrock surface and whether this could be associated to an active fault plane.

The survey layout for the shallow reflection seismics mostly used, was the “fixed spread”
instead of the usual “roll-along”. The “fixed spread” layout was not only easier in acquisition,
in the case of urban environment, but was also very valuable since permitted us to acquire
data usable for refraction — wide angle reflection velocity modelling. A reliable velocity model
is needed for depth migrating seismic data. We must bear in mind that if a fault is present in a
seismic profile, then migration is a prerequisite.

The seismic source utilized, was an accelerated dropping weight and provided us with high
quality records in all the seismic lines.

The joined lines EE” and CC’ run perpendicular to the strike of the gravity lineament.

The first arrivals of the refracted waves in both profiles after tomographic processing, did not
succeed to reach the bedrock. However the arrivals of reflected waves were processed by
Zelt and Smith (1992) code, and produced velocity models with excellent fitting between
calculated and observed arrival times (Figure 4a). The resulted velocity models (Figure 4b)
indicate a fairly smooth layering to the bedrock. The bedrock is detected at 90 m depth at the
beginning of the line EE", reaching the 200 m at the end of CC". The results are in agreement
with an old water-wall at the starting edge of EE’, which intersected the limestone bedrock at
93 m depth.

Two layers can be distinguished above the bedrock at line CC’. The second layer, probably
flysh, pinches out within the line EE’, but this cannot be resolved due to the limitation of
vertical resolution.

Figure 5 shows the joined time migrated profile with simple depth conversion. Figure 6 shows

the resulted profile after Kirchhoff depth migration with the use of the velocity model of the
Figure 4b. The slope of the bedrock surface is steeper at the depth migrated profile.

EE’ Selsmic Velocity Model CC' Seismic Vlocity Model

% Depti(m) =

100
E
Feol
i
&
L=}
an¢

150 00
a - b Distance imb N Distance (m}

200 250 W00

Figure 4: Velocity modeling of the profiles EE” and CC’

The results of the depth migration (Figure 6) of the EE” and CC’ lines suggest that the gravity
lineament is caused by two smooth subsidence features of the bedrock at the starting parts of
CC’ and EE’. Both dip values are at about 25° and cannot suggest an active seismic fault. It
is noted that apparent dips are measured and probably at a direction different of the bedrock
gradient. Assuming that the strike the gravity lineament (305N) follows that of the sloping
bedrock, the CC’ profile is at an angle of 28° with this. Therefore after simple calculations we
can estimate the real value of the dip at 28°.
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Dip values of 28° were also obtained in the AA" profile after similar processing and
calculations. The profile FF" confirmed also the pinch out of flysh layer. Figure 7 shows also
the results of HH" processing in different stages. The results of HH" are also in full
accordance with these of the other profiles.

In conclusion, the linear features of the Bouguer map cannot be attributed to active seismic
faults but only to small and low dip inactive faults.

Figure 5: Time migrated and depth converted joined seismic section of the profiles EE and
CC.

Figure 6: Kirchhoff depth migrated profiles EE’and CC".

Geophysical investigations to the characterization of foundation ground

Aiming to the assessment of the foundation ground, crosshole seismic tests were conducted
at two sites within the study area, along with SPT testing and laboratory tests on borehole
core samples.

In addition seismic surveys were jointly carried out between the boreholes in such a way to fill
in with the adequate information. Figure 2 shows all the sites where the seismic surveys were
conducted. At BB", DD’, KK, PP’, QQ’, the methods of seismic refraction of P and S waves,
MASW (Xia et al. 1999) as well as microtremors analysis were applied. Additionally at the
sites AA’, CC’, EE" and FF" where seismic reflection and refraction data were acquired, we
also applied MASW.
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The seismic crosshole tests were conducted according to the ASTM D4428/D4428M-07
standard. At each site a pair of boreholes was drilled at 5 meters distance, at the depth of 40
meters. The results showed that the shear wave seismic velocity values in the loose sandy-
silt and clayey silt intercalating formations did not exceed 0.4 km/s, but moreover there are
parts with values lower than even 0.2 km/s. The P-wave velocity is high due to the saturation
from the sea intrusion at the area. The results of the crosshole testing G2 and borehole log
(Figure 2) are presented in Figure 8.
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Figure 7. a. Unmagrated stack section of the profile HH" b. A section after deconvolution c. A
deconvolved section after depth conversion d. Time migrated and depth converted section
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Figure 8: Crosshole test results with the geological log.
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At the site of borehole G2 (Figure 2) we also conducted Reverse VSP (RVSP) modelling with
the seismic source in the borehole and the receivers at the surface. The results of
tomographic algorithm (Hayashi and Takahashi, 2001) were excellent and it was found that
the drilling of second hole could be spared.

Figure 9 shows the result of the RVSP modeling and a comparison diagram with the
crosshole test.The crosshole testing and RVSP were also used to calibrate and validate the
results of MASW.
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Figure 9: Above: Comparison of RVSP (circles) with crosshole testing (squares). Below: The
velocity model of RVSP at the site K.

The application of MASW gave satisfactory results and detected low S-wave velocity zones.
In a close distance to G2 borehole we applied MASW and the result were in full accordance
to the crosshole test.

As shown in Figure 10 the S-wave velocity presents low velocities in the first 10 m in all
investigated area. This is also found from S-wave seismic refraction profiles.

Microtremors analysis also gave good description of the deeper S-wave velocity variation.

From information derived from the local boreholes the layer corresponding to the low S-wave
velocity values is sandy-silt to silty-sand, soft formation without plasticity. From the laboratory
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analysis we found sand concentration of 29% and 66% at 4.90- 5.55 m and 7.90 - 8.55 m
depth respectively. This evidence supports the high liquefaction risk.
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Figure 10. MASW results systematically showed low S-wave velocity values at the first 10 m
depth.

Liquefaction analysis

We used the S-wave velocity logs as calculated from the crosshole and seismic techniques
along with SPT data and synthetic accelerograms from earthquakes scenarios to estimate
liquefaction susceptibility. We utilized the FINSIM code based on stochastic method to
calculate the seismic motion to the bedrock level and D-MOD2000 code based on effective
stress analysis to transfer the motion till to the surface

For the hypothetical earthquake scenarios of Argos (M=6.4) and Epidaurus (M=6.3) faults we
found that liquefaction is highly possible at the depths between 5 and 10 m (up to 80%). In
contrast to the above, the Xylokastro hypothetical earthquake resulted to negligible
liquefaction probability.

Conclusions

The combined use of gravity and seismic methods is an efficient tool to examine large areas
for active seismic faults.The modern seismic methods can act complementary to the standard
borehole testing to cover wide areas for liquefaction and seismic risk.
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Introduction

Lefkada together with the nearby Ithaki, Cephalonia, and Zakynthos islands are considered
the most active areas of shallow seismicity in the Aegean Sea and the surrounding
continental area. The region is dominated by the activity of the Cephalonia transform fault
which comprises two distinctive fault segments (Louvari et al., 1999), the Lefkada segment to
the north and the Cephalonia segment to the south. During instrumental times Lefkada Island
has suffered from several earthquakes with magnitudes in the range 6.0-6.5. These events
caused similar geotechnical damage consisting of rock fall, massive landslides, liquefaction,
lateral spreading, and harbor quay wall failures (Benetatos et al., 2007). The hazard due to
this fault system was updated to a peak ground acceleration of 0.36g in the current Greek
Antiseismic Code. However, site-effects may increase the response beyond the provisions of
local Codes or Standards. Especially in urban areas, like the Lefkada town, which is located
on soft soil layer, waves of seismic events can be major amplified. That was the case during
the 14 August 2003 Lefkada earthquake (Mw=6.2) which caused extremely high PGA=0.42g
in Lefkada exceeding the PGA Standards. It is therefore strongly recommend determining
possible site-effects and furthermore enforcing the proposed microzonation of Lefkada town
to enhance the standard of seismic hazard analysis.

The analysis of ambient seismic vibration recordings for site effect estimation is considered a
low-cost alternative to expensive investigation methods such as drilling or active seismic
experiments. This study presents results of ambient noise measurements carried out in 78
locations in the town of Lefkada. The horizontal-to-vertical spectral ratios (Nakamura 1989) of
ambient noise were used to approximate the fundamental resonance frequencies of the
subsurface and their associated amplitudes. Summarizing the experiences of different
authors with respect to ambient vibration processing, we selected transient free time windows
for further analysis. Additionally, we calculated the site responses with respect to the
reference site and compared the results with those obtained from the H/V technique. The
fundamental frequency and the corresponding amplification factor were calculated for each
site. Under the assumption that the H/V spectral ratios of ambient noise coincide with the
amplification levels at the dominant frequency of the site response functions, the fundamental
frequencies (fy) and amplification factors (Ag) were compiled on ARC-INFO GIS software and
corresponding maps were developed.

Materials and methods
Short geological description of the investigated area

Lefkada Island is separated from the Greek mainland by the Lefkada Sound, a shallow
lagoonal environment. Lefkada town lies at the north-eastern corner of Lefkada Island at
around 1-5 m above present mean sea level. It is situated on low resistance and rigidity
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Holocene deposits of a few meters thick. They consist of alluvial and lagoon deposits, i.e.
alternating soft clay, sometimes with organic content and sand-silt layers overlying a stiff marl
formation (Gazetas et al., 2004). It should be noted that the quasi-uniform geological
settlement of the neighboring area denotes that the whole town of Lefkada is predominantly
characterized by similar formations of almost horizontal layering. The soil structure beneath
the town is classified as category C according to the current Greek Antiseismic Code. On the
basis of existing geological information (Gazetas et al., 2004), the top of the stiff marl
formation is located at 9 m depth at northern Lefkada, at 16 m at the central town while it
emerges southern in the area of Lygia harbor. This configuration implies for the presence of a
geological trough. The stiff marl formation was found in all geotechnical depth profiles
conducted by Gazetas et al., (2004), but its thickness is still unknown. Therefore the marl
formation can be likely considered as typical “seismic bedrock” of Lefkada town. That means
that seismic noise at all sites in the town encompass commonly the marl formation.

Ambient noise monitoring in Lefkada town

The investigated area was covered by seismic stations, each section comprising a discrete
measurement site as shown in Figure 1. A total of 78 measurements were performed in
October 2007 by two research groups, during daytime. The acquisition equipment included:
24-bit REFTEK 72A 3-channel digitizer, GPS (for timing and positioning), 3-component
Guralp CMG40T sensor with a natural frequency of 1.0 Hz, portable PC. Digital recordings
were made with a sampling rate of 100 samples per second. The duration of each 3-
component recording was at least 20 minutes. The sensors were installed on soil conditions
and sheltered in order to decrease weather and atmospheric disturbances. All the equipment
— sensor, recorder, portable computer and connectors — were transported either by car or a
trailer which served as the recording centres. Throughout the measurements the guidelines
developed for ambient vibration measurements by the EU funded project SESAME (SESAME
Guidelines 2004), were adhered to. At each location field measurements sheet was filled in
which described the time, date, operator name, coordinates etc of the location the onset and
the duration of the measurement. As reference site we selected Katouna village, situated ~5
km south of Lefkada town on stiff marl formations and performed a 36 hours continuous
recording.

Figure 1. Satellite map of the study area and locations of the observation points.

Ambient noise H/V analysis

Data were processed applying the horizontal-to vertical (H/V) spectral ratio (Nakamura, 1989)
method, using the GEOPSY software. The fundamental frequency (f;) was calculated for
each point. The H/V spectral ratios are those of selected time windows of recorded ambient
noise using an anti-triggering algorithm. The selected time windows were Fourier
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transformed, using cosine-tapering before transformation and then smoothed following Konno
& Ohmachi (1998) approach. The selected and analyzed time windows were 20 s long. We
did, however, experiment with a range of values in order to find the window length that yielded
satisfactory resolution of the peak being studied but was still stable in the frequency. After
several tests, we concluded that a 20 s window provides stable results. The selected time
window was free from recordings of passing vehicles, noticeable harmonic noise from nearby
machinery, spiky data and other transient signals. All the selected time windows of each time
series were corrected for the base line. The Fourier spectra were calculated for all segments
using the Fast Fourier Transform (FFT). The Fourier amplitude ratio of the two horizontal
Fourier spectra and one vertical Fourier spectrum were obtained using Equation:

_ \/FNS(T)XFEW(T)
F

z

r(f) (1)

Where r(f) is the horizontal to vertical (H/V) spectrum ratio, Fys, Few and Fz are the Fourier
amplitude spectra in the NS, EW and Vertical directions, respectively. After obtaining the H/V
spectra for the selected segments of the signal, the average of the spectra were obtained as
the H/V spectrum for a particular site. The same procedure was repeated at all locations. The
peak of the H/V spectrum plot shows the predominant frequency of the site (fy) and the
amplification factor (Ag). Additionally, calculation of standard deviation for each point was
done.
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Figure 2. Fundamental Frequency & H/V ratio analyzed at 4 locations in Lefkada town. Thin
lines are H/V curves for each selected window. Thick black line is the average H/V curve.
Dashed black lines indicate standard deviation of the H/V curve. Grey vertical bars show the
selected H/V peak. The width of the vertical bars denotes the range of the peak frequency.

Large standard deviation values often mean that ambient vibrations are strongly non-
stationary and undergo some kind of perturbations, which may significantly affect the physical
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meaning of the H/V peak. In order to assess the reliability and stability of the H/V curves, we
examined for each location the individual averaged 3 component spectra for the selected
signal windows. In case that the H/V peak lied near or coincide with the spectra peaks (non
stationary signal) we reduced the anti-triggering parameter STA/LTA until both sufficient
number of windows were present in the calculations and the transient signal was efficiently
removed. Following this procedure, we succeeded to define clear H/V peaks independent
from transient noise and reduced standard deviation of the H/V curve. Furthermore, the
spatial density of measurements allowed the direct comparison of H/V peaks between
neighbouring points, as an additional criterion of the H/V clarity and reliability. Two
measurements that failed to satisfy the set criteria were excluded from the subsequent
developed maps for predominant frequency value and amplification. The increased success
rate was mainly due to the knowledge and experience of the operators e.g. avoiding
measuring near a tree, and setting of equipment etc likely contributed. In Figure 2 typical
examples of calculated H/V curves at various locations are displayed.

Ambient noise SSR analysis

The SSR (Standard Spectral Ratio) technique was applied using the Katouna recordings as
reference signal. We performed manual analysis using SAC2000 (1995). All the waveform
data were corrected for the DC component and trend. The signals were Fourier transformed,
using cosine-tapering before transformation. The amplitude spectra for each location and
each component (NS, EW, Z) were smoothed by an appropriate moving average and then
divided by the corresponding component of amplitude spectra of the reference site, yielding 3-
component SSR curves. The average SSR curve at each site was estimated and the
fundamental frequency was visually picked. Due to the reference site installation conditions
(buried sensor, no human activity), the small amplitude of the denominator yielded very large,
unrealistic amplification factors, which consequently were rejected.

Figure 3 displays the comparison between the H/V and SSR peaks, showing large
discrepancies for the majority of locations. This led us to apply the same criteria as for the
H/V calculations (examining individual spectra, manually selecting windows of stationary
signal etc). However, it was not possible to manually isolate a sufficient number of stationary
signal windows for SSR calculations, for numerous sites. The procedure was successful for
only 33 locations, for which H/V and SSR peaks show a good correlation (Figure 4). Those 33
SSR amplification frequencies (fy) were finally adopted. The limited success of the SSR
method (less than 45%) compared to H/V shows that transient signal of the temporary
stations (human activities, external conditions) is crucial. Therefore, the conditions of
installations for both temporary and reference stations should be common, which is not easily
applicable in urban areas.
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Figure 3. Tomographic slices of the shear velocity model at different depths. Tomograms start
at 30 km depth. The velocity perturbations are indicated with a color scale in percent relative
to a common reference model, derived from the average shear velocity at each depth.
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Figure 4. Comparison between H/V and SSR frequency peaks (fy) for 33 selected locations.

Results and discussion

As previously mentioned, in urban areas, particularly during the day, local noise sources
could affect spectral shapes. This effect, however, does not affect the H/V spectral ratios.
Thus, the systematic and consistent spectral ratios extracted in this study, likely reflect the
physical properties of the local site at the measuring point. On the other hand, the SSR
technique was successful for less than 45% of our measurements, yielding however similar
peak frequencies to the H/V peaks.

Predominant frequencies (fp) range between 1-6 Hz. The majority of sites exhibit frequencies
between 1.5-3.0 Hz. This distribution of f, is in agreement with results obtained by strong
motion recordings (experimental and synthetics) at various locations in the town of Lefkada
(Gazetas et al., 2004). It is also in agreement with Triantafyllidis et al., (2006) who found
predominant frequencies in Lefkada in the range 2-4 Hz, using both seismic and microtremor
data. In figure 5 the response spectrum of the 14-8-2003 earthquake recorded at the local
Hospital of Lefkada (Benetatos et al., 2007) is shown together with the ambient noise H/V
curve recorded at the same location. The predominant PSA frequency of the earthquake is
around 2 Hz (0.5 s), similar to the H/V peak frequency, implying that the PGA=0.42g recorded
at Lefkada Hospital during the 14-8-2003 strong earthquake was likely the result of resonance
phenomena due to the local site response.
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Figure 5. Left: 3-component (L,V,T) Response spectra of the 14-8-2003 Lefkada earthquake
recorded at the local hospital (Benetatos et al., 2007). Right: ambient noise H/V curve at the
same location.
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Amplification factors (Ao) of the H/V curves range between 1.5-3.5. Research experience
(SESAME Project) shows that ambient noise H/V peaks show a good correlation with
earthquake data concerning the predominant frequencies, however the amplification factors
of the H/V amplification factors are decreased by about the order of 2 when compared to
earthquakes. Hence, the H/V amplification factors calculated in this study should be
considered only as an indicative measure of the expected site amplification in case of
earthquake disturbance, but in no case a realistic response parameter. Our results should be
evaluated by earthquake recordings from a dense local seismological network installed in the
future in the town of Lefkada.

Figure 6. Lateral variations of H/V predominant frequencies (fy) in the town of Lefkada.

The ambient noise H/V predominant frequencies (fy) and amplification factors (A,) were
compiled on a ARC-GIS software and corresponding maps of their lateral variations were
developed. As we can see in Figure 6, although the geological setting in Lefkada is quasi-
uniform, predominant frequency exhibit significant lateral variations throughout the study area.

Higher amplification frequencies are observed along the seaside zone of the town, between
2.4<f0<3.1 Hz, in contradiction with the southern promenade where low frequencies are
observed (1.7-1.8 Hz). These low frequencies are likely due to the significant thickness (~5
m) of shallow deposits, as data from available boreholes indicate (Papathanassiou et al.,
2005). It is highly plausible that extensive ground and wall failures as well as liquefaction
phenomena took place in this particular area of the town during the 2003 earthquake,
because of interaction of the thick shallow deposits with the strong motion predominant
frequency 1.6-3 Hz), which produced severe resonance phenomena.

The area of the north promenade exhibits higher predominant frequencies, ranging between
2.4-3.1 Hz. In that area, damages observed (mainly ground failures) during the 2003
earthquake were of lower magnitude. However, those failures could be possibly associated
with resonance phenomena, while the site response frequency lies within the range of the
strong motion predominant frequency.

Low frequencies are seen in the central sector of the old town (<2 Hz). The diversification with
the area of the north promenade could be associated with the thickness alteration of shallow
deposits, which appear thicker by 5 m in the central part of the town (Gazetas et al., 2004).
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Low frequencies predominate in the area of the new Lefkada town (western sector), however,
the lack of geotechnical information in this area does not allow the direct association with the
predominant frequency distribution.

Figure 7. Lateral variations of H/V amplification factor (Ao) in the town of Lefkada.

In Figure 7, lateral variations of the amplification factor (Aq) are displayed. Although results
concerning the amplification factor extracted by the H/V ratios are only indicative, it is worth to
mention the following:

1. High amplification is observed in the area of the north and the southernmost
promenade.
2. Lower amplification in the central sector of the old town.
3. Low amplification in the southern part of the port as well as in the area of the new
town.
4,
In general, the region of the old Lefkada town presents higher amplifications with respect to
the region towards the west, where the urban area is expanded. Concerning the area of the
southern promenade, it is more likely that the observed failures during the 2003 earthquake
are due to resonance phenomena rather than seismic energy local amplification due to site
amplification.

Conclusions

The large number of ambient noise measurements conducted in Lefkada town allows to draw
the following conclusions:

1. Microtremor monitoring is a valuable tool to determine dominant frequency of motion at
sites were local site effects are suspected and where microzonation is necessary, particularly
in the absence of a large number of strong motion recorders and large number of records
over a long period.

2. The methodology adopted and described above proved to be easy, systematic and
relatively cheap and the results attained proved to be reliable and repeatable. The H/V peaks
appear systematically independent of transient signal peaks, thus can be reasonably
associated with the amplification levels at the dominant frequency of the site response
functions.

3. The SSR technique was of limited success due to transient noise presence in the
temporary measurements. It was not possible to extract realistic amplification factors through
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the SSR technique due to the different installation conditions between the temporary
measurements in the urban environment and the reference station.

4. Lithology of surface layers must be, as expected, the most important factor controlling the
predominant frequency. In general the predominant frequencies appear indicative of the
thickness of the sacrificial sediments under the sites.

5. High predominant frequencies (2.4-3.1 Hz) are distributed along the seaside zone of the
town, except the area of southern promenade where low frequencies are observed (1.7-1.8
Hz). Low frequencies are met in the central sector of the old town (<2 Hz) and in the area of
the new town (<2 Hz).

6. High amplification is seen in the zone of the north promenade, the southernmost port, and
at the new town. No amplification is observed at the marl bedrock.

7. The configuration of the sites response frequencies accounts for resonance phenomena
during the strong earthquake of 2003 and is possibly the main reason for the extended
ground failures and construction damages documented.

Those results are indicative of the site response functions and the 2-D models developed in
the study should be considered as preliminary microzonation maps, providing resources to
enhance seismic hazard assessment for the town of Lefkada. Our results should however be
in the future cross-checked with additional geotechnical information as well as with strong
motion responses regarding the local, intermediate and far wavefield.
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