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1 BACKGROUND OF THE DOCUMENT

1.1 A BRIEF INTRODUCTION TO THE PROJECT’S SCOPES

Natural Hazards especially Earthquakes, Landslides and Floods (ELF), pose a serious
threat to societies and a block to sustainable development both in the European Union
(EU) and the Black Sea Area [10]. These natural hazards can lead to natural disasters
if combined with insufficient capacity to reduce the potential risks. The problem is
widely recognized by the EU and a lot of effort has been made evident by directives
issued, bodies formed, organizations established and research projects funded by
various instruments and funding programmes [1], [11]. The current trend in the EU
regarding natural hazard mitigation suggests an integrated approach to disaster
mitigation taking into account all four stages of the Natural Hazard Mitigation Cycle —
prevention, preparedness, response and recovery — [3], [4], [5], [6], and [7]. The
proposed approach to hazard mitigation also suggests that prevention is the primary
target, complemented by impact assessment so that preventive measures leading to
effective preparedness and response can be planned [2], [5], [8], and [9]. Among the
major problems recognized regarding the implementation of the aforementioned
targets are: information gaps (data quality, availability, and accessibility), multitude of
methodologies used to assess hazards (so there cannot be comparable results) and the
lack of applied research on local scales (which could lead to designing of the
appropriate preventive measures).

The primary targets of the SciNetNatHaz Project as they are defined in the ANNEX A
document submitted are: i) the harmonization of methodologies used to assess each of
the ELF hazards, ii) the harmonization of data used, the open/free access over a
WebGIS platform, to all the data, maps and results produced by the project partners,
iii) the creation of the respective metadata files according to the INSPIRE directive so
that data and results provided can be evaluated and used by anyone interested and iv)
Earthquake, Landslide and Flood hazard assessment, implemented in pilot areas on a
local scale so that preventive measures can be designed.

In this way, the project will contribute to the targets already set by the EU regarding
Earthquake, Landslide and Flood hazard mitigation in the near future.

The deliverable D.01.02 presents the outcomes of the efforts made by project partners
to achieve the first of the primary SciNetNstHaz project targets which is the
harmonization of methodologies used to assess Earthquake, Landslide and Flood
Hazards in the wider Black Sea area.
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1.2 SUMMARY

The first Group of Activities, GA1 of this Project, for which this Deliverable is an
output, provides the necessary base for scientific exchange and transfer of technical
knowledge regarding the ELF hazard assessment, taking into account the experience
and expertise of each partner.

This Deliverable, named “Current Status Assessment”’, includes review and
evaluation of the existing methodologies regarding natural hazard impact assessment.
In addition, modified or appropriately adapted hazard assessment models are also
presented for use in regional scale. In the previous Deliverable of GA1, actions
dealing with the identification of the current status in terms of legislation and state-of-
practice regarding landslide, flood and seismic hazards and their effects on the
environment and on societies were included. By these two Deliverables, a clear
perspective of the current status for the implementation areas and the possibilities to
develop and to implement advanced scientific procedures have been investigated.

1.3 SCOPE AND OBJECTIVES
The scope of GAL can be summarized in the following items:

a. recording of the existing legislation framework in every one of the participant
countries regarding landslide, flood and seismic hazard prevention and management,

b. review of the available bibliography (existing projects, relative publications,
registered events) regarding landslide, flood and seismic hazard at regional and local
scales, which is necessary in order to achieve a common base of data and state of art
and/or practice,

C. evaluation of existing models and methodologies assessing seismic, landslide
and flood hazards in terms of scientific soundness, data demands and credibility of
produced results. Therefore, the aforementioned hazard assessment models will be
modified, adapted, or even new ones may be developed according to the local
conditions in order to assess hazards at a regional scale.

The last item given above is the objective of this Deliverable. The Activities
corresponding this objective are as follows:

1. Evaluation of existing landslide (Al.7), flood (A1.8) and seismic (Al.9)
hazard assessment models in terms of scientific soundness, data demands and
result credibility.
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2. Landslide (A1.7) and flood (A1.8) hazard assessment models used in different
partner countries will be tested / confronted to related hazard events recorded.
Their effectiveness will be evaluated according to the successful assessment of
the hazard in close relation with the nature of data needed to be used as input
or the difficulty / cost to obtain them. Widely accepted seismic (A1.9) hazard
assessment models will be evaluated in the proposed areas of the project, in
order to define the most appropriate; theoretical results will be confronted to
empirical data collected per country, as a consequence of seismic events.

3. Development/modification/adaptation of existing landslide (A1.11), flood
(Al1.12) and seismic (A1.13) models that will be used to assess related hazard,
based on local conditions and needs of the proposal. Landslide hazard will be
examined for both, excessive hydraulic and seismic conditions, at a regional
scale on the areas proposed for implementation. Flood and seismic hazard will
be examined at a regional scale on the areas proposed for implementation.
Strong motion parameters, necessary for assessment of seismically induced
landslides will be calculated.

As a result of these Activities, Development, modification and appropriate adaptation
of scientifically sound and reliable methodologies in order to support decisions and
strategies about preventive measures against seismic, landslide and flood hazards are
expected as outputs.

1.4 RELATED DOCUMENTS

141 INPUT

List of former deliverables acting as inputs to this document

Document 1D Descriptor

1. 1" Progress Meeting Report (GA 5. Management and
Coordination, Activity A 5.4)

2. D.4.01: 1% Workshop Minutes

3. D.1.01: Current status assessment - legislation and

bibliography review

1.42 OUTPUT

List of other deliverables for which this document is an input.
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Document 1D Descriptor

1. D.2.02. Geodatabase development

2. D.2.03. WebGIS Development / Update and completion of
geodatabase

3. D.3.01 : Results from seismic, landslide and flood hazard

assessment coming from regional implementation of
adopted methodogies
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2 INTRODUCTION

The Deliverable is an output to the Activities: 1.7, 1.8, 1.9, 1.11, 1.12, and 1.13 of
Group Activities 1 of the Project.

In the following chapters, the evaluation of existing hazard assessment models (for
landslide, flood and seismic hazard, respectively), and modified or appropriately
adapted hazard assessment models for use in regional scale will be presented.
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3 LANDSLIDE SUSCEPTIBILITY AND HAZARD ASSESSMENT
METHODS AND SELECTION OF MODELS FOR IMPLEMENTATION
(ACTIVITIES A1.7 & A1.11)

3.1 INTRODUCTION

During the past years, climatic change in many countries worldwide brought in
unpredictable rainfalls. If the devastating effect of earthquakes is added to the rainfalls
and is combined with the mountainous nature of regions across the wider Black Sea
area, it is rather easily conceived that landslides might become a serious threat for
urbanized areas and infrastructure (lifelines, motorway and road axes, dams, etc).

As it seems to be the case for most of the involved in the project countries, little has
been done in terms of Integrated Landslide Hazard Assessment and its modelling
Practices. Actually, as is evident by relevant literature, there is no coordinated and
organized methodology in terms of Landslide Hazard on a national level.

On the other hand, a considerable number of scientific efforts in terms of diploma
undergraduate and graduate theses, National and European research projects and
engineering projects deal with the subject of landslide vulnerability, landslide hazard
assessment, landslide risk assessment and mitigation measures. The multitude of
proposed methodologies and methods for assessing landslide hazard, even though it
proves the increasing interest on the subject, it is also an index of heterogeneity and
highlights the need for harmonization.

Authorities and decision makers need maps depicting areas that are prone to sliding
and may be seriously affected by landslides; they also need practical, reliable and user
friendly methods in assessing landslide susceptibility, hazard and even risk. Several
institutions and scientific societies have proposed guidelines for the preparation of
landslide hazard maps (i.e. OFAT, OFEE, OFEFP 1997; GEO 2006; AGS 2007; Fell
et al 2008a, b); the common goal of all the above guidelines is the use of a unified and
harmonized terminology and the need to highlight the most important data needed to
prepare the relevant hazard maps at regional scales, to guide practitioners in their
analyses, and to assist decision makers and authorities in making up their mind in a
rational way, regarding infrastructures and urbanization. However, methods used and
implemented to this end, not only differ from country to country, but might also
diverge significantly within the same country (Corominas et al., 2010; 2013).

The risk for a single landslide can be expressed as follows (Corominas et al., 2013):

R:P(Mi)*P(Xj/Ml.)*P(T/Xj)*VU.*C 1)
where, R is the risk due to a landslide of magnitude M;, on an element at risk at a
distance X from the landslide, P(M;) is the probability of occurrence of a landslide of
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magnitude M;, P(X;/M;) is the probability of a landslide reaching a point located at a
distance X from the landslide source with an intensity j, P(T/X;) is the probability of
an element being at the point X at the time of occurrence of the landslide, Vj; is the
vulnerability of the element to a landslide of magnitude I and intensity j, and finally,
C is the value of the element at risk.

As it can be seen in Eq. (1), three basic components appear for the assessment: the
hazard, the exposure of the element at risk and its vulnerability.

In our case, it is obvious that we are only interested in the first component; landslide
hazard is characterized by both its intensity (severity of the hazard) and its probability
of occurrence. In fact, the determination of the temporal occurrence of a same type of
landslide at the same location is a critical issue in landslide hazard assessment. A
critical prerequisite to this end is a well developed landslide inventory map, not only
with spatial variability but also with a temporal one. Unfortunately, there is a lack of
such data in many countries, thus preventing the application of a quantitative
determination of the probability of a slope failure or a landslide reactivation within a
defined time lag. Despite this limitation, it is necessary to make decisions regarding
landslide hazard, or even landslide risk, based solely on the spatial distribution of
existing or potentially existing landslides. This is based only on the landslide
predisposing factors, and this is a susceptibility analysis. Significant efforts have been
made to develop procedures for preparing landslide hazard maps from susceptibility
maps.

Landslide hazard assessment depends seriously on the event-based landslide
inventories, which are inventories of landslides caused by the same triggering event.
If we link landslide distribution to the temporal probability of the triggering event, it
IS possible to carry out a magnitude frequency analysis.

3.2 LANDSLIDE ZONING AT DIFFERENT SCALES

Landslide zoning is the division of land into homogeneous areas or segments and their
ranking according to their actual or potential landslide susceptibility, hazard or even
risk. The developments on landslide zoning till the end of the decade 1990-2000, are
well described in Ho et al. (2000) and Wong (2005), whereas more recent
developments can be found in the Australian Geomechanics Society (AGS 2000,
2007), Nadim et al. (2006), Hong et al. (2007), JTC-1 Guidelines (Fell et al., 2008a)
and Corominas et al. (2013).

Landslide zoning as a process which leads to a respective outcome can be classified
into: a) landslide inventory maps, b) landslide susceptibility zoning maps, c) landslide
hazard zoning maps and d) landslide risk zoning maps. The current practice in Europe
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(Corominas et al., 2010, 2013) proved that scale landslide zoning maps required by
state and local authorities might greatly differ from country to country, depending
upon input data and methods used, as well as, the provided output. Bearing in mind
the aforementioned and that landslide zoning might also be of use for land developers
and developers of major infrastructure, the most common zoning maps are
summarized in Table 3.1, hereafter. Table 3.1 also provides landslide hazard
descriptors to be considered in zoning, according to the scale chosen.

Table 3.1: Examples of hazard descriptors for dealing with potential landslides at
different scales of work (Corominas et al., 2013)

Scale of work Runout [(M)/F* Hazard descriptor
National Not Not No. of landslides/
<1:250.000 included considered administrative
unit/year
Fegional Usually Often a fixed No. of landslides/
1:250.000-1:25,000 not (constant ) klII:.I'I}"L'i:H
included magnitude
value
Local Included Spatially Annual
1:25.000-1:5.000 distributed probability of
magnitude occurrence (or
(intensity) return period) of
a given
magnitude or
intensity
Site-specilic Included Spatially Annual
~1:5.000 distributed probability of
intensity occurrence (or

return period) of
a given intensity

* Intensity (magnitude)/frequency

Regional scale work and zoning maps are usually suitable for planners’ activities in
early phases of regional development projects or for engineers evaluating slope
stability in areas where regional development plans or large engineering projects will
take place. Typical areas to be investigated usually exceed 1,000km? and reach up to
tens or thousands of square kilometres. The local scale zoning is detailed enough to
support slope stability analyses over large areas and combine outputs with runout
analyses. Zoning at a local scale is very sensitive on input data quality and resolution
of the Digital Elevation Model (DEM), thus the input topographic data. The local
scale is often used for statutory purposes and is typically the scale reference for
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planning and implementing urban developments and emergency plans. The local scale
zoning typically refers to areas ranging from 10 to 1,000km? It is also the most
suitable scale zoning in order to classify areas most at risk and prioritize areas where
mitigation works need to be undertaken.

Last, site-specific zoning maps can be used either for statutory purposes and they can
also be used for site investigation, just before the design phase. Size of examined
areas at this scale, typically range from a few to some tens of square kilometres.

3.3 INPUT DATA FOR LANDSLIDE HAZARD ANALYSIS

This section refers to input data necessary for assessing landslide susceptibility and
hazard. Given that the relative to the subject literature is huge, only a summary of the
most used and the most suitable parameters for analyzing the occurrence of different
landslide mechanisms will be given herein. The main input data, necessary for
assessing landslide susceptibility and hazard can be subdivided in the following three
groups: landslide inventory, environmental factors and triggering factors (Soeters and
van Western, 1996; van Western et al., 2008). Of those three groups, landslide
inventory is of great importance, as it gives insight for past landslides, their failure
mechanisms, causal factors, frequency of occurrence, volume of the landslide and
even damages caused.

3.3.1 PARAMETERS CONTROLLING THE OCCURRENCE OF LANDSLIDES

The occurrence of frequency-magnitude of mass movements is controlled by a large
number of factors, divided into two main categories: a) predisposing or intrinsic
factors that contribute to the instability of the slope, and b) triggering or extrinsic
factors.

An indicative, but not exhaustive list of factors controlling landslide occurrence is as
follows: topography, geology, soils, hydrology, geomorphology, land use and
anthropogenic factors, earthquakes and volcanoes, weather and climate.

The large amount of predisposing and triggering factors complicates the analysis of
landslide susceptibility and hazard. The methods, the approaches, the data required
and the scale used, differ considerably from case to case. Data availability, model
complexity and user friendliness and success in predictive capacity are critical points
in order to make a choice for the most suitable model of landslide susceptibility and
hazard. Therefore, it seems rather impossible to provide guidelines on the necessary
data required for landslide hazard analysis, in terms of a well defined list of
predisposing and triggering effects. However, a list (rather indicative, than
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exhaustive) of possible factors to control the occurrence of landslides is given in
Table 2 (Corominas et al., 2013).

Table 3.2: Overview of factors controlling the occurrence of landslides and their
relevance in landslide susceptibility and hazard assessment (R=rockfalls, S=shallow
landsides and debris flows, L=large, slow-moving landslides; Corominas et al., 2013)

Group Parameters Relevance for landslide susceptibility and hazard assessment Type Landslide
aof mechanisms
factor
C T R § L

Topography Elevation, internal Elevation differences result in potential energy for slope movements L] H C H

relief
Slope gradient Slope gradient is the predominant factor in landslides ® ® C C C
Slope direction Might reflect differences in soil moisture and vegetation, and plays an @ cC MM
important role in relation to discontinuities
Slope length, shape,  Indicator of slope hydrology, important for runout trajectory modelling @ C H H
curvature,
roughness
Flow direction and Used in slope hydrological modelling, e.g. for the wetness index L ] M C H
accumulation
Geology Rock types Determine the engineering properties of rock types L] C H C
‘Weathering Types of weathering (physical/chemical), depth of weathering, L] C H H
individual weathering zones and age of cuts are important factors
Discontinuities Discontinuity sets and characteristics, relation with slope directions and @ C M H
inclination
Structural aspects Geological structure in relation to the slope angle/direction L ] H H H
Faults Distance from active faults or widths of fault zones L ] H H H
Soils Soil types Origin of the soil determines its propertics and geometry L] L ¢ H
Soil depth In superficial formations, depth determines the potential movable [ ] L ¢ H
volume
Geotechnical Grain size, cohesion, friction angle, bulk density L] L C H
properties
Hydrological Pore wolume. saturated conductivity, PF curve L ] L H H
properties
Hydrology Groundwater Spatial and temporal variations in depth to groundwater table, perched @ ® L H H
groundwater tables, wetting fronts, pore water pressure, soil suction
Soil moisture Spatial and temporal variations in soil moisture content ® ®# L H H
Hydrological Interception, evapotranspiration, throughfall, overland flow, infiltration, @ ® M H H
components percolation, etc.
Stream network and  Buffer zones around streams; in small scale assessment, drainage L ] L H H
drainage density density may be used as an indicator for type of terrain
Geomorphology Geomorphological Alpine, glacial, periglacial, denudational, coastal, tropical, etc. L] H H H
environment
0Old landslides Material and terrain characteristics have changed, making these L ] M H C
locations more prone to reactivations
Past landslide Historical information on landslide activity is often crucial for L ] Cc Cc C
activity determining landslide hazards and risk
Land use and Current land use Type of land useland cover, vegetation type, canopy cover, rooting L] H H H
anthropo genic depth, root cohesion, weight
factors Land-use changes Temporal variations in land useland cover ® @ M C H
Transportation Buffers around roads in sloping areas with road cuts L ] M H H
infrastructure
Buildings Slope cuts made for building construction ® ® M H H
Drainage and Leakages from such networks may be an important cause of landslides @ @® L H H
irrigation networks
Quarrying and These activities alter the slope geometry and stress distribution. ® ® H H H
mining Vibrations due to blasting can trigger landslides
Dams and reservoirs  Reservoirs change the hydrological conditions. Tailing dams may fail @ @ L H H
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Table 2 continued

Group Parameters Relevance for landslide susceptibility and hazard assessment Type  Landslide
of mechanisms
factor

C T R 5 L

Earthquakes and Seismicity Earthquake magnitude/frequency relations, historical intensity maps ® C C C
volcanoes linked with co-seismic landslide inventories
Fault mechanism Fault locations, fault type, length of fault rupture, buried or exposed, ® ® H H H
distance from fault, hanging wall/footwalls
Vaoleano type Height and composition of voleanic edifice, magma chamber stability @& @® M H H
Voleanic eruption Lateral explosions. collapse of magma chambers, pyroclastic flows, ® ® M H H
types lahars
Weather and Precipitation Daily or continuous data, weather patterns. magnitude/frequency ® C C C
climate relations, IDF curves, rainfall thresholds, antecedent rain. PADF
curves
Temperature Impaortant influence on hydrology and the condition of vegetation. Rapid @ @® H H H

temperature changes, snowmelt, frost-thaw cycles, permafrost

The relevance is indicated as C (crucial), H (highly important), M (moderately important), and L (less important). The type of factor is indicated
as either C (conditioning factor) or T (triggering factor)

3.3.2 LANDSLIDE INVENTORIES

Landslide inventories usually display (or, should display) information on landslide
activity (according to definitions given by Cruden and Varnes, 1996). It is important
to have insight into spatial and temporal frequency of landslides. Therefore, a
quantitative analysis of landslide hazard or risk should start with a well informed
inventory in terms of spatial and temporal variation according to international
statements (i.e. IAEG Commission on Landslides, 1990). Nowadays, an important
number of methods based on remote sensing (Michoud et al., 2010; Stumpf et al.,
2011) are used with success, whilst Google Earth is also a very useful and promising
tool, since it covers many parts of the world with a high-resolution imagery that can
be easily downloaded and be used in combination with a GIS and a high-resolution
DEM, in order to generate stereoscopic images and provide landslide interpretation.

A more detailed analysis on Remote Sensing applications on Landslide Hazard
assessment and disaster prevention is included in the output of Activity A.1.10 and the
respective deliverable.

3.3.3 PREDISPOSING FACTORS

Since topography is an important predisposing factor, as well as its derivatives (slope
steepness, slope gradient, orientation, length, curvature, etc), the use of high-
resolution DEMs is crucial. Nowadays, global DEMs are available from several
sources and they can be derived from various techniques such as differential GPS
measurements, digital photogrammetry (INSAR and LIiDAR).
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Traditionally, geology is another crucial predisposing factor that is taken into account.
It has been suggested that instead of geologic maps with legends focusing in the
lithological stratigraphy of geological formations, it would be much better if geologic
maps were converted into a more engineering geological classification, emphasizing
in the mechanical behaviour of Quaternary (often soils classified in this category
present significant divergence of geotechnical parameters and subsequently,
mechanical behaviour) and rock composition and rock mass strength. Apart from pure
lithological information, structural information regarding geologic planes which
form surfaces of “weakness” (stratification, foliation, joints etc) is important for
landslide hazard assessment. However, attempts to include structural information in
terms of dip direction and dip angle based on field measurements, proved to be less
promising than initially thought, and this has been attributed to the insufficient
number of structural measurements or/and mostly to the complexity of the geological
structure (Ghosh et al., 2010).

When physically based slope stability models are used for landslide hazard
assessment, especially when shallow type landslides are implicated (debris flow,
debris slide), the regolith depth or soil depth according to engineers is of critical
importance (soil depth is defined as the depth from free surface to a rather
consolidated material). Even though it is considered to be a major predisposing factor,
affecting seriously landslide modelling, it has the obvious draw-back that it presents
an important spatial variability which a lot of times is neglected (especially in small
scales), as it is given a constant value per land unit, which it can be considered as an
over simplification of real conditions (Bakker et al., 2005; Bathurst et al., 2006;
Talebi et al., 2008). Soil thickness can be modelled using physical based models that
take into account the rates of denudation, weathering and accumulation, or empirical
methods that correlate it with topographical factors, such as slope Tsai et al., 2001;
Van Beek, 2002; Catani et al., 2007). On top of inaccuracies implied by large spatial
variability of the soil depth, as well as, from geotechnical and other hydrological
parameters, measurement accuracy and temporal variability, are two more sources of
errors for slope hydrology and stability (Kuriakose et al., 2009).

Geomorphological maps are of a considerable interest for physically based models,
since they show land units based on their shapes, materials, processes and genesis.
However, do to the lack of standardization there are no widely accepted legends for
geomorphological maps, and moreover a lot of countries do not have compiled such
maps at all. Therefore, this parameter is often neglected.

Land use is considered to be a stable (unchanged) factor of landslide hazard
assessment studies. This is obviously not true, and a significant effort has been
undertaken to quantify the effect of land use modifications on landslide susceptibility
assessment (Glade, 2003). For physically based models it is quite important to have
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temporal land-use and land-cover maps and to correlate temporal variations to
mechanical and hydrological parameters implicated in landslide modelling. Despite
the fact that a number of recent studies have proved the above, it is quite difficult to
obtain this information and thereof it is of limited practical use for the time being.

3.3.4 TRIGGERING FACTORS

This is another set of important input data for landslide hazard assessment. Rainfall
and temperature data can be gathered from different meteorological stations in the
broader area of interest. Then, by means of interpolation, values are derived at
different points of interest. If dates of landslides that occurred in the past can be
correlated to precipitation indicators, it is possible to establish rainfall thresholds
which have triggered landslides. As is obvious, accurate and reliable data regarding
rainfall prediction are useful and promising in landslide hazard assessment studies.

Physically based models for landslide susceptibility can incorporate rainfall data as a
dynamic input of the model, and offer the opportunity for creating landslide
susceptibility maps dependent on climate changes in the future. If this is easily
conceived for rainfall and precipitation triggered landslides, it is more complicated to
extend this idea to earthquake-triggered landslide susceptibility, combining possible
earthquake scenarios with precipitation indicators and their associated co-seismic
landslide distributions (Keefer, 2002; Meunier et al., 2007; Gorum et al., 2011). In
order to establish well documented relationships between seismic, geological and
topographical factors, more digital, event-based co-seismic landslide inventories need
to be established at different environments, different earthquake magnitudes, distances
and frequency content.

Another type of approach regarding the production of landslide earthquake-induced
susceptibility maps is based on the use of tools like GIS, which need as input, factor
maps related to shaking intensity (shake maps data), slope gradient, material type,
moisture (or other precipitation factors), slope height and terrain roughness (Miles and
Keefer, 2009).

3.3.5 DATA QUALITY

There is a delicate border between the wish of the existence of an exhaustive
catalogue of reliable and accurate predisposing and triggering factors related to
landslide susceptibility (either rainfall-triggered or earthquake-triggered) and reality,
imposing lack or scarcity of input data and data with a large degree of uncertainty.
Therefore, important problems related to uncertainty, accuracy, objectivity,
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reproducibility of input data can be sources of miscalculation of landslide
susceptibility or hazard assessment models, seriously affecting the output (usually, the
hazard maps produced). The quality of input data for landslide susceptibility and
hazard, is related to a considerable number of factors, such as the scale of analysis, the
size of the examined area, local geology, topography (slope angle), geotechnical and
hydrological parameters, availability and reliability of existing maps, and a lot of
others, not to mention parameters like subjectivity and experience of researchers
dealing with this kind of issues. Landslide databases and inventories are often
incomplete or even biased in terms of spatial and temporal variability of landslides.

3.4 LANDSLIDE SUSCEPTIBILITY ASSESSMENT

Landslide susceptibility assessment must be considered as the first step of a landslide
hazard assessment, but also an output on its own, useful for future land planning or
development; this is usually the case of small-scale maps where data regarding spatial
and temporal variability of landslides that occurred in the past, is incomplete.
Landslide susceptibility maps contain information about the type of landslide that
might occur, as well as their initiation point according to geological, topographical
and land-cover conditions.

A basic assumption of methods used for landslide susceptibility assessment, is that
locations where landslides occurred in the past are indicative of future landslides,
since they maintain the same topography, geology, geomorphology, land use and
climate. It is obvious that for this kind of methods, detailed and well developed
landslide inventories, are necessary. As for the content of susceptibility maps, they
should include:

= Zones with different classes of susceptibility to sliding (it is recommended for
reasons of clarity, that susceptibility classes should not exceed five).

= A well documented inventory of past landslides, so that historic landslides and
susceptibility classes can be directly compared.

= Clear explanations on susceptibility classes with information on expected
landslide densities.

Susceptibility maps must provide a ranking towards spatial probability of landslide
occurrence, but they usually do not provide information on landslide return periods.

In international bibliography a considerable number of methods assessing landslide
susceptibility can be found. A number of papers attempt to review those methods
(Carrara et al., 1999; Dai et al., 2002; Fell et al., 2008a,b). In general, methods for the
landslide susceptibility assessment can be divided into two major categories:
qualitative and quantitative.
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The former include inventory-based and knowledge-driven methods, whereas the
latter, include data-driven and physically based methods.

In knowledge-driven methods, landslide susceptibility maps are prepared by
geomorphologists on site, based on direct observation of phenomena and geological
or geomorphological settings.

Data-driven methods are based on data from past landslides that occurred, in order to
obtain information on relative importance of instability and of triggering factors.
Different statistical methods are applied, in order to learn which combination of
factors play an important role in initiation of a landslide. Those techniques are quite
often used in the case of regional scale landslide susceptibility assessment, provided
that there exists a complete inventory of landslides that occurred in the past and that
factors that triggered landslides are well defined.

Physically based landslide susceptibility assessment methods are essentially based on
modeling the slope failure processes. Implementation of such methods necessitates
considering simple types of landslides and relatively homogeneous geological and/or
geomorphological conditions. A lot of those models are based on the infinite slope
model, being appropriate for analyses of shallow landslides (just a few meters of
depth). Physically based models can also be applied in areas where landslide
inventories are incomplete. If those models are implemented in a GIS environment,
they can help calculate, in every unit of analysis, the requested values based on the
equations incorporated. Results from physically based methods are concrete and
usually present a higher degree of predictive capability. They are considered to be
more suitable for quantitative assessment of landslide susceptibility, as they can
provide quantitative values of slope stability, such as: factor of safety and / or
probability of failure. However, the simplifications needed in order to implement the
above models in a GIS environment, as well the large number of the required accurate
and reliable input data, are major drawbacks for physically based models, especially
when they are applied at regional scales (1:25,000 to 1:250,000).

The selection of the most appropriate method of analysis is a difficult task, as it has to
satisfy both scale requirements, required data and anticipated outputs in terms of
reliability and accuracy, according to the method used. A number of issues have to be
considered to this end:

e Physically based methods used at small scales might imply either important
over-simplifications regarding geotechnical data, or, extremely time
consuming data collection.

e The use of data and of a scale inappropriate for the susceptibility or hazard
problem investigated, may lead to erroneous results.
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e The fact that different type of landslides or other slope instabilities exist and
are controlled by different combinations of triggering or pre-disposing factors,
has to be taken into consideration in the analysis.

e Interference on natural environment, such as construction of a highway /
roadway, a dam, etc might largely affect and subsequently modify landslide
hazard.

3.5 LANDSLIDE HAZARD ASSESSMENT

Hazard assessment aims to determine the spatial and temporal probability of
occurrence of landslides in the target area, along with their mode of propagation, size
and intensity (Corominas et al., 2013). According to Varnes (1984), a well established
definition of landslide hazard refers to the probability of occurrence of a landslide of a
given magnitude. However, it is questionable whether this definition is the most
appropriate or not, since there are a number of cases where large volume creeping
landslides with a low rate of displacement of a few mm/year, barely affects buildings
and infrastructure in terms of structural damage. These mass movements are
considered as an almost negligible threat to people. As opposed to that, a rockfall of
only some hundreds of cubic meters traveling at a speed of some tenths of m/s, can
cause considerable damage to buildings or infrastructure and even human losses. A
more appropriate index to assess landslide destructiveness is “intensity” (Hugr, 1997)
which dependents upon the mechanism of propagation. More specifically, velocity or
kinetic energy, differential or total displacement, impact pressure and other
parameters may be used as an index to “quantify” the intensity of a landslide
according to the mechanism of propagation. On top of the already existing
complications regarding quantification of “landslide intensity”, it must be considered
that it is not an intrinsic characteristic of the landslide, but it also depends on the path,
so, quantification of a landslide’s destructiveness is a demanding task, and
consequently the same stands for a reliable landslide hazard assessment.

Another parameter to account for, when referring to landslide hazard assessment, is
the temporal occurrence of landslides in the examined area, expressed in terms of
frequency, return period or probability of exceedence. Irrespectively of which of the
available ways will be used to assess the temporal distribution of landslides, it is
necessary to use one of them, in order to quantify this parameter.

For landslide hazard assessment maps at a scale less than 1:25,000 the approach of
assessing the probability of occurrence of landslides is traditionally used. Namely, the
following groups of methods may be used:

= heuristic methods based on experts judgments,
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= rational methods which assign a probability of occurrence coupling the
stability analysis to a triggering factor with a known probability,

= indirect approaches such as: the definition of a rainfall or earthquake threshold

= the landslide magnitude-frequency relation

= Frequency-Magnitude relations

The purposes of a landslide hazard analysis determine the methodology used and the
resulting outputs. According to Corominas and Moya (2008), hazard analysis may
have different targets, such as:

= Analysis of areas for regional or local planning; the potential of slope failure
is evaluated at every terrain unit (pixel, cell, polygon, etc); temporal variation
is expressed in terms of number of landslides / per unit area or per year or as a
probability of exceedence.

= Linear analysis for infrastructure and linear facilities (e.g. motorways,
railways, pipelines ...) with a linear layout. The hazard analysis usually
focuses on the landslides that affect or might affect the linear type
infrastructure.

= Object-oriented landslide hazard analysis which is performed at specific sites.

Landslide runout models are not considered in short-displacement landslides, as these
remain close enough to their initiation zone; in this case, hazard assessment mapping
includes the potential for slope failure, but landslide intensity is not calculated.

Regional and national scale maps, hazard analyses are non-spatially explicit, as slope
analyses and runout models are not accurate enough. Therefore, hazard assessment in
any case, can be considered as partially completed, given that intensity is not taken
into account.

Combination of spatially distributed hydrological and stability models can be used in
regional or local scale analyses, in order to calculate the probability of landslide
occurrence in a land unit. Landslide hazard is expressed as the conditional probability
of slope failure once a triggering factor for landslide occurs.

The factor of safety for the slope is computed at each terrain unit using an infinite
slope stability model, where probability of failure is expressed as the annual
exceedance probability of a critical rainfall event (Savage et al., 2004; Salciarini et al.,
2008). For earthquake-induced failures, a probabilistic hazard assessment analysis,
based on regional or local attenuation relations, can be used in order to determine the
peak ground accelerations (PGA) for different return periods and the stability of
slopes subjected to earthquakes are examined based on pseudo-static stability analyses
(Dai et al., 2002).
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As a conclusion, it seems that most of the time, researchers have to face a
counterbalance between well advanced and complete landslide susceptibility and
hazard models, with strict requirements in terms of input data (predisposing and
rainfall or earthquake-triggering factors) and reality, where incompleteness (not to
say, inexistence in a lot of cases) of reliable, certain and accurate input data is often
the case.

As a general rule, data availability is a crucial, often a decisive parameter, in selecting
the appropriate model to assess landslide hazard and risk.

The problem of lack of accurate and reliable data has already been faced during the
implementation of this project, where no landslide inventories are available in almost
all of the involved countries and moreover, data even if found have no additional
information (meta-data) so they cannot be evaluated in terms of reliability and
accuracy.

Moreover, the harmonization of methodologies used to assess any type of hazard,
defines up to a certain point the complexity of the model, which can be adopted. A
landslide hazard assessment model, in order to be applied over the entire Black Sea
area as in this case, has to be flexible/adaptable to local conditions, it’s data
requirements must be covered by the intersection of the partner countries available
data sets, and the results it produces must be reliable and accurate enough to be used
for locating at a regional scale, landslide prone areas with a high level of hazard.

A review of available landslide hazard assessment models, many of which have
already been used in the area must be made in order to select the most appropriate
one(s) to propose for use throughout the Black Sea area for assessing landslide
hazard. The qualified model must be, at a next stage, evaluated by applying it in pilot
implementation areas in order to compare its results with actual facts.

The goal of this action is to evaluate the methods currently used in the countries of the
Black Sea Basin for landslide hazard assessment at regional scales (from 1:250,000 to
1:25,000) and subsequently to adapt, modify, or even improve them, according to
available regional data.

An effective solution to that end, is to finally select one or two LH assessment
methods that can fulfil a number of requirements: a) they need to be easily adapted to
local conditions and be applied across the entire Black Sea area, b) they need to
provide reliable and accurate enough results to support decision making regarding
planning prevention measures at a regional scale and especially to provide “hot spot”
detection; i.e. areas prone to sliding where risk assessment and detailed studies on a
local scale should be carried out if necessary; c) the entire proposed procedure must
be applicable by stakeholders, meaning Public State and Local administration
employees, young researchers and in general, all people involved in LH assessment
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who could work together to tackle the problem in their respective areas of interest,
and d) if possible, provide the necessary tools for LH hazard assessment, preferably
freeware, or at a relatively low cost and a satisfactory degree of friendliness in their
use so that implementation by a higher number of people, can be promoted.

Some aspects of the process have been considered; model data requirements versus to
data availability, accuracy, completeness and reliability; anticipated results; flexibility
to adapt to local conditions and ability to be applied in all eligible areas of Black Sea
Basin; user friendliness in order to be easily adopted and used by stakeholders
(governmental agencies, central administration, local authorities, educational
institutions, etc).

In order to satisfy the aforementioned parameters, there is a number of steps to be
taken and various factors to be identified: 1. Problem definition; 2. Specification of
the objectives; 3. Study of the available data; 4. Determination of the available
computer/hardware facilities; 5. Specification of social and economic constrains; 6.
Adoption of a particular class of landslide models; 7. Selection of a particular type of
model within the already selected class; 8. Calibration / Adaptation / Modification to
local conditions of the selected model; 9. Performance evaluation of the selected
model; 10. Potential use of the model for prediction purposes.

3.5.1 BASIC CONSIDERATIONS FOR SELECTING THE APPROPRIATE LH
MODEL

Several approaches in terms of assessing Landslide Susceptibility and Hazard have
been presented and applied worldwide. They range from simple and straightforward
engineering approaches to using complex scientific models. However, the final choice
depends on several parameters and on the goals to be met each time. A lot of
discussion has been done between qualitative (knowledge driven) and quantitative
(data driven & physically based) methods. The approach applied in each case comes
as a result of the combination of the following parameters:

= Auvailability of input data

= Cost of the necessary data

= Cost of implementation (including software and hardware costs)

= Adaptability of the method used in different situations

= Complexity of the method used

=  Amount of expertise and special knowledge needed for implementation of the
method used

= Required accuracy and reliability of the output
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3.5.2 INPUT DATA: AVAILABILITY AND COST

Data availability, reliability, cost and format are the basic parameters to be carefully
considered in order to decide upon a method for assessing Landslide Susceptibility &
Hazard. The term “input data”, refers to all possible data requirements including both
geological, hydrologic, topographic, seismic and any other additional thematic maps
and data.

In many cases, landslide historic data (landslide inventory) are difficult to obtain due
to lack of systematic observations and systematic recording of past landslides. Even if
such data sets are available, there is still the question of their cost as usually we face
limited budgets and limited access to field sites. Hydrologic historic data are equally
difficult to obtain as rainfall data are often scarce and not systematic in terms of
temporal and spatial variation.

In the majority of the EU countries, landslide and hydrologic information and datasets
result from a variety of protocols and methods. Therefore, data retrieval and
harmonization is, in most cases complex, time consuming and rather expensive
because there is no central repository where researchers can easily access this kind of
information.

On the other hand, topographic data are easier to obtain but their accuracy and
reliability is always an issue especially in applied research on local or site-specific
scales. The desirable accuracy of the topographic datasets is connected to the extent of
the examined area and the scale of implementation. When dealing with large areas,
regional scale data may be obtained from satellite images, aerial photography with
photogrammetric interpretation and/or from digitizing of maps of proper scale. When
it comes to local scale where accuracy and levelling are mostly needed, topographic
data must be obtained from field surveying and/or from digitizing of topographic
maps of a large scale (greater than 1:1.000. The topographic data needed are usually
vector-based data.

In most cases, geological data are needed and can be obtained from geological maps
by digitizing. The same applies for land cover and land use where information may be
extracted from relevant maps, field observations and EU Organizations, such as the
Joint Research Centre (http://ec.europa.eu/dgs/jrc/).

A method, no matter how sophisticated and complete it can be, cannot be applied if its
data requirements necessitate time and money consuming conditions.

Data availability has already been recognized by the EU Commission as an important
part of the “information gap” and plays a restrictive role in the adoption of methods to
assess natural hazards throughout Europe. Selection of data is maybe the most
challenging part of the whole process.
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The data cost depends on the extent of the examined area, on data availability and on
the desirable accuracy of the results. Although datasets are more available now than
previous years, it still remains a serious budget issue for numerous reasons; existing
datasets are not always available or are expensive to be purchased, their production is
expensive, experts are needed, data production is time consuming and thereof, costly.

Improved and new data collection methods are promising in terms of accuracy and
cost reduction in the future, as is LIDAR and InSAR techniques, most useful tools for
landslide inventory mapping and monitoring using remote sensing (Van Den
Eeckhaut et al., 2009; Razak et al, 2011; Jaboyedoff et al., 2012; Farina et al., 2006).

Open Data Initiatives can greatly help research, because they reduce time consuming
procedures and costs, simplifying thus implementation of methodologies regarding
Natural Disaster mitigation issues.

3.5.3 COMPLEXITY OF THE METHOD USED

Landslides may be described and modelled by using different methods. These
methods often require a certain number of assumptions to develop governing
equations. Simple landslide modelling methods are fairly sufficient to assess landslide
susceptibility under static (hydraulic) and seismic conditions, as well as, landslide
hazard assessment. It is evident that more complex and advanced models including an
important number of parameters and necessitating a serious number of data result in
more accurate results. The question always raised is whether this time and cost
consuming methods would offer a substantially different zoning map regarding
landslide susceptibility and hazard assessment at a regional scale that would allow
Decision Makers to make better decisions regarding landslide risk mitigation
measures.

From a purchasing cost reduction perspective, there is a number of available for free
software (freeware) including: Quantum GIS and SAGA GIS as the GIS platforms to
implement regional Landslide Hazard assessment and open source software for slope
stability analyses including the following:

1. STB. Software dedicated in the stability analysis of slopes. The software
uses Bishop’s simplified method for calculating of the safety factor of a
circular slip surface. The safety factor of a slope is determined by
comparing the moment of the weight of a soil wedge about the center of a
slip circle, with the resisting moment provided by the shear stress along the
slip surface. The software also allows for a possible horizontal body force,
to simulate the effect of an earthquake.
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2. PSLOPE, which can be used for two-dimensional slope stability analysis.
It has the ability to analyze both a single user-defined non-circular failure
surface and to search for the minimum non-circular failure surface. It
calculates safety factors for circular and non-circular slope failure surfaces,
using a number of widely used limit equilibrium analysis approaches such
as the Bishop, Janbu, Carter’s and Mongenstern-Price.

3. DLISA. It is a 25 years old software program that works in MS-DOS
environment without model simulation ability. The user cannot define the
geometry of the slope (just only its depth). It just calculates the factor of
safety with the deterministic way. It can also calculate the necessary root
cohesion when the desirable safety factor is known.

3.5.3.1 Expertise/ Special knowledge required

Expert users are in most cases needed in LHA methods. A combination of geological,
geotechnical, hydraulic, seismological, CADD and GIS knowledge would be an ideal
combination to deal with LHA issues at a regional or local scale. It is clear that a
broad area of knowledge at different topics is needed and it is not easy to be met by
one single user. Maybe a combination of two users, closely collaborating could offer
best results. Anyhow, the user(s) should choose a method for Landslide Susceptibility
Analysis (LSA) & LHA that best meets the needs in relation to his/her knowledge and
ability to comprehend fundamental concepts. A more accurate but more complex
method is of no use if the users can not apply it correctly; on the opposite, its use by
non expert users increases the risk of leading to erroneous results. In any case, at least
a minimum level of expertise is required to implement landslide susceptibility and
hazard assessment methods. On the other hand, the use of a fairly simple method in
terms of implementation, combined with the presence of readily available data,
references, guides and tutorials can support any user interested in using that method to
provide reliable and accurate enough results for screening purposes. In such a case,
areas of interest are limited to those which present a high level of landslide hazard
thus reducing the time needed and the cost of required high detailed data because
implementation on a site-specific scale (slope stability analyses) is restricted to those
specific areas.

3.5.3.2 Adaptability and Cost of Implementation

The term “adaptability” refers to the ability of a method to be adjusted or calibrated in
individual and particular cases. A method that is generally more easily adjusted to a
specific project is preferable to one that’s not easily or not at all adaptable. In fact, as
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one of the prime targets of the project is the maximum possible harmonization of
methods and the implementation of the same method, if possible, over the entire area.
Bearing that in mind, methods that cannot easily be adapted to local conditions or
applied in locations across the wider Black Sea area should be excluded.

Methods and models of “limited adaptability” are generally less desirable especially
when dealing with local scale Landslide Hazard Assessment Methods.

The cost of the implementation of a method is in most cases, a combination of data
collection and software purchase which impose a direct cost, but there are additional
parameters which should also be considered as they contribute to the overall cost of
each approach/method indirectly (i.e. if experts are needed the cost rises, if the
method chosen is more complex then it is more time consuming and the cost rises as
well, etc).

Given the economic situation in most countries around the Black Sea, researchers and
even public Services have difficulties in purchasing expensive software. For that
reason the adoption of Open Source software where applicable provides a viable
solution. In such a case, it is absolutely necessary that the selected/adopted software
must meet the requirements in terms of accuracy and reliability of the results it
provides.

As in any case the decision must be based on the methodology to be adopted, in
relation to its data requirements and the provided results/outcomes and the software
(tool) to apply it, in terms of its cost, its user friendliness and the anticipated outputs.

3.5.3.3 Completeness, Accuracy and Reliability

The term of completeness refers to results with respect to their usability for decision
making regarding Landslide Disaster mitigation issues. Methods are classified
according their results completeness into: Low (cover only a few aspects. The use of
additional methods is required); Medium (cover most aspects of the problem. Minor
issues still remain unsolved); High (cover every aspect of the problem).

Accuracy and Reliability are related to the amount and impact of uncertainties and
errors on the outputs of each method. Uncertainties and errors are introduced
throughout the development and the process in every case of any method
implemented. The cumulative effect of uncertainties introduced during data
collection, model development, numerical simulation, post-processing, and theoretical
assumptions, can render results inaccurate and ultimately misleading. In this case,
additional data (statistical, historical, morphological, seismic, hydrological and
geological) must be used to evaluate the results.
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3.5.4 DESCRIPTION, IMPLEMENTATION AND EVALUATION OF LHA
METHODS USED

As already stated in paragraph 3.5, predisposing factors play an important role in
landslide susceptibility and landslide hazard analysis, under both static and/or seismic
conditions. Therefore, the following points are highlighted as being crucial for a
reliable assessment, given the detail dictated by the scale used:

= topographic information and its derivatives (clear need for high-resolution
DEMs)

= geological maps focusing traditionally in lithological and stratigraphical
subdivision need to be converted into an engineering geological classification
with emphasis on Quaternary sediments and rock texture / structure, as well
as, rockmass strength

= structural information is important for landslide hazard assessment; attempts
to incorporate dip & dip direction based on either filed measurements or
geological maps can improve reliability of output, but also depends strongly
on the number of measurements and complexity of structure

= Soil properties in the use of physically based slope stability models for LHA
are key parameters, especially for shallow depth failures. Soil depth, defined
as the depth from free surface down to a consolidated material (also known as
regolith depth)

= Spatial variability is also a crucial parameter, often ignored in landslide
modeling due to lack of appropriate data

= Soil thickness can be modeled throughout physical based methods that model
rates of weathering, denudation and accumulation

Physically based landslide susceptibility and hazard assessment methods are based
on the modelling of slope failure processes. They can be applicable over large areas, if
geological and geomorphological conditions are fairly homogeneous and landslide
types relatively simple. They also apply to areas with incomplete or inexistent
landslide inventories; this is considered as a major advantage for countries with
incomplete landslide inventories, such as the case of Greece.

Most of physically based landslide susceptibility and hazard assessment methods use
the infinite slope model, therefore they are suitable for shallow landslides and this is
one of the reasons why they have been used extensively in Greece. The above models
account for different triggering parameters, such as: rainfall and transient groundwater
response or to the effects of earthquake excitation (Corominas et al., 2013).
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The main advantages and pitfalls of physically based methods for landslide
susceptibility and hazard assessment include:

1. Main advantages
a. They can be easily implemented in GIS environment
b. Results/outputs are more concrete and consistent compared to other
approaches
c. They present higher predictive capability and appear to be more most
suitable to quantify the influence of individual parameters contributing
to shallow landslide initiation
d. Based on slope stability models, they allow the calculation of
quantitative values of stability (safety factor, probability of failure)
2. Main drawbacks
a. Parameterisation can be a difficult task as well as, access to critical
parameters (soil depth, transient slope hydrological processes &
temporal changes in hydraulic properties)

There is a risk of over simplification, since a large amount of reliable input data is
often necessary.

As it appears, the physically based methods for landslide susceptibility and hazard
assessment offer relatively reliable results, their accuracy being dependent on the
amount or available input data, whereas their use is rather well conceived, even by
non experts, but scientific personnel with a minimum of training. It must be pointed
out at this point, that the scope of the present study, within the SciNetNatHaz
project’s scopes, is to select one or two LH assessment methods that can fulfil a
number of requirements: a) they need to be easily adapted to local conditions and be
applied across the entire Black Sea area, b) they need to provide reliable and accurate
enough results to support decision making regarding planning prevention measures at
a regional scale and especially to provide “hot spot” detection; i.e. areas prone to
sliding where risk assessment and detailed studies on a local scale should be carried
out if necessary; c) the entire proposed procedure must be applicable by stakeholders,
meaning Public State and Local administration employees, young researchers and in
general, all people involved in LH assessment who could work together to tackle the
problem in their respective areas of interest, and d) if possible, provide the necessary
tools for LH hazard assessment, preferably freeware, or at a relatively low cost and a
satisfactory degree of friendliness in their use so that implementation by a higher
number of people, can be promoted.

Some aspects of the process have been considered; model data requirements versus to
data availability, accuracy, completeness and reliability; anticipated results; flexibility
to adapt to local conditions and ability to be applied in all eligible areas of Black Sea
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Basin; user friendliness in order to be easily adopted and used by stakeholders
(governmental agencies, central administration, local authorities, educational
institutions, etc).

In order to satisfy the aforementioned parameters, there is a number of steps to be
taken and various factors to be identified: 1. Problem definition; 2. Specification of
the objectives; 3. Study of the available data; 4. Determination of the available
computer/hardware facilities; 5. Specification of social and economic constrains; 6.
Adoption of a particular class of landslide models; 7. Selection of a particular type of
model within the already selected class; 8. Calibration / Adaptation / Modification to
local conditions of the selected model; 9. Performance evaluation of the selected
model; 10. Potential use of the model for prediction purposes.

3.5.5 BASIC CONSIDERATIONS FOR SELECTING THE APPROPRIATE LHA
MODEL

Several approaches in terms of assessing Landslide Susceptibility and Hazard have
been presented and applied worldwide. They range from simple and straightforward
engineering approaches to using complex scientific models. However, the final choice
depends on several parameters and on the goals to be met each time. A lot of
discussion has been done between qualitative (knowledge driven) and quantitative
(data driven & physically based) methods. The approach applied in each case comes
as a result of the combination of the following parameters:

= Availability of input data

= Cost of the necessary data

= Cost of implementation (including software and hardware costs)

= Adaptability of the method used in different situations

= Complexity of the method used

=  Amount of expertise and special knowledge needed for implementation of the
method used

» Required accuracy and reliability of the output

3.5.6 INPUT DATA: AVAILABILITY AND COST

Data availability, reliability, cost and format are the basic parameters to be carefully
considered in order to decide upon a method for assessing Landslide Susceptibility &
Hazard. The term “input data”, refers to all possible data requirements including both
geological, hydrologic, topographic, seismic and any other additional thematic maps
and data.
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In many cases, landslide historic data (landslide inventory) are difficult to obtain due
to lack of systematic observations and systematic recording of past landslides. Even if
such data sets are available, there is still the question of their cost as usually we face
limited budgets and limited access to field sites. Hydrologic historic data are equally
difficult to obtain as rainfall data are often scarce and not systematic in terms of
temporal and spatial variation.

In the majority of the EU countries, landslide and hydrologic information and datasets
result from a variety of protocols and methods. Therefore, data retrieval and
harmonization is, in most cases complex, time consuming and rather expensive
because there is no central repository where researchers can easily access this kind of
information.

On the other hand, topographic data are easier to obtain but their accuracy and
reliability is always an issue especially in applied research on local or site-specific
scales. The desirable accuracy of the topographic datasets is connected to the extent of
the examined area and the scale of implementation. When dealing with large areas,
regional scale data may be obtained from satellite images, aerial photography with
photogrammetric interpretation and/or from digitizing of maps of proper scale. When
it comes to local scale where accuracy and levelling are mostly needed, topographic
data must be obtained from field surveying and/or from digitizing of topographic
maps of a large scale (greater than 1:1.000. The topographic data needed are usually
vector-based data.

In most cases, geological data are needed and can be obtained from geological maps
by digitizing. The same applies for land cover and land use where information may be
extracted from relevant maps, field observations and EU Organizations, such as the
Joint Research Centre (http://ec.europa.eu/dgs/jrc/).

A method, no matter how sophisticated and complete it can be, cannot be applied if its
data requirements necessitate time and money consuming conditions.

Data availability has already been recognized by the EU Commission as an important
part of the “information gap” and plays a restrictive role in the adoption of methods to
assess natural hazards throughout Europe. Selection of data is maybe the most
challenging part of the whole process.

The data cost depends on the extent of the examined area, on data availability and on
the desirable accuracy of the results. Although datasets are more available now than
previous years, it still remains a serious budget issue for numerous reasons; existing
datasets are not always available or are expensive to be purchased, their production is
expensive, experts are needed, data production is time consuming and thereof, costly.
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Improved and new data collection methods are promising in terms of accuracy and
cost reduction in the future, as is LIDAR and InSAR techniques, most useful tools for
landslide inventory mapping and monitoring using remote sensing (Van Den
Eeckhaut et al., 2009; Razak et al, 2011; Jaboyedoff et al., 2012; Farina et al., 2006).

Open Data Initiatives can greatly help research, because they reduce time consuming
procedures and costs, simplifying thus implementation of methodologies regarding
Natural Disaster mitigation issues.

3.5.7 COMPLEXITY OF THE METHOD USED

Landslides may be described and modelled by using different methods. These
methods often require a certain number of assumptions to develop governing
equations. Simple landslide modelling methods are fairly sufficient to assess landslide
susceptibility under static (hydraulic) and seismic conditions, as well as, landslide
hazard assessment. It is evident that more complex and advanced models including an
important number of parameters and necessitating a serious number of data result in
more accurate results. The question always raised is whether this time and cost
consuming methods would offer a substantially different zoning map regarding
landslide susceptibility and hazard assessment at a regional scale that would allow
Decision Makers to make better decisions regarding landslide risk mitigation
measures.

From a purchasing cost reduction perspective, there is a number of available for free
software (freeware) including: Quantum GIS and SAGA GIS as the GIS platforms to
implement regional Landslide Hazard assessment and open source software for slope
stability analyses including the following:

4. STB. Software dedicated in the stability analysis of slopes. The software
uses Bishop’s simplified method for calculating of the safety factor of a
circular slip surface. The safety factor of a slope is determined by
comparing the moment of the weight of a soil wedge about the center of a
slip circle, with the resisting moment provided by the shear stress along the
slip surface. The software also allows for a possible horizontal body force,
to simulate the effect of an earthquake.

5. PSLOPE, which can be used for two-dimensional slope stability analysis.
It has the ability to analyze both a single user-defined non-circular failure
surface and to search for the minimum non-circular failure surface. It
calculates safety factors for circular and non-circular slope failure surfaces,
using a number of widely used limit equilibrium analysis approaches such
as the Bishop, Janbu, Carter’s and Mongenstern-Price.

6. DLISA. It is a 25 years old software program that works in MS-DOS
environment without model simulation ability. The user cannot define the
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geometry of the slope (just only its depth). It just calculates the factor of
safety with the deterministic way. It can also calculate the necessary root
cohesion when the desirable safety factor is known.

3.5.7.1 Expertise / Special knowledge required

Expert users are in most cases needed in LHA methods. A combination of geological,
geotechnical, hydraulic, seismological, CADD and GIS knowledge would be an ideal
combination to deal with LHA issues at a regional or local scale. It is clear that a
broad area of knowledge at different topics is needed and it is not easy to be met by
one single user. Maybe a combination of two users, closely collaborating could offer
best results. Anyhow, the user(s) should choose a method for Landslide Susceptibility
Analysis (LSA) & LHA that best meets the needs in relation to his/her knowledge and
ability to comprehend fundamental concepts. A more accurate but more complex
method is of no use if the users can not apply it correctly; on the opposite, its use by
non expert users increases the risk of leading to erroneous results. In any case, at least
a minimum level of expertise is required to implement landslide susceptibility and
hazard assessment methods. On the other hand, the use of a fairly simple method in
terms of implementation, combined with the presence of readily available data,
references, guides and tutorials can support any user interested in using that method to
provide reliable and accurate enough results for screening purposes. In such a case,
areas of interest are limited to those which present a high level of landslide hazard
thus reducing the time needed and the cost of required high detailed data because
implementation on a site-specific scale (slope stability analyses) is restricted to those
specific areas.

3.5.7.2 Adaptability and Cost of Implementation

The term “‘adaptability” refers to the ability of a method to be adjusted or calibrated in
individual and particular cases. A method that is generally more easily adjusted to a
specific project is preferable to one that’s not easily or not at all adaptable. In fact, as
one of the prime targets of the project is the maximum possible harmonization of
methods and the implementation of the same method, if possible, over the entire area.
Bearing that in mind, methods that cannot easily be adapted to local conditions or
applied in locations across the wider Black Sea area should be excluded.

Methods and models of “limited adaptability” are generally less desirable especially
when dealing with local scale Landslide Hazard Assessment Methods.

The cost of the implementation of a method is in most cases, a combination of data
collection and software purchase which impose a direct cost, but there are additional
parameters which should also be considered as they contribute to the overall cost of
each approach/method indirectly (i.e. if experts are needed the cost rises, if the
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method chosen is more complex then it is more time consuming and the cost rises as
well, etc).

Given the economic situation in most countries around the Black Sea, researchers and
even public Services have difficulties in purchasing expensive software. For that
reason the adoption of Open Source software where applicable provides a viable
solution. In such a case, it is absolutely necessary that the selected/adopted software
must meet the requirements in terms of accuracy and reliability of the results it
provides.

As in any case the decision must be based on the methodology to be adopted, in
relation to its data requirements and the provided results/outcomes and the software
(tool) to apply it, in terms of its cost, its user friendliness and the anticipated outputs.

3.5.7.3 Completeness, Accuracy and Reliability

The term of completeness refers to results with respect to their usability for decision
making regarding Landslide Disaster mitigation issues. Methods are classified
according their results completeness into: Low (cover only a few aspects. The use of
additional methods is required); Medium (cover most aspects of the problem. Minor
issues still remain unsolved); High (cover every aspect of the problem).

Accuracy and Reliability are related to the amount and impact of uncertainties and
errors on the outputs of each method. Uncertainties and errors are introduced
throughout the development and the process in every case of any method
implemented. The cumulative effect of uncertainties introduced during data
collection, model development, numerical simulation, post-processing, and theoretical
assumptions, can render results inaccurate and ultimately misleading. In this case,
additional data (statistical, historical, morphological, seismic, hydrological and
geological) must be used to evaluate the results.

3.5.7.4 Conclusions

There is a multitude of models and methodologies applied worldwide and in the wider
Black Sea area to assess Landslide Hazard. They provide a variable level of accuracy
and reliability and have also very different data and “infrastructure” requirements. A
list of basic principles was considered in order to select the ‘“appropriate” LHA
methodology to adopt for the SciNetNatHaz project demands. This list contains a
number of factors suggested mainly by the necessities created in real world conditions
regarding applied research implementation. The factors considered include: data
demands (crucial/decisive factor); the adaptability in local conditions; the
complexity/user friendliness (because it needs to be disseminated and used by as
many as possible); the cost of implementation (including software and hardware
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costs) and of course the high accuracy and reliability of the outputs, required for
making informed decisions (decisive parameter).

The current situation in respect to LHA in the participant to the project countries
reveals the drawbacks and necessities that will play a decisive role in the final
Landslide Hazard Assessment model proposed.

The current situation in terms of LHA models used and implementations carried out in
all these countries, follows in the next chapters.
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3.6 GREECE

3.6.1 INTRODUCTION

Landslide hazard (LH) is a real threat for Greece, especially in the mountainous part
of it. Landslides usually occur in mountainous areas with a pronounced topography
relief, geological formations prone to different kinds of sliding and triggering factors
usually related to rainfall or earthquake events. As already mentioned in the previous
paragraphs, even though an important number of different methods regarding
landslide susceptibility and hazard assessment are used in a European or universal
scale, a relatively small number of them have been used in Greece, according to the
scope of the work, the scale used, the completeness, quality, accuracy and reliability
of existing data, and in relation to the predisposing and triggering factors. The
economic cost and the time consuming procedure to collect the necessary data, are
often an important obstacle to overcome. If to the aforementioned, the degree of
perplexity regarding the predisposing and triggering factors implicated in the
occurrence of a landslide, as well as, spatial and temporal variation issues are added,
then it is understandable why only a very limited number of landslide hazard
assessment studies have been undertaken at a regional or even at a local scale, not
only in Greece, but also in the wider area of Black Sea.

3.6.2 DESCRIPTION, IMPLEMENTATION AND EVALUATION OF METHODS
USED IN GREECE

As already stated in paragraph 3.5, predisposing factors play an important role in
landslide susceptibility and landslide hazard analysis, under both static and/or seismic
conditions. Therefore, the following points are highlighted as being crucial for a
reliable assessment, given the detail dictated by the scale used:

= topographic information and its derivatives (clear need for high-resolution
DEMs)

= geological maps focusing traditionally in lithological and stratigraphical
subdivision need to be converted into an engineering geological classification
with emphasis on Quaternary sediments and rock texture / structure, as well
as, rockmass strength

= structural information is important for landslide hazard assessment; attempts
to incorporate dip & dip direction based on either filed measurements or
geological maps can improve reliability of output, but also depends strongly
on the number of measurements and complexity of structure

= Soil properties in the use of physically based slope stability models for LHA
are key parameters, especially for shallow depth failures. Soil depth, defined

Deliverable-No. D.01.02 Final Versions
Issue: 1.04 Date: 17 February 2015 Page: 58 of 473



)
Black Sea JOP, “SCInet NatHaz” ( KJ
Current Status Assessment Scitiet Natlaz

as the depth from free surface down to a consolidated material (also known as
regolith depth)

= Spatial variability is also a crucial parameter, often ignored in landslide
modeling due to lack of appropriate data

= Soil thickness can be modeled throughout physical based methods that model
rates of weathering, denudation and accumulation

Physically based landslide susceptibility and hazard assessment methods are based
on the modelling of slope failure processes. They can be applicable over large areas, if
geological and geomorphological conditions are fairly homogeneous and landslide
types relatively simple. They also apply to areas with incomplete or inexistent
landslide inventories; this is considered as a major advantage for countries with
incomplete landslide inventories, such as the case of Greece.

Most of physically based landslide susceptibility and hazard assessment methods use
the infinite slope model, therefore they are suitable for shallow landslides and this is
one of the reasons why they have been used extensively in Greece. The above models
account for different triggering parameters, such as: rainfall and transient groundwater
response or to the effects of earthquake excitation (Corominas et al., 2013).

The main advantages and pitfalls of physically based methods for landslide
susceptibility and hazard assessment include:

3. Main advantages
a. They can be easily implemented in GIS environment
b. Results/outputs are more concrete and consistent compared to other
approaches
c. They present higher predictive capability and appear to be more most
suitable to quantify the influence of individual parameters contributing
to shallow landslide initiation
d. Based on slope stability models, they allow the calculation of
quantitative values of stability (safety factor, probability of failure)
4. Main drawbacks
a. Parameterisation can be a difficult task as well as, access to critical
parameters (soil depth, transient slope hydrological processes &
temporal changes in hydraulic properties)

There is a risk of over simplification, since a large amount of reliable input data is
often necessary.

As it appears, the physically based methods for landslide susceptibility and hazard
assessment offer relatively reliable results, their accuracy being dependent on the
amount or available input data, whereas their use is rather well conceived, even by
non experts, but scientific personnel with a minimum of training.
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3.6.2.1 Landslide Susceptibility under static conditions

An evaluation of some approaches / methods used in Greece in order to assess
Landslide Susceptibility and Hazard at regional scale (1:250,000 to 1:25,000), is
attempted herein. The scope of this chapter is neither the exhaustive description of all
methods used in Greece for LHA, nor the ranking in terms of best or worst; the scope
IS to come up with a method complying at best to the project’s needs, conditions and
requirements.

Given that, there is no well established inventory of landslides in Greece, covering in
a complete way spatial and temporal variation of landslide occurrence, it is easily
conceived that we have to deal with an inherent handicap; therefore we will try to use
methods that are less sensitive to this lack.

Bearing that fact in mind, the methodology proposed by FEMA (USA) also known as
(HAZUS-SR99, 1999) methodology for Landslide Susceptibility under static and
seismic conditions is presented. This methodology presents high adaptability to local
conditions, has low data requirements and provides reliable and accurate enough
results. All of these are facts highly appreciated.

Table 3.3: Landslide Susceptibility of geologic groups under static conditions
(according to the FEMA method — HazUS99-SR2, Technical Manual, Chapter 4-
PESH, 1999)

Geologic Group Slope Angle, degrees
0-10 | 10-15 | 15-20 | 20-30 | 30-40
(a) DRY (Emundwater below level of slidins)

v

40

Strongly Cemented Rocks (crystalline
A | rocks and well-cemented sandstone, None | None I II I\ VI
¢ =300 psf, § =359

Weakly Cemented Rocks and Soils (sandy

B | soils and poorly cemented sandstone, None 111 v \Y VI VII
¢ =0, ¢ =359
Argillaceous Rocks (shales, clayey soil,

C | existing landslides, poorly compacted fills, Vv VI VI IX IX IX
¢ =0¢ =209

() WET (groundwater level at ground surface)

Strongly Cemented Rocks (crystalline
A | rocks and well-cemented sandstone, ¢ | None III VI VII VIII VIII
=300 psf, ¢ = 35%)

Weakly Cemented Rocks and Soils (sandy

B | soils and poorly cemented sandstone, ¢’ =0, A\ VIII IX IX IX X
¢ =35
Argillaceous Rocks (shales, clayey soil,

C | existing landslides, poorly compacted fills, | VII IX X X X X
¢ =0 =209

As demonstrated in Table 3.3, a triple criterion is used for assessing Landslide
Susceptibility in a qualitative and rather crude approximation: a) geologic group, b)
slope angle (deg) and c) hydraulic conditions by means of terms “wet” and “dry”:
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» The geologic groups of the examined area are classified as A, B & C.

= Characterization of groundwater conditions as dry implies that groundwater is
set below sliding level, whilst wet implies that groundwater is set over sliding
level.

= Slope angles (deg) are classified in the following categories: 0°-10°, 10°-15°,
15%-20°, 20°-30°, 30°-40° and >40°

= Geologic groups with null slope angle are not susceptible to slide (None)

Arbitrary scale ranging from | to X level, classifies in a qualitative way areas in a

landslide susceptibility scale, from the less susceptible (class 1) to the most
susceptible to slide (class X).

GREVENA - PANAYA: Landslide Susceptibility
under static conditions

21.50,40.25

Legend
Landslide susceptibility
[ nore

1

[0

T m

C v

v

[ v

v

. x

|:] Residential_area
Road_network
——— Expressway
—— Major Road
—---= Arterial Street

21.2539.75

| 0 5 10 20

Fig. 1. Landslide Susceptibility Assessment under static (hydraulic) conditions based
on FEMA method (scale 1:50,000; area of Grevena-Panaya, SyNaRMa project).
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Because of the conservative nature of the Wilson and Keefer (1985) correlation, an
assessment is made of the percentage of a landslide susceptibility category that is
expected to be actually susceptible to a landslide. This percentage is selected from
Table 4, as a function of the susceptibility categories, based on Wieczorek et al.,
(1985). Zpaipa! To apysio mposievong s avapopas dev Ppédnke. represents the
percentage of the examined susceptible area.
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GREVENA - PANAYA: Percentage of Map Area
having a Landslide-Susceptible Deposit

21.50,40.25

21.2539.75

Legend

Landslide percentage
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Fig. 2: Percentage of map area that will slide having already a landslide — susceptible
deposit (scale 1:50,000; area of Grevena-Panaya, Greece; SyNaRMa project, 2006)
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Table 3.4: Percentage of map area having a landslide - susceptible deposit (Hazus 99-
SR2 Technical Manual, Chapter 4 — PESH)

Susceptibility | o o | 1 | | m | v | v | vi|vo|vin| X | X
Category
Map Area 0.00 | 0.01 | 0.02 | 0.03 | 0.05 | 0.08 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Landslide Susceptibility and Hazard maps produced at a regional scale are usually
based on the following assumptions:

1. Homogeneous geological conditions.

2. All slopes have the same probability of failure.

3. Exact location of failure is not required.

4. All landslides are of similar size.

5. Runout models are not included; or spatial distribution and intensity.

From the aforementioned, it is deduced that a significant number of assumptions
substantially simplifying the complex phenomenon of landslides is used, in order to
come up with a relatively simple and efficient method to assess Landslide
Susceptibility and Hazard. It is our belief that, landslide susceptibility and hazard
maps at regional scale can be improved if “structural” information is added to the M
assumption of the above mentioned. Structural information is related to the
characteristics of low shear strength surfaces in geologic formations as bedding
planes, schistocity and foliation, dip and dip direction of discontinuities/joints and the
presence of faults/fractured zones. Incorporation of the aforementioned basic
structural information in terms of its basic geometric characteristics as location, dip
and dip direction can play a very positive role in increasing the reliability and
accuracy of the landslide susceptibility assessment process.
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Fig. 3: Planar sliding susceptibility of cut and natural slopes. An indicative application
of the planar rock slope failure criterion.

3.6.2.2 Landslide Susceptibility under seismic conditions

Whenever static plus inertia forces developed by a seismic event cause an instant
reduction of the factor of safety below 1.0 within a sliding mass, then an earthquake-
induced landslide occurs. The value of the peak ground acceleration within the sliding
mass required to reduce the factor of safety below 1.0 is specified as critical or yield
acceleration (Ac). This value of acceleration is determined based on a pseudo-static
approach of slope stability analysis. Whenever a part of an accelerogram exceeds the
above critical value, then an earthquake-induced permanent displacement is registered
in a cumulative way. In fact, the smaller the ratio Ac/As is, (Ais: induced acceleration
of a sliding mass), the greater the number and the duration of times that the
downslope movements occur and consequently the bigger the amount of downslope
permanent movements caused.

The induced acceleration, Ajs, represents the average peak acceleration within the
entire sliding mass. For relatively shallow and laterally small landslides, induced
acceleration Ajs, is not significantly different from the surface induced peak ground
acceleration (PGA). For deep and large landslides, As, is less than PGA (surface
induced peak ground acceleration). The deeper and larger the sliding mass, the
smaller the fraction of PGA (no amplification due to topography effects is however
taken into account) which represents A;s. For relatively shallow and laterally restricted
landslides, the induced peak ground acceleration within the sliding mass, is
considered equal to peak ground acceleration: Ais = PGA; whereas for massive, deep
and large landslides, Ajs is considered as part of the induced surface peak ground
acceleration: Aj; = 0.67*PGA.
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According to FEMA’s method, seismic susceptibility for sliding under seismic
conditions, is characterized by: the geologic group, the slope angle and the
underground water table (as in the case of static conditions), plus critical acceleration.
Since characterization of geologic groups already exists in three different categories
(A, B and C: see Table 3.3), wet or dry, and the slope angle can be determined by the
elevation contour lines, then by implementation of the relationship proposed by
Wilson and Keefer (1985), the acceleration needed to initiate slope movement can be
assigned (Fig. 4). Critical acceleration is a crucial parameter and it is a complex
function of slope, steepness, groundwater table, type of landslide and history of
previous slope performance.

In an attempt to avoid calculation of unrealistic landslides for very low slope angles or
critical accelerations, lower bounds are imposed and therefore extrapolation of
relationship is prohibited on both sides (they are only valuable for the range of values
shown in Fig. 4).

0.8 I I

- = m l:';\‘ET} -

™~

Critical Aooel
/

[£2]
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|

A
Fa

20 25 30 35 40 43 50 55
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[
=
—
e

Slope Angls (degress)

Fig. 4: Critical acceleration as a function of geologic group, slope angle and position
of underground water table (Wilson and Keefer, 1985 - (Hazus 99-SR2 Technical
Manual, Chapter 4 — PESH)).

If all the geologic groups at the examined area are considered as dry (i.e. groundwater
table passing underneath the sliding mass), the information of slope angle can be
calculated from the elevation contour lines, then by applying the expressions relating
the slope angle with the critical acceleration per geologic group, always taking into
consideration the upper and lower limits, critical acceleration is obtained (Fig. 5).

The ratios A//PGA (for shallow landslides) and A./Ajs (for deep seated landslides) can
be used as indices for exhibiting landslide susceptibility for earthquake-induced
downhill displacements. As already mentioned above, the smaller the values those
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ratios have below 1.0, the bigger permanent displacements are expected during and
after a seismic event. The range of values between 0 and 1.0 is divided into 4
categories, whereas the range of values >1.0, into 2 categories, as follows:

= Veryhigh: <0.3

= High: 0.3-0.6
= Moderate: 0.6-0.8
= Low: 08-1.0
= Verylow: 10-3.0
= None: >3.0

An example of the above “subjective” qualitative categorization of the ratio, A/PGA,
is outlined in Fig. 6, as an index concerning induced — earthquake displacements of
“shallow” landslides for a seismic hazard of a mean return period of 475 years. For
“deep seated” landslides, the ratio A¢/Ais (Ais = 0.67*PGA) is respectively used as an
index concerning induced — earthquake displacements for seismic hazard of 475 (Fig.
6).
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GREVENA - PANAYA: Critical Acceleration, Ac (g)
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Legend
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Fig. 5: Critical acceleration as a function of geologic group, slope angle and position
of underground water table (Wilson and Keefer, 1985 - (Hazus 99-SR2 Technical
Manual, Chapter 4 — PESH); SyNaRMa project, 2006).
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GREVENA - PANAYA: Landslide Susceptibility under
seismic condition: 475 years Ac/PGA

21.50,40.25

Legend
Landslide Susceptibility

[ High (0.3-0.6)

[ ] Moderate (0.6-0.8)
[ ]Low(0.8-10)
I very tow (1.0-3.0)
[ ] None =3.0)
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Road_network
=— Expressway

Major Road
—---—- Arterial Street

Ac: Critical Acceleration
PGA: Peak Ground Acceleration (g)

21.25,39.75

| [ — (] |

Fig. 6: “Shallow” landslide susceptibility to earthquake-induced displacements, as
specified by the index A/PGA (Ais= PGA) for 475 years return period (SyNaRMa
project, 2006)
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Every point with null slope angle (flat area) is excluded of any susceptibility
assessment and is coloured grey. Two examples are subsequently presented
respectively from the area of Grevena-Panaya (Fig. 6); a mountainous area in western
and northern Greece and of Lefkada Island in lonian Sea (Fig. 7).

A LEFKADA
. Landslide Susceptibility under seismic
conditions: 150 years Ac/PGA .

S

Landslide Susce ptibility Ac/PGA
150 NEHRP

[ High (0.3-0.6)

| Moderate (0.6-0.8)

[ ] tow(0:8-1.0)

B Very Low (1.0-3.0)

[ ] None (>3.0)

«1, Landslide and Rockfalls

[ ] Residential area
Extension

Primary Road Network
———— Secondary Road Network
Coastline

™ Ac: Critical Acceleration
PGA: Peak Ground Acceleration

Km
0 25 5 10 15 20

Fig. 7: Landslide susceptibility under seismic conditions for “shallow” landslides, as
those observed after the seismic event of 14 August 2003 at Lefkada Island. Location
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of earth and rock instabilities observed, are also depicted on the same thematic map
(Papatheodorou et al., 2007)

3.6.2.3 Landslide Hazard Assessment under static conditions

Natural hazard is defined as the probability of occurrence of potentially damaging
phenomena within a specified period of time and within a given area (Varnes, 1984).
Zonation refers to the division of the land in homogeneous areas or domains
according to the degree of actual or potential hazard (Varnes, 1984). Hence, the
proposed models should be able to predict landslide prone areas without any clear
indication when they are likely to take place. So, in this work, hazard is used as a
quantitative estimation of landslide occurrence over a given region, whilst a time
period is not defined in the model, since parameters such as lithology, slope
inclination, structure, and geomorphology are not time dependant and can be
calculated in a deterministic way, by means of a safety factor.

Those models are hybrid models and can be applied at regional or local scales; in
physical based models (or else, geotechnical landslide hazard models), the probability
of occurrence of a landslide is expressed throughout Fs values.

The factor of safety landslide hazard assessment method can be calculated according
to the assumed failure mechanism:

c' tang' m*y  *tang'
* Infinite slope model: F = —+ 2 T & 2 (1)
y*t*sinf  tanf vy * tanf}
where,
0’ effective angle of friction of geomaterial (°)
¢’ :  effective cohesion of geomaterial (kPa)
Y specific weight of geomaterial (kN/m®)
B slope angle (deg)
Tw: specific weight of the water (kN/m?)
t: normal thickness of failure slab (m)
m:  percentage of the water saturated failure slab (%)
rv = ywly (pore pressure ratio)
= Deterministic model for plane landslides: Fs =tane’ / tanp (@)
where,
¢’ effective angle of friction of geomaterial (°)
B: slope angle (deg)
= Deterministic model for circular landslides (Ferentinou et al., 2006):
Deliverable-No. D.01.02 Final Versions

Issue: 1.04 Date: 17 February 2015 Page: 71 of 473



)
Black Sea JOP, “SClnet NatHaz” ( &

Current Status Assessment o L
' tan¢|
Fyg=4.32% ————— [+1.22%(1-r,)* +0.005
v *H *sinf tanf3
©)
where,
0’ effective angle of friction of geomaterial (°)
¢’ effective cohesion of geomaterial (kPa)
H: height of the slope
y:  specific weight of geomaterial (kN/m®)
Yw: specific weight of the water (kN/m?)
B: slope angle (deg)
ry: pore pressure ratio (ry = yw/y)

In the above geotechnical landslide hazard models three basic advantages are added to
the already widely used physically based methods (deterministic methods):

1. The factor of safety is calculated for every single terrain unit of the examined
area, overcoming thus the problem of spatial extrapolation of Fs values,
calculated only for certain slopes on the entire area.

2. The proposed tool is a dynamic tool which enables the user to modify as
necessary the values of the geotechnical parameters, optimizing accordingly
the landslide hazard model and producing landslide hazard maps referring to
the temporal variability of geotechnical and hydrological or even
seismological parameters.

3. Using the determinist model, the user can estimate Fs, assuming circular,
planar or infinite slope failure mechanisms.

The above physically based method using the infinite slope model has been tested in
the area of Magnesia Prefecture, where an important number of ‘“shallow type”
landslides has been recorded on cut slopes with a design inclination vertical :
horizontal = 2:1. An example is presented next, where a thematic map of the safety
factor on a scale 1:50,000 has been compiled for the aforementioned area (Fig. 8), as
calculated via the infinite slope model under static conditions. In Fig. 9, locations
where landslides (including rockfalls) have occurred essentially in cut slopes, are
presented. By a straightforward comparison of 67 sites where landslides occurred and
have been registered, against the calculated safety factor values (Fig. 10) it can be
easily deduced that the landslide hazard map under static conditions has proved to be
really successful as a percentage of almost 85% of the landslides that occurred was
attributed a value of safety factor less than 1.0.
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Fig. 8: Landslide hazard map (area of Magnesia Prefecture; Moutsokapas et al., 2010)
under static conditions for “shallow type” landslides, by calculation of safety factor,
based on the failure mechanism as given by the infinite slope model. The colour scale
is used in order to dissociate values of safet%/ factor, as noted in the memo of the
thematic map. Slope inclination less than 10~ are not considered and consequently
factors of safety are not calculated

According to Eqg. 1, normal thickness of failure slab (t) must be determined as a
function of slope angle, in order to calculate the factor of safety.

Thickness of failure Thickness of failure

slab “” (m) Slope angle (deg) slab “¢” (m) Slope angle (deg)
0 90 - 80 2,5 50 — 40

1,0 80 —70© 4,0 40 —30@

15 709 — 60© 10,0 309 _ @

2,0 60 — 50©
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2:1, at Magnesia Prefecture area (Moutsokapas et al., 2010)
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Fig. 10: Calculation of the factor of safety under static conditions, with
parameterization of the percentage of saturation of the failure slab (m%) for cut slope
inclination v:h = 2:1
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3.6.2.4 Landslide Hazard Assessment under seismic conditions

Two different methods regarding Landslide Hazard Assessment when triggering
factor is an earthquake have been used and tested:

= FEMA method

The FEMA method is based on the landslide susceptibility, the earthquake being
considered to be the triggering factor (§8.3.2). The quantitative approach for LHA is
based on the estimation of the expected permanent ground displacements.

Permanent ground displacements are determined using the following expression:
E[PGD] = E[d/Ais]*Ais*n 4
where,

E[d/Aj] is the expected displacement factor (see Fig. 11)

Aj; is the induced acceleration (in decimal fraction of g’s)

N is the number of cycles (see quation 5)

A relationship between number of cycles and earthquake moment magnitude (M)
based on Seed and Idriss (1982) is expressed as follows:

n = 0.3419M,.° - 5.5214M,,> + 33.6154M,, — 70.7692 (5)

The above method has been tested in the case of the earthquake of Lefkada (M, 6.2,
August 2003). The crucial point in this case is to assess the moment magnitude based
on a reliable seismic hazard scenario. There are various approaches to estimate the
ground motions appropriate for FEMA methodology calculations including the
probabilistic assessment and the numerical modeling technique. The latter approach is
usually applied in areas where lack of strong motion data and empirical predictive
relations exists. In the examined case, there were available strong motion data
recorded during the Lefkada 2003 (M6.2) strong earthquake, and empirical
predictive relationships for Hellas, thus a probabilistic assessment of the seismic
motion could be applied.

Seismic hazard calculations have been carried out for the parameter of peak ground
acceleration (PGA) and for a variety of return periods, ranging from 10 to 1000 years.
Based on this analysis and taking into account the recorded peak ground accelerations
of the mainshock, 330 and 408cm/sec® (the two horizontal components of the
mainshock) at the Lefkada station (Hospital) characterized as soil site conditions, it
was concluded that the specific earthquake of 2003/8/14 (M., 6.2) corresponds
approximately to a seismic event of 100 to 200 years return period (hereafter, mean
return period of 150 years).
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The empirical predictive relationships used, are the one proposed by Skarlatoudis et
al. (2003), the most suitable for Hellas (Greece), according to the latest instrumental
data. Those relationships are as following:

1
log PGA =0.86+0.45M —1.27 ln(R2 + hz)2 +0.10F +0.065 £ 0.286 (6)
log PGA =1.07 +0.45M —1.35In(R + 6) + 0.09F + 0.06S + 0.286 @)
where,

PGA: is peak ground acceleration (cm/sec?),

M : is the earthquake magnitude (4.5<M <7),

R: is the distance from seismic source to the examined site (1 < R(km) <100,

h: is a variable describing the average focal depth,

F: is a variable that describes the effects of focal mechanisms; the F variable

equals 0, 1, 2 for normal, strike and thrust slip faults respectively.

S: is a variable describing site conditions; S=0 for class B, S=0.058 for class C
and S=0.125 for class D (soil classification according to NEHRP, 2000)

Eq. (5) is used when focal depth is known, whereas Eq. (6) is used when focal depth
is unknown.

Therefore, for a known moment magnitude (M), the number of cycles is determined.
In the examined case (Lefkada island), the moment of magnitude corresponding to
150 years is, M150=6.2. Once the induced acceleration within the sliding mass and the
number of cycles are known, then the expected displacement factor is calculated
either as an upper, or a lower bound according to Fig. 10 (Makdisi and Seed, 1978).

According to FEMA method the sites prone to slide and the expected permanent
ground displacements for a seismic event with a mean return period of 150 years
(with use of local GMPEs) have been calculated and have been straightforward
compared to the sites where landslides occured due to the seismic event of August
2003; this comparison is clearly demonstrated in Fig. 12 (Papatheodorou et.al., 2007).
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Fig. 11: Relationship between displacement factor and ratio of critical acceleration
(&) and induced acceleration (aj; = PGA for laterally restricted and shallow
landslides) - (Hazus 99-SR2 Technical Manual, Chapter 4 — PESH)).
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Fig. 12: Comparison of expected peak ground displacements as a result of an
earthquake of a mean return period of 150 years (upper bound) according to FEMA
method on the left part of the figure, with the sites (right part) where landslides
occurred due to the earthquake of August 2003 (M6.2), considered as the earthquake
with a mean return period of 150 years (Papatheodorou et.al. 2007).
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All points with null slope angle (flat) are excluded from the above thematic maps and
no permanent ground displacement is therefore calculated.

=  Modified Newmark method

Newmark’s method models a landslide as a rigid-plastic friction block having a
known vyield or critical acceleration, the acceleration required to overcome frictional
resistance and to initiate sliding on an inclined slope. The analysis calculates the
cumulative permanent displacement of the block, as it is subjected to the effects of an
earthquake acceleration time-history, and the user judges the significance of the
permanent earthquake-induced displacements. Laboratory model tests and analyses of
earthquake-induced landslides in natural slopes confirm that Newmark’s method is
fairly accurate in predicting slope displacements, provided that slope geometry, soil
properties and earthquake ground accelerations are known. Newmark’s method and its
derivatives are relatively simple to apply and provide a quantitative prediction of
landslide inertial displacement that will result from a given level of a seismic motion.

Once the critical acceleration of a landslide has been determined and the acceleration-
time series have been selected, Newmark displacements can be calculated by double
integration of those parts of the strong-motion record exceeding critical acceleration.
Several methods for doing that, either in a rigorous way (Wilson and Keefer, 1983), or
in a highly simplified way, can be found in international bibliography. Albeit the
rigorous approach is a straightforward one, many of its aspects are difficult for the
average user: acquisition of digitized strong-motion data can be time and money
consuming; location of an appropriate recording for the conditions to be modelled is
not always an easy task, whereas, writing of the integration program can also be
problematic for the vast majority of users.

For all the above reasons, a simplified approach for estimating Newmark
displacements might be very helpful. Among different parameters tested, it results that
Arias Intensity (l) and critical acceleration (a;) are well correlated with the expected
Newmark earthquake-induced displacements, via a multivariate regression model of
the following form:

Log Dy~ A*logla + B*a. + C + (8)
where
Dn:  Newmark displacement (cm)

Ia:  Arias Intensity (m/sec),

where 7, = 2£J'[a(;)]2 dr  §:ground acceleration; a(t): time series acceleration
g%

a - Critical acceleration (g)
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A B, C: Regression coefficients, and
o estimated standard deviation of the model

The resulting model has an R?*=0.87 and all coefficients are significant above the
99.9% confidence level:

log Dy~ 1.460*logla — 6.642*a, + 1.546 + 0.409 9)

The model yields the mean Newmark displacement when o is ignored; the variation
(o) about this mean, results from the stochastic nature of the ground motion.
Therefore, two strong motion recordings with identical Arias intensities and for slopes
with the same critical acceleration might produce different Newmark earthquake-
induced displacements. In Fig. 13, Newmark displacements are presented as a

function of Arias intensity and critical acceleration as modeled by the above
regression equation.
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Fig. 13: Newmark displacement as a function of Arias intensity for several values of
critical acceleration as modelled by the regression equation (Jibson, 2007)

Newmark displacements must be considered upon their effect on a potential landslide.
Wiezorec et al. (1985) used 5cm as a critical displacement resulting in ground
cracking and eventually failure of slopes, essentially based on data from California.
Keefer and Wilson (1989) used 10cm as the critical displacement for coherent
landslides in California as well; finally Jibson and Keefer (1993) used the range of 5-
10cm as the critical displacement for initialization of landslides essentially in
Mississippi valley.
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The California Geological Survey provided guidelines (2008) for mitigating seismic
hazard. According to the above, displacements of 0-15cm are unlikely to correspond
to serious landslide movements and damage; displacements ranging from 15 to 100cm
could be serious enough to cause strength loss and initiate slope failure or damaging
landslide movement. As for displacements exceeding 100cm are very likely to
correspond to serious damaging landslide movements.

All the above refer mainly to deep landslides; smaller, shallow landslides are usually
triggered by much lower displacements of the order of 2 to 15cm (Jibson et al., 2000).
Jibson and Michael (2009) used a similar range of Newmark displacements in order to
provide landslide hazard maps of Anchorage in Alaska in a quantitative way: 0-1 cm
(low LH), 1-5cm (moderate LH), 5-15cm (high LH) and >15cm (very high LH).

As it can be concluded, limits regarding critical displacement to cause ground
cracking may differ seriously since they are dependent on the parameters of the
problem to be studied; characteristics of the landslides materials may accommodate
less or more critical displacements, whilst the “failure” is not a universally adopted
notion, often dependant on the needs of the user or the project examined. Also,
predicted seismic-induced displacements do not correspond necessarily to slope
movements in the field; predicted modeled displacements should be rather considered
as an index to correlate with field performance (Jibson et al., 1998, 2000; Rathje and
Bray, 2000). Jibson et al. (1998, 2000) compared the inventory of all landslides
triggered by the Northridge earthquake with predicted Newmark displacements. By
regressing then the results using a Weibull model they managed to calculate a
probability of failure as a function of Newmark displacement (in cm).

P(f)=0335*[1-exp(- 0.048* D] (10)

Equation 6 can be used in any ground shaking conditions to predict probability of
slope failure as a function of Newmark displacement. The above equation resulted
from data coming from the area of California at a regional scale, primarily including
shallow type landslides and debris fall, and so it can be rigorously be implemented in
those types of landslides.

3.6.2.5 Discussion - Conclusions

As in any other case, all LHA models are limited by their restrictive simplifying
assumptions. Newmark’s fundamental assumption is that landslides behave like a
rigid-plastic material; therefore, no displacement occurs below critical acceleration,
whilst displacement occurs at constant shearing resistance whenever critical
acceleration is exceeded. This assumption is reasonable enough for a certain kind of
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landslides and geomaterials, whereas for some other type of landslides and materials
IS not appropriate; therefore, this model certainly does not apply universally for all
type of landslides and geomaterials. For example, some highly plastic, fine-grained
soils behave rather as viscoplastic, than rigid-plastic materials. Newmark’s method
would underestimate the actual displacement because the shear strength loss would
reduce the critical acceleration as displacement occurs. In such cases, the Newmark
displacements should rather be considered as a minimum displacement. In general,
Newmark’s method considers as equal static and dynamic shear strength and ignores
dynamic pore-pressure build-up. Therefore, for highly plastic clays, or organic clays,
silty sands or sandy silts or sands poorly graded in a relatively loose state and when
saturated, static tests are not appropriate and should either be replaced by dynamic
tests, or at least corrected by reducing empirically the static shear strength.

Although Newmark modified method presents a number of positive aspects, the
assessment of Arias Intensity for a region to be studied, remains an important issue
since no GMPEs (Ground Motion Predictive Equations) regarding this ground motion
parameter have been developed in Greece and in most of the rest of the Black Sea
Basin countries.

As it therefore appears, Newmark’s modified method is not suggested as an
appropriate method to define LH with earthquake being the triggering factor and
given the availability and reliability of data, we suggest that FEMA’s method could be
used instead, provided that local GMPEs and probabilistic seismic hazard are
implemented.

As for rainfall / hydrology being the triggering factor, the method of factor of safety
could be used, based on the infinite slope model for planar type landslides and a
deterministic model for circular type landslides.

However, we underline the fact that there are definitely also other approaches that
could be used, depending on the main parameters exposed herein (availability and
cost of input data, cost of implementation, adaptability and complexity of the method
used, expertise needed for implementation, required accuracy/reliability of the output,
scale and scope of the project).

3.6.3 REFERENCES

1. AGS (2000) Landslide risk management concepts and guidelines. Australian
Geomechanics Society. Aust Geomech 35(1):49-92

2. AGS (2007) Guidelines for landslide susceptibility, hazard and risk zoning for land
use management. Australian Geomechanics Society Landslide Taskforce Landslide
Zoning Working Group. Aust Geomech 42(1):13-36

Deliverable-No. D.01.02 Final Versions
Issue: 1.04 Date: 17 February 2015 Page: 81 of 473



n

)

Black Sea JOP, “SCInet NatHaz” ( KJ

Current Status Assessment Bt
3. Bakker MM, Govers G, Kosmas C, Vanacker V, van Oost K, Rounsevell M (2005)

10.

11.

12.

13.

14.

15.

Soil erosion as a driver of land-use change. Agric Ecosyst Environ 105(3):467-481

Bathurst JC, Moretti G, EI-Hames A, Begueria S, Garcia-Ruiz JM (2007) Modeling
the impact of forest loss on shallow landslide sediment yield, ljuez river catchment,
Spanish Pyrenees. Hydrol Earth Syst Sci 11(1):569-583

Carrara A, Guzzetti F, Cardinali M, Reichenbach P (1999) Use of GIS technology in
the prediction and monitoring of landslide hazard. Nat Hazards 20(2-3):117-135

Catani F, Segoni S, Falorni G (2007). Accurate basin scale soil depth modeling and
its impact on shallow landslides prediction. European Geosciences Union General
Assembly 2007, Vienna, Austria. Geophys Res Abstr 9(10828)

Corominas J et al (eds) (2010) SafeLand Deliverable D2.1: overview of landslide
hazard and risk assessment practices. Available at http://www.safeland-fp7.eu/

Corominas J, Moya J (2008) A review of assessing landslide frequency for hazard
zoning purposes. Eng Geol 102:193-213

Corominas j., Van Westen C., Frattini P., Cascini L., Malet J.-P., Fotopoulou S.,
Catani F., Van Den Eeckhaut M., Mavrouli O., Agliardi F., Pitilakis K., Winter M.
G., Pastor M., Ferlisi S, Tofani V., Hervas J.,, Smith J. T., (2013),
"Recommendations for the quantitative analysis of landslide risk", Bull Assoc Eng
Geol Environ 10.1007/s10064-013-0538-8

Cruden DM, Varnes DJ (1996) Landslide types and processes. In: Turner AT,
Schuster RL (eds) Landslides—investigation and mitigation. Transportation Research
Board Special Report no. 247. National Academy Press, Washington, DC, pp 36-75

Dai FC, Lee CF, Ngai YY (2002) Landslide risk assessment and management: an
overview. Eng Geol 64:65-87

Farina P, Colombo D, Fumagalli A, Marks F, Moretti S (2006) Permanent scatters for
landslide investigations: outcomes from the ESA-SLAM project. Eng Geol 88:200-
217

Federal Emergency Management Agency FEMA, (2002), “Technical manual for
HAZUS99”, Service Release 2 (SR2), Potential Earth Science Hazards, pp. 1-65.

Fell R, Corominas J, Bonnard Ch, Cascini L, Leroi E, Savage WZ (on behalf of the
JTC-1 Joint Technical Committee on Landslides and Engineered Slopes) (2008a)
Guidelines for landslide susceptibility, hazard and risk zoning for land use planning.
Eng Geol 102:85-98

Fell R, Corominas J, Bonnard Ch, Cascini L, Leroi E, Savage WZ (on behalf of the
JTC-1 Joint Technical Committee on Landslides and Engineered Slopes) (2008b)
Guidelines for landslide susceptibility, hazard and risk zoning for land-use planning.
Comment Eng Geol 102:99-111

Deliverable-No. D.01.02 Final Versions

Issue:

1.04 Date: 17 February 2015 Page: 82 of 473



)
Black Sea JOP, “SClnet NatHaz” ( &

Current Status Assessment Scittot Nafffaz

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

Fell R, Ho KKS, Lacasse S, Leroi E (2005) A framework for landslide risk
assessment and management. In: Hungr O, Fell R, Couture R, Eberhardt E (eds)
Landslide risk management. Taylor and Francis, London, pp 3-26

GEO (2006) Assessment of landslide risk in natural hillsides in Hong Kong. Report
no. 191. Hong Kong Geotechnical Engineering Office, Hong Kong, p 117

Ghosh S, Gunther A, Carranza EJM, van Westen CJ, Jetten VG (2010) Rock slope
instability assessment using spatially distributed structural orientation data in
Darjeeling Himalaya (India). Earth Surf Proc Land 35(15):1773-1792

Glade, T. (2003) Landslide occurrence as a response to land use change: a review of
evidence of New Zealand. Catena 51 (3-4, 1): 297-314

Gorum T, Fan X, van Westen CJ, Huang RQ, Xu Q, Tang C, Wang G (2011)
Distribution pattern of earthquake-induced landslides triggered by the 12 May 2008
Wenchuan earthquake. Geomorphology 133(3-4):152-167

HAZUS 99 (SR2), Technical Manual, Chapter 4: Potential Earth Seismic Hazard
(PESH), 1999.

Ho KKS, Leroi E, Roberds B (2000) Quantitative risk assessment — application,
myths and future direction. In: Proceedings of the International Conference on
Geotechnical and Geological Engineering (GeoEng2000), Melbourne, Australia, 9-24
Nov 2000, 1:269-312

Hong Y, Adler R, Huffman G (2007) Use of satellite remote sensing data in the
mapping of global landslide susceptibility. Nat Hazards 43:245-256

IAEG Commission on Landslides (1990) Suggested nomenclature for landslides. Bull
Int Assoc Eng Geol 41:13-16

Jaboyedoff M, Oppikofer T, Abellan A, Derron M-H, Loye A, Metzger R, Pedrazzini
A (2012) Use of LIDAR in landslide investigations: a review. Nat Hazards 61(1):5—
28

Jibson RW, Harp EL, Michael JA (1998) A method for producing digital probabilistic
seismic landslide hazard maps: an example from the Los Angeles, California, area.
Open file report. US Geological Survey, Reston, pp 98-113

Jibson RW, Harp EL, Michael JA (1998) A method for producing digital probabilistic
seismic landslide hazard maps: an example from the Los Angeles, California, area.
Open file report. US Geological Survey, Reston, pp 98-113

Jibson RW, Harp EL, Michael JA (1998) A method for producing digital probabilistic
seismic landslide hazard maps: an example from the Los Angeles, California, area.
Open file report. US Geological Survey, Reston, pp 98-113

Jibson, R. W., E. L. Harp, and J. M. Michael (2000) A method for producing digital
probabilistic seismic landslide hazard maps. Eng. Geol. 58, 271-289

Deliverable-No. D.01.02 Final Versions

Issue:

1.04 Date: 17 February 2015 Page: 83 of 473



n

)

Black Sea JOP, “SCInet NatHaz” ( KJ

Current Status Assessment Sl S
30. Jibson, R.W., and Keefer, D.K., 1993, Analysis of the seismic origin of landslides:

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Examples from the New Madrid seismic zone: Geological Society of America
Bulletin, v. 105, p. 521-536.

Jibson, R.W., and Michael, J.A., (2009). Maps showing seismic landslide hazards in
Anchorage, Alaska: U.S. Geological Survey Scientific Investigations Map 3077,
scale1:25,000, 11-p. pamphlet. [Available at URL http://pubs.usgs.gov/sim/3077]

Keefer DK (2002) Investigating landslides caused by earthquakes—an historical
review. Surv Geophys 23:473-510

Keefer, D.K., and Wilson, R. C., 1989, Predicting earthquake-induced landslides,
with emphasis on arid and semi-arid environments, in Sadler, P. M., and Morton, D.
M., eds., Landslides in a semi-arid environment with emphasis on the Inland Valleys
of Southern California: Riverside, California, Inland Geological Society of Southern
California Publications, v. 2, part 1, p. 118-149.

Kuriakose SL, Devkota S, Rossiter DG, Jetten VJ (2009) Prediction of soil depth
using environmental variables in an anthropogenic landscape, a case study in the
Western Ghats of Kerala, India. Catena 79(1):27-38

Makdisi, F. I. and Seed, H. B., 1978. “Simplified procedure for estimating dam and
embankment earthquake-induced deformations”, Journal of the Geotechnical
Engineering Division, ASCE, vol 104, No GT7, July, pp.849-867.

Meunier P, Hovius N, Haines AJ (2007) Regional patterns of earthquake-triggered
landslides and their relation to ground motion. Geophys Res Lett 34(20):L.20408

Michoud C, Abellan A, Derron MH, Jaboyedoff M (eds) (2010) SafelLand
Deliverable D4.1: review of techniques for landslide detection, fast characterization,
rapid mapping and long-term monitoring. Available at http://www.safeland-fp7.eu/

Miles SB, Keefer DK (2009) Evaluation of CAMEL—comprehensive areal model of
earthquake- induced landslides. Eng Geol 104:1-15

Moutsokapas Pr., Papatheodorou C., Margaris B., Klimis N., (2010), " Landslide
hazard pre-vention methods using Geographic Information Systems: method
evaluation and implementation in Magnissia prefecture”, 6th National Conference on
Geotechnical and Geoenvironmental Engineering, Volos, Greece

Nadim F, Kjekstad O, Peduzzi P, Herold C, Jaedicke C (2006) Global landslide and
avalanche hotspots. Landslides 3(2):159-174

OFAT, OFEE, OFEFP (1997) Recommendations 1997: prise en compte des dangers
dus aux mouvements de terrain dans le cadre des activites de I’amenagement du
territoire. OCFIM, Berne,p 42

Papatheodorou C., Klimis N., Moutsokapas Pr., Koutrakis S. and Margaris B., (2007),
"Geotechnical earthquake hazard assessment based on a GIS platform”, Greece 4th
International Conference on Earthquake Geotechnical Engineering, June 25 - 28,
Paper No. 1441

Deliverable-No. D.01.02 Final Versions

Issue:

1.04 Date: 17 February 2015 Page: 84 of 473



n

» )

Black Sea JOP, “SCInet NatHaz” ( KJ

Current Status Assessment Sl S
43. Razak KA, Straatsma MW, van Westen CJ, Malet J-P, de Jong SM (2011) Airborne

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

laser scanning of forested landslides characterization: terrain model quality and
visualization. Geomorphology 126:186-200

Sakelariou M., Ferentinou M., Charalambous S., (2006), An integrated tool for
seismic induced landslide hazards maping In: Agioutantis Z., Komnitsas K. (eds)
First European Conference on earthquake engineering and seismology. Proceeding of
the joint event of 13th ECEE & 30th general Assembly of the ESC. Geneva,
Switzerland, pp 1365-1375

Salciarini D, Godt JW, Savage WZ, Baum RL, Conversini P (2008) Modeling
landslide recurrence in Seattle, Washington, USA. Eng Geol 102(3-4):227-237

Savage WZ, God JW, Baum RL (2004) Modelling time-dependent areal slope
instability. In: Lacerda W, Ehrlich M, Fountoura SAB, Sayao ASF (eds) Landslide
Evaluation and Stabilization: 1X International Symposium on Landslides, Rio de
Janeiro, vol 1. A.A. Balkema, Amsterdam, pp 23-38

Saygili G, Rathje EM (2009) probabilistically based seismic landslide hazard maps:
an application in Southern California. Eng Geol 109:183-194

Soeters R, van Westen CJ (1996) Slope instability recognition, analysis and zonation.
In: Turner AK, Schuster RL (eds) Landslides investigation and mitigation. TRB
Special Report 247. National Academy Press, Washington, DC, pp 129-177

Stumpf A, Malet J-P Kerle N (2011) SafeLand Deliverable D4.3: creation and
updating of landslide inventory maps, landslide deformation maps and hazard maps
as inputs for QRA using remote-sensing technology. Awvailable at
http://www.safelandfp7.eu/

SyNaRMa project (2006-2007) Development of an information system for natural
risk management in the Mediterranean; project co-financed by the European Regional
Development Fund under the EU Community Initiative Programme INTERREG |1l B
ARCHIMED (2000-2006)

Talebi A, Troch PA, Uijlenhoet R (2008) A steady-state analytical slope stability
model for complex hillslopes. Hydrol Process 22(4):546-553

Tsai CC, Chen ZS, Duh CT, Horng FW (2001) Prediction of soil depth using a soil-
landscape regression model: a case study on forest soils in southern Taiwan. Natl Sci
Counc Repub China Part B Life Sci 25(1):34-39

Van Beek LH (2002) Assessment of the influence of changes in land use and climate
on landslide activity in a Mediterranean environment. Ph.D. thesis, University of
Utrecht, Utrecht, p 363

Van Den Eeckhaut M., Reichenbach P., Guzzetti F., Rossi M., Poesen J., (2009),
"Combined landslide inventory and susceptibility assessment based on different
mapping units: an example from the Flemish Ardennes, Belgium", Nat. Hazards Earth
Syst. Sci., 9, 507-521

Deliverable-No. D.01.02 Final Versions

Issue:

1.04 Date: 17 February 2015 Page: 85 of 473



Black Sea JOP, “SCInet NatHaz” (
Current Status Assessment o L
55. Van Westen CJ, Castellanos Abella EA, Sekha LK (2008) Spatial data for landslide

56.

57.

58.

59.

60.

61.

susceptibility, hazards and vulnerability assessment: an overview. Eng Geol 102(3—
4):112-131

Varnes DJ (1984) Landslide hazard zonation: a review of principles and practice.
Natural Hazard Series, vol 3. UNESCO, Paris

Varnes DJ (1984) Landslide hazard zonation: a review of principles and practice.
Natural Hazard Series, vol 3. UNESCO, Paris

Wieczorek GF (1984) Preparing a detailed landslide-inventory map for hazard
evaluation and reduction. Bull Assoc Eng Geol 21(3):337-342

Wieczorek, G. F., Wilson, R. C. and Harp, E. L., (1985), "Map of Slope Stability
During Earthquakes in San Mateo County, California”, U.S. Geological Survey
Miscellaneous Investigations Map 1-1257-E, scale 1:62.500.

Wilson, R. C., and Keefer, D. K., (1985), “Predicting areal limits of earthquake-
induced landsliding, evaluating earthquake hazards in the Los Angeles Region”,
USGS Professional Paper, Ziony, J. 1., Editor, pp. 317-493.

Wong HN (2005) Landslide risk assessment for individual facilities — state of the art
report. In: Hungr O, Fell R, Couture R, Eberhardt E (eds) Proceedings of the
International Conference on Landslide Risk Management. Taylor & Francis, London,
pp 237-296

Deliverable-No. D.01.02 Final Versions

Issue:

1.04 Date: 17 February 2015 Page: 86 of 473



N

» )
Black Sea JOP, “SCInet NatHaz” ( \J
Current Status Assessment Sciet NatHax

3.7 TURKEY

3.7.1 METHODS FOR RAINFALL - INDUCED SLOPE STABILITY ANALYSIS

It is widely known and experienced that rainfall may generate lanslides mainly due to
(1) decrease of the shear strength capacity with saturation, (2) increase of the driving
forces due to seepage. There have been significant research to develop methods in
order to cope with such possible devastating effects of this hazard that each
methodology makes its unique assumptions and imposes certain boundary conditions
depending on the type of problem.

These methods are based on the estimation of that the saturated zones after rainfall
will have the capacity to transmit the incoming water flow. The tranmissivity of soil
may be estimated based on conductivity characteristic of corresponding site with the
help of lithological classification or lab measurements performed on undisturbed
samples. Thus the drainage feature of interested site indicating that how the
subsurface flow occurring after rainfall is transmitted to the downstream based on the
soil transmissivity, hillslope gradient and wetness state, characterized by the base flow
discharge from catchment area. These quantities pertaining to corresponding slope are
employed to assess the hydrological response of soil during rainfall.

The starting point is to develope a criterion so that the topographic features of
hillslope under consideration and drainage characteristic of corresponding soil layer(s)
can be lumped into a dimensionless parameters. There is a nonlinear relationship
between this parameter and saturated areas where chances are available that area of
catchment can be determined. This routine is preliminary analysis allowing one to
focus on saturated areas or those exposed to surface runoff which may be elaborated
by means of detailed slope stability analysis.

There is possibility to establish threshold levels in the context of this method in that
contraction or expansion of saturated areas with respect to different rainfall
magnitudes can be mapped. This means that required improvement on corresponding
waterlogged site may be performed to provide the transmission of percolating rain
water.

3.7.1.1 Method proposed by Mora and Vahrson

The method proposed by Mora and Vahrson (1993) for the prediction of susceptible
zones was based on case studies of slope failures in historic earthquakes and also
those induced by heavy rainfall in Central America. In this method, three factors
relative relief, lithological conditions, and soil moisture were considered as the factors
influencing the susceptibility. In addition two factors, seismicity and rainfall
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intensity, are incorporated as triggering factors. By combining these factors, a degree

of slope failure hazard was defined as follows:
H¢ = Susceptibility * Trigger
HC=(Sr*SC*Sh) *(Ts * Tp)

where,

H, : landslide hazard index (Table 3.11)
St : value of relative relief index (Table 3.5)
S¢ : value of lithological susceptibility (Table 3.6)

(11)

Sh : value of index of influence of natural humidity of the soil (Table 3.7, Table 3.8)

Ts : value of influence of seismic intensity (Table 3.9)

T, : value of influence of rainfall precipitation intensity (Table 3.10)
The slope factor S, is defined based on relative relief Rr = (hpax — hmin)/km?

Table 3.5. Relative relief (Rr) values and their classes of influence in landslide
susceptibility (Mora & Vahrson, 1991)

Relative relief Susceptibility Value S,
0-75 m/km? Very low 0
76-175 Low 1
176-300 Moderate 2
301-500 Medium 3
501-800 High 4
>800 very high 5

Table 3.6. Classification of lithological influence, according to general conditions,

representative for Central America (Mora & Vahrson, 1991)

Lithology Susceptibility | Value S,
Permeable limestone, slightly fissures intrusions, basalt,

andesits, granites,ignimbrite, gneis, hornfels, low degree Low 1
of weather, low water table, clean-rugose fractures, high

shear strength rocks

High degree of weathering of above mentioned lithologies

and hard massive clastic sedimentary rocks; low shear | Moderate 2
strength; shearable fractures

Considerably weathered sedimentary, intrusive,

mgtamorphic, volcanic rocl.<s, compacte.d sandy regolithic Medium 3
soils, considerable fracturing, fluctuating water tables,

compacted colluvium and alluvium
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Considerably weathered, hydrothermally altered rocks of

any kind, strongly fractured and fissured, clay filled; poorly High 4
compacted pyroclastic and fluvio-lacustrine soils, shallow

water tables

Extremely altered rocks, low shear resistance alluvial, Very high 5

colluvial and residual soils, shallow water tables

Each monthly average precipitation value is assigned to an index value as shown in
Table 3.7. It has been observed that the 125mm limit value is representative for the
average monthly potential evapotranspiration (PET) in Central America (Vahrson,
1991). It has also been shown that significant infiltration requires at least 40mm of
rainfall accumulated in ten days, corresponding to 125 mm/month.

Once each month is evaluated, the total of all twelve monthly assigned values has to
be calculated for each analyzed rain gage stations. These values range from 0 to 24.
The total is classified into five groups, as shown in Table 3.8.

Table 3.7. Classes of average monthly precipitation (Mora & Vahrson, 1991)

Average monthly precipitation )
Assigned value
(mm/month)
<125 0
125-250 1
>250 2

Table 3.8. Weighting for annual precipitation (Mora & Vahrson, 1991)

Summation of precipitation averages* Susceptibility Value S,
0-4 Very low 1
5-9 Low 2
10-14 Medium 3
15-19 High 4
20-24 Very high 5
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*summation of the assigned values in Table 3.7 for 12 months

Table 3.9. Influence of seismic intensity (Modified Mercalli Scale) as a triggering
factor for landslide generation (Mora & Vahrson, 1991)

Intensities (MM) Tr=100 years Susceptibility Value T;
1 Slight 1
v Very low 2
\Y Low 3
Vi Moderate 4
Vil Medium 5

Vil Considerable 6
IX Important 7
X Strong 8
Xi Very Strong 9
Xl Exttremely strong 10

Table 3.10. Influence of rainfall precipitation intensity as a triggering factor for
landslides (Mora & Vahrson, 1991)

. . Rainfall
Maximum rainfall
n<10 years: Susceptibility Value T,
n>10 years: T,=100 years

average
<100 mm <50 mm Very low 0
101-200 51-90 Low 1
201-300 91-130 Moderate 2
301-400 131-175 Medium 3
>400 >175 High 4
very high 5
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Table 3.11. Classess of the potential landslide hazards (Mora & Vahrson, 1991)

He Class Susceptibility of hazard
0-6 I Neglible
6-32 Il Low
33-162 I Moderate
163-512 vV Medium
513-1250 \ High
>1250 \ Very high

3.7.1.2 Method Proposed by Montgomery and Dietrich (1994)

Montgomery and Dietrich (1994) attempted to develop a method, bearing on the logic
proposed by O’ Loughlin (1981 — 1986), which is built on the assumption that
topography creates the most detrimental effect on slope stability. It is stated that since
interested areas exhibit themselves as convergent or divergent topographical
structures, it requires to introduce a methodology considering local surface
topography as the primary parameter, and that the water transmission capacity of soil
should be determined to assess whether it is capaple of conducting infiltrated rain
water or not.

As a matter of fact, this routine is dependent on the combination of Darcy’s Law and
infinite — slope stability concept in that elevated groundwater causes related soil mass
to be exposed to failure under rainfall percolation. Therefore, one is supplied with a
chance to generate hazard maps, detecting potential collapse locations, with the help
of both rapid and simpler analysis. To that end, quantitative thresholds are established
to take soil/topographical properties and meteorological conditions of related site into
consideration in order that stability of different types of landshapes can be evaluated.

As stated, topographical effect combined with rainfall infiltration hazard on related
site is extracted from catchment area which is partitioned into topographic elements
consisting of contour lines and flow tubes perpendicular to these contours. Such an
application enables one to derive a parameter, called wetness, which can be given as;
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W = 12
bTsin6 (12)
where,

I, is the net rainfall rate (= rainfall rate)

A, is the upslope area draining across b (Fig. 14)

b, is the lower bound to each element in interested catchment area (Fig. 14)
T, is the soil transmissivity at saturation (Kj, * z * cos0)

0, is the slope angle.

Eq.(12) is achieved by the logic in O’ Loughlin (1981 — 1986) but what is imposed
upon by Montgomery and Dietrich (1994) is to associate this with the location of the
groundwater table. Since wetness parameter is defined as the ratio of local flux at a
given steady state rainfall to that at soil profile saturation, this Eq.(12) is able to be
rearranged as:

KysinBhcos® h
_ X51.n cos® _h (13)
Ky sinBzcos® z

where,

Ky, is the saturated horizontal hydraulic conductivity of soil
h, is the thickness of the saturated soil
z, is the total soil thickness.

This model proceeds with the infinite — slope stability assumption, in which the
limiting state can be recasted as including the wetness parameter;

W= ()l - () @

Ysat, 1S the saturated unit weight of soil,
Yw, IS the unit weight of water,
o, is the internal friction angle of soil.

where,

As can be seen, wetness is able to be computed from Eq. (14)to be substituted into
Eq.(15) provided that if W is obtained as greater than 1, it should be equated to 1, as
the remaining water runs off as overland flow. Hence, the topographic elements are
estimated as unstable if;

5% () omo (532 [1- (5o @9
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Eq. (15) reveals that T/1,, called as infiltration rate after this point, primarily specifies
the wetness state of interested topographic element, thus resulting in the fact that W is
a function of rainfall intensity (I;). In other words, increase in W is essentially
dependent on I, such an extent that if a certain treshold of 1, is exceeded, relevant
element is exposed to instability. Thus, it is more feasible to express Eq. (15) as;

02 (2o (1) - (220

taneg

Yw

Efflux = Qo
Fig. 14: Catchment Area

The Calculation of Parameters in Method Proposed by Montgomery and
Dietrich (1994)

One who intents to adopt this method for rainfall — induced slope — stability analysis
has to compute A, b, z, Ky, Ysat, 0, @ and (I,).. The last parameter, (I,)., can be
extracted from the meteorological measurements but the others depending on
topographical characteristics and governing soil properties of site should be
determined from GIS programs and emprical correlations, respectively. We firstly
begin with the soil properties;

Determination of K

Hydraulic conductivity can in essence be measured both in lab (falling — head or
constant — head methods) and in situ (Augerhole method). In case there are not such
data available, there are empirical correlations based on gradation of soil for granular
soils and Atterberg Limits of cohesive soils which can be used to assess Kp.
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e Hazen’s Formula

Hazen (1892, 1911) improved a formula to compute the hydraulic conductivity, which
is usually applicable for loose, clean sands with a coefficient of uniformity, Dgy/D10,
less than about 2;

K = CyD%, 17)

where

K, is the hydraulic conductivity (cm/sec),

Cy, is the Hazen emprical coefficient,

D10, is the particle size for which 10% of the soil is finer (cm).

Although Eg. (17) has been widely used in engineering applications, it may lead to
errenous results since it is limited to quite narrow particle diameters such as 0.01 cm <
Dio < 0.03 cm. Also, that Eqg. (17) is only constructed on Djo in terms of gradation
parameter restricts the practicability of this relationship, thus resulting in seeking of
another equation. However, if one be in the condition of employing Eq. (17), there is
no harm in applying Eq. (16) to interested soil masses.

e Kozeny — Carman Formula

Kozeny (1927) and Carman (1938, 1956) derived the following relationship that
predicts the hydraulic conductivity of porous media more accurately than Hazen’s

Formula;
K(cm/sec) = (E) (Kl—c) <S_1§> <1e_:e> (18)

where,

v, unit weight of permenant

W, viscosity of permenant

Ck-c, Kozeny — Carman empirical coefficient

So, specific surface area per unit volume of particles (1/cm)
e, void ratio.

Eq. (18) is rewritten as encompassing the related properties of water, thus yielding;

1 e3
K =199« 10*|—=
() (%) @

Measuring So is rather troublesome process in that it is able to be simply estimated
from particle size distribution and particle shape, leading to the equality as;
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K = 1.99 * 10*| (20)

2
100(%) \ 1\/ e
(SF2> <1 + e)
lz DO 4-04- * DO 595]

where,

fi, faction of particles between two sieve sizes
Dy;, larger sieve size

Dsi, smaller sieve size

SF, shape factor, which is determined as 6.0 for spherical, 6.1 for rounded, 6.4 for
worn, 7.4 for sharp and 7.7 for angular.

Also, two important points for Kozeny — Carman Equation should be declared; (1)
This expression is reproduced for granular soils, thus it might not be appropriate for
fine — grained soils. (2) The fact that this formula is not devised as taking anisotropy
into consideration causes Kozeny — Carman Formula to compute only vertical
permeability. However, horizontal hydraulic conductivity (K) is usually greater than
vertical one (K,) such an extent that ratio of Ky/K, ranges from 1 to 10.

Also, Steiakakis et al (2012) demonstrate that Kozeny — Carman Relationship is also
applicable for cohesive with a difference that specific surface (Sp) in Eg. (18) can be
computed by means of a selected Atterberg limit. Chapuis and Aubertin indicate that
specific surface can be associated with liquid limit (LL) such as;

1 1
5, = 13513 (E) —0.00089 (21)

where, Sg, is in m?/g, LL, is in percent. (limited to LL < 60 %)
The second expression is proposed by Steiakakis, et al. (2012);

1 1
g = 6.152 (E) —0.052 (22)

Egs. (21) and (22) are substituted into Eq (19) to calculate the vertical hydraulic
conductivity for cohesive soils, which can be converted into that in horizontal
direction by an assumption of K,/K, ratio.
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Table 3.12: Permeability Ranges for Soils Classified with respect to USCS

Major Divisions Symbol | Name K (cm/sec)
GW W_eII-gradgd gravels _or gravel sand K> 102
mixtures, little or no fines
Gravel Poorly graded gravels or gravel sand 2
d GP . . . K>10
an mixtures, little or no fines
Gravelly
Soils GM Silty gravels, gravel-sand-silt mixtures | K =107 to 10°
Coa.rse B GC Clayey gravels, gravel-sand clay K=10"to 10°
Grained mixtures -
Soils
SW \{Vell—gradeq sands or gravelly sands, K>10°
little or no fines
Sand and
Sandy Sp I?oorly gradgd sands or gravelly sands, K>10°
) little or no fines
Soils
SM Silty sands, sand-silt mixtures K=103t010°
SC Clayey sands, sand-silt mixtures K=10°to 10
Inorganic silts and very fine sands,
ML rock flour, silty or clayey fine sands or | K= 10310 10°®
clayey silts with slight plasticity
Silts and : :
Clays LL < Inorg'a.nlc clays of low to medium . B
50 CL plasticity, gravelly clays, sandy clays, | K=10"to 10
silty clays, lean clays
Fine - oL Organic s',iI.ts and organic silt clays of K=10"to 10°
Grained low plasticity
Soils Inorganic silts, micaceous
MH ordiatomaceous fine sandy or silty | K=10"to 10°
Silts and soils, elastic silts
Clays LL > CH Inorganic clays of high plasticity, fat K =10 t0 10°®
50 clays
OH Organic clays of medium to high K =10 to 10°

plasticity, organic silts

In addition to Steiakakis et al. (2012), Carrier and Beckman (1984) enhanced an
equation, which is said to encompass a wide variety of clay types;
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{e —0.027[(PL) — 0.242(131)]}“‘29

2
K (m/sec) = (1;11 S (23)
where,
e, void ratio
PL, plastic limit

PI, plasticity index

Also, calculated values of hydraulic conductivity for both granular cohesive soils can
be evaluated as whether it stays within the possible range presented in Table 1. As is
known, clays or clayey soils generally possesses such degree of imperviousness that
there is no need for conducting any rainfall infiltration analysis for them. Each soil
layer is thought to be as uniform in site but it is widely accepted that soils may be
exposed to disintegration and may have lower hydraulic conductivity at shallow
depths. To that end, Montgomery and Dietrich (1994) states “The saturated
conductivity of the soil in Marin Country, California, varies from 10-3 m/sec at soil
depths less than 1m to 10-10 m/sec for soil depths between 3 and 4 m”. This logic
gives birth to the presumption of any reasonable value of hydraulic conductivity at
shallow layers.

Calculation of ys: and @

As given in Egs. (14) to (16), the quantification of ys;: and ¢ is needed to proceed
with the calculations of thresholds set forth for selected parameters such as Ab
(contributing area per unit contour length (m)) and/or W (wetness parameter). The
available relationships for this process are presented in an attempt to display the logic
that may be adopted throughout the analysis.

Since Montgomery and Dietrich (1994) is constructed on the condition of local flux at
a given steady — state rainfall, it is of importance to quote the passage given in Holtz
& Kovacs (1981) in order that the role of shear strangth parameters in Montgomery
and Dietrich (1994) Methodology can be grasped more properly; “CD Conditions
(Consolidated — Drained) are the most critical for the long — term steady — seepage
case for embankment dams and the long — term stability of excavations or slopes in
both soft and stiff clays.” Thus, the shear strength of interested soil as a function of ¢
(shear strength angle) within the context of this methodology;

T =0 tan@ (24)
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The expected and most reliable process for attaining shear strenght angle is to perform
lab tests on soil samples but this might not be applicable for always. Thus, it would be
more suitable to estimate either possible ranges of shear strength angles or some
empirical relationships developed for related shear strength parameter as a function of
any given parameter for interested soil layer. Bowles (1996) proposes such ranges for
relevant parameters in Table 3.13.

Table 3.13: Empirical values for ¢, Dr and unit weight of granular soils based on the
SPT at about 6 m depth and normally consolidated soils

Description Very loose | Loose Medium | Dense Very Dense
Relative Density, D, |0 0.15 0.35 0.65 0.85
SPT — N’7: Fine 1-2 3-6 7-15 16-30 |?

SPT —N’70: Medium | 2-3 4 -7 8-20 21-40 | >40

SPT — N’7o: Coarse 3-6 5-9 10-25 |26-45 | >45

¢: Fine 26 - 28 28—-30 [30-34 |33-38

¢: Medium 2728 30-32 | 32-36 36 — 42

¢: Coarse 28 - 30 30-34 |33-40 |40-50

Ywet (kN/m3) 11-16 14-18 |17-20 17-22 | 20-23

In the first place, relative density (Dr) is calculated for different depths by employing

N'go Values such as; (Skempton, 1986)

Neo _ 32 + 0.288P/ (25)
Dz ' 0

or Yoshida et al., 1988
Dy = 25(Py) 7012 x (Ngg)4° (26)

where,

Py, is the overburden pressure

D,, is the relative density
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Ngo is the SPT blow count normalized to 60% hammer energy

After that, shear strenght angle can be estimated based on Mayerhoff (1959) as;
@ =28+ 0.15 D, (%) (27)

In cohesive soils, as identical to Holtz & Kovacs (1981), Skempton (1964) points out
the pore pressure condition in clays slopes in that residual shear strength, ¢, (or
residual shear strength angle) is suggested in order that compatibility is provided
between back — calculation results of occurred landslide and that obtained from site
observations for given event. For both NC and OC clays, the residual strength is
thought to be in the same form of Eq. (24), thus resulting in the computation of ¢, by
using Eq. (24), (Residual shear strength angle). There are quite a few relationships
proposed for finding residual friction angle with respect to any selected parameter,
generally one of the Atterberg Limits for cohesive soils. Kanji (1974)’s Correlation
was constructed on Plasticity Index (Ip), which is applicable for normal stresses
ranging from 10 to 350 kPa; (Fig. 15.

46.6
Pr = J0416 (28)
p

@, vs. |, (%)

50
40 \\
30
S N
T ——
10
0

0 5 10 15 20 25 30 35 40
I, (%)

Fig. 15: @, with respect to I, (Kanji, 1974)

In addition, Cancelli (1977) also provided the following relationship, where LL
(Liquid Limit) is in percent; (

453.1

¢r = L1085 (29)
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@, vs. LL (%)

50 \
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—
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Fig. 16: ®r with respect to LL (Cancelli, 1977)

Also, utilizer of Montgomery and Dietrich (1994) Routine is anticipated to use unit
weight determined by lab tests but it might not be feasible to be equipped with such
data in most of the conditions. Thus, relationships that have been developed to
correlate SPT — N values to unit weight can be used in the analysis (Bowles, 1977).

Calculation of Topographical Properties of Site

One of the most significant and demanding process of Montgomery and Dietrich
(1994)’s Methodology is to delineate the catchment area, which is also divided by b
and then called as “contributing area per unit length (m)”, such that interested site is
required to be partitioned into smaller areas bounded by the trajectories drawn from
lower contour to upper one. The logic declares that subsurface flux is composed of
both infiltrated rain water and existing steady — state groundwater and is assumed to
be deeply affected by catchment topography. Consider the hypothetical topography in
Fig. 17 to illustrate the aforementioned topic as;
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Fig. 17: Catchment Area and Compete Set of Uphill Trajectories for Hypothetical
Topography

Net drainage flux = q <

Local Slope =M ~

Perched Water
Table

Fig. 18: Definition Skecthes for Section along Transect of Partial Catchment Area

Hypothetical catchment (in black color) and relevant contours (in red colors) are
generated to typify what are expected to perform throughout the topographical
operations in Montgomery and Dietrich (1994) and the longitudinal section of one of
the trajectories (in green color) in Fig. 18 is provided in an attempt to delineate the
assumption laying the foundation of this methodology; wetness parameter includes
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both percolated rain water and existing groundwater. To begin with the topographical
treatments as visualized in Fig. 17, each contour line is divided into certain number of
end point coordinates, which is also dependent on a selected b value. Assigned value
of b is totally related to such an extent of precision determined for results that both
amount of time spent for and accuracy of calculations specifies the selection of b.
After the disintegration of contour lines with with respect to prescribed b parameter,
boundaries are started to be drawn from lower contour to upper one in an attemp to
constitute an area, which is the indication of subsurface flux route. Each path should
be concluded at watershed peak (either local or global) and need to be computed as
pursuing the minimum steeper distance between respective contour segments.

It may be useful to quote a passage from O’Loughlin (1981) “The contour resolution
and contour element length b used in the analysis dictate the precision of the result. In
any case, their choice should allow calculation of the partial catchment areas and
slopes everywhere with a precision consistent with the map scale. Experience has
indicated that a good match can be achieved between the resolution of the predicted
wet areas and their real size and location if the contour density is such that 30 or more
contours are available to describe the terrain, and a contour element length of 10 units
(rescaled computer units) is used.”

3.7.1.3 Quantifying the Effect of Rainfall Infiltration on Slope Stability

The algorithm is devised to quantify the transient rainfall effects on investigated site
in that vertical infiltration of rain water (slope — parallel equipotentials) dominates the
hydrological response of soil continuum during and immediate after rainfall and after
it ceases, elevated groundwater starts to flow different regions in site, thus resulting in
the occurrence of seepage forces. Infinite — slope assumption, which does not require
to consider moment equilibrium, is adopted for the sake of simplicity throughout the
calculations and both time — dependent pressure heads and following seepage forces
are incorporated into force equilibrium equation written for slope — stability.

Fig. 19: 3D Slope Geometry

Deliverable-No. D.01.02 Final Versions
Issue: 1.04 Date: 17 February 2015 Page: 102 of 473



)
Black Sea JOP, “SCInet NatHaz” ( KJ
Current Status Assessment Scitiet Natlaz

In general, Richards’ Equation (2.1), which defines the water behaviour in soil mass,
is casted in 3 — D form so that the phenomenon is able to be grasped in detail.
However, such an approach for modelling the hydrological response of hillslope to
incoming rainfall is quite time — consuming, thus forcing one to seek another way to
proceed with calculations.

Foae = a9 (55| 3 on ()

+ 2 [k, (22— cosd) -

where

Y, is the pressure head

Kz(¥) and KL(W) are vertical and horizontal hydraulic conductivity, respectively.
a, is the volumetric water content

0, is the slope angle.

Iverson (2000) decoupled EQ.(30) into its components to evaluate both time
dependent pressure head values and seepage forces arising due to the water movement
through different regions in site by using appropriate time scales;

* tDO

tShort—Term = F (31)
) tD,

tLong—Term = T (32)

where,

t(short-Term) » Fepresents the minimum time required for strong slope — normal pore
pressure transmission from the ground surface to depth, H.

t(Long_Term)*, represents the minimum time required for strong slope — normal pore
pressure transmission from the area, A to the point (x, y, H).

Dy, is the maximum characteristic diffusivity governing transmission of pressure
head, and it thereby provides a convenient reference diffusivity.

If parameters included in Richards’ Equation is normalized and short — term time —
scale is also employed for rearranging it, the solution of the ultimate 2nd order partial
differential equation can be given as; (Please see in Theoretical Background of “An
Approach for Quantifying the Effect of Rainfall Infiltration on Slope Stability”)
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v ( dz) Iz
X < = 2+ 2 * 33
Z(Z.t_T) Bl1 7 +KZ[R(t)] (33)
d |
Vezisr)= 3(1 - —Z) + -2 [R(t") = R(t* —T)] (34)
Z 7) Ky
In which;
D = 4D,cos?a (35)
ot (36)
72/D
,_ T (37)
~72/D

are normalized times;

R(t") = {t*/me /Y — Erfc[1/VE] (38)

is a pressure head response function, which depends only on normalized time.

As can be seen Egs.(33) - (38), vertical infiltration governs the transient response of
hillslope of incoming rainfall event and if these egs. are plugged into infinite — slope
stability equation, it yields;

4

tang’ Y(Z,t)y,tang’ N C

FoS(Z,t) = . .
0S(Z,1) tan@  yg4:ZsinBcosO  yg,ZSinBcosH

(39)

where,

¢’, is the internal friction angle.
¢’, is the cohesion intercept
ysat, is the saturated unit weight

After the dynamic effect of rainfall terminates, accrued groundwater commences to
flow towards the regions whose total heads are lower than interested one, hence
seepage thrust to soil mass should be taken into consideration. Luckily, Bear (1972)
states that seepage force can be thought as proportional to groundwater flow such as;

F,, = ihy,bcos6 (40)

If Eq.(40) is inserted into the limit equilibrium eq. as identical to done in short — term
response, the resultant eg.can be presented as (Fig. 20;
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o S _ (Wcosb — Fy,cosM)tang’ + c'b (41)
" Wsin® + F,sinA Wsin6 + F,,sinA
where,

h, is the ground water table height

A, is the seepage direction angle between seepage drag and slope — normal in the
clockwise direction.

To proceed with computations, with appropriate seepage directions in hillslope
medium since reasonable selections can be made within ascertained values. Iverson
(1986) came up with a solution at the end of a parametrich study that seepage
direction, A= 900-(p, eventuates in the most unfavourable condition. Thus, utiliser
struggling for evaluating the most damaging conditions is provided with making such
an assumption rather than proceeding with his calculation by slope — parallel seepage
thrust.

Fig. 20: Uniform Seepage in Soil Continuum

The Calculation of Related Parameters

The parameters needed to apply this routine are K, H, A, 0, dz, ¢, Do, I,, and T such
that almost each of them is assessed in Montgomery and Dietrich (1994) in terms of
how it can be obtained except Dy and H. H is able to be defined as the depth to the
impermeable layer and totally dependent on the available geology. However, Dg
should be designated properly in order to go ahead with transient groundwater
response calculations, which is computed in Iverson (2000) as;

Ksat
Dy = — (42)
Co
where,
Deliverable-No. D.01.02 Final Versions

Issue: 1.04 Date: 17 February 2015 Page: 105 of 473



)
Black Sea JOP, “SCInet NatHaz” ( KJ
Current Status Assessment Scitiet Natlaz

Co, is the minimum value of C(y), typically observed when the soil becomes
saturated.

C(y) = da/dy, is the change in volumetric water content per unit change in pressure
head.

There are a great number of SWCC (Soil Water Characteristic Curve), which is
expressed as the variation of volumetric water content with respect to matric suction,
and is generally designed as a function of certain parameters extracted from fitting
process of test results. Fredlund, Rahardjo, and Fredlund (2012) presents that one of
the most prominent equation is Gardner (1958b) such as;

1
04 = T+ pgle (43)
where,
0, = w(y) (44)
Wsat

Hg, is the fitting parameter which is a function of air — entry value of the soil

ng, is the fitting parameter which is a function of rate of water extraction from soil
once air — entry value of soil has been exceeded.

Brooks and Corey (1964) derived the relationship between water content and matric
suction as;

W) = wgar0r g = 1for Y < Paey (45)
llJ _}\bc
04 = <¢aev) for Y > Yaey (46)
where,
_ W(IIJ) - Wr
4 = e @)

P,ev, IS the air — entry value of soil.
Ape, IS the pore — size distribution index

wy, IS the residual water content located through trial — and — error process that yields
straight line on semi — log plot of degree of saturation versus suction.
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Finally, Van Genucten (1980)’s equation is frequently referred in articles, related to
this issues such as;

1
04 = — (48)
[1+ (ug) ]
where,
sat r
mg = 1-1/n) (50)

Fredlund and Xing (1994) revealed the fact that S, saturation, value is usualy
employed instead of normalized water content, ®4, and Papa, Medina, Ciervo, and
Bateman (2013) explained that Cy can be investigated through the derivation of Van
Genuchten (1980) equation. As can be seen, key parameters included in presented
SWCC should be accounted for by carrying out lab tests but this might not be
appropriate for most conditions, in which limited amount of data can be provided.
Hence, it might be feasible to look forward to data from literature, which is expected
to be based on common rule, or methodology.

3.7.2 METHODS FOR EARTHQUAKE - INDUCED SLOPE STABILITY
ANALYSIS

3.7.2.1 Method Proposed by Ansal and Siyahi (1994):

This method is envisaged to carry out a parametric study on slope stability model
which only considers moment equilibrium among driving forces and resisting forces
in that the simplification over equilibrium equation enables one to perform zonation
on interested site by only considering internal friction angle of governing soil and
slope angle. The landshape is given in Figure 27, where H represents the height, f is
slope angle, A is the angle between the line joining top and toe of slope and horizontal,
a is given as the center angle of sliding circle, R is the radius of sliding center, n is a
dimensionless parameter that is a function of height, H and A is the earthquake
acceleration.
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Fig. 21. Slope Geometry used in Stability Analysis

Factor of safety, F, is defined as the ratio of moment created by resisting forces
(cohesion forces in this situation, Mg) and those produced by sliding forces (by soil
weight and earthquake forces under this condition);

Mg

= M+ M) 1

F

where,

3

H
My = Y33 [1 — 6n?% — 2cotB(3n + cotP) — 3cota(2n + cotP — cotA) (52)

+ 3(2n + cotf)cotA]

H3
Mg = Ayﬁ (cotB — 3cota(2n + cotB)cotA + 3cotacotA? + cotd3) (53)

At this stage, the resisting moment is computed by multiplying cohesion force
obtained by integrating the cohesion value for a certain depth along sliding circle and
the radius of this circle, which yields;

e (54)
Mg = 7= ——= [aco(2 + agH) + 2o H(1 — acota)coth]

The factor of safety can be calculated as;

F= (?—0) N, + (%) N, (55)

where,

Deliverable-No. D.01.02 Final Versions
Issue: 1.04 Date: 17 February 2015 Page: 108 of 473



Black Sea JOP, “SCInet NatHaz” (
Current Status Assessment Scitiet Natlaz

B 3ay(a + cotA — acotacotd)

= 56
N, SEN (56)
6n

N, = — 57

2 = DEN (57)
DEN = sinasin?A(D; + D,) (58)

D; = 1 — 2cot?B — 3cotacotP + 3cotPBcotA + 3cotAcota — 6ncotf — 6n?

— 6ncota + 6ncotA (59)
D, = A[cotP + cot3A + 3cotacot?A — 3cotacotBcotA — 6ncotacoti] (60)

The minimum value for N1 for each B value was determined based on a parametric
study with respect to the variations of o and A values. EQ.(55) can be further
simplified assuming that normally consolidated clays have cohesion characteristics
changing linearly with depth as shown in Fig. 22. Also, it is a reasonable logic that
soil possesses no cohesion at the surface level, (c, = 0), thus Eq.(55) can be written as:

F= (%) N, (61)

In addition to this, Mohr — Coulomb Failure approach is incorporated into the analysis
in that cohesion value, that is shear strength, for normally consolidated clays can be
quantified as;

T = otang@ (62)

Shear Strength, ¢

Depth, z

Fig. 22: Variation of shear strength with depth

If the concept in Fig. 22 can be equated to the Eq. (62), it gives,
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e

a
tang = ?0 (63)
All in all, the factor of safety Eq. (61) is transformed into
Fr = tanpN, (64.)
N1 vs. B
20 o
18 T
16 —A=01
14 \ —pA=02
1 \ —A=03
= 10 \ —A=04
Z NEEANN A=05
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2 e
0
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B

Fig. 23: The Variation of stability numbers, N1 with respect to slope angle, B, and
peak ground acceleration, A
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3.8 BULGARIA

The landslide hazard is one of the most important in Bulgaria. Landslides are widely
spread with irregular territorial distribution. The number of slope movements is great
and almost all of the types recognized by Varnes (1978) are manifested. Cases of
complex landslide movements occur very often. The variety in kinds of mechanism,
rate of movement, different size and shape in landslide manifestation is due to the
diversity of the geological, geomorphologic, hydrogeological and engineering
geological conditions in Bulgaria. The main natural factors that contribute to landslide
activity in the country are endogenic: slow tectonic movements and earthquakes; and
exogenic: erosion, sea erosion, precipitation, melting snow and variations in the
ground water tables.

3.8.1 GEOLOGICAL CONDITIONS FOR LANDSLIDE OCCURRENCE

Engineering-geological conditions in Bulgaria are various and complex due to the
variety of geological units in the country's territory. From the geotechnical point of
view, the lithological variety of rocks has been organized into 4 main groups of
engineering-geological types of rocks and soils (Fig. 25). The types of solid rocks
include hard and dense magmatic, metamorphic and sediment rocks with strong
structural bonds and high strength parameters (such as granites, diorites, gneisses etc.)
When these kinds of rocks are tectonically disturbed, broken, weathered or somehow
changed, their strength parameters are lower, which characterize types of soft rock.
Clayey and cohesionless soils are the youngest lithological formations (Neogene and
Quaternary).

Considering mainly geological, tectonical, morphological and geotechnical criteria,
five large regions and some inside zones have been distinguished in the territory of
Bulgaria (Kamenov & lliev, 1963). The names of these engineering-geological
regions and zones as well as the main geological processes are given in Fig. 25.

Of the geological conditions, which contribute to the landslide manifestations, the
presence of clayey and sandy-clayey material in the structure of slopes is the most
important, as well as some weak interbeds and surfaces. These kinds of geological
conditions are especially characteristic for the structures formed by Tertiary and
Quaternary sediments. About 90% of the Bulgarian population lives in such sediment
terrains. The hilly parts of these basins, the basin boundaries and the river slopes
inside the basins are the areas vulnerable to landslides.
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Fig. 24: Engineering geological regions in Bulgaria (according to Kamenov & lliev,
1963)

3.8.2 LANDSLIDE DISTRIBUTION

The distribution of landslides in Bulgaria is irregular in the country's territory.
However in some areas, the landslides are more numerous, bigger and more frequent
than in other areas. Thus, these areas qualify as landslide regions. Such large regions
are the high Danube River Bank, the Northern Black Sea coast, the Tertiary basins in
Southern Bulgaria - East-Maritsa coal basin, Sofia and the Pernik valleys. Many
landslides are manifested also on the river slopes in the Fore Balkan and the Balkans,
in the Rila-Rhodopes fault zones and the periphery of the lava flows in the Rhodopes.
The largest and most destructive landslides that have occurred over the last 60 years
are distributed in these regions of the country. The variety of landslide profiles is too
big to be presented in detail but the most characteristic and frequent cases are shown
in Table 3.14.

The high Danube River Bank is a region where the landslides are ancient and the slip
surfaces are situated deeply, usually more than 20 m below the terrain level. There are
many urban areas affected by landslides and erosion. Tectonically, the Danube Plain
coincides with the Moesian Platform. Its geological profile from bottom to top is as
follows: bedrock made by magmatic and metamorphic rocks; thick cover of
sedimentary rocks - sandstones, limestones and marls; surface zone made by gravels,
sands, clays and loess. Loess formation is widely spread on the high Danube River
Bank. Ordinarily, its thickness varies from 15 to 80 m.
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Table 3.14 Representative profiles of landslides in the territory of Bulgaria

Representative profile Geological structure Regions

1. Loess, Q West Danube

2. Clays, N2 River bank

1. Loess, Q Central Danube

. 2, Sandstones and River bank
marls, K

1. Limestones, N;

2. Qlays, N; Taukliman

1. Limy marls, N;

2. Clavs, N, u Balchik
3 Town
2

1. Limestones ;“

2. Sands E ' Vama City |

3. Clays E 2
a

1. Flysch, Ka Emine Cape

—

. Limestones, K;
. Marls, K,

o

Plateaus in NE
Bulgaria and the Fore-
Balkan

—

. Clays, Pg or N;

Graben’s border strips

I. Rhyolites, Pg

2. Clays, soft
sandstones, Pg

Rhodope Mts,

1. Clays, N;

Maritza-1ztok open-pit
coal mine

1. Clays, Naor Q

| Slopes in the country

— T e TN N
—_— A\ J

—

The main instability factors for landslides along the Danube riverside are erosion,
contemporary Earth crust movements, earthquakes, precipitation, fluctuation of the
ground water table, as well as human activity. The riverbank between the town of
Dunavtsi and the point of flow of the Iskar River represents an almost continuous
landslide section, more than 120 km along the Danube River. The most frequent cause
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of landslide manifestation is that the slip surface is predetermined and lies in weak
Pliocene clays. The loess formation situated above acts as a static load. Due to the
river erosion, the weak clay layers outcrop on the river slope. The present landslide
activation is connected with variation in the ground water table in slopes. The
permanent erosion of the Danube River and seasonal fluctuation of the river water
level are the main factors for slope instability. The landslides have a volume of more
than 15 million cubic meters.

The Sofia valley is a region where geological and tectonic conditions predetermine
landslide occurrence mainly in the periphery of the valley and along the bank slopes
of the rivers crossing the valley. As a geological structure, the Sofia valley is a graben
filled with Neogene and Quaternary sediments - gravels, sands, clays and coal strata
of limnic origin, irregular thickness and continuity. The main trends of the present
tectonic movements are the uplifting of the northern and southern parts of near
mountains (up to 2 mm/a) and the sinking of the central parts of the graben (approx. 1
mm/a). In this way, the vertical tectonic movements slowly change the geodynamic
equilibrium and the slopes along the northern and southern borders of the Sofia valley
are prone to creep and landslide manifestations. The delluvial and debris fan deposits
con-taining sands and clays are favorable media for the development of these
processes. The creep usually precedes the active sliding phase and it is observed
mainly along the southern periphery.

Landslides in the Rila-Rhodope region are numerous with ancient and recent activity.
The biggest ones are situated in the eastern part of Rhodope around the towns of
Smolyan, Peshtera and Djebel. The landslide “Schupenata planina" (“The Broken
mountain”) near the town of Djebel is the most remarkable natural phenomenon,
formed about 100 years ago. Depending on the lithological composition, the
morphological conditions and the properties of the rocks and soils, three groups of
terrain can be distinguished in the Rila -Rhodope region - mountain massifs (horsts),
valleys (grabens) and contact zones (Broutchev et al. 2001). All three types of terrain
are prone to landslide occurrence.

The territory of the Bulgarian Black Sea coast has a high degree of landslide hazard in
economic loss, social and environmental consequences. In areas along the Black Sea
coast, more than 120 landslide events have been registered until now. 80% of
landslides in the districts of VVarna and Dobrich affect the coast line. Most are active
landslides in the northern Black Sea coast of VVarna to Kavarna (between the resorts of
St. St. Constantine and Elena, Zlatni Pyasatsi, Albena, and the Balchik area). These
are old and recent, deep-seated and complex type landslides. The depth of the main
slip surface is usually up to 50-60 m or more (reaching more than 100 m at some
places). The slopes, on which they are developed, are in a state close to equilibrium
and the activation of landslides could be provoked by sufficiently small additional
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destabilizing factors - abrasion, erosion, prolonged rainfalls, seismic and man-made
impact (Evstatiev and Rizzo 1984; Konstantinov 1991; Frangov et al. 1997; VVarbanov
et al. 1997, Avramova-Tacheva et al. 1998 and others). Many of slope phenomena
(including rock deformations) that are depicted in the World classification of Varnes
(1978) of slope movements can be found here: rockfall, earth fall, earth slump, earth
block slide, rock lateral spread and rapid earth flow.

Depending on the depth range, geological and tectonical structure, and the
engineering geological properties of the geological units, the Bulgarian Black Sea
coast can be divided into 3 landslide zones: Northern zone, Middle zone and Southern
zone.

There is frequent landslide activity along the Bulgarian Black Sea coast. The seashore
line is about 400 km long. It crosses the large morphological-tectonic structures of the
Strandja anticlinorium, the Balkanide structures and the Moesian platform (Fig. 25) in
a south- north direction.

Historical evidence shows that disastrous landslides destroyed ancient towns within
the boundary of the Moesian Platform - the Northern Black Sea coast (lliev 1973;
Stakev et al. 1994; Koleva-Rekalova et al. 1996). Miocene and Quaternary sediments
form the coast slope of the Moesian Platform. The Miocene sediments include mainly
marls, sands, clays and limestones. The Balchik deep-seated landslides were formed
into unconsolidated aragonite sediments of the Miocene (Sarmatian) age (Koleva-
Rekalova, 1994; Koleva-Rekalova et al. 1996). The Quaternary deposits are
represented mainly by loess formation, the thickness of which is about 10-15 m. In the
southern part of the Moesian Platform, a steep slope is raised up to 250 m above sea
level (Kamenov et al. 1973). This part of the seacoast is the most vulnerable in terms
of landslide occurrence.

The Northern Black Sea coast is the region where landslide activity causes the most
destruction because the coastline is densely urbanized. In 1997, after heavy rainfalls
in a short period, 4 big landslide activations provoked a lot of material damage,
destroying a number of houses and cutting in several places the main road to the
biggest seaside resort in Bulgaria - Zlatni Pyassatsi. The landslides along the Northern
Black Sea coast have been triggered several times during the last 50 years but the
landslides in 1997 were the most significant ones, causing considerable damage and
material losses (Varbanov et al. 1997; Evstatiev et al. 1997).
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Fig. 25: Landslide distribution on the Bulgarian Black Sea coast: 1 - landslide zone ; 2
- separate landslide ; 3 - landslides triggered in 1996; 4 - landslides triggered in 1997
(according to Kamenov et al. 1973 and Evstatiev et al. 1997)

The coastline between the towns of Varna and Kavarna represents an almost
uninterrupted landslide section that is about 30 km long and up to 2-3 km wide. The
most dangerous areas for slope instability are those in the towns of Balchik and
Kavarna, the village of Kranevo and the Zlatni Pyassatsi resort. The landslides along
the Northern Black Sea coast are represented mainly by the following types: rotational
earth slump, translational block slide and are more often complex. They have one
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deeply situated slip surface and 1 or 2 more shallow ones. The present activations
usually occur in shallow levels.

3.8.3 METHODOLOGY FOR ASSESSING LANDSLIDE HAZARD
Mapping of landslides and assessment of hazards can pass through 2 steps:
1) Inventory mapping, and

2) Susceptibility mapping.

3.8.3.1 Inventory mapping

For the inventory maps the most appropriate is the methodology used by the U.S.
Geological Survey. The classification of landslides and other slope processes in
activity will be tailored according to the criteria proposed by Keaton & DeGraff
(1996) and WPWLI (1993). This activity includes complex of works for identification
of slope deformation and their mapping. The research area will include landslide
phenomena along Bulgarian Black sea coast and 30-40 km onshore strip. Attribute
tables will include data for:

e Type of movement (Varnes, 1978). The criteria for identifying the landslide
phenomena have to be based on the Varnes classification on slope movements
(1978). Mostly predominant types are earth-flow and earth-slide (rotational
and translational).

e State of activity (WPWLI, 1993). The landslides are active, reactivated,
suspended, dormant, abandoned and relics.

e Depth range. Includes data of depth D [m]. Landslides are shallow (D<5 m),
moderate (D=5-20 m) and deep-seated (D>20 m).

e Triggering factors: precipitation, seismicity, erosion/abrasion.

Additional data:

e Dates (periods) of activation, if available.
e Geology

e Hydrogeology

e Precipitation

e Seismicity

3.8.3.2 Susceptibility mapping

A variety of methods to assess the potential are used in World practice. The most of
these methods include basic calculations of slope instability of a given area. A
specific feature of the Bulgarian coast is the availability of many different geological
background that requires a serious dataset for specific geotechnical properties of the
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various lithological units. The available data in this area is not enough for any
estimation of statistical probability of occurrence (acc. to Wise et al., 2004).

This study will cover a strip of territory of several Black Sea countries, which would
complicate methodology decision. For example, the application of Newmark analysis
for assessment of potential earthquake triggered landslides could be applied for
selected areas with known potential earthquake sources, critical acceleration
assessments connected with safety factor analyses.

In accordance with discussion held in Istanbul workshop on 13-14 March, the
landslide susceptibility method of Mora and Vahrson (1993) has been proposed. This
method had been applied for landslide hazard assessment of the Sofia graben in 1996,
and due to this reason it is applicable for Bulgarian coastal area. This approach is
more comprehensive, it could be extended to more countries in the region where the
conditions and factors are diverse and where the other known methods could not be
combined.

Discrepancy of this method is that it includes only two activating factors such as
earthquakes and rainfalls, which are typical for the region of Central America, where
it is originated. The Black sea coastal area is characterized with active abrasion at
many sectors. Linear erosion affects the valleys of many rivers and dales along the
strip. Due to this reason we will add the factor 'abrasion/erosion' to triggering factors
included in calculation of susceptibility.

The Mora and Vahrson estimations are applied by formulas:

H=SuUsC * TR (65)
H = (S * S *Sp) * (Ts + Tp) (66)

where H is relative hazard level and it is multiplying between susceptibility factor
SUSC and triggering factor TRIG. Susceptibility factor is multiplying of slope factor
Sy, slope factor S; and soil humidity factor S,

The slope factor will receive scores from 0 to 5 depending on the slope value (in
m/km?) in accordance with formula given by the authors of method.

The slope factor will be derived from simplified table as follows:
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Table 3.15: Slope factor criteria, classification and scores

Lithology Qualification | S,

Permeable compact alluvium; permeable limestone; slightly | Low 1
fissured intrusions, low degree of weathering, low water table,
high shear resistance

Higher degree of weathering of above mentioned lithologies and | Moderate 2
hard massive sedimentary rocks, lower shear resistance and
shearable fractures

Considerably weathered sedimentary, intrusive, metamorphic and | Medium 3
volcanic rocks, considerable fracturing, fluctuating water tables

Considerably weathered, hydrothermally altered rocks of any | High 4
kind, strongly fractured, clay filled, poorly compacted pyroclastic
and fluvio-lacustrine soils, shallow water tables

Extremely altered rocks, low shear resistant alluvial, colluvial | Very high 5
and residual soils, shallow water tables

The soil humidity factor S, will be determined in accordance with accumulated value
of precipitation indices, from 1 to 5.

Seismicity triggering factor Ts will vary on the territory of Bulgaria from 4 (VI
degree) to 7 (IX degree). For example, the Burgas region has T=5, but Shabla-
Kaliakra will have Ts=7. The other triggering factor T, will be taken from table given
by the authors of method.

Due to specific peculiarities of Bulgarian sea-side strip, we will add additional
triggering factor concerning the abrasion and erosion activity along the coast and
rivers that has to be taken into consideration and we propose to be marked it as Te. It
is expressed in Equation 3:

H=(S*S*Sh)*(Ts+ Tp+Te) (67)

We propose to add the following scores for erosion and abrasion triggering factor
(Z@aipa! To apycio Tpoérevong TS avapopds oev Ppédnke.)

Table 3.16: Classification of landslide hazard H

Descrioption of sea-side strip and cliff Erosion and abrasion
factor Te
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Accumulation zone 0

Rocky cliff, with abrasion and erosion processes 1

Soft soils cliff, with abrasion and erosion processes 2

Six degrees are proposed for final classification, given in Table 4:

Table 3.17: Classification of landslide hazard H

H Class Classification of hazard of
landslide potential

<6 I Negligible

7-32 I Low

33-162 " Moderate

163-512 v Medium

513-1250 \Y High

>1250 VI Very high

Research areas and scales for mapping
For whole Bulgarian Black sea coastal area the mapping will be in scale 1: 500000.

Detailed hazard mapping in scale 1:25000 will be for two research areas. The more
detailed mapping will be applied for two pilot areas as follows:

e 1) between Byala and Cape Emine, and
e 2) the vicinity of town of Tsarevo,

where landslide processes developed, but also the conditions differ greatly. The
precise specifying the areas of detailed mapping and research shall be specified on site
in the working process. Proposed size of grid is 1 cm x 1 cm on the map (i.e. 250 m x
250 m).
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3.8.4 MORA AND VAHRSON METHOD: A SHORT ANALYSIS FOR STRENGTH
AND WEAKNESS SIDES AND APPLICATION IN BULGARIA

In accordance with discussion held in Istanbul workshop on 13-14 March, the
landslide susceptibility method of Mora and Vahrson (1993) has been suggested. It is
already applied for landslide hazard assessment of the Sofia graben in 1996.

Second method applied in Bulgaria is isopleth method (Wright et al. 1974, DeGraff
and Canuti, 1988), applied in some places in Bulgaria for varying use.

Method of Mora and Vahrson: includes 5 parameters: Sr, SI, Sh, Ts and Tp. l.e 3
conditions of slope factors and 2 triggering factors.

Factor Sl (lithology) - definition of geological formations in accordance of their
properties with application of scores.

Weakness:

. Availability of weak zones/layers in given formation. Main geotechnical
parameters (o, ¢, y) are not included.

. Second weakness is that scores are in equal intervals which is a little bit
comparable.

The parameters Tp and Sh are based on hydrometeorological data from meteostations
in Bulgaria.

Weakness:
. There are climate changes that are not taken into account.
. Receiving new data is impossible - there is no budget for new actual data...

Seismicity factor Ts: based on prognosis zoning of Bulgaria for 1000 year period.
There is new zoning for 475 year period. Also, active faults are not included.

Weakness of Mora & Vahrson method: erosion/abrasion is not included as triggering
factor. It is very important factor for slope instability along sea-side coast in research
area. Due to this reason we added it as new factor Te. Other factors: man-made impact
- cannot be assessed and included, as well as countermeasures (retaining walls, etc).

Other methods include "land-use data™ analysis, vulnerability, risk assessment, etc.
This is a very serious, responsible and huge work, and so the provided time and
budget are not enough of this analysis.

Proposed scale of use: 1:50000. Pilot area: Tsarevo or Emine Cape (it will be decided
after choosing of method for landslide hazard assessment).
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3.9 ROMANIA

3.9.1 INTRODUCTION

In the literature the terms of susceptibility and landslide hazard are often used as
synonyms, although they are different concepts (Guzzetti, 2005).

Landslides susceptibility is the probability that a landslide to occur in an area
characterized by certain environmental conditions (Brabb, 1984). Is the degree which
a surface can be affected by the landslide process.

In contrast, landslide hazard is the probability that a landslide of a given magnitude
will occur in a given period of time and in a given area. In addition to prediction of
where the landslide will occur, landslide hazard forecast "when" or "how frequently"
it will produce and "how large" it will be (Guzzetti et al., 2005).

Thus, susceptibility is the space component of landslide hazard.

A review of the literature regarding landslide susceptibility and hazards methods
reveals that landslide susceptibility can be evaluated through different methods, which
can be grouped into two broad categories: qualitative methods, based entirely on the
expert judgment and quantitative methods, which themselves are classified into
statistical and deterministic methods (physically-based) methods.

susceptibility
X evaluation )
| ! 1
I Qualitative | . Quantitative |
methods methods
; l I i | 1
- Geomorphological ) Statistical Deterministic
mapping; methods methods
- Direct mapping method: | N—— " - o

= Multi-class weighting &
method;

= Static infinite sfope
modeling;

- Dynamic infinite
slope modeling with

Muitivariate methods ;|
- Discriminant analysis;
- Logistic regression

Bivariate methods:
- Weights of evidence;
- Certainty factors;

= Spatial multi-criteria
analysis;

- Analytical hierarchy

process; - Dempster-Shafer methad; analysis; e ':”51-‘“'""
i ; - Fuzzy logi - Muitiple regression - Barthquake
- Fuzzy logic approach W - Fuzzy logic | analysis. ) induced infinice

slope modeling.

Fig. 26: Methods for landslide susceptibility assessment

In Romania, landslides are among the most widespread geomorphological processes
in the hilly regions built of Neogene molasse deposits, as well as in the mountainous
regions developed on Cretaceous and Paleogene flysch.
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During the ’90s and early 2000s, in the estimation of landslide susceptibility was used
especially qualitative approaches.

The number of quantitative ones has risen steeply in the last years (Micu & Balteanu, 2009;
Armas, 2011, 2012; Constantin et al., 2011; Sandric et al., 2011; Grozavu et al., 2012; Armas
etal., 2013).

3.9.2 THE METHOD IMPOSED BY ROMANIAN LEGISLATION

A series of normative acts published in several stages, such as:

Law 575/2001,

Law 124/1995,

Government Decision 382 and 447/2003,

Common Order of the Ministry of Public Works and Territorial Planning, of the Chief of
Department for Local Public Administration and Ministry of Waters and Environmental
Protection no. 62/N-19.0/288-1.955/1998, based on the Writing guide for landslides risk
maps to ensure construction durability — Indicative GT-019-98

set the methodological norms regarding elaboration way and content of the landslides hazard
maps based on calculating of the average coefficient of hazard K(m) .

K, xK
K, _\/76 o (K, +K,+K,+K, +K, +K,)

(68)

where:

e Ka = lithologic criterion;

e Kb = geomorphological criterion;

e Kc = structural criterion;

e Kd = hydrological and climatic criterion;

e Ke = hydrogeological criterion;

e Kf =seismic criterion;

e Kg = forest cover criterion;

e Kh = anthropogenous criterion,

expressed through a scale from 0 to 1.

Among the landslide affecting factors, lithology and geomorphology are considered the most
important. Depending on the K(m) coefficient’s value, are establish landslide occurrence
potential:

low potential, K(m) < 0.1

medium potential, K(m) =0.1t0 0.3
medium-high potential, K(m) =0.3t0 0.5
high potential, , K(m) =0.5t0 0.8

high-very high potential, K(m) are above 0.8.
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Table 3.18: Rating -Criterion for landslide potential and probability occurrence assessment
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For drawing the map of landslide hazard are required the following steps:
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e dividing the territory for which the hazard map is elaborated in bounded polygonal
surfaces to represent as homogeneous lithologic and structural deposits ;

e cstimating the weights and geographical distribution of “risk coefficients” K(a-h)
depending on the criterion presented in Table 3.18;

e calculating the average hazard coefficient K(m) corresponding to each analyzed
polygonal surface by using a specified Eq.(68); :

e determining the degree of potential (low , medium, high) associated with a certain
probability of landslides occurrence (practically zero, low, medium , medium - high, high
and very high).

Legend:
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Fig. 28. Macro-zoning map of induced landslides risk in Romania
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Fig. 29. Map of administrative-territorial units affected by various type of landslides

Also, the maps and tables attached to the Law no 575/2001 are providing information about
the localities potential affected by landslides (Fig. 29) and zones prone to landsliding (Fig.
28).

Comments:

in the absence of chronological information on the occurrence of landslides, spatial—
temporal probabilities cannot be calculated and consequently predictions must be
restricted to the spatial distribution of future landslides; that is susceptibility (Balteanu et
al., 2010).

there is no information regarding the differentiation between landslide types in the present
methodology.

gives an overview relatively suggestive of areas with different landslide potential;
integrates data generally easier to find;

can be used in case of lack information about the existence of landslides (obtained from
inventory using different sources).
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3.9.3 LANDSLIDE SUSCEPTIBILITY INDEX

More recent, Balteanu et al., in 2010, have developed a landslide susceptibility model for the
whole country applying a scoring system to a set of conditioning factors based on expert
judgement (heuristic model).

This research was carried out due to a World Bank project on losses and insurance costs
relating to disasters in Romania, and aims to provide a unitary basis for addressing landslide
susceptibility in the country.

Was used a Landslide Susceptibility Index (LSI) method based on quantitatively defined
weighted values.

In computing a GIS landslide-susceptibility map of Romania six major triggering factors
were considered:

e lithology,
¢ height difference,
¢ slope angle,

e land use,
e rainfall
e seismicity.

Each factor was classified under sub-classes carrying a rating from 0 to 10 according to its
relevance for landslide susceptibility.

Further, each factor was considered to have a differential influence on such susceptibility,
named ‘assigned weight’.

The results were compared with different assessments from several countries.

To validate the methodology, besides expert judgement, repeated geomorphic mapping over a
long period, as well as field observations and measurements in the most affected regions,
were used.

The LSI was further classified under five susceptibility classes; each category based on
correlation of expert judgement and existing geomorphological maps of the whole of
Romania.

The established classes are:

e ‘no susceptibility’, represents around 39% of Romania (plains and low hills),

e ‘low’, 10%,

e ‘medium’, 38.3%,

e ‘high’ and ‘very high’ susceptibility, classes around 10% (mostly in the Subcarpathian
region).
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Fig. 30. Landslide Susceptibility classes - Romania

C. The method used in IncREO project - Increasing Resilience through Earth Observation
http://www.increo-fp7.eu/
(Jan. ’13 — Dec. ’14)

The objective of the work package which includes Romanian Space Agency —ROSA, is to
assess and map in a detailed manner the risk and vulnerability of areas in Romania highly
prone to landslides in the Buzau County.

For assessing the susceptibility of landslide prone areas a quantitative inventory-based
probabilistic method with the approach of “Weight of Evidence” (WofE) was chosen.

The following inputs were used:

Landslide inventory (kindly provided by the FP7 CHANGES project),
DEM (slope, aspect, relative relief),

geology,

land use,

max. rainfall in 72 h,

distance to drainage network.

It is assumed that the landslide inventory is complete.
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Inventory © Institute of Geography - Romanian Academy (IGAR)
DEM © SRTM

Geology © Geological Institute of Romania (IGR)

Land use © CORINE

Rain in 72 h © Dragota (2006)

Rivers © Military Topographical Direction (1984)

Fig. 31. Landslide Susceptibility classes — Buzau County

3.9.4 CONCLUSIONS

The methodology provided by the Ministry of Local Public Administration in 1998, 2001 and
2003 it is subjective and difficult to apply (Sandric et al., 2011), due to the uncertainties and
different interpretations of the specialists that may occur in assigning weights to various
landslide controlling factors in assessing susceptibility.
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3.10 UKRAINE
Engineering-geological methods of landslide hazard estimation

Method of landslide hazard estimation is based on theoretically grounded analysis of general
regional assessment of landslides potential activity and also basis on prognostication of
landslide activating at local territories. Assessment of landslide slopes stability takes main
part in process of general estimation of landslide hazard at specified sites.

3.10.1 ESTIMATION OF LANDSLIDES POTENTIAL ACTIVITY

Zoning of territories is conducted in purpose of assessment of landslides potential activity.
The following parameters are used in mentioned procedure:

1) vertical dismemberment of relief;

2) capacity of the quaternary sediments;

3) angle of inclination of earth surface;

4) prevailing type of antequaternary sediments complexes;
5) depth of burial of underground waters levels;

6) forest coverage (density of forest coverage) .

Assessment of landslides potential activity at Ukrainian shore is shown on Fig. 32 [1].

+++
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Fig. 32. Map of evaluation the danger of landslides
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Hazard of landslide processes manifestations is determined by the next parameters: genetic
specifies, form frequency, sizes (area) and velocity of landslide. For the regional estimating
of landslide hazard were defined the following criteria: genetic specifies, frequency and
intensity of landslides. One of the main factors of landslide hazard increasing is the presence
of main deforming horizon (MDH) in section.

Main deforming horizon (MDH) - this is mainly horizon that has clayey or loamy
composition. Into this horizon deformations and changes of water-physical state mostly
occur, also in this horizon rock layers move and shift. There are three rules that determine
creation of main deforming horizon in clayey-loamy sediments:

» weakened zones in dispersed rocks form like a result of unrestrained water-bearing horizon
existing. Zones, usually, have local manifestation at different hypsometrical marks;

* in zone of season watering the rock transformation from hard state to viscous state occurs;

* velocity of landslide progress is directly proportional to the weathering grade of rocks, that
are presented in zone of hyper-genesis.

For landslides activating is enough energy of gravity field in one case, but in other case an
additional energy impact is needed.

The principles of regional assessments of landslide hazard are based on allocation of
landslide areas and process intensity determining.

For estimation of intensity of landslide process the plane index of destruction is applies as
criteria. This index is determined like relation between the area of all form of landslide
manifestations in limits of landslide site (non-dependent from the age) and the total area of
the site.

Results of the destruction index (Kp) calculations are ranked according to the range of hazard
in dependence from landslide process intensity [1]:

. catastrophic - >40 %,
. significant - 10 - 40 %,
. average - 1 - 10 %,

. weak - < 1%.

Territory typing in accordance with the rate of landslide hazard is done in regard to
mentioned scale.

3.10.2 FORECASTING OF LANDSLIDE ACTIVATION

Nowadays the cyclic (climatic) character of landslide manifestation is proved. Cycle time
varies in wide range. Solar activity has the biggest impact on landslide activation. Clearly
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defined that cycle times of solar activity are 11-years and 70-100 years. Nature factors have
defined regular cycles of manifestation and, respectively, predetermine landslide activity, so,
these regular cycles can be applied for landslide prognosis.

It is practically impossible to determine regularity of anthropogenic factors, so prognosis of
landslide activation by the reason of anthropogenic factors can be successfully done on
conditions that analysis of types and orientation of economic activity and also analysis of
geological environment expected changes are performed.

Analysis of periods of atmospheric precipitation allows to prognosis fazes of landslide
activations with defined rate of possibility. Mentioned prognosis can be done only if the strict
connection between different factors is proved. But such prognosis is inaccurate and it shows
reliable only the tendency.

3.10.3 MODELING AS OF THE METHODS OF SLOPES STABILITY ASSESSMENT

In assessment and forecasting of slopes stability of North-Western coast of Black Sea the
method of Zelinskiy I.P. [2] found a wide application. This method is based on comparison of
fields of tension and strength of rocks for receiving fields of stability. Index of stability (Is) is
used in this method. This index is modification of Tresck-index and represents ratio between
strength of soil and maximum tangential tension:

Ts
I, = (69)
TM ax

where: tg — shear strength of the soil, Ty, — maximum tangential tension in specified point of
the soil strata, MPa. In some cases instead of Ty an actual tangential tension tp is used in
calculation.

Data processing is done by : building of graph Is along the known surface of shifting
(Xedrpa! To apysio mpoélevong g avagopds dev Ppédnke.) and graph of stability
tessellation lines of stability (Is = const.) on condition of no data regarding shifting surface
(Z@aipna! To apycio Tpoérevong TS avagopdc dev Ppédnke.).
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Fig. 33. Assessment of slope stability along known surface of shifting (a — geological section,
0 — distribution of horizontal tensions 6X; B — graph of values Is along the surface of shifting)
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Fig. 34. Assessment of slope stability in case of unknown location of shifting surface [2]: a)
tessellation lines of tangential tensions ty; b) graph of dependency ¢y = f(on).

For calculation of tension fields different methods are used, includes modelling with methods
of tensometric net, photoelastity, electricgeodynamic analogies and equivalent materials.
Different computer engineering programs are widely used, in particular for calculation with
method of final elements. As results fields of normal (including on) and tangential (tv , Tp ,
Txz) tensions for tasks in linear and elastic-plastic statements with regard to impact of
underground waters can be obtained.

Strength of rocks (shear strength) is obtained from Kulon-More’s condition as a function of
normal tensions ts = f (o, ), that allowed to determine desired value in each point of the
massif. The strength characteristics of rocks, obtained from laboratory shearing test of soils
(ts = on - tge + C), and tangential tensions are used as initial information in calculations.
Comparison of fields of strength and acting (or maximal) tangential tensions allows obtaining
stability fields. Analysis of it allows allocating in the massif (soil strata) zones with different
level of stability reserve, estimate general stability of the slope or scrap, expose possible
zones where the plastic deformations may occur. in limits of this field it is possible to
interpolate particular values Is build-up tessellation lines of Is= const.

Method of circular cylindrical surfaces of sliding is used for determining value Kycm of
slopes with complex geological structure and relief. It allows to estimate the object’s stability
in case of following assumptions: surface of shifting in time of forming of landslide
movement is taken as circular cylindrical surface; tensioned state in each point of the massif
is determined only by the weight of overlying rocks layers; strength of rocks is subordinates
Kulon’s law: 15 = o, - tge + C + C, where o, — normal tension that effects specified plate; ¢ —
angle of internal friction; C — concatenation; ts — shear strength by which destruction of the
soil occurs along specified plate.

Index of stability (Is) is being calculated for specific conditional surfaces landslide massif
with the help of computer program «CILPS» elaborated at Odessa national university of 1. 1.
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Mechnikov. Density, strength characteristics of each layer of massif, scale index, seismic
index of the region in points, abscissas and ordinates of earth surface and layer borders in
each point of intersection in small block are used as initial data for the program.

In cases when location of shifting surface of the landslide is known the assessment of slope
stability can be done by using Solovev’s method. This method is base on correlation between
holding and shifting forces by the real or imagined movement of landslide body.

Rock massif is characterized by density p, concatenation C and angle of internal friction .
Landslide body, limited by earth surface and landslide surface, conditionally divided into
equal vertical blocks. It is assumed that in time of movement each selected block shifts in
horizontal direction for the same distance, without ruptures and interpenetrations between of
the blocks.

Application of these methods allows:

build graph of particular values of stability index Is along selected or known surface
of shifting;

objectively select location of surface of possible landslide movement corresponding to
the tessellation line Is =1,0;

estimate general stability of the slope along the most probable surface of shifting.
Result of index may be index or stability margin;

detect into rock massif zones of potential instability where Is = 1,

guantitatively estimate rate of effect of different nature and anthropogenic factors
(cutting and surcharging, landslide control, decreasing of rocks strength and other) on general
stability.

Slope stability along the most probable or known surface of shifting is defined as ratio of
total values of soil shear strength and tangential tensions Tp max:

IS: Z?:l TS / Z?:l TD,M (70)

where n — number of particular values ts and tp v involved in calculation.

This method was successfully tested in the the unti-landslides measures for the North-
Western coast of Black Sea, in particular — in Odessa-city (Fig. 35, Xeaipa! To apycio
TPOELEVGNS TG AVaPOPaS OV Ppidnke.).
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Fig. 36. Geological record of the in New Dofinovka, Odessa region [3]

3.10.4 CONCLUSION

Methodology of landslides risk assessment in the Black Sea region of Ukraine is based on an
analysis of the overall regional assessment of potential landslide activity and forecasting of
landslides activation. The main objective in this case is to assess the stability of landslide-
prone slopes, including the determination of parameters such as:
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1) the degree of compartmentalization of relief (amplitude of heights oscillation per unit of an
area;

2) angles of inclination of surface relief;

3) thickness of unconsolidated (friable) sediments;

4) types of underlying (pre-quaternary) rocks consolidation;

5) presence in the basic deforming horizon over which can occur the displacement of rocks;
6) groundwater levels;

7) density and type of vegetation.

These parameters allow estimate the potential landslide hazard area.

Forecasting of landslides activity includes analysis of cycles of solar activity (11, 70-100
years) as well as periodicity of precipitation which cause excessive moistening and increasing
plasticity of basic deforming horizons. Landslides risk assessment in the Ukrainian part of the
Black Sea Region is carried out by continuous monitoring using surface geodetic bench mark
networks, underground and wells monitoring.

To assess slopes stability of the North-West coast of the Black Sea, along with the other
techniques, a technique based on a comparison of stress fields and rock strength is widely
used. This technique also includes determination of areas of stability with the help of stability
coefficient (which represents ratio of soil strength to the maximum shear stress). The
technique involves defining the fields of normal and shear stresses using laboratory tests of
soils and computer modeling.

Matching the fields of strength and current (or maximum) provides a tangential stresses
stability field. Its analysis provides an opportunity to determine zones with different degree of
stability assess overall slope stability and determine possible areas of plastic deformations.

Methods of assessing landslide hazard includes selection of an area of a potential landslide,
determination of the slope stability and zones of instability, assessment the level of landslide
forming factors and the effectiveness of anti-landslides measures, types and levels of
engineering-geological studies.

Anti-landslides measures include construction of protective structures to increase slopes
stability by reducing slopes angles (flattening), reduction of the groundwater level to reduce
the plasticity of the basic deforming horizon, reducing intensity of abrasion and increasing
vegetation cover in hazardous areas.

This method was successfully applied in the development of anti-landslide measures in the
North-Western coast of the Black Sea, in particular in Odessa, where was created a unique
system of engineering-geological protection of coastal slopes, including a system of
breakwaters and groynes, beach nourishment to reduce extent of marine coastal erosion,
terracing of slopes, many kilometers long underground drainage system, vegetation on the
slopes and permanent monitoring of the coastal areas.
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4 SEISMIC HAZARD ASSESSMENT AND SELECTION OF MODELS FOR
IMPLEMENTATION (ACTIVITIES A.1.9 &A.1.13)

4.1 INTRODUCTION

It has been identified by Seismological Society of America (1910) that three parts of the
earthquake phenomenon should be studied: the event itself (time, location and mechanism),
the associated ground motions and the effects on structures. These constitute the fundamental
elements in evaluating earthquake risk. Mitigating the seismic risk requires a logical and
consistent approach to evaluating the effects of future seismic loads (with the expected
uncertainty) on people and their structures. To accomplish a complete earthquake risk
assessment four basic steps are taken into account (McGuire 2004). First is the seismic hazard
analysis probabilistically or deterministically which gives a probabilistic description
(frequency of exceedance) or a seismic worst case scenario of earthquake characteristics such
as ground motion values. Second is the estimation of earthquake damage, evaluating proper
damage and loss functions. Third is the assessment of the seismic risk translating the seismic
hazard results into seismic risk ones (frequencies of damage or loss by utilizing the selected
functions. And fourth is the formal or informal analysis of earthquake mitigations decisions,
wherein the options, uncertainties, costs, decision criteria and risk aversion of the decision
maker are merged in the decision process. The main target of the application of the seismic
hazard assessment and the seismic risk analysis is to propose the criteria that can be used to
make rational decisions on seismic safety.

Virtually every important decision regarding the evaluation of earthquake effects on people
and manmade facilities is made using some form of probabilistic seismic hazard. Sometime
there analyses are conducted informally, with probabilities or likelihoods assessed intuitively
with subjective expert opinion. In such instances our judgment, intuition, and experience are
adequate to assess relative probabilities of occurrence and to make rational decision on the
optimum course of action (or inaction) to take. Sometime the judgments made are so natural
and intuitive that they are made largely unconsciously; our experience and confidence allows
assurance that the results are nearly optimal.

In instances involving complicated assessments of effects derived from various geo- science
and engineering disciplines, decision makers often prefer formal assessments of probabilities
of earthquake occurrences and associated natural effects that may produce damage to
facilities and injury or life-loss to people. Such formal assessments are usually most
appropriate for recommendations on (1) regional or national seismic design requirements; (2)
earthquake evaluation of important facilities whose loss would imply substantial financial
hardship to owners; (3) estimation of earthquake damage and losses for emergency
preparedness purposes; (4) decision making regarding seismic safety of critical facilities
(whose damage might lead to substantial life loss, injury, monetary and property loss, or
threat to national security).
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In this report we mainly focus in regional seismic hazard assessment of the Black Sea area
studied within the framework of the project (e.g. Greece, Turkey, Bulgaria, Romania,
Moldova and Ukraine). The earthquake hazard analysis requires the use of various scientific
branches other than seismology. Geological and Geophysical sciences are demanded for
defining the location and the geometrical shape of the potential seismic sources of known or
unknown seismic faults as well as the radiation pattern of the generating seismic arrays of the
aforementioned seismic foci. Mathematics, especially an understanding of probability and
statistics, is significant in the increasingly prevalent probabilistic evaluations. Geotechnical
engineering is extremely indispensable in estimating the effects of local soil conditions of the
ground motions. Structural and earthquake engineering determine the way of
parameterization of the most seismic hazard results.

4.2 SEISMIC HAZARD ASSESSMENT

4.2.1 METHODOLOGY

The purpose of seismic hazard analysis is to evaluate the hazard of seismic ground motion at
a site by considering all possible earthquakes in the area, estimating the associated strong
shaking at this site. There are two main approaches in seismic hazard analysis the
deterministic and the probabilistic. In the Deterministic Seismic Hazard Analysis (DSHA), a
single “maximum” earthquake is specified by magnitude and location with respect to a site of
interest, and the associated ground motion is assessed and used to design or evaluate the
safety of a facility. The deterministic approach may be justified; for example for major
earthquakes on a given segment of a plate boundary fault that is known to break repeatedly,
generating similar size earthquakes characteristic to the fault sesgment. The DSHA selects one
or more earthquakes as the target for designing an earthquake resistant structure. The target
earthquake for a critical structure (usually the “maximum seismic event” or the “maximum
credible earthquake™) is usually selected by consideration of the historical seismicity record
and the physical characteristics of the seismic sources. The DSHA does not consider the
likelihood of the occurrence of the target earthquake, nor does it offer any insight into the
importance of the target earthquake relative to other possible seismic hazards, such as those
due to smaller but closer earthquakes or larger but more distant seismic events.

On the other hand, the Probabilistic Seismic Hazard Assessment (PSHA) may be used to
calculate the probability that a range of small and large earthquakes may occur along a given
fault and that various faults in a broader region might affect the site. The PSHA addresses the
questions of how strongly and how often the ground will shake, by considering all possible
earthquakes that might affect the site. The range of ground motions at a site resulting from
earthquakes that might occur on a variety of seismic sources, is estimated by using an
empirical predictive relationship to translate to the site through distance, the ground motions
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associated with earthquakes that are considered. The rate of earthquake occurrence on each
seismic source is also considered. Thus, PSHA combines information on earthquake size,
origin location, probability of occurrence, and resulting ground motion in order to provide
results in terms of ground motion and associated annual probability of occurrence (or
exceedance). An important issue for PSHA is which ground motion measures will meet the
needs of various users (e.g. pga, 5%-response spectra, etc).

When seismic hazard must be quantified in the face of uncertainty in the locations of seismic
sources, magnitude distributions and ground motion estimates, PSHA can incorporate and
display the range of scientific opinion regarding these issues. One way to do this is to identify
various hypotheses and models to describe each science phenomena involved. When this is
done, the range of uncertainty in the PSHA corresponding to the range of hypotheses can and
should be explicitly displayed, so that the decision maker will be aware of the uncertainties
and will not have a false impression of accuracy that might be associated with a single valued
hazard estimate. Expert judgment can be employed to assign subjective probabilities to each
hypothesis and thus identify to the decision makers where, in the range of uncertainty, the
prevailing weight of opinion would assign the risk. When the uncertainty in the PSHA results
Is too large to be useful for decision making, a consensus could still be sought among experts
who may capture, by an in depth DSHA analysis, subtle but crucial details of earth science
information, which have escaped the quantification procedure in PSHA.

The design of structures considering the potential seismic actions at a given site is, for the
time being, the only way for the minimization of loss of lives due to earthquakes. We can
define as seismic hazard at a site, where a structure (building, bridge, etc) exists or will be
constructed, a quantity, H, which is measured by the expected (with given probability of
occurrence) intensity of strong seismic ground motion in this area. This parameter (Hazard)
can be measured by the expected ground acceleration, “a” (peak value, spectral values, etc),
the ground velocity “v”, by the ground displacement “s”, or by the expected macroseismic
intensity “I”.

The mathematical formulation of the seismic hazard can be given by the following relation:
_InNt In[=In(-PJ]
p p

where Y; is the seismic hazard parameter, that has P; probability to be exceeded within a
given time window of t years and Ny, f are constants determined using the distribution of the
seismic intensities (peak ground values, macroseismic intensities or spectral values)..

Y

(71)

The expected final result of the seismic motion at a site (damage in structures, losses of
people, etc) can be called seismic risk, R, and depends on the seismic hazard H, at this site
and on the properties and dynamic features of the engineering structures (quality, natural
period, damping, plasticity, etc). The measure of these properties of the structure is called
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vulnerability “V”, of the structure. For this reason, the seismic risk “R”, is considered as the
convolution of seismic hazard “H”, and of vulnerability “V”. That is,

R=H*V (72)
which in graphical form is given in Fig. 37
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Fig. 37: Seismic Risk is the output of convolution of seismic hazard and vulnerability.
Typical graphs depicting each quantity are shown. (Coburn and Spence, 2002).

The main aim of the relative sciences and technology today is the reduction of the
consequences of the earthquakes, that is, the decrease of seismic risk, R. Theoretically, this
can be obtained by decreasing both V and H, according to the previous relation. In practice
however, we can decrease only V and not H, because the seismic hazard at a site depends on
physical factors (seismicity, source and wave path properties, properties of foundation soil,
etc), which cannot be controlled by the human beings. These physical factors can be studied
and their effects on the seismic hazard can be understood. Vulnerability is a topic studied by
Earthquake Engineering and civil engineers are mainly responsible to propose methods for
reducing the vulnerability of a structure without excessive cost. This can be done successfully
if accurate knowledge on the seismic hazard at the site of the structure exists. Seismic hazard

is a subject studied by Engineering Seismology and seismologists are mainly responsible for
its estimation.

Usually, the following two main objectives of seismic risk reduction are sought:

a) The engineering structure not to sustain any damage or to sustain slight damage (easily

repaired) by the most probable expected seismic motion during the lifetime of the structure
(e.g. 50 years).
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b) The engineering structure to sustain some damage but not to collapse by the maximum
expected seismic motion at the site of the structure.

The aim of any seismic hazard either on small or large scale is the robust determination of the
constants of relation (1) which is achieved through the following main steps depending on the
procedure (probabilistic or deterministic):

1. A seismic source model, based on the adoption of a reliable seismotectonic model,
which best describes the active tectonics of the study area. With the term active
tectonics we mean the kinematic and dynamic processes of the lithosphere that take
place in the area (e.g. motion of the lithospheric plates, deformation),

2. the accurate determination of the seismicity parameters using complete and
homogeneous catalogues,

3. compilation and adoption of reliable predictive relation for the attenuation of the
strong ground parameters

4. Finally the selection of a methodology for the statistical analysis of the distribution of

seismic intensities in time and space.

The entire list of steps in the hazard analysis is of crucial importance and their uncertainties
must be considering in any hazard analysis (Fig. 37Fig. 38).
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Fig. 38. Flow chart for seismic hazard assessment
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deterministic (right) approach. (Reiter,1990).

4.2.2 PROBABILISTIC SEISMIC HAZARD ASSESSMENT

This part of project examines a formal probabilistic seismic hazard analysis (PSHA),
evaluates its strengths and weaknesses, and suggests those elements of the PSHA that are

study based on probabilistic (left) or
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considered necessary for a reasonable statement of seismic hazard. When the probabilities
calculated cannot be correlated directly with observed statistics, or the consequences of
earthquake damage are significant, or the uncertainties in physical interpretation for one or
more scientific fields are large, formal procedures for PSHA are generally preferred. PSHA
evaluates the seismic hazard of seismic ground motion at a site considering all possible
earthquakes in the area studied, estimating the associated shaking at the site, and calculating
the probabilities of these occurrences. While this project focuses on the seismic hazard of
ground shaking, similar probabilistic techniques can be applied to the assessment of hazard
from fault movement, liquefaction, floods and landslides. PSHA procedures have several
advances over less formal, more subjective evaluations.

PSHA studies typically include the following:

1. A database consisting of potentially damaging earthquake sources, including known
active faults and historic seismic source zones, their activity rates, and distances from
the project site. This should include a comparison with developed slip rates for faults
considered. Differences in slip rates should be documented and the reasons for them
explained (for example, revised slip rates or new paleoseismic information from
recent studies). Use of published maximum moment magnitudes for earthquake
sources, or estimates that are justified, well-documented, and based on published
procedures;

2. Use of published curves for empirical predictive relations of PGA with distance from
earthquake source, as a function of earthquake magnitude and travel path.

3. An evaluation of the likely effects of site-specific response characteristics (e.g.,
amplification due to soft soils, deep sedimentary basins, topography, near-source
effects, etc.).

4. Characterization of the ground motion at the site in terms of PGA with a certain
number of probability of exceedance in specific return period, taking into account
historical seismicity, available paleoseismic data, the geological slip rate of regional
active faults, and site-specific response characteristics.

The objective of seismic hazard analysis is to provide a formal estimate of the earthquake
threat as a specific site. Typically the treat is presented in terms of the amplitude of seismic
shaking ( e.g. pga, pgv, 5%-psa, etc). The time span of these PSHA calculations is a time
period of 30-50 years approximately the economic lifetime of engineered structures and
facilities. Application to critical facilities implies much longer time periods and the
uncertainties inherent in such calculations require special consideration. The hazard estimate
is a function of available information relevant to earthquake activity in the region. A typical
PSHA seeks to estimate the annual probabilities of exceedance as a function of a single
amplitude of strong ground shaking e.g. Four steps are considered to assess PSHA.

A. Seismic source (zones or faults within which future earthquakes will occur) are
delineated. From this a distribution of possible distances, fr(r), is derived.

B. A rate of earthquake occurrence v; and a magnitude distribution, fyy(m), are derived for
each source.
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C. A ground-motion model is derived that, for any specified magnitude m and distance d,
allows calculation of the probability that a ground - motion amplitude is exceeded.

D. An estimation is accomplished of the rate v, with which amplitude is exceeded, using
inputs A through C, by integrating overall possible magnitudes and distances and any
accounting for their relative probabilities.

The third input is an "empirical predictive relation” that permits estimation of the distribution
of ground-motion amplitudes as a function of magnitude and distance. The probability
analysis integrates overall earthquakes sizes and distances, and sums over all seismic sources,
to estimate the expected number of exceedances of amplitude per unit time, which is an
accurate estimate of the annual probability of exceedance of amplitude for a low value of
probability.

Use of the expected number of events v (instead of the probability of one or more such
events) greatly simplifies the formulation and makes the model more robust. As usual, in
probabilistic analysis, it is easier to calculate expectations that probabilities. In PSHA, one
calculates the expected number of occurrences as the sum of expected occurrences caused by
many diverse earthquakes. The expectation of that sum will always be the sum (integral) of
those expectations, even if future events are correlated in time, space and size. There need not
be any implicit or explicit assumption of Poissonian behavior, either in space or time in the
analysis. Virtually any model of future earthquake occurrence, including spatial, temporal,
and size dependence, can be accommodated as (eg memoryless - poissonian or time
dependent model).

4.2.2.1 Statistical Earthquake -Occurrence Models

Several earthquake-occurrence models have been proposed, showing various degrees of
sophistication and incorporating different physical concepts. Anyone may consider a variety
of probabilistic dependencies and memory patterns involving earthquake times, locations and
sizes. Examples are time-predictable and slip-predictable, Markov, characteristic earthquake,
self-exciting or double-stochastic or clustering point processes, and renewal models, all of
which have been suggested as possible representations of seismic sequences. In practice, a
random, memoryless (Poisson) process has been generally assumed in PSHA because of ease
of application. Models with memory (time dependent) require more detailed knowledge and
understanding of earthquake processes, which is often not available. The impact of non-
poissonian behavor on seismic hazard may or may not be significant.

Characteristics of seismicity for which only a few modeling alternatives and estimation
procedures exist are the variations of seismic rates in space (nonhomogeneity) and in time
(nonstationary). Spatial variations are especially important and difficult to estimate in regions
where the stress-generating process and the causative geologic features are not well known.
This includes areas where a lack of a thorough understanding of the physical processes that
control earthquake occurrence rates and hence nonhomogeneity. A typical approach in this

Deliverable-No. D.01.02 Final Versions
Issue: 1.04 Date: 17 February 2015 Page: 149 of 473



Black Sea JOP, “SCInet NatHaz” (
Current Status Assessment Seiet NafHaz

instance is to define seismogenic provinces as geographical regions within which the
seismicity is assumed to be homogeneous. Models of this type are popular because of their
simplicity. However, hazard results are sometimes sensitive to the configuration of the
seismogenic provinces and to the assumption of homogeneous activity within each province.

Temporal variations of seismicity ranging from long term (hundreds or thousands years) to
short term (weeks or months) are currently ignored, but understanding these variations will
provide a basis for more credible hazard estimates in the future. An important example,
which is handled at an intuitive level in the process of defining homogeneous seismogenic
provinces, is that regions that have been quiescent in the recent past - say during at least the
period of the historical record - may suddenly become active in the next few decades.

An often influential modeling choice is that of the type of probability distribution of
earthquake magnitude, including numerous variations on the distribution of one or several
characteristic values. In practice, simple models such as the truncated exponential law should
be preferred, unless such models are overshadowed by clear physical or statistical evidence.
Significant work on statistical earthquake occurrence has concentrated on model formulation
and parameter estimation. New models, with spatial and temporal variation of seismicity and
with various types of probabilistic dependences, should continue to be developed, but priority
should perhaps be given to studying procedures for the validation and comparison of models
on the basis of available data.

4.2.3 DETERMINISTIC SEISMIC HAZARD ASSESSMENT

The essential feature of deterministic seismic hazard analysis (DSHA) is that one or more
earthquakes are selected with only implicit consideration of their probabilities of occurrence.
One example is the tectonic province procedure currently used for critical facilities sites, in
which the largest Macroseismic intensity in the province is identified, and then assumed to
occur at the site. A second example is the assignment of a maximum credible earthquake with
specified magnitude occuring at a specified distance. A third example is the identification of a
“characteristic earthquake” on a fault segment with specified source parameters, which
enables seismologists to predict strong ground-motion parameters. Ground-motions obtained
by analysis range in sophistication from peak values obtained from empirical predictive
relations, to complete seismograms that may by either synthetic or selected from prior
recordings under similar conditions. Probabilistic concepts enter in this analysis only in a
simple form, such as scatter about a mean ground motion estimation curve.

Deterministic evaluation of seismic hazard can also be performed, and the results of
correctly performed and suitably comprehensive DSHA studies can also supersede values of
PGA. DSHA studies typically include the following:
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1. Evaluation of potentially damaging earthquake sources and deterministic selection of one
or more suitable "controlling” sources and seismic events. The deterministic earthquake event
magnitude for any fault should be of a maximum value that is specific to that seismic source.
Maximum earthquakes may be assessed by estimating rupture dimensions of the respective
fault.

2. Use of published curves for the effects of seismic travel path using the shortest distance
from the source(s) to the site (e.g., see special issue of Seismological Research Letters, v. 68,
n.1, 1997);

3. Evaluation of the effects of site-specific response characteristics on either (a) site

accelerations, or (b) cyclic shear stresses within the site soils of interest.

REFERENCE

McGuire R., Seismic hazard and risk analysis, Eqk. Eng. Res. Inst. Monograph, MNO-10,
pp221.
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4.3 GREECE

In the present activity, seismic hazard assessment at regional scale will be evaluated for the
broader area of Kentriki Makedonia (Central Macedonia), and Thraki (Thrace - Greek part),
based on the selected methodology from GAL. The selected area K-Macedonia and Thrace
area is located on the Northern part of Greece located among Bulgaria (to the North), Turkey
(to the East), North Aegean Sea (to the South) and Western Macedonia region (to the West).
The population of the area examined is almost 2.5 million (2010).

4.3.1 BACKGROUND INFORMATION ON SEISMIC HAZARD MAPS IN GREECE.

The seismic hazard maps appeared in the various seismic codes of Greece since 50’s were
based on the valid seismological knowledge during the corresponding period of compilation.
The area under study was always considered as low seismicity and low hazard area.

Until the end of fifty’s several regulations were issued after disastrous earthquakes for the
rehabilitation of the damaged structures (Corinthos 1926, Chalkidiki 1932, Thessaloniki
1932, lonian Island 1953 Thessalia 1954-1957).

In the first seismic hazard map of Greece with the title “Engineering Seismic Map of Greece”
the area of Greece was divided in 5 classes of seismic hazard (Technical Chronicles, no 184,
1939) and was compiled by Roussopoulos (1956). The classification was based on a proposed
value corresponding to fraction of the horizontal acceleration which was considered as design
acceleration. In the revision of 1956 (2" edition) the area of the Dodecanese islands was
considered in the zonation and the new map included five seismic hazard classes with a
division each of them in three subclasses depending to the soil classification. The coefficient
was varied between 0.01g and 0.16g. The map is shown in Fig. 39.

This map was based on the macroseismic effects of the earthquakes during the 19" early of
the 20™ century reflecting the geographical distribution of the maximum intensities. No
statistics was used.
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Fig. 39: The first seismic hazard map of Greece.

The first Greek seismic code was adopted in 1959 (Royal Decree 19/26.2.1959, Gov. Gazet.
36A) and included a list of 144 sites which were grouped in 3 classes. The classification was
based on the maximum observed intensity and its frequency without any scientific treatment.
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Discussions of the revision of the seismic code of Greece started after the 1978 M=6.5
Thessaloniki earthquake, which caused extended damage to reinforced concrete structures,
which were built according to the seismic code of 1959. These discussions were densified
after the strong earthquakes of 1981-1986 which caused high degree damage including
collapses at several regions.

Until that period many research papers and PhD theses were published aiming in reliable
assessment of seismic hazard. These scientific efforts started on the basis of point source
approximation for seismic hazard studies with the application of the probabilistic methods of
mean values and the Gumbell I and I11 asymptotic distributions. The paper by Galanopoulos
and Delibasis (1972) was the first attempt on seismic hazard even at elementary level of data
statistical treatment. The first trusted attempt was made by Algermissen et al (1972). The
publications of Makropoulos (1978), Papaioannou (1984), Papoulia (1988) and the papers by
Drakopoulos and Makropoulos (1983), Papaioannou (1986), Makropoulos and Burton
(1989), were based on the Gumbell’s (1958) first and third asymptotic distributions.
Following, the more detailed zonation by Hatzidimitriou (1984), the Cornell’s (1968) method
and its modification due to McGuire (1976) was applied by Papazachos et al (1985) using the
area-type seismic sources model by Hatzidimitriou (1984) which was based on the pioneering
work for the compilation of an area-type seismic sources model by Papazachos (1980). In the
paper by Papazachos et al (1985) the authors adopt the opinion expressed by Cornell (1968),
that the use of seismic hazard recurrence curves is more useful than ill-defined single
numbers as the "probable maximum™ or the "maximum credible™ intensity. This is due to the
fact that even well-defined single numbers, as the “expected lifetime maximum” are
insufficient to give the engineers an understanding of how quickly the hazard (annual
probability of exceedence) decreases as the ground motion intensity increases. Papazachos et
al. (1990) attempted to perform a statistical elaboration of the macroseismic observation for
selected sites in Greece and compare the results with probabilistic seismic hazard.

Improvements and contribution to the credibility of the results were made by Margaris
(1994), who took into account the azimuthal variation of the seismic intensity in the
calculations.

Given the proposal for the empirical predictive relation for the peak ground values by
Theodulidis (1991), the seismic sources model for the shallow and intermediate depth
earthquakes (Papazachos, 1990) and the compilation of the catalogue of historical
earthquakes by Papazachos and Papazachou (1989), seismic hazard maps were compiled
using the McGuire (1976) code and also the mean values and Gumbell (1958) probabilistic
methods. These individual maps were considered as the basis of the revised version of
seismic hazard zonation of Greece (Papazachos et al., 1989). In this map the area of Greece
was divided into four zones of seismic hazard with design values for the ground acceleration
(seismic design coefficient) equals to 0.12g, 0.16g, 0.24g and 0.36g and is shown in Fig. 40.
Following the earthquake of 1995 in Kozani there was a modification for the area of W.
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Macedonia due to increase level of the seismic hazard.

Even though the background work for the seismic hazard map of Greece was accomplished in
1989 the seismic code of Greece was published in the Government Gazette in 1992 being
valid in parallel with the 1950 code. In 1995 two disastrous earthquakes occurred in Greece
(Kozani, M6.6 and Aigio M6.2). In July-August 1996 two earthquakes of magnitude M 5.2
and 5.6 occurred in NW Greece with recorded peak accelerations 0.39g at the town of
Konitsa (zone I1) were a partial collapse of a reinforced concrete 4 stories building was
observed. In September 1999 a magnitude M5.9 earthquake caused great damage in the
metropolitan area of Athens. This was the trigger effect for the government to request for a
new updated seismic hazard map of Greece on the basis of the new scientific information
gained during the period 1989-1999.
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Fig. 40: Seismic Hazard map of Greece in the seismic code of 1992 (Papazachos et al., 1992).

Therefore the Institute of Engineering Seismology & Earthquake Engineering (ITSAK), the
Laboratory of Geophysics of the Thessaloniki University (GL.AUTh), the Geodynamic
Institute of Athens (GI.NOA) and the Laboratories of Seismology of Athens (NKUA) and
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Patras Universities (UP) merged their results obtained by using various input data and
procedures (seismotectonic models, seismic sources models, empirical predictive relations,
parameters describing the measures of seismic hazard and software) for the compilation of
their individual seismic hazard maps.

In order to accomplish its role ITSAK used the seismic sources model of area type sources by
Papaioannou and Papazachos (2000) and the hybrid model of area type sources and faults
proposed by Papaioannou (2002) and the empirical predictive relations by (Margaris et. al.,
2002). The zonation proposed by Papaioannou (2002) took into account the paper by
Papazachos et al. (2001) on the geometrical and seismological parameters of the main faults
in the broader Aegean area proposed by Papazachos et al., (2001). Both are shown in the
maps of Fig. 41 and Fig. 42.

Fig. 41: Hybrid model of fault and area Fig. 42: The main faults of shallow strong
sources in the Aegean and surrounding (M>6.0) earthquakes in the Agegean areas
area (Papaioannou, 2001). (Papazachos et al., 2001).

The two models of shallow and intermediate depth earthquakes compiled by Papazachos
(1990) and Papazachos and Papaioannou (1993) which were used by GI.NOA, NKUA and
UPatras are shown in Fig. 43 and Fig. 44.

Several empirical predictive relations for the peak ground values were used in Greece which
include the publications of Makropoulos (1978), Theodulidis (1991), Theodulidis and
Papazachos (1992), Ambraseys (1995), Ambraseys et al, (1996) and Margaris et al. (2001,
2002). A comparison of these relations for a magnitude Mw=6.5 earthquake and site
conditions “ROCK” are shown in the graph of Fig. 45,
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Fig. 45. Comparison of the various empirical predictive relations for the PGA, used in the
present study for M=6.5 and soil conditions “rock”
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A scientific committee was established by the Earthquake Planning and Protection
Organization for the compilation of the official hazard map based on the results of the five
seismological organizations. The committee decided to consider the hazard values of the five
partners get the mean value remove the outliers and adopt the remaining values for the
compilation of the final hazard map. The geographical distribution of the mean values and the
standard deviation values of the peak ground acceleration are shown in the Fig. 46 and Fig.
47.

The final seismic hazard map which was included in the revision of the Greek seismic code, it
was published in the Government Gazette (®.E.K. B 1154/12-8-2003) and is shown in the
map of Fig. 48. In this map the area of Greece is divided in three zones with design values of
the horizontal ground acceleration equals to 0.16g, 0.24 and 0.369. Practically the geographic
areas corresponding to the zones | and 11 of the previous map were merged into zone | of the
new map. It must be pointed out that this map and the seismic code are valid only for
ordinary structures of engineering interest. For the construction of special structures which
are of significant importance and high levels of security special seismic hazard studies are
required.

19 20 21 22 23 24 25 26 27 28 29

Fig. 47: Geographical distribution of the
standard deviation of the peak ground
acceleration values (cm/sec?) in Greece and
surrounding area

Fig. 46: Geographical distribution of the mean
values of the peak ground acceleration (cm/sec?)
in Greece and surrounding area
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Fig. 48: The official current seismic hazard map of Greece

The comparison between the maps appeared in Fig. 40, Fig. 41, and Fig. 48 shows clearly
that the examined area covers low hazard zones.

4.3.2 SEISMICITY & SEISMOTECTONICS OF THE AREA

The area under study is located in the northern part of the broader Aegean area. The map in
Fig. 49 shows the main features of tectonic origin of the Aegean area. The black rectangular
denotes the area of the present study. The most important tectonic feature in the broader area
is the branch of the North Anatolian Fault with its termination in the North Aegean, located at
the southern border of the examined area.
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Fig. 49: The main features of tectonic origin in the broader Aegean area. The rectangular
shows the investigated area.

An effective way to study the spatial distribution of seismicity in a certain area is to divide
this area into seismic zones or seismogenic regions, that is, into regions with uniform seismo-
tectonic features, and to define seismicity parameters in each one of them. Such efforts have
been made by several authors (Papazachos, 1980; 1990; Papazachos and Papaioannou, 1993;
Papaioannou and Papazachos, 2000 among others).

Using information on seismicity, active tectonics, attenuation pattern of seismic intensities,
location of active faults Papazachos and Papaioannou (2000) and Papaioannou (2002)
proposed seismotectonic models for the area. The reliability of these models can be proved on
the basis of research and applied work numerous publications, which made use of these
models.

The map in Fig. 50 shows the location of epicenters of strong M>6.0 earthquakes since the
historical times and the earthquake with Mw>5.5 during the instrumental era (1911-2013).
The source of the historical earthquakes is the catalogues of Papazachos and Papazachou
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(2003), while the data for the period 1900-2013 are from the updated catalogue of
Papazachos et al. (2012). Different size and color circles were used to denote the various
magnitudes of earthquakes and time period as in legend.

@ 75<m<79 @ 70<M<74
© 65<M<6.9 @ 6.0<M<6.4
® 55<M<5.9(1911-2013)

23

24°

Fig. 50. Geographical distribution of strong earthquakes within the investigated area shown
by a rectangular. The faults are after Papazachos et al. (2001).

The map in Fig. 51 shows the distribution of the moderate-to-small magnitude (3.5<
Mw=5.4) earthquakes during the instrumental era according to the legend.

From the maps in Fig. 50 and Fig. 51 one can conclude that the area is a low seismicity
region with considerable activity of moderate magnitude events and nucleation of strong
earthquakes mainly at the borders. The highest activity is related to the Servomacedonian
zone, the north Aegean trough and the north Anatolia fault, the Kresna and Plovdiv fault
areas. The activity at the area of the July 29, 1752 Havsa earthquake (41.41N 26.61E,
M=7.5) and the November 6, 1784 Komotini earthquake (41.10N 25.30E, M6.7) is very low.
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Fig. 51. Geographical distribution of moderate-to-small earthquakes within the investigated
area shown by a rectangular. Information of the time period and size of the events are shown

in the legend.

The map in Fig. 52 shows the location of the area type sources proposed by Papaioannou and
Papazachos (2000) (blue polygons) and the epicenters of the earthquakes. Table (1) includes
information on the seismicity parameters of the sources which mostly influences the results

of the seismic hazard in the area.

Table 4.1: Information on the seismicity parameters of the sources which influence the

examined area (Papaioannou and Papazachos (2000).

Name b a Area Mmax  Rate
Km? M >5.0
Philipoupolis 0.79 3.23 14315 6.9 0.187
Kresna 0.83 3.44 20078 7.2 0.196
Drama 0.81 3.22 17305 7.0 0.158
Serres 0.82 3.54 9271 7.0 0.271
Athos 0.83 3.92 5249 7.3 0.595
Samothrace 0.82 3.76 10088 7.1 0.467
Hellispontos 0.80 3.74 19181 7.5 0.527
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The map in Fig. 53 shows a hybrid model of line-type and area-type sources, which was
proposed for the broader area (Papaioannou, 2002). In this model the strong (M>6.0)
earthquakes are associated with faults and the smaller events were considered that are located
within the sources. This model takes into account the modern opinion on the distribution of
strong events which is that the association of strong events with faults is more realistic than
the view of having the same probability for the occurrence of a large magnitude event at
every place within a seismic source. The faults are after Papazachos et al. (2001).
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Fig. 52. Geographical distribution the epicenters of the known earthquakes at the broader area
of the investigated area (shown by red rectangular). The blue polygons show the seismic
sources proposed by Papaioannou and Papazachos (2000).

Final Versions
163 of 473

D.01.02
Date: 17 February 2015

Deliverable-No.

Issue: 1.04 Page:



Black Sea JOP, “SCInet NatHaz” ( K‘ﬁ
Current Status Assessment Scitiet Natlta:

40" i - 3
22 b 23

Fig. 53. A hybrid model of area-type and line-type (faults) in the area Papaioannou (2002).
The faults are after Papazachos et al. (2001).

4.3.3 EMPIRICAL PREDICTIVE RELATIONS OF MACROSEISMIC INTENSITIES

In order to assess the seismic hazard at a site, it is necessary to adopt reliable relations
describing the dependence of the seismic intensity measures as a function of the distance and
source properties of the earthquakes in the area. The parameters which are usually used for
these purposes are the macroseismic intensity and the peak values of the ground motion. In
the present study the empirical relations for the macroseismic intensity and the peak ground
acceleration were used.

The macroseismic intensities were used because the macroseismic intensity, effect of the
earthquake. is the only procedure to investigate historical events and ink them with the
current situation. Furthermore using scaling relations holding between the macroseismic
intensity and instrumental parameters of the ground motion, we can define with acceptable
uncertainties the distribution of the maximum values of instrumentally determined parameters

as pga, pgv or pgd.

Several attenuation relations of macroseismic intensity as a function of magnitude and
distance have been proposed for the Balkan area. Due to their simplicity such relations are
used in seismic hazard assessment especially in the Cornell’s (1968) method. During the last
thirty years 356 macroseismic maps with more than 30.000 macroseismic intensity data
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points of shallow earthquakes in the Balkan area have been compiled (Papazachos and
Papaioannou, 1997). Based on this large number of macroseismic observations a new
attenuation relation has been proposed. This relations is,

| - 10=-3.59 log (A+6) +3.19 (73)
where lo is the epicentral intensity. The aforementioned authors have also proposed relations
between epicentral intensity lo and magnitude M, applicable separately for every Balkan
country independently. For Greece the proposed relation (Papazachos and Papaioannou,
1997) is,

|, =143M-093 -

From the relations (1) and (2) the average macroseismic attenuation relation for the area of
Greece is,

|. =2.26+1.45M —3.59%log(A +6) (75)

Relation (3) was used for the seismic hazard assessment calculations considering the
macroseismic intensity as a parameter of the seismic hazard.

Fig. 54 shows a comparison of attenuation relations as a function of the macroseismic
intensity for various areas of the world (Papazachos and Papaioannou, 1997). It is clear that
regions with high seismic activity (Balkans, W. USA, Italy) show high attenuation compared
with less active areas as E.USA, NW Europe and Scandinavia.

Poardi firstly used Macroseismic data in 1627 in an attempt to measure the size of the
earthquakes. Since the beginning of the 19" century macroseismic observations were
routinely reported in the bulletins of the Observatory of Athens. Until 1934 the Rossi-Forell
intensity scale was used, while since 1950 an intensity scale equivalent to the Modified
Mercalli scale has been being used (Shebalin, 1974).

In Greece, macroseismic observations were firstly used for the definition of isoseismals of

shallow and intermediate depth earthquakes by several authors. It has to be mentioned that
substantial work has been done during the time period 1936-1949 when no bulletins were
published by the Observatory of Athens (Galanopoulos, 1941, 1944, 1949, 1950, 1953, 1954;
Ambraseys, 1988; Ambraseys and Jackson, 1990). Moreover, the study of individual
earthquakes included, among other topics, the study of their macroseismic fields.

The Geophysical Laboratory of the Aristotle University of Thessaloniki, recognizing the
importance of the study of the macroseismic observations on Earthquake Engineering, started
to collect macroseismic data in the beginning of ‘80. Papazachos and Papazachou (1989)
presented a catalogue of strong (M>6.0) earthquakes, which occurred in the Aegean and
surrounding area during 550BC-1986. Papazachos et al. (19974, b), used an updated and
more complete catalogue of strong earthquakes occurred in the Aegean area during 550BC-
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1996 (Papazachos and Papazachou, 1997), and after extracting macroseismic data from the
bulletins of the Observatory of Athens (1900-1939 and 1950-1996), compiled a data base
consisting of 37,000 macroseismic observations of 900 earthquakes, which occurred in this
area. This data base can be used for the determination of attenuation relations for every site in
Greece, for the compilation of synthetic isoseismals and the definition of rupture zones. It can
also be used to test the results of probabilistic seismic hazard studies (Papazachos and
Papaioannou, 1998; Papazachos et al., 1998).
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Fig. 54. Comparison between various attenuation relations holding for different areas of the
world. The continuous black line stands for the Aegean area (Papazachos and Papaioannou,
1997).

The maps in Fig. 55, Fig. 56, Fig. 57, Fig. 58, Fig. 59 and Fig. 60 show the macroseismic
field of strong earthquakes in the examined area.
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Fig. 55. Isoseismal map of the earthquake of 1752 in Thrace (Papazachos et al., 1997a).

1829,May5, 41.10°N, 24.50°E, M=7.3, Drama
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Fig. 56. Isoseismal map of the earthquake of May 5, 1829 M=7.3 (Papazachos et al., 1997a).
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Fig. 57. Isoseismal map of the earthquake of August 9, 1912 M7.6 earthquake (Ambraseys
and Finkel 1987).

1904,Apr.4, 41.80°N, 23.00°E, M=7.7, Bulgaria
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Fig. 58. Isoseismal map of the earthquake of April 4, 1904 M=7.7 Kresna mainshock.
(Papazachos et al., 1997a).
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1928,Apr.14, 42.15°N, 25.28°E, M=6.8, Bulgaria
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Fig. 59. Isoseismal map of the earthquake of April 14, 1928 M=6.8 Plovdiv earthquake.
(Papazachos et al., 1997a).

1932,Sep.26, 40.45°N, 23.76°E, M=7.0, Hierissos
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Fig. 60. Isoseismal map of the earthquake of September 26, 1932 M=7.0 lerissos earthquake.
(Papazachos et al., 1997a).
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li is obvious the influence of the NE-SW striking strike slip strong earthquakes at the eastern
part and the EW striking normal faults on the pattern of macroseismic field in the area.

4.3.4 DISTRIBUTION OF MAXIMUM MACROSEISMIC INTENSITIES IN THE STUDY
AREA

For the estimation of the maximum macroseismic intensities that have been observed at the
area of study, it is necessary to have a set of macroseismic observations for the study area
covering a long time window. Although a large number of observations is available for the
study area, the use only of observed macroseismic intensity values is problematic. The main
limitation of the observed intensity data set is that frequently no observations are available for
the site under study, either due to the absence of important cities or towns, or due to the lack
of information concerning the damage distribution from certain strong events. For this reason,
it was initially considered appropriate to use deterministically computed macroseismic
intensities for the broader study area.

For these estimations, the earthquakes that had the most significant impact on the broader
area of the study were used.

For the modeling of the macroseismic field of the previous earthquakes the formulation of
Papazachos (1992) was used. This formulation assumes that the main energy source for each
event can be represented by a point source and therefore the Kovesligethy relation can be
used:

2
-1, = nlog,/1+% + c(,\/Az +h®-h) (76)

where |y is the epicentral intensity, | is the observed intensity at distance A, h is the source
depth, n is the geometrical spreading factor and c is the anelastic attenuation coefficient. The
main modification in the applied formulation is that the isoseismals are assumed to have an
elliptical shape, due to the anisotropic radiation of the seismic energy at the source.
Therefore, equation (6) is modified to:

2
-1, :nlog(s% 1+ ﬁ—z]m(,/&m?-h) (77)

where I . defines the apparent epicentral intensity at the direction of the minimum energy

radiation (small axis of the elliptical isoseismals), and S is a factor which determines the
azimuthal variation of the intensity and which is given by:
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S=1-¢%cos*(¢—¢) (78)

where ¢ is the ellipticity of the isoseismals, C is the azimuth of the major axis of the elliptical
isoseismals and ¢ is the azimuth of each site/direction we are studying. It can be shown
(Papazachos, 1992) that at each direction equation (6) still applies with an “equivalent”
epicentral intensity at each direction which is given by:

b(#) = 1, +glogS (79)

Using the previous methodology and the values n=-3.227 and c=-0.0033 estimated by
Papazachos and Papaioannou (1997), we computed the intensity values for the earthquakes
using a grid with a spacing of 2 km which covered the broader study area. For every point we
combined the results that are based on estimations, with the observed macroseismic
intensities, which were extracted from the data bank of macroseismic information
(Papazachos et al., 1998). The final results (in MM scale) are presented in the map of Fig. 61,
which shows the distribution of the maximum intensities based on the overlapping of the
above mentioned results.

42.5

42

41.5

41

23.5 24 24.5 25 25.5 26 26.5 27 27.5

Fig. 61. Map depicting the geographical distribution of the maximum macroseismic
intensities in the examined. The main faults of strong earthquakes (Papazachos et al., 2001) in
the area are also shown.
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4.3.5 INFORMATION OF EMPIRICAL PREDICTIVE RELATIONS OF HORIZONTAL
PEAK GROUND ACCELERATION

Seismic hazard assessment is commonly based on empirical predictive attenuation relations.
Such relations are generally expressed as mathematical functions relating a dependent
variable to parameters characterising the earthquake source, propagation path and local site
conditions. To date many attenuation relations for peak ground acceleration, velocity and
displacement have been published based on ever increasing number strong motion data from
the Circum Pacific region as well as from Europe and Middle East region.

Attenuation of strong ground motion in Greece in terms of peak ground acceleration,
velocity and spectral pseudovelocity has been studied and relevant empirical models have
been proposed for shallow earthquakes (Theodulidis and Papazachos 1992, 1994; Margaris et
al. 2001, 2002, Tselentis and Danciu, 2008, 2010).

Recently, Skarlatoudis et al. (2003) proposed predictive relations for the attenuation of peak
ground acceleration (PGA in cm/sec2), velocity (PGV in cm/sec) and displacement (PGD in
cm) for shallow earthquakes in Greece of the general type:

/2
logY =c, +c,M, +¢, Iog(R2+h2)1 +cF +¢,S (80)

logY =c, +¢c,M,, +c¢, log(R+¢,)+C,F +c.S 61)

where Y is the strong motion parameter to be predicted, M is the moment magnitude, R is the
epicentral distance, h is the focal depth of each earthquake, S is the variable accounting for
the local site conditions and F is the variable referring to the effect of the faulting mechanism
of the earthquakes in the predicting relations. Scaling coefficients ¢y, €1, C2, C3 and cs are to be
determined from regression analysis. Coefficient c, in equation (11) accounts for saturation in
the near field and is difficult to be determined directly by regression analysis on the available
data given its strong correlation with scaling coefficient c,, as it was shown using appropriate
Monte-Carlo simulations (Papazachos and Papaioannou, 1997, 1998). For this reason value
of c,=6km was adopted from Margaris et al. (2002), that roughly corresponds to the average
focal depth of the events used in the present study.

InY =c,+¢c,M,, +¢,In(R+1r)+c,S+c,*F
and (82)

InY =c,+¢,M,, +c, In«/(R2 +h%)+c,S+c,*F

where Y is the strong motion parameter to be predicted, M, is the moment magnitude, R is
the epicentral distance, S is a variable which takes the value O for the soil category B, 1 for
the C and 2 for the D and F is a variable which is related to the faulting mechanism. Scaling
coefficients ¢y , €1, C2, C3, C4 are to be determined from regression analysis. Coefficient ry
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accounts for saturation in the near field, while hg is known as “effective” depth of an event,
that is, depth where seismic energy is released. Both equations are practically similar apart
from the fact that the first has a simple term for distance and in the near field they give
slightly different results.

The following pairs of attenuation relations were defined for horizontal PGA (cm/sec?) and
PGV (cm/sec):

In PGA = 4.16+0.69Mw - 1.24 In(R+6)+0.12*S+ 0.70 (83)
In PGA = 3.52+0.70Mw - 1.14 In (R2+72)1/2 +0.12*S+ 0.70 (84)

The last term gives the +1 standard deviation of each relation.

The data set used consist of 1000 strong motion recordings, corresponding to 225, mainly
normal and strike-slip faulting, shallow earthquakes in Greece. This data set was selected
from the entire database of the available accelerograms in Greece (ITSAK: www.itsak.gr and
NOA: www.noa.gr) that spans the period 1973-1999. The selected records satisfy at least one
of the following criteria: (a) The earthquake which triggered the instrument should have a
moment magnitude of M>4.5, (b) The strong motion record should have a peak ground
acceleration PGA>0.05¢g, independent of the earthquake magnitude or, (c) The record can
have PGA<0.05g but another record with PGA>0.05g should be available from the same
earthquake.

In Fig. 62 comparison of the horizontal PGA relations with those proposed by Ambraseys et
al., (1996), for “rock” (S=0) soil conditions, is shown. For distances up to about 30km a good
agreement is observed whereas for longer distances the latter relations give higher PGA
values. Such a deviation may be due to different data sets used in regression analyses. For
instance, Ambraseys used data from various seismotectonic environments that extend to long
site-to-source distances.

Sabetta and Pugliese (1996) based on strong motion data from normal and thrust faulting-
type earthquakes occurred in Italy, proposed horizontal PGA and PGV attenuation relations.
In Fig. 63 comparison of their horizontal PGA attenuation relation with those presented in
this study, for “rock”(S=0) soil conditions, shows systematically higher values of the former.
This difference may be due to the fact that Italian data come from both normal and thrust
faulting events while the Greek data mainly from normal faulting. Spudich et al (1993) based
on strong motion data from normal faulting earthquakes proposed horizontal PGA attenuation
relation, that is compared with PGA attenuation relation of this study, for “rock”(S=0) soil
conditions (Fig. 64). For magnitude Mw=6.5 there is good agreement between the two
relations while for Mw=>5.5 divergence mainly in long distances is observed.
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Fig. 62. Comparison of the PGA empirical relations, (11a) (grey continuous line) and (B)
(black dashed line) with those proposed by Ambraseys et al (1996) (grey dashed line) for
M=5.5 and 6.5 and rock soil conditions.
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Fig. 63: Comparison of the PGA
empirical relations Eqgs. (A) (grey
continuous line) and (B) (black dashed
line) with those proposed by Sabetta and
Pugliese (1996), (grey dashed line) for
M=5.5 and 6.5 and rock soil conditions.
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Fig. 64. Comparison of the PGA
empirical relations Egs. (A) (grey
continuous line) and (B) (black dashed
line) with those proposed by Spudich et
al (1993), (grey dashed line) for M=5.5
and 6.5 and rock soil conditions.

Recently Skarlatoudis et al (2004) found that the attenuation of the small-to-moderate
magnitude earthquakes in Greece show different pattern in comparison with the strong
earthquakes. This observation must be taken into account especially in seismic hazard studies
for areas affected by strong earthquakes with large mean return periods, where the adoption
of one attenuation relation may result in overestimation of the results.
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Fig. 65 shows a comparison of the predictive relations defined by Skarlatoudis et al (2004),
with those proposed by Campbell (1989), Theodulidis and Papazachos (1992).and
Skarlatoudis et al. (2003). All relations are scaled at the epicentral distance of 20 Km and
plotted against magnitude. Skarlatoudis (2004) relation is plotted for site category C, using
the classification proposed by NEHRP and UBC. Plotting against magnitude would reveal a
proper definition of the scaling law that rules the predictive relations in low magnitude range.
The expected results from this kind of comparison would be continuous curves for the entire
range of magnitudes. On the contrary, they observed the existence of a “step” in the predicted
levels of PGA around the magnitude of M=4.5, as can be seen in Fig. 65.
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Fig. 65. Comparison of the PGA empirical relations (black continuous line), with those
proposed by Campbell (1989) (red dashed line), Theodulidis and Papazachos (1992) (light
green dashed) and Skarlatoudis et al (2003) (light blue continuous line) for epicentral distance
R=20 Km.

This observation was taken into account in the calculations of the present work by
modification of the computer codes used.

4.3.6 SEISMIC HAZARD ASSESSMENT

Every important decision concerning the evaluation of seismic loads imposed on
manmade facilities is made using some form of seismic hazard analysis. In some cases, these
analyses are informally conducted, with probability and likelihood assessed intuitively with
subjective expert opinion. In instances involving complicated assessments of effects derived
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from various geo-science and engineering disciplines, decision makers often prefer formal
assessments of probabilities of earthquake occurrences and associated natural effects that may
produce damage to facilities and injury or life-loss to people. Such formal assessments are
usually most appropriate for recommendations on regional or national seismic design
requirements, earthquake evaluation of important facilities whose loss would imply
substantial financial hardship to owners, estimation of earthquake damage and losses for
emergency preparedness purposes and decision making regarding seismic safety of critical
facilities.

There are two main approaches to assess seismic hazard, the deterministic and the
probabilistic one. Recent efforts have considered five types of analyses that reflect the current
usage. In the type I, purely deterministic seismic hazard analysis, one or more earthquakes
are selected with only implicit consideration of their probabilities of occurrence. As example,
it could be mentioned, the assignment of a maximum credible earthquake with specified
magnitude and distance or the identification of a “characteristic” earthquake on a specified
fault segment with specified source parameters. Probabilistic concepts enter in this analysis
only in a simple form, such as scatter about an average ground-motion estimation curve. The
type Il analysis, a semi-probabilistic seismic hazard analysis takes into account one or more
specific earthquakes, but, however the probability of occurrence is an explicit consideration
in the selection of the earthquake. The type Il analysis, a single model of probabilistic
seismic hazard assessment (PSHA), differs sharply from type | and type Il analysis
techniques because in this case no specific earthquake is identified. In this case, a seismic
hazard curve is produced that presents the annual probability that given levels of a ground-
motion parameter will be exceeded at the site of structure. The type Il is called single model
PSHA because it employs only one model for the distribution of earthquake locations and
magnitudes, and one attenuation model of the ground-motion parameter (Algermissen et al.,
1982). Due to the uncertainty concerning the appropriate model to use for the spatial
distribution and occurrence rates of earthquakes and for the attenuation of ground-motion
with distance, an appropriate procedure is to consider alternative models and to calculate the
hazard curve for each of these models. The variability of results illustrates the range of
uncertainty on the hazard and this is the type IV, multiple model of PSHA (EPRI, 1986;
Bernreuter et al., 1985a, b). Combinations of techniques might be desirable in a given
situation. A hybrid method uses a type Il and/or IV PSHA to characterize ground-motion
probabilities and identify individual earthquakes that contribute the most to the seismic
hazard. Then uses deterministic procedures to derive more detailed characteristics of the
seismic hazard, including time histories of ground motion, that are available from a typical
PSHA. This hybrid procedure can more effectively take advantage of recent advances in
geological and seismological observations and physical modelling of the seismic source,
wave propagation and site effects.

The results of PSHA are used by engineers, decision-makers, code-writers, risk managers and
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insurance entities, for a variety of purposes. To design and estimate damage to buildings,
residences, and standard commercial facilities, a scalar characterization of ground motion and
a minimum representation of uncertainty are often sufficient. A standard spectral shape can
be anchored to the chosen scalar to obtain approximate, equivalent results for a range of
structural periods of interest. Typically, ground motions with annual probabilities in the range
of 107 to 107 are of interest to these facilities. For critical facilities (nuclear power plants,
large dams, tunnels, etc.), a vector representation of ground motion is often required,
including ground motion energy characteristics (Koliopoulos et al., 1998) at multiple
frequencies and duration of strong shaking (Margaris et al., 1990; Papazachos et al., 1992;
Koutrakis et al., 1999). For these critical systems, nonlinear models of structures may be
used; appropriate realistic input motions for these models are required, and the PSHA must
give sufficient information so that realistic motions can be derived for annual probability
levels of 10 to 10 or lower.

In order to accomplish the main target of this report which s a reliable seismic hazard
assessment of the examined area For this reason, an accurate definition of seismic sources is
indispensable in order to estimate seismic hazard at the site, which is threatened by
earthquakes generated in these seismic sources. Analytical works concerning seismicity and
active tectonics have been accomplished in Greece and surrounding area that has been
separated in seismogenic sources of shallow and intermediate depth earthquakes (Papazachos
and Papaioannou, 1993; Papaioannou and Papazachos, 2000). Papazachos et al., (2001)
defined the faults which are related to the nucleation of strong (M>6.0) earthquakes since
antiquity. Papaioannou (2001) proposed a hybrid model for the Aegean and surrounding area
consisting of fault type sources according to Papazachos et al., (2001) and area type sources
for the earthquakes with magnitude 4.0 <M < 5.9. This model is useful for a reliable seismic
hazard assessment at the examined site by the application of the method proposed by Cornell
(1968) using the computer code FRISK88M (1996) properly modified. Using the
aforementioned geographical distribution of the seismogenic sources in the area studied, the
seismicity parameters of each source, the attenuation model of strong ground motion
proposed the seismic hazard assessment was assessed for two mean return periods 476 and
952 years. The results are shown in Fig. 66and Fig. 67 and were made for “ROCK” site
conditions.

The relation holding between the lifetime of a structure, t and the probability P:. of
occurrence of a given value of a seismic hazard parameter and the mean return period, Ty, is
given by the relation:
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For the Greek Seismic Code the calculations were performed for T, = 475 years (which
corresponds to lifetime, t=50 years and probability of exceedance P;. =10%). This is valid
also for the hazard maps of the EC8.

The maps in the Fig. 68 and Fig. 69 depict the geographical distribution of the mean PGA
and the standard deviation values for the two return periods.
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Fig. 66. Distribution of the PGA values (in cm/sec2) using the hybrid model of faults and
area sources (upper map) and the area-type model of sources Papaioannou and Papazachos
(2000) (bottom) for mean return period of 476 years.
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Fig. 67. Distribution of the PGA values (in cm/sec2) using the hybrid model of faults and
area sources (upper map) and the area-type model of sources Papaioannou and Papazachos
(2000) (bottom) for mean return period of 952 years.
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MEAN VALUES PGA MEAN VALUES

255

Fig. 68: Distribution of the mean PGA and Fig. 69: Distribution of the mean PGA and
standard deviation values for TM=476 years.  standard deviation values for TM=952 years

All the maps were compiled using the licenced software SURFER and applying the Modified
Shepard's Method. The calculation were made on a grid of points spaced 0.025° x 0.025 °
and considering a search radius of 0.50 ©- The Modified Shepard's Method uses an inverse
distance weighted least squares method, which results in the elimination or reduction of
"bull's-eye" appearance of the generated contours. Modified Shepard's Method may
extrapolate values beyond initial data's Z range.

Even though the application of the Papaioannou and Papazachos (2000) model (: PP2000
model) results in smoothed results compared the application of the Papaioannou (2002)
(Pap2002 model), as it is clear from the maps in Fig. 66 and Fig. 67, however the latest
seems to be more realistic. The high hazard values for sites located in the vicinity of faults
influence the results appeared in the maps of Fig. 68 and Fig. 69 depicting the geographical
distribution of the mean results .

Another approach for the seismic hazard is based on the statistical treatment of observed
intensities. An example of this approach for the area is shown for the town of
Alexandroupolis.

In order to apply this procedure is necessary to use a complete sample of macroseismic
intensities which cover a long time window. The graphs in Fig. 70 show the intensity rate for
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Alexandroupolis. We can assign various data completeness depending on the intensity level.
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Fig. 70. Intensity rates for Alexandroupolis.

Using the complete sample of data we can examine the distribution of intensities as it is
shown in Fig. 71
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Fig. 71. Distribution of intensities and seismic hazard curve based on probabilistic approach
of McGuire and statistical treatment of observed intensities

The comparison of the two hazard curves in Fig. 71 supports the idea that if a good complete
sample of intensity values is used the results have no significant differences and these are
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within the errors of the intensity values.

The idea of using macroseismic intensity as another measure of the seismic hazard results is
based on the approximation that the Macroseismic Intensity reflects the result of the overall
all content of the seismic motion. This is shown in Fig. 72 by Anderson and Naeim (1984). The
displacement of the model structure found to be much larger due to the 1979 Imperial Valley record
compared to that of the 1940 EI Centro record. The peak ground acceleration is the same 0.36g however
the existence of a large pulse resulted in much greater displacements.
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Fig. 72. Distribution of intensities and seismic hazard curve based on probabilistic approach
of McGuire and statistical treatment of observed intensities

4.3.7 DISTRIBUTION OF MAXIMUM VALUES OF GROUND MOTION PARAMETERS

Another use of the elaboration of the macroseismic data is the complilation of maps depicting
the maximum values of PGA or PGV on the basis of scalling relations holding between the
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macroseismic intensity and these parameters. For Greece relation of the type :
InY =c, +C, Iy +CS+ 0, P (86)

where holding between the parameter Y of the strong ground motion (PGA, PGV, PGD), as a
function of the macroseismic intensity, Iyw and the site effect facctor, S. Relations of this
type were proposed by Theodulidis (1991), Koliopoulos et al (1998) and Tselentis and
Danciu (2008).

In order to compile these maps the scalling relations:

Ina, =0.28 + 0.67l,,, + 0.42S + 0.50P

(87)
Inv, =-3.02 + 0.791,, - 0.04S + 0.70P
proposed by Theodulidis (1991) were applied for PGA and PGV for the convertion of the
values of the grid of map in Fig. 61 for “ROCK” type site conditions. The results for the
mean values and the mean+1c are presented in the maps of Fig. 73 and Fig. 74
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Fig. 73. Geographical distribution of mean and mean+1lc maximum PGA values from the
conversion of known maximum intensities.
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4.4 TURKEY

In this activity, seismic hazard assessment at regional scale will be evaluated for the broader
area of Samsun (Turkey), Tekirdag and Istanbul (Marmara Region, Turkey) based on the
selected methodology from GAL.

Samsun (Fig. 75.) is located on the Black Sea coast of Turkey with a population of 1,252,693
(2010). Its adjacent provinces are Sinop on the northwest, Corum on the west, Amasya on the
south, Tokat on the southeast, and Ordu on the east.
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Fig. 75. Location of Samsun

Tekirdag (Fig. 76) is located at the northern shores of the Marmara Sea , and approximately
10 km NNE of a large and well-developed geological structure peculiar to the strike-slip
faulting.

The Istanbul-Marmara region of northwestern Turkey with a population of more than 15
million faces a high probability of being exposed to an earthquake of magnitude 7 or more.
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4.4.1 INTRODUCTION

Probabilistic seismic hazard analysis (PSHA) is a method used to evaluate seismic hazard by
computing the probability of a specified level of ground motion being exceeded at a site or
area of interest. In the most general sense, seismic hazard analysis aims to estimate the
expected earthquake ground motion at a given site. This estimation can either be made in a
deterministic or probabilistic manner.

The deterministic approach (properly, Deterministic Seismic Hazard Assessment — DSHA) is
essentially based on the estimation of ground motion that would result from the so-called
"scenario” earthquake(s), i.e., for the earthquakes that are estimated to produce most severe
ground motion at a site. The probabilistic approach (properly, Probabilistic Seismic Hazard
Assessment — PSHA), on the other hand, aim at assessing the probability that the ground
motion parameter at a site due to the earthquakes from potential seismic sources will exceed a
certain value in a given time period.

These basic steps of DSHA and PSHA are illustrated in Fig.77 and Fig. 78 for the
determination of design basis response spectrum in terms of peak ground acceleration (PGA)
only, and in terms several spectral acceleration amplitudes. For PSHA the latter case
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represents the so-called equi-hazard spectrum, where all the spectral acceleration amplitudes
used in the construction of the spectrum have the same probability of exceedance.

The developments of the earthquake hazard assessment methodologies and accuracy have
improved in parallel with growth in geo-tectonics and strong earthquake ground motion.
However, the lack of data in these input parameters necessitates the use of assumptions
and/or extrapolations especially for long return periods. These assumptions are important
since they directly influence the uncertainty of the PSHA. To reflect the effect of the
uncertainties on the PSHA the so-called “logic tree” analysis is used, where different
alternative assumptions are combined with appropriate weights.

The earthquake hazard assessment is generally conducted for the free-field reference soil
sites, generally chosen as the so-called “engineering bedrock” where the average shear wave
propagation velocity in the upper 30m is less than about 750m/s (in US practice NEHRP Site
Class B/C boundary). Site dependence of the response spectrum found through such an
hazard assessment can be accomplished by using of site-dependent ground motion prediction
equations, modifying on the basis of spectral modification factors (generally used in the
earthquake resistant design codes) or by conducting rigorous site response analysis using a
suite of spectrum compatible ground motion.

It has been an essential ingredient of collecting essentially involve information on neo-
tectonics and seismicity of the region to enable the identification of seismic sources and
distribution of earthquakes magnitudes in each source including the “maximum” earthquake
potentials.
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4.4.2 SEISMICITY

Data on the historical and instrumental seismicity of the region in question generally consist
of the time of occurrence, source coordinates and magnitudes given in for several definitions.
For large earthquakes these data are generally complemented by the so-called “macro
seismic” data where information on the intensity distribution, damage and casualties are
provided.

Attention should be paid to the cross-correlation of instrumental and historical earthquake
data with the macroseismic information available. Uniformity in magnitude is generally
implemented by converting all magnitudes to moment magnitude since the use of moment
magnitude avoids the "saturation™ of the more traditional band-limited magnitude measures at
large seismic moments.

The data may be biased with respect to the reporting periods and magnitude ranges, and can
only be considered to be homogenous for small magnitudes for the last several decades.

In the traditional probabilistic seismic hazard assessment (Cornell, 1968) only independent
events are to be considered. To satisfiy this requirement earthquakes in the study region needs
to be de-clustered by removing foreshocks and aftershocks from the seismicity databases in
order to obtain a Poissonian distribution.

The seismicity distribution (i.e. epicentral maps) between 1000 and 2007 years time period
for Turkey is given in Fig. 79.
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4.43 TECTONICS OF THE REGION

Turkey is a tectonically active region that experiences frequent destructive earthquakes. In a
tectonic map, Turkey lies within the Mediterranean sector of the Alpine-Himalayan orogenic
system, which runs west east from the Mediterranean to Asia. Turkey is surrounded by three

major plates: African, Eurasian, and Arabian, and is located on two generally acknowledged
relative

minor plates: Aegean and Anatolian, as shown in Fig. 80 (McKenzie, 1970). The

motion between Eurasian, Arabian plates and the westward motion of the Anatolian-

block is also illustrated in Fig. 81 (Armijo et al., 1999).
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of the Anatolian and Aegean blocks (Armijo et al., 1999)
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GPS measurements carried out in Turkey during the period of 1988-1994 reveal valuable
information about the rate of motion of the plates relative to one another in the region along
major faults (Barka et. al., 1997; Barka & Reilinger, 1997). The results can be summarized
as follows:

e Central Anatolia behaves as a rigid block and moves westward relative to Eurasia at
about 15 mm/yr.

e Western Anatolia moves in a southwest direction at about 30 mm/yr.

e The Arabian plate moves northward with respect to Eurasia at a rate of 231 mm/yr,
10 mm/yr of this rate is taken up by shortening in the Caucasus The internal
deformation in Eastern Anatolia caused by conjugate strike-slip faulting and E-W
trending thrusts, including the Bitlis frontal thrust, accommodates approximately a 15
mm/yr slip rate.

e The Western Anatolian grabens take up a total of 15 mm/yr of the NE-SW extension.

e The African plate is moving in a northerly direction relative to Eurasia, at a rate of
about 10 mm/yr.

4.4.3.1 Tectonic Setting of the Marmara Region

North Anatolian Fault Zone (NAFZ) extending in the Sea of Marmara have a more complex
structure. Several researches have developed different tectonic models for NAF Marmara Sea
region.

Le Pichon et al. (2001, 2003), Aksu et al. (2000), Imren et al. (2001), Gokasan et al. (2001),
Kuscu et al. (2002), Alpar and Yaltirak (2002), and Demirbag et al. (2003) proposed that the
NAF was composed of a pure right-lateral fault system along the trough of the Northern
Marmara Sea. However, Armijo et al. (1999, 2002), Barka and Kadinsky-Cade (1988), Barka
(1992), Stein et al. (1997), Okay et al. (2004), Parke et al. (2002), Flerit et al. (2003) and
Polonia et al. (2004) proposed that the Sea of Marmara was a pull-apart basin formed by the
right step-over between the strike-slip faults of Ganos and Izmit, further the normal faults in
the Cinarcik Basin and the Central Marmara Sea were also active. Another alternative
structural model is defined that NAF was composed of a pull a part system produced by fault
segmentation, oversteps and slip partitioning (Armijo et al., 1999; Armijo et al., 2002; Barka
and Kadisky-Cade, 1988; Barka, 1992; Stein et al., 1997; Okay et al., 2000; Parke et al.,
2002; Flerit et al., 2003; Polonia et al., 2004).

The North Marmara Basin is located by the conspicuous 70-km-wide step-over between two
strike-slip faults, well-known on land, which have ruptured with purely right-lateral motion
during recent earthquakes, both with similar magnitude (M 7.4) and clear surface rupture.
One is the 1912 Ganos Earthquake that ruptured the Dardanelles region to the west of the
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Marmara Sea; the second is the Izmit Earthquake that ruptured in 1999 east of the Marmara
Sea. Pinar (1943) had previously drawn a single fault, bisecting the Gulf of Izmit and the
three Marmara deeps. Thus, this fault was named “the Main Marmara Fault”, which is located
as an arc of great radius, going from Ganos to the entry of the Gulf of Izmit”. Based on the
recent high resolution bathymetric and deep-tower seismic reflection data set acquired by the
MARMARASCARPS CRUISE in 2000, Armijo et al. (2005) found out that the surface
ruptures formed by the 1912 Ganos (Sarkoy-Murefte) Earthquake reached the eastern end of
Central Basin, and also the fault scarps associated with the 1894 earthquake could be
estimated in the southern edge of the Cinarcik Basin Fig. 82.
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Fig. 82: Distribution of acoustic anomalies, superimposed on the bathymetric map (Rangin et
al., 2001, Armijo et al., 2002; 2005; Imren et al., 2001, Le Pichon et al., 2001 ) of the deeper
parts of the Marmara Sea
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In this study, we have used the fault segmentation model for the Marmara Sea region as
shown in Fig. 89 (Erdik et al., 2004). This model is based on the tectonic model of the
Marmara Sea, defining the Main Marmara fault, a thoroughgoing dextral strike-slip fault
system, as the most significant tectonic element in the region. The segmentation provided
relies on Le Pichon et al. (2001)’s discussion of several portions of the Main Marmara Fault
based on bathymetric, sparker and deep-towed seismic reflection data and interprets it in
terms of fault segments identifiable for different structural, tectonic and geometrical features.
From east to west the Main Marmara fault cuts through Cinarcik, Central and Tekirdag
basins, which are connected by higher lying elements. The fault follows the northern margin
of the basin when going through the Cinarcik trough in the northwesterly sense, makes a
sharp bend towards west to the south of Yesilkoy, entering central highs, cuts through the
Central basin and alternates in this manner until it reaches the 1912 Murefte-Sarkdy rupture.
All these features are interpreted as different fault segments in the model. The remaining
segments of the model (e.g. for the eastern and southern Marmara regions) are compiled from
various studies (Barka and Kadinsky-Cade, 1988; Saroglu et al., 1992; Akyuz et al., 2000;
Yaltirak, 2002).

4.4.3.2 Tectonic Setting of Black Sea Region

The Black Sea is located between Ukraine, Russia, Georgia, Turkey, Bulgaria and Romania.
It is a semi-isolated extensional basin surrounded by thrust belts. The structure of the basin is
known mainly through the acquisition and interpretation of seismic data (Tugolesov et al.,
1985; Finetti et al., 1988; Beloussov and Volvovsky, 1989). In terms of crustal structure, The
Black Sea is formed of two deep basins Fig. 83. The western Black Sea Basin is underlain by
oceanic to sub-oceanic crust and contains a sedimentary cover of up to 19 km thick. On the
other side, the eastern Black Sea Basin is underlained by thinned continental crust
approximately 10 km in thickness and up to 12 km thickness of sediments (Nikishin et al.,
2003). These basins are seperated by the Mid Black Sea Ridge which consists of the
Andrusov Ridge in the north and the Archangelsky Ridge in the south (Fig. 84 & Fig. 85).
The Andrusov Ridge is formed from continental crust and overlain by 5.—6. km thickness of
sedimentary cover (Tugolesov et al., 1985; Finetti et al., 1988; Beloussov and Volvovsky,
1989; Robinson, 1997). The Archangelsky Ridge is bound to the south by the eastern Pontide
belt, a complex terrane formed by a sequence of orogenic events during the Mesozoic and
Cenozoic.
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The Black Sea region is known to be an area of active tectonics and seismicity Fig. 86 after
Chekunov et al., 1994). The central, deepest part of the Black Sea depression is believed to
be relatively aseismic. Thus, when estimating seismic hazard, only continental slope and on-
shore tectonic structures are considered as zones of strong earthquake generation (Medvedev,
1968). The seismic activity within the circum Black Sea is assumed as low-moderate for this
century. The seismic activity is influenced by the extensional tectonics in the Western
Anatolia. There is also a speculation that the lithosphere of the Black Sea and Caspian Sea
form a resistant “backstop” diverting the impinging Anatolian Plate to the west and
“funneling” the continental lithosphere of Eastern Turkey and the Caucasus around the
eastern side of the Black Sea (McClusky et al., 2000).
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Fig. 86: Map of the Black Sea region and seismic zones (after Chekunov, 1994).

Meredith and Egan (2002) showed that deeper parts of southern margin of the Black Sea are
dominated by extensional faults (Fig. 87Fig. 87). The Sinop Basin is located between the
Archangelsky Ridge and the Turkish coastline and has been affected by normal faults along
the Turkish margin and the Archangelsky Ridge (Rangin et al., 2002).
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Fig. 87: Offshore faulting associated with the Black Sea Escarpment (after Dondurur, 2009).

The tectonic features of the Eastern Black Sea are indicated on Fig. 88The geological cross
section along the profile A-A’ is indicated on Fig. 88. These figures indicate the prominence
of faulting in the Southern margin of the Black Sea.
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Fig. 88: Tectonic features of the Eastern Black Sea (after Egan, 2006)
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4.4.4 SEISMIC SOURCE ZONATION

The first step in seismic hazard assessment (probabilistic and/or deterministic) is the
identification and the delineation of earthquake sources (seismic source zonation) where the
future events will take place. The seismicity-related source zone parameters are the
appropriate earthquake recurrence model, recurrence rate (the so-called b value) and the
maximum earthquake size.

Portrayal of the seismicity and the tectonics of a region provide the essential information
towards the assessment of seismic source zones and the correlation of seismicity with the
tectonic elements (seismo-tectonics) constitutes an important phase of the earthquake hazard
assessment. Using geologic evidence of fault activity, macro-seismic locations of historic
earthquakes and reliable instrumental locations of the more recent earthquakes assist in the
modeling of seismic sources. The delineation of the individual source boundaries is generally
based on boundaries of the neo-tectonic elements and sudden variations in the homogeneity
of the seismicity. However, it is not always possible to compile detailed information in all
these fields for the majority of the world. Thus, frequently, seismic source zones are
determined with two fundamental tools: a seismicity profile and the tectonic regime of the
region under consideration.

The earthquake sources may be characterized as discrete faults in tectonically active regions
(fault sources) or as areal zones with uniform seismicity (areal sources). The geometric
source zone parameters for areal and fault sources include the location, geometry, and for
faults dip and width. Fault sources can be line sources (two dimensional) or planar sources
(three dimensional) modeling the distribution of seismicity over the fault plane. Areal source
zones are used to model spatial distribution of seismicity that cannot be specifically
associated with major faults, background seismicity areas or in regions with unspecified
faults. An areal seismic source zone is defined as a seismically homogenous area, in which
every point within the source zone is assumed to have the same probability of being the
epicenter of a future earthquake. Background seismic zones are areal sources that can be
defined to account for floating earthquakes not accounted by these sources and also to
delineate zones where no significant earthquake has taken place for centuries.

4.4.4.1 Seismic Source Zonation for Istanbul and Tekirdag (Marmara Region)

The earthquake hazard in the region is assumed to be the result of the contributions,
computed in following two steps:

(1) Ground motions that would result from the earthquakes in the magnitude range from

50t06.9
(2) Ground motion that would result from larger events in the magnitude range 7.0 and
higher.
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Step (1) is termed as ‘background source activity’, i.e. the activity not associated with the
main segmented tectonic entities. In this study, undelineated fault sources and small areal
sources based on spatially smoothed historic seismicity are used as the background
earthquake source.

Step (2) is related to the seismic energy release along well-defined and segmented faults. For
this part the fault segmentation model that we used in the paper of Erdik et al. (2004) Fig. 89.
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Fig. 89: Fault segmentation model proposed for the Marmara region (Erdik et al., 2004)

4.4.4.2 Seismic Source Zonation for Samsun Province (Turkey)

The seismic source zonation for Samsun province (Turkey) used in this study is essentially
based on the seismic source zonation model of Turkey developed within the context of a
project conducted for the Ministry of Transportion Turkey, DLH, aiming for the preparation
of an earthquake resistant design code for the construction of railways, seaports and airports.
The main improvement of this model when compared to previous studies (e.g., GHSAP,
TEFER, Baku-Ceyhan Crude Oil Pipeline Projects) is the representation of main fault traces
(such as the North Anatolian and the East Anatolian Faults) with linear sources. Previous
models used only areal zones to define seismic sources. In order to account for the spatially
more diffuse moderate size seismicity around these faults, widths of at least several
kilometers were assigned to the zones even if the associated faults were well expressed on the
surface. In the new model however, earthquakes with magnitude > 6.5 are assumed to take
place on the linear zones, whereas the smaller magnitude events associated with the same
fault are allowed to take place in the surrounding larger areal zone. In addition to linear and
areal source zones background seismicity zones are defined to model the floating earthquakes
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that are located outside these distinctly defined source zones and to delineate zones where no
significant earthquake has taken place Fig. 90.
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Fig. 90: A seismic source zonation for Samsun province (Turkey)

445 METHODOLOGY OF PROBABILISTIC SEISMIC HAZARD ASSESSMENT

Two different methodologies have been used to compute the probabilistic hazard for Samsun
(Turkey), and Istanbul, Tekirdag (Marmara Region). These are:

1. Time-dependent and Poisson approaches for the Marmara region
2. Poisson approach for Samsun Province (Turkey)

The study of Erdik et al (2004) forms the basis of the time dependent hazard model for the
Marmara region. Earthquake occurrence and fault segmentation data in the Marmara region
are adequate to constrain a time dependent characteristic model for the region. The results of
the study indicate a lower future hazard for the region of the 1999 earthquake and a higher
hazard for the Central Marmara Sea region corresponding to the unruptured segments of the
Main Marmara Fault in the Marmara Sea, when compared to Poisson, so-called memory-less
models. This finding is also in accordance with (Parsons et al, 2000) indicating heightened
probabilities for a major earthquake in the Marmara Sea region based on stress transfer
approach.
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4.45.1 Time-Dependent Approach Used for Marmara Region

The use of a time-dependent probabilistic seismic-hazard model is felt to be needed for the
assessment of probabilistic hazard in the Marmara region. In time-dependent models, the
probability of earthquake occurrence increases with the elapsed time since the last major (or
characteristic) earthquake on the fault that controls the regional earthquake hazard. In the
case of the main Marmara Fault this earthquake is the 1999 Kocaeli event. This model is
characterized by the recurrence-interval probability-density function of the characteristic
earthquakes. Extensive paleoseismic and historical seismicity investigations on individual
strike-slip faults (especially in California and Northwestern Turkey) indicate a quasi-periodic
occurrence of characteristic earthquakes favoring the use of “time dependent” (or “renewal’)
stochastic models.

The methodology, elaborated in Erdik et al. (2003), is essentially very similar to the one
developed and used by United States Geological Survey - WGCEP
(http://geohazards.cr.usgs.gov/eg/index.html) for the preparation of US National Seismic
Hazard Maps. The main physical ingredients of seismic hazard assessment are the tectonic
setting of the region, the earthquake occurrences and the local site conditions. These regional
physical features, the applicable attenuation relationships and the appropriate stochastic
model for probabilistic hazard analysis will be discussed in the following sections

The time-dependent (renewal) model

While the Poisson process seems to be applicable in a global sense in a regional scale,
extensive paleoseismic and historical seismicity investigations on individual faults indicate a
somewhat periodic occurrence of large (characteristic) magnitude earthquakes that necessitate
the use of “time dependent” (or “renewal”) stochastic models (Schwartz and Coppersmith,
1984). The time dependent model is based on the assumption that the occurrence of large
(characteristic) earthquakes has some periodicity. The conditional probability that an
earthquake occurs in the next AT years, given that it has not occurred in the last T years is
given by:
T+AT
j f (t)dt
P(T,AT)=—1—— (88)

f (t)dt

—e—38

where f(t) is the probability density function for the earthquake recurrence intervals, T is the
elapsed time since the last major earthquake and AT is the exposure period (taken as 50
years). Various statistical models have been proposed for the computation of the probability
density function, such as Gaussian, log-normal, Weibull, Gamma and Brownian. Among
those, the log-normal distribution is the most commonly used in the engineering practice. The
Brownian Passage Time model is a more recently proposed model and is also assumed to
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adequately represent the earthquake distribution (Ellsworth et al., 1999). The log-normal and
Brownian Passage Time models are compared in the following sections.

For the renewal model, the conditional probabilities for each fault segment are calculated.
These probabilities are said to be conditional since they change as a function of the time
elapsed since the last earthquake. A lognormal distribution with a covariance of 0.5 is
assumed to represent the earthquake probability density distribution. The 50 year conditional
probabilities thus calculated are converted to effective Poissonian annual probabilities by the
use of the following expression (WGCEP, 1995):

Reff = ‘In(l - Pcond) / T (89)
Earthquake recurrence parameters for the fault segmentation model

The association of historical earthquakes with the segments of the model is accomplished by
a critical review of the literature on the historical seismicity of the Marmara region. The
sesimicity information from two of these studies, Ambraseys and Finkel (1991) and Hubert-
Ferrari (2000) are presented in Fig. 91 and Fig. 92 respectively.
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Fig. 91: The long-term seismicity of the Marmara region (Seismicity between 32 AD -1983
taken from Ambraseys and Finkel, 1991).
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Fig. 92: The sequence of earthquakes in the 18" century around Marmara region (after
Hubert-Ferrari, 2000).

4452 The Time-Independent (Poisson) Approach Used for Samsun Province
(Turkey)

The time-independent probabilistic (simple Homogeneous Poissonian) model was used to
assess the seismic hazard in the remaining regions of the Turkish territory. For the earthquake
events to follow that model, the following assumptions are in order:

1. Earthquakes are spatially independent;

2. Earthquakes are temporally independent;

3. Probability that two seismic events will take place at the same time and at the same
place approaches zero.

The historical and instrumental seismicity, tectonic models and the known slip rates along the
faults constitute the main ingredients of the hazard analysis. Seismic zonation has been
implemented in three levels. The first level consists of linear faults representing the North
Anatolian Fault (NAF), the north and east branches of NAF in the Marmara region, Bitlis —
Zagros Suture Zone, Hatay Fault, Ezinepazari Fault, East-Anatolian Fault, Goksun Fault,
Ecemis Fault, Tuzgolu Fault, Eskisehir Fault Zone, Simav-Sultandag Fault Zone, Fethiye-
Burdur Fault Zone, Gokova Fault Zone, Menderes Fault Zone, Gediz Fault Zone and
Bergama Fault Zone. It is assumed that seismic energy along the line-segments is released by
characteristic earthquakes, therefore the earthquakes with magnitude Mw> 6.5 are associated
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with these line sources. The second level consists of limited areal zones around these linear
segments assuming that earthquakes with magnitude Mw< 6.5 may take place within this
zone. Smaller en-echelon and/or diffused faults were assumed to be encompassed in these
zones. The third level considers the background seismicity, which represents the diffused
seismicity that cannot be associated with known faults.

The recurrence relationship of the events is expressed with the help of the empirical
relationship first defined by Gutenberg - Richter: logN = A=bM " \yhere N is the number of
shocks with magnitude greater or equal to M per unit time and unit area, and A and b are
constants for any given region. The source regions may be described as lines representing the
known faults or areas of diffuse seismicity, so that M may be related to unit length or unit
area. The value of N will also generally be found assuming that M has upper and lower

bounds M1 and Mo.

Using an application of the total probability theorem the probability per unit time that that
ground motion amplitude a* is exceeded can be expressed as follows (McGuire, 1993):

P[A>a*intimet]/t=>"v, [[Galms (@*)f, (M)F, (rjm)dmdr (90)

where P[I < i|m,r]is the probability that the maximum effect | is less than i. Given m and r,
fm(m)is the probability density function for magnitude, and fr(r|m) is the probability
distribution function for distance. f, (r|m) is dependent on the geometric nature of the source.

The seismic zonation model developed in accordance with the Poisson approach is given in
Fig. 78.

4.45.3 Earthquake Recurrence Models for Marmara Region

The earthquake recurrence parameters for each fault segment Fig. 89 are calculated by the
procedures described in the previous section and presented in Table 4.2. All these parameters
that used in the paper of Erdik et al, (2004) are updated based on the current year.
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Table 4.2. Poisson and renewal model characteristic earthquake parameters associated with
the segments

Time dependent
(Renewal) Poissonian
Last
Char. Mean Time since
Recurrence Char. Last Char. | 50year | Annual
Segment| Eq. |“cov”’| Time Magnitude Eq. Prob. Rate |Annual Rate
1 1999 0.5 140 7.2 15 0.08260| 0.00172 0.0071
2 1999 0.5 140 7.2 15 0.08260| 0.00172 | 0.0071
3 1999 0.5 140 7.2 15 0.08260| 0.00172 0.0071
4 1999 0.5 140 7.2 15 0.08260| 0.00172 0.0071
5 1894 | 05 175 7.2 120 0.39620| 0.01009 | 0.0057
6 1754 | 05 210 7.2 260 0.41200| 0.01062 | 0.0048
7 1766 0.5 250 7.2 248 0.34280| 0.00840 0.0040
8 1766 0.5 250 7.2 248 0.34280| 0.00840 0.0040
9 1556 0.5 200 7.2 458 0.41730| 0.01080 | 0.0050
10 - 0.5 200 7.2 1012  |0.33250| 0.00808 | 0.0050
11 1912 0.5 150 7.5 102 0.44960| 0.01194 0.0067
12 1967 0.5 250 7.2 47 0.03810| 0.00078 0.0040
13 - 0.5 600 7.2 1012 0.17200| 0.00377 0.0017
14 - 0.5 600 7.2 1012 0.17200| 0.00377 0.0017
15 - 0.5 1000 7.2 1012 0.09790| 0.00206 0.0010
19 1944 0.5 250 7.5 70 0.08750| 0.00183 0.0040
21 1999 0.5 250 7.2 15 0.00450| 0.00009 | 0.0040
22 1957 0.5 250 7.2 57 0.05750| 0.00118 0.0040
25 - 0.5 1000 7.2 1012 0.09790| 0.00206 0.0010
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Time dependent

(Renewal) Poissonian
Last
ch Mean Time since
ar. Recurrence Char. Last Char. | 50year | Annual
Segment| Eq. |“cov”’| Time Magnitude Eq. Prob. Rate |Annual Rate
40 1855 0.5 1000 7.2 159 0.00092 | 0.00002 0.0010
41 - 0.5 1000 7.2 1012 0.09790| 0.00206 0.0010
42 - 0.5 1000 7.2 1012 0.09790| 0.00206 0.0010
43 1737 0.5 1000 7.2 277 0.01010| 0.00020 0.0010
44 - 0.5 1000 7.2 1012 0.09790| 0.00206 0.0010
45 1953 0.5 1000 7.2 61 - - 0.0010
Mmin -
Mmax alpha Beta
BCK - - - 5.0-6.9 1.2078 1.767 -
Z16
Z17 - - - 5.0-6.6 15136 | 2.0954 -

4.45.4 Earthquake Recurrence Model for Turkey

The earthquake recurrence parameters for each fault segment (Fig. 89) are calculated by the
procedures described in the previous section and presented in Table 4.3. computed recurrence
parameters as well as the maximum magnitudes associated with the source zones are
presented in Table 4.3

Table 4.3. Poisson model earthquake parameters associated with the segments

zc())urce Zone Associated Fault a b Mnin = Mmax

733 Black Sea Fault 3.8 0.9 5.0-7.3

234 . 5.0-6.7

Outside Zone North Anatolian Fault

5 0.8

734 Zone (NAF) 6879

Inside Zone R
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Z%urce Zone Associated Fault a b Mamin = Mmax
235 . 5.0-6.7
Outside Zone Alaca Ezine Pazari
E 3.2 0.8
735 ault 6879
Inside Zone R
749 Deliler Fault Zone 4.4 1 5.0-7.3
ZBK1 Background 5.13 1 5.0-6.5

4.4.6 GROUND MOTION PREDICTION EQUATIONS

Assessment of the seismic hazard requires an appropriate strong-motion attenuation
relationship, which depicts the propagation and modification of strong ground motion as a
function of earthquake size (magnitude) and the distance between the source and the site of
interest. The traditional approach in estimating ground motions in seismic hazard analysis
uses attenuation relationships, derived from the empirical strong motion data. Attenuation is
defined as the change (decrease) in amplitude (peak ground acceleration, velocity, and
displacement; response spectral accelerations or velocities) of earthquake ground motion with
distance for given earthquake size, source mechanism, distance and local soil conditions.
Several factors, such as: source physics, source distance, propagation path characteristics and
site factors, control the earthquake ground motion. Other specific factors, such as:
footwall/hanging-wall, basin and directivity effects also influence the ground motion
characteristics.

The current understanding in the attenuation relationships is that the differentiation in the
ground motion attenuation relationships is related to the major geo-tectonic regimes (such as
shallow crustal, extensional and subduction) rather than with political boundaries or
geographic regions.

The Next Generation Attenuation (NGA) project developed a series of GMPEs intended for
application to geographically diverse regions (including Turkey); the only constraint is that
the region be tectonically active with earthquakes occurring in the shallow crust. The NGA
GMPEs are presented by Abrahamson and Silva (2008), Boore and Atkinson (2008),
Campbell and Bozorgnia (2008), Chiou and Youngs (2008), and Idriss (2008). The database
used to develop the NGA GMPEs is large (3551 recordings from 173 earthquakes; with most
recordings derived from Taiwan, California, and Europe/Turkey relative to those developed
for relatively local regions, as is common in Europe.

For the PSHA investigations we will consider the following GMPEs for “active shallow
region” with equal weights in the fault tree combination:
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Ground motion models for active shallow regions:
. Akkar and Bommer (2009, rev:2010)
. Boore and Atkinson (2008)
. Chiou and Youngs (2008)
. Campbell and Bozorgnia (2008)
. Abrahamson and Silva (2008)

The reason for this selection limited to global and pan-european and most recent GMPEs was
simply the broad database to fully account the aleatoric variability. Various characteristics of
the selected GMPEs are given in Table 4.4 (Delavaud et al., 2012).

Akkar and Bommer (2010) predicts spectral ordinates at response periods of up to 3 seconds
as a function of moment magnitudes from Mw 5 to 7.6, style-of-faulting, Rjg distances up to
100 km, and site class, the geometric mean values of 5%-damped horizontal pseudo-spectral
acceleration, PSA (in cm’s®) in Europe and the Middle East.

Boore and Atkinson (2008) used data from the PEER Next Generation Attenuation (NGA)
Flatfile supplemented with additional data from three small events (2001 Anza M4.92, 2003
Big Bear City M4.92 and 2002 Yorba Linda M4.27) and the 2004 Parkfield earthquake,
which were used only for a study of distance attenuation function but not the final regression
(due to rules of NGA project); three faulting mechanism using P and T axes; focal depths
between 2 and 31 km. This paper excludes singly-recorded earthquakes and aftershock
records.

Chiou and Youngs (2008) model is based on PEER Next Generation Attenuation (NGA)
database; characterizes sites using Vsso; 1 is applicable for 150< VS30 < 1500 m/s; is included
data from aftershocks; is excluded data from more than 70 km to remove the effects of bias in
sample.

Campbell and Bozorgnia (2008) used data from PEER NGA Flatfile and three faulting
mechanism types based on rake angle; characterize sites using Vsso; included dip of rupture
plane.

Abrahamson and Silva (2008) model is applicable for 5<Mw<8.5 (strike-slip) and 5<Mw<8.0
(dip-slip) and 0<dr<200 km; selected data from the Next Generation Attenuation (NGA)
database and included data from all earthquakes, including aftershocks, from shallow crustal
earthquakes in active tectonic regions under assumption that median ground motions from
shallow crustal earthquakes at dr < 100 km are similar. This assumes that median stress-drops
are similar between shallow crustal events in: California, Alaska, Taiwan, Japan, Turkey,
Italy, Greece, New Zealand and NW China.
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Table 4.4. Characteristics of the selected GMPEs for active shallow regions (Delavaud et al.,

2012)
Model Area Magnitude | Distance Period Site Mechanism | Component
Range Range Range (s)
(km)

Abrahamson | California, | Mw=5.0- | Rrup= | 0.01-10.0, | Function | N,R/T,S | GMRot150

and Silva Taiwan 8.0 0-200 PGA of Vs30
(2008) and other '
regions PGV

Booreand | California, | Mw=4.27 | Rjb=0 | 0.01-10.0, | Function | N,R,S,U | GMRot150

Atkinson Taiwan -7.9 — 280 PGA of Vs30
(2008) and other '
regions PGV

Chiouand | California, | Mw=4.27 | Rrup= | 0.01-10.0, | Function N,R,S GMRot150

Youns Taiwan -79 02-70 PGA of Vs30
(2008) and other ’
regions PGV

Campbell California, | Mw=4.27 | Rrup= | 0.01-10.0, | Function N, R, S GMRot150

and Taiwan -79 0.07 - PGA of Vs30
Bozorgnia | and other 199.27 '
(2008) regions PGV
Akkar and European | Mw=5.0- | Rrup= 0.05-3.0, 3 classes N,R/T,S GMEAN
Bommer and 7.6 0-99 PGA, PGV
(2010) Middle
East

4.4.7 HAZARD MAPS

4.47.1 Hazard Maps for Marmara Region

For regional hazard maps it becomes essential to quantify seismic hazard associated with a
certain ground condition, so-called the “reference ground”, from which the ground motion for
other types of ground condition can be inferred. In this study NEHRP B/C Boundary
(characterized with a 30m average shear wave propagation velocity of 760m/s) is used as the
reference ground, similar to the seismic hazard maps prepared by USGS. The results obtained
for 10% and 2% probabilities of exceedence in 50 years for PGA for the Poisson and renewal
models are presented in Fig. 93Fig. 93 through Fig. 96, respectively.
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Fig. 93: PGA map at NEHRP B/C boundary site class for 10% probability of exceedence in
50 yr (poisson model).
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Fig. 94: PGA map at NEHRP B/C boundary site class for 10% probability of exceedence in
50 yr (renewal model).
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Fig. 95: PGA map at NEHRP B/C boundary site class for 2% probability of exceedence in 50
yr (poisson model)

KOERI TDEP Model 40
PGA (g) - 2475 yrs

kilometers

- 'l
k"d'f" .*&7 J. mistanbul

Canakkale __——""

Fig. 96: PGA map at NEHRP B/C boundary site class for 2% probability of exceedence in 50
yr (renewal model).

4.4.7.2 Hazard Maps for the Samsun Province (Turkey)

The results for Samsun province obtained for 10% and 2% probabilities of exceedence in 50
years for PGA for the Poisson and renewal models are presented in Fig. 97 and Fig. 98,
respectively
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Fig. 97: PGA map at NEHRP B/C boundary site class for 10% probability of exceedence in
50 yr (poisson model).
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Fig. 98: PGA map at NEHRP B/C boundary site class for 2% probability of exceedence in 50
yr (poisson model).

4.4.8 DETERMINISTIC SEISMIC HAZARD ASSESSMENT (DSHA)

4.4.8.1 Introduction

The DSHA can also be called as the “scenario” earthquake hazard assessment method.
Scenario ground motions are estimated from a single or a set of the possible scenario
earthquakes, generally the maximum magnitude earthquakes associated with seismic source
zones. In routine DSHA applications “maximum” earthquake scenarios are assumed in each
seismic source at locations closest to the site and the appropriately selected attenuation
relationship is applied with a probability level of O or 1 standard deviations above the median.
The ground motion parameter associated with a 0 and 1 level of standard deviation above the
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median has respectively 50% and 84% chance of not being exceeded if the scenario
earthquake occurs.

The DSHA approach can be also aimed at finding those earthquakes that will not necessarily
produce the largest possible ground motion at a site in a region, but which will contribute
most to the seismic hazard that has been estimated (for the considered site) by the PSHA
approach. This is accompolished therogh a de-aggregation process where an inverse process
of decomposition of PSHA estimates into the respective contributions of different seismic
events is made. Beside the size and the location of the hazard-consistent earthquakes, by the
deaggregation process yields also the uncertainty, measured by the number of standard
deviations from the median ground motion as predicted by the related ground motion
prediction equations.

4.4.8.2 Earthquake Scenario

The Center district of the Samsun province is located at the northernmost region of Turkey
and it is 40 kilometers away from the North Anatolian Fault Zone (NAFZ). It has a
population of 1,252,693 people according to the 2010 data. . The most important seismic
activity which could affect the area is right directional North Anatolian Fault Zone (NAFZ).
NAF which is one of the most important strike-slip fault systems known in the world has
close resemblance with San Andreas Fault at California, USA.

As it is well known the 20™ century is marked with a chain of earthquakes (Fig. 99) that
ruptured the North Anatolian Fault along its whole length. Among those, 1942 Erbaa Niksar,
1943 Ladik earthquakes have also affected at large area of Samsun province. Brief
descriptions of these events are given below.

| b Samsun

Kastamonu L

Vezirkopru SenaryoiDepremi, M7.6 o0.Ordu
19437 T.osya-Ladik:Depremi M7=27-~ ’ Vezirkopru/Samsun) Tiurkiye 1942 /Niksar-Erbaa Depremi

o z
v : MM Intensif

: b & *
TR AR ocorum
4'* o 5 ,
™
ik’
- o

Fig. 99: Scenario earthquakes that affected in the vicinity of Samsun province
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1942, DECEMBER 20, ERBAA - NIKSAR EARTHQUAKE

Earthquake parameters: Ms = 7.1, lo = X, epicenter: 40.7 N, 36.6 E. This is the second event
of the chain of earthquakes that broke the North Anatolian Fault along its length. The
destructive earthquake ruined all villages between Niksar and the confluence of Kelkit and
Yesilirmak rivers and killed thousands of people. The surface rupture caused by the event
reached 50 km with horizontal displacements of 1.5 — 1.7 km. Damage extended to a zone of
100 km length. The intensity distribution is given in Fig. 100.

36° w ? ) a°

Samsun

410 v Ordu

Amasya |X 22— s
v
®
Tokat
20 ARALIK 1942
40° ERBAA DEPREMi |
0 ~ 20 4O0Km. -

i

Fig. 100: Intensity distribution of 1942 Erbaa — Niksar earthquake

1943 NOVEMBER 26, LADIK EARTHQUAKE

Earthquake parameters: Ms = 7.3, lo = XI, epicenter: 40.5 N, 34.0 E. The earthquake
occurring on the North Anatolian Fault devastated a longitudinal zone of 300km long and 20
km wide along the ruptured segment. The damaged area extends from llgaz to Erbaa. The
shock was associated with a 265 km surface rupture. The eastern end of the rupture coincides
with the western termination of the 1942 rupture. The intensity distribution is given in Fig.
101.
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Fig. 101. Intensity distribution of 1943 Ladik earthquake

The selected scenario earthquakes, showing in Fig. 102, are given in the following items:
1) Scenario | — Southern Samsun (similar to the Ladik, and Erbaa-Niksar events)
M7.6
Depth 10.0km
Lat: 40.91, Lon: 35.89
2) Scenario Il — Northern Samsun
M6.6
Depth 5.0km
Lat: 41.3086, Lon: 36.3998
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Fig. 102: Location of Scenario | and 11 events
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4.5 BULGARIA

4.5.1 COUNTRY, PROJECT AREA IN THE COUNTRY

Bulgaria is situated in the eastern part of the Balkan Peninsula and is bounded on the east
with Black sea. The Bulgarian project area includes North-East and South-East regions
(Severoiztochen and Yugoiztochen) of the country. These two regions consist of 8 districts
(Fig. 103) — Burgas, Sliven, Yambol, Stara Zagora, Varna, Dobrich, Shumen and Targoviste.
The total area of the these two regions is 33678 km? or more of 30% of the territory of
Bulgaria. The population is 2131570 or more than 25% of the population of Bulgaria.

45.1.1 Economy

South-East region (Yugoiztochen - districts Burgas, Sliven, Yambol, Stara Zagora) is the
second richest Bulgarian region. Most important are tourism, electric power generation, and
services. Burgas isthe second largest Bulgarian port, big tourist centers are Sunny beach,
Sozopol, Pomorie, Primorsko, Ravda and Kiten. Main industrial centers are the big cities and
towns of Radnevo and Galabovo - electric power generation and mining.

One of richest regions of Bulgaria is North-East region (Severoiztochen - districts Varna,
Dobrich, Shumen and Targoviste. It is important for the national economy. Its economy is
service-oriented and includes tourism. Severoiztochen is the second most-visited region by
foreign tourists after Yugoiztochen. Notable resorts include Golden Sands, Albena, SS
Constantine and Helena. Interesting places are the towns of Balchik, Kavarna, Cape Kaliakra
- on the sea, Madara - nearby Shumen; Shumen boasts the Monument to 1300 Years of
Bulgaria. Dobrich Province form Southern Dobruja - the Bulgarian breadbasket. The port of
Varna is the largest port in Bulgaria and the third largest on the Black Sea. The port of
Balchik is a small fishing town. Varna is Bulgaria's second financial capital after Sofia; the
city produces electronics, ships, food and other goods. Other important industrial centers in
the region are Shumen - production and repair of trucks; Dobrich - big food-producing city,
unofficial capital of Dobruja; Devnya - big chemical center (cement and nitric fertilizer).

45.1.2 Seismic Activity, Strong Earthquakes

Earthquakes are the most deadly of the natural disasters affecting the human environment,
indeed catastrophic earthquakes have marked the whole human history, accounting for 60%
of worldwide casualties associated with natural disasters. Earthquakes are the expression of
the continuing evolution of the Earth planet and its surface. Earthquakes adversely affect
large parts of the Earth. Global seismic hazard and vulnerability to earthquakes are increasing
steadily as urbanization and development occupy more areas that a prone to effects of strong
earthquakes; the uncontrolled growth of megacities in highly seismic areas around the world
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is often associated with the construction of seismically unsafe buildings and infrastructures,
and undertaken with an insufficient knowledge of the regional seismicity peculiarities and
seismic hazard. The assessment of seismic hazard is the first link in the prevention chain and
the first step in the evaluation of the seismic risk. The implementation of the seismic hazard
estimates into the policies for seismic risk reduction will allow focusing on the prevention of
earthquake effects rather than on intervention following the disasters.
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Fig. 103: ESNET Bulgarian eligible area.

The territory of Bulgaria represents a typical example of high seismic risk area in the eastern
part of the Balkan Peninsula. The Balkan Peninsula, from plate-tectonic point of view, is an
element of the continental margin of Eurasia that is located between the stable part of the
European continent to the north and ophiolitic sutures (Vardar and Izmir-Ankara) to the
South. South of the satures, fragments of the passive continental margin of Africa crop out
(Boyanov et al., 1989). The neotectonic movements on the Balkan Peninsula were controlled
by extensional collapse of the Late Alpin orogen, and were influenced by extension behind
the Aegean arc and by the complicated vertical and horizontal movements in the Pannonian
region (Zagorcev, 1992).

Bulgaria contains important industrial areas that face considerable earthquake risk, though
less than its neighboring countries: Greece, Turkey and Romania. Over the past centuries,
Bulgaria has experienced strong earthquakes. The first well documented earthquake on the
territory of Bulgaria is the 1 ¢ BC quake occurred in the Black Sea near the town of Kavarna.
In historical aspect, it is worth to mention the 1818 (VIII-IX MSK) and the 1858 (Ms=6.3,
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lo=1X MSK) earthquakes occurred near the town of Sofia. The 1858 earthquake caused heavy
destruction to the city of Sofia and the appearance of thermal springs in the western part of
the town. Some of the Europe’s strongest earthquakes 20-th century occurred in Bulgaria (at
the beginning of the 20™ century from 1901 to 1928 on the territory of Bulgaria occurred 5
earthquakes with magnitude larger than or equal to 7.0). Impressive seismic activity
developed in the SW Bulgaria during 1904-1906. The seismic sequence started on 4 of April
1904 with two catastrophic earthquakes within 23 minutes (the first quake at 10" 05™" with
Ms=7.1 considered as a foreshock and the second one at 10" 26™" with Ms=7.8 and l,=X-the
main shock). The main shock was felt in a very large are (up to Budapest, Hungary) and some
eye-witnesses have seen waves on the surface in the town of Sofia. The surface outcrop
caused by the 1904 earthquake still can be seen in the Kresna gorge. This earthquake was
followed by a well expressed long-lasting aftershock activity. Along the Maritca valley
(central part of Bulgaria), in 1928 a sequence of three destructive earthquakes occurred. The
towns Plovdiv, Chirpan, Parvomay suffered great damage. Many other towns and villages
were strongly affected. 74000 buildings were completely destroyed and 114 people killed.
They caused two surface coseismic ruptures, each of them several tens of kilometers in
length. That is the one of few cases (quoted in Richter, 1958) when before and after a strong
earthquake detailed geodetic surveys have been performed (presented in Yankov, 1935). On
some places the ground displacement reaches up to 1.5-2 m.

Moreover, the seismicity of the neighboring countries, like Greece, Turkey, former
Yugoslavia and Romania (especially Vrancea-Romania intermediate earthquakes involving
the non-crustal lithosphere), influences the seismic hazard in Bulgaria.

The strongest and most destructive earthquakes in Bulgarian occurred after 1900 are listed in
Table 4.5.

The thickness of the earth crust varies from 30 km close to the Black sea up to 51 km in the
southwestern part of Bulgaria. From the analysis of the depth distribution (as for example
Sokerova et al., 1992; Dacev et al., 1995: Simeonova et al., 2006) it was recognized that most
of earthquakes in Bulgaria and near surroundings occurred in the Earth’s crust up to 50 km.
The hypocenters are mainly located in the upper crust, and only a few events are related to
the lower crust. The maximum density of seismicity involves the layer between 5 and 25 km.

Table 4.5. Strong and destructive earthquakes occurred in Bulgaria after 1900 year (bold and
red — earthquakes in or close to eligible area)

Date Time GMT Epicenter h
d m. vy h. m. s. coordinates km M lo
©°N A°E
31.03.1901 07 10 22 43.37 28.70 14 7.2 10
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04 04 1904 1002 34 41.77 23.05 15 7.3 9-10
04 04 1904 102555 4185 23.08 18 7.8 10
08 10 1905 072730 4186 23.08 19 6.4 8-9
1502 1909 09 33 40 42.52 26.48 4-8 6.0 8
2302 1910 075214 41.70 23.55 10 5.4 7-8
14 06 1913 09 3313 43.10 25.70 15 7.0 9-10
18 10 1917 18 57 40 42.70 23.33 6 5.2 7-8
14 04 1928 090001 42.21 25.36 10 6.8 9
18 04 1928 19 22 48 42.20 25.06 16 7.1 9-10
2504 1928 09 25 46 42.08 25.89 13 5.7 8
2308 1942 1541 25 43.47 26.60 10 5.1 7
30 06 1956 0150 22 4355 28.68 20 5.5 7
03 11 1977 02 22 58 42.08 24.08 8 5.3 7
21 02 1986 05 39 56 4321 26.01 8 5.1 7-8
07 12 1986 14 17 09 43.19 26.01 10 5.7 8
22 05 2012 00 00 32 42.58 23.00 9 5.8 7-8

The spatial pattern of seismicity in and near Bulgaria is shown in Fig. 104. The figure
represents the epicentral map of the earthquakes with magnitude: larger than or equal to 6.0
(M>6.0) occurred before 1900; M>4.0 after 1900; and with M>3.0 occurred after 1980 in and
near Bulgaria. Seismicity (all instrumentally recorded seismic events after 1980) in and near
the country project area is presented in Fig. 104.

Both epicentral maps (Fig. 104. and Fig. 105.) show that seismicity is not uniformly
distributed in space. Therefore the seismicity is described in distributed geographical zones
(seismic source zones). Each source is characterized by its own specific seismicity,
geological and tectonic development.
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Fig. 105: Epicentral map for Bulgaria and surroundings (after 1980, all recorded events)
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From the seismotectonics analysis of the considered parts of the Balkans this modeling seems
more appropriate than to use specific linear fault structures or three-dimensional fault planes.
The main seismic source zones that are defined (as presented in Sokerova et al., 1992;
Dachev et al. 1995; Simeonova at al., 2006; Solakov et al., 2009) within and near the country
project area are as follows:

Shabla seismic zone The eastern periphery of the Moesian platform is marked by a fault
system in NNE-SSW direction, separating the platform from deep part of the West Black Sea
back-arch marginal riftogenic basin. Strong earthquakes manifest the Neotectonic/Quaternary
activity of this fault system. The strongest seismic events (543 earthquake with M=7.6, 1444
earthquake with M=7.5, 1901 earthquake with M=7.2) are associated with Kaliakra fault
system defined by numerous seismic profiling undertaken in the Black Sea. The hypocentre
distribution involves the surficial 20 km. The maximum earthquake potential M.« associated
with Shabla seismic zone is M= 8.0 (Boncev et al., 1982).

North-East Bulgaria seismic zone The seismic source is situated in the broad transitional
zone where the Moesian platform succession has been down faulted to the east during the
Middle Cretaceous opening of the Western Black Sea Basin (Tari et all. 1997). That is an area
with not expressed contemporary tectonic activity. The southern part of the seismic source
zone is characterized with low to moderate seismic activity while in the northern part
sporadic moderate to strong earthquakes occurred. The strongest earthquakes generated in the
zone is the 1892 Dulovo quake (I,=8, Ms~7.0) located in the northern part of the zone.

Close to the eligible area are located two active seismic zones Gorna Orjahovitca (North
Bulgaria) and Marica (South Bulgaria). These zones have significant impact to the seismic
hazard in the area. In these zones have been realized earthquakes with magnitudes of 7.0 at
the beginning of previous century. The macroseismic intensities from these earthquakes reach
VI1I-1X for some parts of eligible area.

Gorna Orjahovitza seismic zone The main tectonic structure in this area is the E-W extended
Resenski trough, which is formed during the Quaternary period. Two sublatitudinal faults,
which are reactivated segments of the Fore Balkan fault, and an oblique fault in NE-SW
direction marks the boundaries of the Resenski trough . The strongest event here occurred in
1913 (M¢=7.0), followed by seismic quiescence until 1986 when the two moderate Strazhitza
earthquakes occurred (Ms=5.3 on February 21 and Ms=5.7 on December 7). The
macroseismic effects caused by 1986 earthquakes are of intensity VII-VIII (MSK) in the
western part of Targoviste district. The seismicity in the zone is shallow, concentrated mainly
in the surficial 15 km, with rare events down to the 25-30 km depth. The maximum 7.0
earthquake is expected in Gorna Orjahovitza seismic zone (Mmax=7.0, Boncev et al., 1982).

Maritsa seismic zone The contemporary tectonic activity of the area is associated with
Maritsa fault system with WNW-ESE direction. The Maritsa fault with its satellites belongs
to structures with a longlasting development, which continues in the neotectonic period. The
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largest of its segments, which is with well-expressed Neogene-Quaternary activity, reaches
the length of about 70 km (Dachev et al., 1995). The strongest earthquakes occurred on the
fault system are those in 1928 (the Chirpan earthquake of April 14, 1928 with Ms=6.8 and the
Plovdiv earthquake of April 18, 1928 with Ms=7.0, | =9-10 MSK). 74000 buildings were
completely destroyed and 114 people Killed. The earthquakes caused two surface coseismic
ruptures, each of them several tens of kilometers in length. Ground displacement reached the
length of 1.5-2 m (Yankov, 1935). The hypocenter distribution involves the surficial 20 km,
with sporadic events down to 45 km. The highest density of foci is observed at 5-10 km
depth. The maximum 7.5 earthquake is expected in Maritsatza seismic zone (Mpyax=7.5,
Boncev et al., 1982).

The Northern part of the region is strongly influenced by the intermediate Vrancea
earthquakes. The Southern part is influenced by strongest earthquakes on Turkish and Greece
territory.

In the region of Provadia are located a lot of earthquakes with magnitudes between 4.0 and
5.0 last 30 years with maximal macroseismic ntensity up to VI-VII (MSK).

Several earthquakes with magnitudes between 5 and 6 have been realized near the town of
Yambol. The maximal observed intensity from these earthquakes is VIII (MSK).

4.5.2 SEISMIC MONITORING NETWORK

The beginning of Bulgarian seismology dates back to 1891. At that time Spas Watzof, the
director of Central Meteorological Station in Sofia, organized network of correspondents for
observation of felt earthquakes in Bulgaria (Watzof, 1902). Watzof formed a proto-type of
macroseismic bulletin containing: time of perceived shaking, locality, intensity, direction of
impact, and observed effects. The first bulletin including data for Central Balkan earthquakes
occurred in the 19™ century was published in 1902 (Watzof, 1902). The initial data on
earthquakes felt in Bulgaria were published in 17 volumes edited by Spas Watzof (1902-
1923). Over more than 6 decades, reports on earthquakes affected the territory of Bulgaria
(occurred in the Balkans) have been annually and/or periodically (at several years) published
till 1964 (Glavcheva, 2004).

The period of Bulgarian historical era ends in 1905 when the seismograph of Omorri-Boch
type was installed in the firs Seismological Station in the town of Sofia. The same year four
seismoscopes of Agamenonne type were installed in Sofia, Petrohan, Rila monastery and the
town of Kazanlak.

The initial data on earthquakes felt in Bulgaria were published in 17 volumes edited by
Watzof (1902-1923). Over more than 6 decades, reports on earthquakes affected the territory
of Bulgaria (occurred in the Balkans) have been annually and/or periodically (at several
years) published till 1964 (Glavcheva, 2004).
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The period of Bulgarian historical era ends in 1905 when the seismograph of Omorri-Boch
type was installed in the first Seismological Station in the town of Sofia. The same year four
seismoscopes of Agamenonne type were installed in Sofia, Petrohan, Rila monastery and the
town of Kazanlak.

At present NIGGG-BAS runs the Bulgarian seismological network-NOTSSI (National
Operative Telemetric System for Seismological Information). NOTSSI was founded at the
end of 1980. The overall objective for the NOTSSI is continuous monitoring of seismicity on
the territory of Bulgaria and surroundings. NIGGG, respectively NOTSSI, is responsible for
rapid earthquake determination, public information trough media, and information of
responsible governmental authorities if necessary urgent activities to be undertaken. The
institute also operates two local seismic networks deployed around the Kozloduy Nuclear
Power Plant and the town of Provadia in Northeastern Bulgaria. In 2005, the institute
performed overall modernization of the NOTSSI. The upgraded Bulgarian National Digital
Seismological Network (BNDSN) consists of a National Data Center (NDC), 15 stations
equipped with RefTek High Resolution Broadband Seismic Recorders — model DAS 130-
01/3. Configuration of BNDSN is presented in Fig. 106.
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Fig. 106: Bulgarian seismic network and foreign stations used in epicenter location

Real-time data transfer was realized via Virtual Private Network (VPN) of the Bulgarian
Telecommunication Company (BTC). The data acquisition and processing hardware
redundancy at the National Data Center was achieved by two clustered SUN Fire 5400
servers and two Blade 1500 Workstations. To secure the acquisition, processing and data
storage processes a three layer network was designed at the NDC.
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Real-time data acquisition was performed using REFTEK’s full duplex errorcorrection
protocol RTPD. For data archiving two formats are used: PASSCAL (PASSCAL Data
Center) and wildly used for seismological data miniSEED.

Data processing was performed by the Seismic Network Data Processor (SNDP) software
package running on both Servers. SNDP includes two subsystems:

« Real-time subsystem (RTS) — for signal detection; evaluation of the signal parameters;
phase identification and association; source estimation.

« Seismic analysis subsystem (SNDA) — for interactive data processing.

The signal detection process is performed by traditional STA/LTA detection algorithm. The
filter parameters of the detectors are defined on the base of previously evaluated ambient
noise at the seismic stations.

Currently, the BNDC and BNDSN allow reliable automatic localization of low magnitude
events MS>1.5 within the network, and MS>3.0 at regional distances. Since 2005-2006, real-
time data exchange between Bulgaria and Greece, Romania, Serbia, Macedonia, Slovakia,
Slovenia, Austria and other regional and national seismological data centers was
implemented.

4.5.3 PROBABILISTIC SEISMIC HAZARD ASSESSMENT (PSHA)

Seismic hazard is the probability that various levels of strong ground motion will be exceeded
during a specified time period at a site. The ground motion levels may be expressed in terms
of peak ground acceleration (velocity, displacement) and/or peak response spectral
amplitudes for a range of frequencies.

PSHA was developed in the late 1960s and early 1970s at the Universidad National
Autonoma de Mexico (UNAM) and the Massachusetts Institute of Technology (MIT) and
PSHA has now become the most widely used approach for estimating seismic-design loads
(Bommer and Abrahamson, 2006). Probabilistic techniques utilize all the details and
parameters of the seismotectonic model. Modern techniques allow uncertainties in the
seismic input to be included in the analysis.

The main steps involved in the seismic hazard analysis are the following:

1. construction of seismic source model - each element of the model is represented as a
seismic source (areal, volume, linear or point) with defined geometry and depth;

2. determination of the seimicity parameters such as magnitude frequency relationship,
minimum magnitude, maximum magnitude and their uncertainties for each seismic
source;

3. designation of a ground motion attenuation relationship for each seismic source;
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4. selection of appropriate stochastic model of earthquake occurrence (Poisson, Markov,
etc);

5. computation of seismic hazard curves with appropriate confidence levels such as to
demonstrate the scatter of data.

6. Sensitive analisys

In Fig. 107, a Flow Chart for main stages in probabilistic seismic hazard analysis is
presented.

454 MATHEMATICAL FORMULATION

The formal procedure for probabilistic calculations taking account of spatial and temporal
uncertainty in the future seismicity was presented by Esteva (1967, 1968) and Cornell (1968).
The probabilistic method of seismic hazard analysis, as it is currently understood, was
presented by Cornell (1971), and by Merz and Cornell (1973).
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Fig. 107: Flow chart for seismic hazard assessment

It is commonly assumed that the occurrence of individual event can be represented as a
Poisson process. The probability that at a given site a ground motion parameter, Z, will
exceed a specified level, z, during a given time period, t, is given by the expression:

Pzt =1-eVO <yz) (91)

where v(z) is the average frequency during time period t at which the level of ground motion
parameter Z exceeds z at the site resulting from earthquakes in all sources in the region.

The “return period” of z is defined as:
1 -t

v(Z>2) In(l-P(Z>12))

The inequality at the right side of above equation (4.1) is valid regardless of the appropriate

probability model for earthquake occurrence and v(z)t provides an accurate and slightly
conservative estimate for probabilities less than 0.1.

R.(2)= (92)
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The frequency of exceedance, v(z), is a function of the uncertainty in the time, size and
location of future earthquakes and uncertainty in the level of ground motions they may
produce at the site.

It is computed by expression:
v(2) =Y a,(m) [ [ f(m)f(r|m)P(Z =z|m,r)drdm (93)
n mé 0

where an(mo) is the frequency of earthquakes on source n above a minimum magnitude of

engineering significance m°; f(m) is the probability density function for event size between

m® and maximal event for the source mY; f(rj/m) is the probability density function for
distance to the earthquake rupture which is usually conditional on the earthquake size; and
P(Z<z | m,r) is the probability that for a given magnitude m earthquake at a distance r from
the site, the ground motion exceeds level z. The average frequency v(z) is evaluated by three
probability functions: magnitude distribution, conditional distance distribution and
conditional exceedance probability distribution.

4.5.5 DEVELOPMENT OF THE PSHA MODELS

The constituent models of the Probabilistic Seismic Hazard Methodology are models of: 1)
seismic sources; 2) earthquake recurrence frequency; 3) ground motion attenuation; and 4)
ground motion occurrence probability at a site (Thenhaus and Campbell, 2003).

4551 Seismic sources

Description of the geometry of a seismic source is necessary for evaluation of site-source
distances.

Seismic sources are identified on the base of geological, seismological and geophysical data.
An understanding of the regional tectonics, local Quaternary history and seismicity of an area
leads to the identification of geological structures that may be seismic sources. The
association of geological structure with historic or instrumental seismicity clarifies their role
in the present tectonic stress regime.

The limiting size earthquake that can occur on each seismic source is a very important
parameter in seismic hazard analysis, especially at low probability levels. For sources defined
as faults, the maximum earthquake magnitude is related to the fault geometry and fault
behavior through an assessment of the maximum dimensions of a single rupture. For area
sources maximum magnitude is usually estimated to be the maximum historic event plus an
increment.
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45.5.2 Earthquake recurrence

Earthquake recurrence is represented in terms of the rate of the seismic activity and the
relative frequency of various magnitude earthquakes. To determine earthquake recurrence
frequency two sources of data are used: observed seismicity (historical and instrumental and
geological (geology, geomorphology, tectonics and neotectonics). For sources defined as
individual faults historic seismicity and geological data can be used to characterize the
earthquake recurrence. For large area sources, only historical seismicity is usually used to
estimate the earthquake recurrence rate.

45.5.3 Ground motion attenuation

Ground motion attenuation relationships define the values of a ground motion parameter,
such as peak ground acceleration or response spectral values, as a function of earthquake size
(magnitude M) and the distance in terms of both the expected values and the dispersion of the
expected values. Attenuation relationships are developed usually from statistical analysis of
strong motion data or from peak ground motion parameters inferred from reported shaking
intensity. The ground motion attenuation relationships and their uncertainties are of
substantial importance in hazard analysis. Estimates of parameters (coefficients and standard
deviation) of an attenuation equation depend on quantity and quality of input data (magnitude
range, homogeneity of the available data sample etc.).

45.5.4 Ground motion probability

The probability model widely used in hazard analysis is that earthquakes occur as a Poisson
process in a time. The probabilistic methodology quantifies the hazard at a site from all
earthquakes of all possible magnitudes, at all distances from the site as probability of
exceeding some amplitudes of shaking at a site in periods of interest (Thenhaus and
Campbell, 2003).

456 TREATMENT OF UNCERTAINTIES (RANDOM AND EPISTEMIC)

Handling uncertainties is a key element of Probabilistic Seismic hazard Analysis. Two types
of uncertainty are defined in seismic hazard analysis-random and modeling (McGuire, 1993).
Distinction between the two types of uncertainty has emerged as an important issue in the
proper estimation of seismic hazard. The first type uncertainty (aleatory) represents the
randomness inherent in the natural phenomena of earthquake generation and seismic wave
propagation. The probability functions contained in the basic analysis model represent the
random uncertainties. Specification of standard deviation (c) of a mean ground attenuation
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relationship is a representation of aleatory variability. Aleatory variability is included directly
in the PSHA calculations by means of mathematical formulation. Modeling (epistemic)
uncertainties comes from statistical or modeling variations. The large uncertainties in seismic
hazard result from lack of knowledge about earthquake cause, characteristics, ground
motions, i.e. from uncertainties in the inputs. There are many epistemic uncertainties in any
seismic hazard assessment, including the configuration and characteristics of the seismic
source zones, the model for earthquake recurrence frequency, and the maximum earthquake
magnitude.

In PSHA, the established procedure is to incorporate the epistemic uncertainty into the
calculation through the use of logic tree. Logic tree was first introduce into PSHA by
Kulkarni et al, (1984) as a tool to model and quantify the uncertainties in the inputs required
for such analysis, and the have since become a part of PSHA (Coppersmith&Youngs, 1986).
The logic tree is to handle epistemic uncertainties and not random variabilities (aleatory) of
known distribution (e.g. Bommer et al., 2005). The logic tree allows a formal characterization
of uncertainty in the analysis by explicitly including alternative interpretations, models, and
parameters that are weighted in the analysis according to their probability of being correct.
Logic tree models may be evaluated, or adequately sample through Monte Carlo simulation
(introduced by Bungumen et al., 1986), which is computationally a more efficient procedure
(Thenhaus and Campbell, 2003). An important principle to follow in setting up a logic tree
(as defined in Bommer et al., 2005), is that the options represented by the branches extending
from a single node should encompass the complete range of physical possibilities that
particular parameter could be expected to take. The branches should be set up so that, as
knowledge improves revised estimates for the parameters should fall within the bounds
expressed by the logic tree branches. However, physically unrealizable scenarios should not
be included in the logic tree. The use of a logic tree does not relieved the analyst from the
responsibility of judging if the specified value of a particular parameter could be expected to
occur in nature (Bommer et al., 2005).

Nowadays it has become established practice that the ground motion variability is an integral
and indispensable part of PSHA (McGuire, 2004; Bommer and Abrahamson, 2006). Modern
methods of seismic hazard analysis incorporate uncertainties into the analysis to assess their
impact on the estimate of the expected level of seismic hazard as well as the uncertainty in
that estimate.

4.5.7 PROBABILISTIC SEISMIC HAZARD ASSESSMENT (PSHA)

A key milestone in the development of PSHA was the computer program EQRISK, written
by McGuire (1976). Nowadays there are a number of PSHA computer codes available to the
analyst. The most widely used in practice are those developed by McGuire (1976, 1978) and
Bender and Perkins (1982, 1986). A version of machine code EQRISK (McGuire, 1976) was
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developed and used in practice for probabilistic hazard assessment in Bulgaria. The main
difference from the original code consists in using calculation procedures for coordinate
transformation and distance integration presented in Bender, Perkins (1982).

Bulgarian version of PSHA computer code offers the following possibilities:

e Usage of different types of attenuation models, including arbitrary functions of M, R and
h and some NGA models;

o Allows different types of laws for different sources;

e Depth is included as a random uncertainty (each source is described with its own depth
distribution — up to 10 depths with their probabilities);

e Source mechanism is included as a random uncertainty (each source is described with its
own SM distribution SM - probability);

e Additionally allows point and circle sources as well as sources between 2 circles with a
common center;

e Allows non continuous sources and fault sources (as in SEISRISK);
¢ Allows Monte-Carlo sensitive analysis;

e Computation of hazard in terms of PGA and SA could be performed with one run of the
program.

45.8 DE-AGGREGATION OF PSHA

Probabilistic seismic hazard analysis considers a multitude of earthquake occurrence and
ground motion, and produces an integrated description on seismic hazard representing all
events. The PSHA is able to quantify and account for the random uncertainties associated
with estimation of the seismicity and the attenuation characteristics of the region. For
physical interpretation of the results from PSHA and to take certain engineering decisions, it
is desirable to have a representative earthquake which is compatible with the results of the
PSHA method. This could be achieved through the de-aggregation of the probabilistic
seismic hazard. A procedure called de-aggregation was applied to examine the spatial and
magnitude dependence of PSHA results.

For physical interpretation of the PSHA results and to take certain engineering decisions, it is
desirable to have a representative earthquake which is compatible with the results of the
PSHA method. This could be achieved through the de-aggregation of the probabilistic
seismic hazard (McGuire, 1995). A procedure called de-aggregation (or disaggregation) has
been developed to examine the spatial and magnitude dependence of PSHA results. The aim
is to determine the magnitudes and distances that contribute to the calculated exceedance
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frequencies at a given return period and at a structural period of engineering interest
(Thenhaus and Campbell, 2003). De-aggregating PSHA results two important goals are
achieved (McGuire, 1995): 1) a relation between the calculated hazard and the specified
seismic sources; 2) the loop between scientists performing hazard assessment and users of
hazard studies is closed. As a result the seismic hazard philosophy is better understood and
more reliable decisions on seismic design, analysis, and retrofit are undertaken.

459 PSHA RESULTS FOR THE IMPLEMENTATION AREA

A seismic source model is developed for PSHA for the territory of Bulgaria. The model is
based on complex geodetic, geological, geophysical and seismological data and is presented
in Fig. 108. For each source are defined the all parameters describing the seismicity in the
source. Two cases are considered:

1. All sources are areal sources — earthquakes are randomly distributed in the corresponding
source

2. Smaller earthquakes are randomly distributed in the source while stronger earthquakes are
happened only on the faults defined in the source.

The final result is a mean of the two considered cases.

The ground motion attenuation relationship presented in Ambraseys et al. (1996) is used for
hazard assessment.

The seismic hazard for the country in different return periods have been evaluated applying
the above described methodology, the compiled seismic source model and selected
attenuation model. In Fig. 109. are presented the obtained results for the eligible area for
return period of 475 years (probability of exceedance of 10% in 50 years).

Large parts of the area are with expected acceleration between 0.09g and 0.13g and between
0.13g and 0.18g. Small parts (North-East and South-West) fall in territories with expected
acceleration between 0.18g and 0.26g and larger than 0.26g.

In Fig. 110. is presented the influence of the intermediate VVrancea earthquakes on the seismic
hazard. As seen in the figure almost all Northern part of the eligible area is strongly (more
than 50 %) influenced by intermediate Vrancea earthquakes.
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Fig. 108. Map of seismic sources used for seismic hazard assessment
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Fig. 110: Influence of the intermediate VVrancea earthquakes on the seismic hazard

4.5.10 DE-AGGREGATION OF PROBABILISTIC SEISMIC HAZARD ASSESSMENT FOR
BULGARIAN ELIGIBLE AREA (MAIN DISTRICT TOWNS).

De-aggregation of the seismic hazard for a return period of 475 years (probability of
exceedance of 10% in 50 years) for PGA was performed for 8 cities (administrative centres)
on the territory of ESNET Bulgarian eligible area (Fig. 111 — Fig. 114)

The de-aggregation results show existence of both unimodal and bimodal distribution of
earthquake magnitude and distance to ground motion exceedance frequency for PGA.

PSHA de-aggregation plots for PGA show the following peculiarities:

1. Unimodal distribution of earthquake magnitude and distance to ground motion exceedance
frequency is observed. The mode of the distribution is for magnitude 5.0-7.5 earthquake at
a distance of 5 to 20 km from the city of Yambol. The strongest contributor to the hazard is
the near regional seismicity (Fig. 111).

2. PSHA disaggregation plots show a slight bimodal distribution of earthquake magnitude
and distance to ground motion exceedance frequency is observed for PGA (Fig.10). The
primary mode in Fig.10 (well expressed) is a magnitude 5.0 to 6.0 earthquake at 10 to 20
km from the cities of Sliven and Stara Zagora (effect of the near regional seismicity). The
secondary mode (not well expressed) is for magnitude greater or equal to 7.5 earthquakes
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at a large distance (effect of VVrancea intermediate earthquakes). The strongest contributor
to the hazard is the near regional seismicity.

3. PSHA disaggregation plots show a slight bimodal distribution of earthquake magnitude
and distance to ground motion exceedance frequency is observed for PGA (Fig.11). The
primary mode in Fig. 113 is for magnitude greater or equal to 7.5 earthquakes at a distance
of more than 200 km from the cities of Targovishte, Shumen, Dobrich and Burgas (effect
of Vrancea intermediate earthquakes). The secondary mode is a magnitude 5.0 to 6.0
earthquake at 10 to 20 km from the cities (effect of the near regional seismicity). The
strongest contributor to the hazard is the Vrancea intermediate source.

4. PSHA disaggregation plots show a bimodal distribution of earthquake magnitude and
distance to ground motion exceedance frequency (Fig. 114). The primary mode of the
distribution is for magnitude greater or equal to 7.0 earthquakes at a distance 10 to 20 km
from the city of Varna (effect of the near regional seismicity). The secondary mode is a
magnitude 7.5 or larger earthquake at a distance of more than 250 km from the city of
Varna (effect of Vrancea intermediate earthquakes).
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Fig. 111: Unimodal distribution of earthquake magnitude and distance to ground motion
exceedance frequency - the strongest contributor to the hazard for the cities is the near
regional seismicity
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Fig. 112: Slight bimodal distribution of earthquake magnitude and distance - stronger
contributor to the hazard for the cities is the near regional seismicity
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Fig. 113: Slight bimodal distribution of earthquake magnitude and distance - stronger
contributor to the hazard for the cities is the Vrancea intermediate source
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The city of Varna
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Fig. 114:A bimodal distribution of earthquake magnitude and distance to ground motion
exceedance frequency.
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4.6 UKRAINE

4.6.1 SEISMICITY AND SEISMIC ZONING OF UKRAINIAN TERRITORY

Seismicity of Ukrainian Black Sea region is defined with territorial effect of seismic active
zones, as follows:

1. Seismically active zone of Vrancha, Romania (connection region of Eastern and Southern
Carpathian mountains);

seismically active zone of Crimea - Black Sea region;
Seismically active zone Dobrudja (delta region of Danube river);

Black Sea depression;

o > w D

Platform part of Ukraine.

4.6.2 SEISMIC HAZARD IN UKRAINE
120 000 km? of Ukrainian territory (about 20%) — seismically dangerous.
Intensity of earthquakes - 6-9 points according to scale MSK-64

There are about 10.9 millions of people reside on seismic territories (about 22% of
population):

- in zone of 6-scale earthquakes - 7,98 millions of people (15.5%),
- in zone of 7-scale earthquakes - 2,23 millions of people (4,3%),
- in zone of 8-9-scale earthquakes - 0,79 millions of people (1,5%).

The Complete Set of general seismic zoning maps (GSZ) of Ukrainian territory is used in
Ukraine (GSZ-2004, A, B, C). The scale of maps is 1:2 500 000 (authors: Pustovitenko B.G.,
Kulchitsky V.E., Pustovitenko A.A.). The Complete Set has probable periods of earthquakes
repeatability as 1 time in 500, 1000 and 5000 years. Maps of the Complete Set show
estimated prognostic intensity of seismic impacts in accordance with scale MSK-64, that are
expected at this territory with defined probability (%) during defined (selected) time period.*

Map GSZ-2004-A Fig. 115 corresponds to 10% exceedance probability of estimated
intensity for proximate 50 years period, probable period of earthquakes repeatability is 1 time
in 500 years.

! http://www.seism.org.ua/seism04-03.pdf
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Application: for designing and constructing facilities and buildings with civilian and
industrial purposes; for different habitable structures and object at towns and countryside.
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Fig. 115: Map GSZ-2004-A [2]

Map GSZ-2004-B (Fig. 116) corresponds to 5% exceedance probability of estimated
intensity for proximate 50 years period, probable period of earthquakes repeatability is 1 time
in 1000 years.

Application: for designing and constructing facilities and buildings with increased level of
responsibility (oil tanks V=1000 m®, arterial pipelines, industrial facilities with spans bigger
than 100 meters, communications facilities higher than 100 meters, unique buildings and
facilities, etc.), destruction of which in time of powerful earthquakes can cause local-level

emergency situation.
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Fig. 116: Map GSZ-2004-B [2]

Map GSZ-2004-C (Fig. 117) corresponds to 1% exceedance probability of estimated
intensity for proximate 50 years period, probable period of earthquakes repeatability is 1 time

in 1000 years.

Application: for designing and constructing facil