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Abstract

Multi-hazard assessment modeling comprises an essential tool in any plan that aims to mitigate the impact of future natural
disasters. For a particular area they can be generated by combining assessment maps for different types of natural hazards.
In the present study, the analytical hierarchy process (AHP) supported by a Geographical Information System (GIS) was
utilized to initially produce assessment maps on hazards from landslides, floods and earthquakes and subsequently to combine
them into a single multi-hazard map. Evaluation of the reliability of the proposed model predictions was performed through
uncertainty analysis of the variables that we used for producing the final model. The drainage basin of Peneus (Pinios)
River (Western Peloponnesus, Greece), an area that is prone to landslides, floods and seismic events, was selected for the
implementation of the aforementioned approach. Our findings revealed that the high hazard zones are mainly distributed in
the western and north-eastern part of the region under investigation. The calculated multi-hazard map, which corresponds to
the potential urban development suitability map of the study area, was classified into five classes, namely of very low, low,
moderate, high and very high suitability. The most suitable areas for urban development are distributed mostly in the eastern
part, in agreement with the low and very low hazard level for the three considered natural hazards. In addition, by performing
uncertainty analysis we showed that the spatial distribution of the suitability zones does not change significantly. Ultimately,
the final map was verified using the actual inventory of landslides and floods that affected the study area. In this context, we
showed that 80% of the landslide occurrences and all the recorded flood events fall within the boundaries of the moderate, low
and very low suitability zones. Consequently, the predictive capacity of the applied method is quite good. Finally, the spatial
distribution of the urban areas and the road network were compared with the derived suitability map and the results revealed
that approximately 50% of both of them are located within areas susceptible to natural hazards. The proposed approach can
be useful for engineers, planners and local authorities in spatial planning and natural hazard management.
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Introduction

Natural hazard events are able to significantly affect the
natural and artificial environment. In this context, the
change of landforms due to natural disasters have the
potential to affect and, in some cases, even to restrict the
human interaction with the ecosystem (Skilodimou et al.
2014; Bathrellos et al. 2014, 2017a, b, ¢).To minimize
fatalities and reduce the economic impact that accompa-
nies their occurrence, a proper planning is crucial. Accord-
ingly, reliable information on the spatial distribution of
natural disasters comprise a key tool when environmental
planners and engineers are trying to select suitable sites
for land use development (Abdulwahid and Pradhan 2016;
Althuwaynee and Pradhan 2016; Bathrellos et al. 2009;
Chousianitis et al. 2016; Das et al. 2013; Hopkins 1977,
Jebur et al. 2015; Pham et al. 2016; Rozos et al. 2013;
Skilodimou et al. 2003; Slaymaker 1997; Youssef et al.
2015).

Up until recently, and due to the fact that natural haz-
ards are complex phenomena, the vast majority of the pub-
lished studies have focused on the detailed examination
of a single hazard phenomenon. However, a specific area
usually is not affected solely by one natural hazard, but
two or more have the ability to act at the same time or
consecutively. In this context, the utilization of one hazard
map for each type of natural disaster can become unman-
ageable when multiple hazard types have to be taken into
account (Bender 1991). The solution to this difficulty is
the adoption of multi-hazard analysis, which, enhanced
with GIS-based methods that support a straightforward
analysis of different kind of data, has been reliably used
to develop natural hazard models and form the basis for
vulnerability and risk management (El Morjani et al. 2007,
F.E.M.A. 2004; Kappes et al. 2011; Schmidt et al. 2011).

Land use planning and suitability analysis can be per-
formed by means of various heuristic, statistical, and
deterministic approaches (e.g., Ayalew and Yamagishi
2005; Bathrellos et al. 2008; Papadopoulou-Vrynioti
et al. 2014; Svoray et al. 2005; Tsolaki-Fiaka et al. 2018).
Saaty (1977) developed the analytical hierarchy processes
(AHP), a multiple objective decision making approach,
which is among the most widely applied deterministic
methods. It is a weight evaluation process which takes into
account qualitative and quantitative parameters and ulti-
mately results in the assessment of alternative solutions to
a particular problem, among which the best solution is able
to be identified (Saaty 1990, 2004). This method has been
commonly combined with GIS for the assessment of a
single natural hazard in local and regional scales (Fernan-
dez and Lutz 2010; Karaman and Erden 2014; Peng et al.
2012; Pourghasemi et al. 2012) as well as for performing
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land use suitability evaluation (Baja et al. 2007; Bathrellos
et al. 2012; Panagopoulos et al. 2012; Thapa and Muray-
ama 2008; Youssef et al. 2011). Although highly accepted
within the scientific community, the AHP approach has
some drawbacks such as the lack of uncertainty estimation
(Bathrellos et al. 2013; Nefeslioglu et al. 2013).

Within the framework of the present paper, we imple-
mented a multi-hazard approach considering landslide, flood
and seismic hazard so as to ultimately evaluate and specify
the appropriate locations for urban development. In the first
stage, we adopted the AHP method which we combined with
GIS to facilitate a consistent processing and handling of the
different datasets and we created three hazard assessment
maps. In the second stage the three maps obtained previ-
ously were further evaluated via the AHP method and lead
to the final multi-hazard zonation map where the appropri-
ate areas for urban development were identified. To account
for uncertainties, we carried out sensitivity analysis in our
hazard maps. Finally, the spatial extent of the urban areas
as well as the road network was compared with the obtained
suitability map.

Materials and methods
Study area

As a case study, we chose the region of the Peneus River
basin, which is located at western Greece and specifically
at western Peloponnesus (Fig. 1). This region has been fre-
quently affected from different hazard phenomena includ-
ing landslides, floods, and earthquakes. The basin of Peneus
River occupies approximately 900 km? and is elongated
along an E-W direction. It is a low altitude area, where the
relief is characterized by gentle slopes, while only a small
part of the basin is mountainous. The Peneus River flows
towards the west and its drainage network is irregular prob-
ably due to its tectonic origin. The climate of the study area
is mainly Mediterranean with annual precipitation ranging
from 1200 to 1600 mm in the mountainous part and from
800 to 1200 mm in the lowlands.

The geological formations consist of both Neocene and
Quaternary deposits along with alpine formations belonging
to the Gavrovo and the Olonos-Pindos geotectonic zones.
The formations of the Gavrovo zone are mainly flysch, while
those of the Olonos-Pindos zone are sedimentary rocks
which originate from a remnant ocean basin that formed
during mid-Triassic (Migiros 2010). According to the latest
Greek Seismic Code (EPPO 2003), the country was divided
into three zones of seismic hazard on the basis of peak
horizontal acceleration on “rock” sites (i.e., soil category B
according to UBC) for 475 years mean return period. As per
this classification, the study area falls into zone II where the
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Fig. 1 a Map of Greece showing the location of the study area, b digital elevation Model, drainage and road networks and main settlements of

the study area

maximum expected horizontal acceleration was estimated
tobe 0.24 g.

Materials
To create the three hazard maps, we used the following data:

e The topographic maps of the Hellenic Army Geographi-
cal Service (scale 1:50,000; H.A.G.S 1989);

e The geological maps of the Institute of Geology and Min-
eral Exploration (scale 1:500,000; I.G.M.E. 1983);

¢ The engineering geological map of the Institute of Geol-
ogy and Mineral Exploration (scale 1:500,000; I.G.M.E.
1993);

e The precipitation data from seventeen (17) stations oper-
ated by: (1) the Ministry for the Environment, (2) the
Hellenic National Meteorological Service, and (3) the
Ministry of Agriculture;

e The landslides and the flood events which have been
occurred within the study area. This dataset has been
compiled using information from national databases as
well as from related bibliography (Agricultural Univer-
sity of Athens 2007; Chalkias et al. 2016; Migiros 2010;
Ministry of Environment and Energy 2017).

To facilitate the accurate processing and support the
robust interaction between the above data, we created a spa-
tial database.

The AHP method

The landslide, flood and seismic hazard assessment maps
were produced using several factors. The weighting

coefficients for the selected factors that were considered for
the assessment of the three geohazards were calculated by
applying the AHP, which is a quantitative and multi-criteria
method that was designed for the hierarchical representation
of a decision-making problem (Saaty 1977, 2006). The first
step during the implementation of this method is the forma-
tion of the pair-wise comparison matrix whose entries reflect
the relative significance of one factor compared to the oth-
ers. The latter is measured using a nine point scale with the
following levels of importance: 1 =equal, 3 =moderately,
5 =strongly, 7=very strongly, 9 =extremely and 2, 4, 6,
8 =Intermediate values. In reverse, less important variables
were valued from 1 to 1/9 (Saaty 1977). The consistency of
each matrix after the calculation of the weight values was
verified by means of the Consistency Ratio (CR):

CR = CI/RI

where RI is the random index whose value depends on the
order of the matrix. The Consistency Index (CI) equals to:
Cl=A,,,—n/n—-1

where 1., is the largest eigenvalue of the matrix of order
n. The CR is used so as to check and, therefore, avoid pos-
sible inconsistencies in the judgment matrix. Saaty (1990)
justified that when the CR is below 0.1, the weighting coef-
ficients are suitable, while if it is above 0.1, a reconsidera-
tion of the judgments is required to ensure realistic results.
In the present study we compiled four matrices: three for
evaluating the landslide, flood and seismic hazard and one
for assessing the suitable regions for urban development.
The pair-wise comparisons as well as the calculation of the
weights and the consistency ratios were carried out using the
Expert Choice 11 software (ECI 2004).

max
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Individual hazard assessment maps
Landslide hazard assessment map

As stated previously, landslides have regularly caused dam-
age to the urban areas and to the road network of the study
area. The factors that were considered for the implemen-
tation of the landslide susceptibility model are lithology,
distance from active faults, slope, precipitation, land use,
distance from roads, and distance from streams. The selec-
tion of the aforementioned factors has been based on valu-
able knowledge from previous studies (Ayalew and Yamagi-
shi 2005; Bathrellos et al. 2009; Althuwaynee and Pradhan
2016; Skilodimou et al. 2018). These factors were divided
into classes corresponding to specific stability conditions.
The number of classes and their values were picked on the
basis of already published research (Rozos et al. 2011; Bath-
rellos et al. 2017a). Each class was standardized to a uni-
form rating scale, where the values ranged from O to 4. The
0 class represents the most stable conditions, i.e., reflect-
ing negligible landslide hazard, while the 4 class implies
major landslide hazard and corresponds to the most favour-
able conditions for slope failure (Table 1). Previous stud-
ies (Bathrellos et al. 2009, 2012; Rozos et al. 2011, 2013,
2017a) and personal experience were used as a basis to
determine the assigned values for each class of the factors.

Lithology

The published geological map of the study area was the basis
for the selection of the lithology classes IGME 1983, 1993).
Some of the geological formations were unified on the basis
of their engineering performance in slope instability. As a
result, the final lithology map included eight classes, namely
(a) Quaternary loose mainly fine grained deposits, (b) Qua-
ternary loose mixed phases deposits, (c) Quaternary coher-
ent mixed phases deposits, (d) Quaternary coherent coarse-
grained deposits, () Neocene coarse-grained sediments, (f)
Neocene mixed phases sediments, (g) flysch, and (h) rocks
(Fig. 2a). Among them, the Neocene mixed phases sedi-
ments along with flysch comprise the most prone lithology
for landslide occurrence, and therefore, the higher rate was
assigned.

Distance from active faults The active faults of the study
area were assembled from already published papers (e.g.,
Koukouvelas et al. 1996; Goldsworthy and Jackson 2001;
Goldsworthy et al. 2002; Kamberis et al. 2012; Kokinou
et al. 2015). After digitizing the active faults, we created
buffer zones at distances of 50 m, 100 m, 150 m and 200 m.
Hence, five classes were used, that is (a) nearest (0-50 m),
(b) very near (51-100 m), (c) near (101-150 m), (d) moder-
ate distant (151-200 m) and (e) distant (> 200 m) (Fig. 2b).
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The most landslide prone class where we assigned the high-
est rate, is the nearest buffer zone.

Slope The slope thematic map was created using a digital
elevation model (DEM) which was created from the topo-
graphic map of the study area (20 m contour interval). The
slope map was classified into the following classes: (a)
0°-5°, (b) 6°-15°, (c) 16°-30°, (d) 31°-45°, and (e) >45°
(Fig. 2c). The highest rate was given to the latter class due to
the fact that it is the most landslide prone category (Table 1).

Precipitation The precipitation map was generated using
measurements from the meteorological stations located in
the vicinity of the study area. The Inverse Distance Weighted
(IDW) approach was adapted to interpolate the precipita-
tion data. According to Setianto and Triandini, (2013), the
IDW is an intuitive and efficient interpolation method, and
it is recommended for data such as precipitation. The con-
tinuous values of the precipitation map were classified into:
(a) <800 mm, (b) 800-1000 mm, (c) 1000-1200 mm, (d)
1200-1400, and (e) > 1400 mm (Fig. 2d). The highest rate
was given to the two classes where precipitation exceeds
1200 mm (Table 1).

Land use The land use data from the CORINE 2012 Land
Cover (CLC) map and from Copernicus Program (Coper-
nicus 2016) were used. The data published by the Euro-
pean Commission covers Europe at a scale of 1:100,000
and includes the corresponding class descriptions. The land
uses of the study area were: (a) urban areas, (b) croplands,
(c) woodlands, (d) shrublands together with grasslands, (e)
sparsely vegetated areas along with bare lands, and (f) water
areas (Fig. 3a). Cultivated areas are strongly related to land-
slide activity (Skilodimou et al. 2018) and therefore, the
highest rank was given to the croplands (Table 1).

Distance from roads The road network was derived by
digitizing the topographic maps of the study area (scale
1:50,000). As demonstrated in Rozos et al. (2011) the arti-
ficial and natural slope parts around the roads are prone to
landslides. For that reason, we created buffer zones around
the road network and the corresponding classes that we con-
sidered were (a) nearest (0—50 m), (b) very near (51-100 m),
(¢) near (101-150 m), (d) moderate distant (151-200 m) and
(e) distant (>200 m) (Fig. 3b). According to Skilodimou
et al. (2018) the closer the distance is to the road network,
the higher is the correlation with landslide manifestation.
Consequently, the highest rank was assigned for distances
less than 50 m, i.e., the “nearest” class (Table 1).

Distance from streams The drainage network of the study
area was derived from the corresponding topographic maps
and the streams were classified according to the Strahler’s
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Table 1 The factors and their
classes that were considered

Factor

Class Rating

for the assessment of landslide
hazard, along with the
corresponding rating for each
one

Lithology

Distance from faults (m)

Slope (°)

Precipitation (mm)

Land use

Distance from roads (m)

Distance from streams (m)

Quaternary loose, mixed phases deposits
Quaternary loose mainly fine grained deposits
Quaternary coherent, mixed phases deposits
Quaternary coherent, coarse-grained deposits
Neocene coarse-grained sediments
Neocene mixed phases sediments

Flysch

Rocks

<50

51-100

101-150

151-200

>200

0-5

6-15

16-30

3145

>45

<800

800-1000

1000-1200

1200-1400

> 1400

Urban areas

Cropland

Woodland

Shrubland and grassland

Sparsely vegetated areas and bare land
Water areas

<50

51-100

101-150

151-200

>200

<50

51-100

101-150

151-200

>200

S = N W PR O =N WRAR O~ WN PR ~B B WWNDPR D= OO = NWAROPR PR =MD WWW

(1957) method. The hydrographic axes of the third and
fourth order streams can be considered as principal factors
for the occurrence of landslides. We created buffer zones
at distances of 50 m, 100 m, 150 m and 200 m and estab-
lished five classes that were are: (a) nearest (0-50 m), (b)
very near (51-100 m), (c) near (101-150 m), (d) moder-
ate distant (151-200 m) and (e) distant (>200 m) (Fig. 3c).
Like in the case of the active faults and the road network,
the highest rank was assigned to the class with distances
0-50 m (Table 1).

With the AHP approach we achieved the cross-correlation
of the adopted factors towards deriving the corresponding
weights that were assigned to each factor separately. Firstly,
we created a 77 matrix where we appended the values
regarding the pair-wise comparisons between the factors
affecting landslide occurrence. These values were derived
after each co-author compiled the 7 X 7 matrix according
to their options about the relative importance amongst the
factors. These five separate matrices were subsequently com-
bined using the average mean to produce the final matrix

@ Springer
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Fig.2 Thematic maps of
lithology (a), distance from
active faults (b), slope (¢) and
precipitation (d) that were used
in landslide hazard analysis
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Fig.3 Thematic maps of land
use (a), distance from road
network (b) and distance from
streams (c) that were used in the
assessment of landslide hazard
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which is shown in Table 2. The central and eastern part of
the study area is mainly characterized by relatively steep
slopes (16°-30°) and steep slopes (>30°) (Fig. 2c). These
slopes have a greater chance of landsliding, while numerous
landslides are located in the above mentioned parts of the
study area. Therefore, we assigned the larger relative impor-
tance to the slope. On the other hand, in these parts of the
study area there are woodlands and shrublands, which are
poorly related to landslide occurrences. Thus, we assigned
the lower relative importance to the land use. Finally, the
application of the AHP provided the final weights for each
factor. The pair-wise comparisons and the weighting coef-
ficient of each adopted factor are tabulated in Table 2. After
producing the corresponding matrix and the correlation of
the principal factors, we validated the consistency ratio (CR)
which was found to be 0.03 highlighting that according to
Saaty (1990) the judgments shown in Table 2 were well
assessed.

We estimated the overall score of the landslide hazard
assessment by means of the weighted linear combination
method according to the following equation:

LI = iR[Wi,
i=1

where LI corresponds to the landslide hazard index, # is the
number of the factors, R; is the rating of factor i and W, is
the weight of factor i. After employing the aforementioned
equation, the landslide hazard assessment map was finally
produced.

Using information included in national databases as well
as from the literature (Agricultural University of Athens
2007; Migiros 2010), the landslide activity of the study area
was specified. The landslide occurrences were validated on
the basis of fieldwork and aerial photograph (scale 1:40,000)
interpretation (Chalkias et al. 2016). These occurrences were
used to compile an inventory which was subsequently uti-
lized for the verification of the landslide hazard and multi-
hazard maps.

Flood hazard assessment map

Flood susceptibility mapping can be performed via
hydraulic-hydrodynamic models (i.e., Merwade et al.
2008; Migiros et al. 2011; Tehrany et al. 2015; Youssef
et al. 2016), albeit such approaches require datasets that
are usually not available at a watershed scale (de Moel
et al. 2009). On the other hand, the AHP method has been
commonly used for the delineation of flood prone areas,
since this approach warrants accurate and reliable predic-
tions (i.e., Rahmati et al. 2016).

In the present study, the selection of the factors that
we incorporated in the AHP, the classes as well as their
boundary values were selected on the basis of already pub-
lished work (Stefanidis and Stathis 2013; Bathrellos et al.
2016, 2017a, 2018; Rahmati et al. 2016) as well as data
availability. Accordingly, we considered elevation, slope,
hydro-lithology, distance from streams, and land use.
The precipitation records of the examined area referred
to mean annual or monthly total precipitation without
giving information about the rainfall intensity regime. In
Table 3 the selected factors, their classes and their ratings
are tabulated, and as in the case of the landslide hazard
assessment, 4 represents the most favourable condition for
the development of a flood event, while O the least favour-
able. As in the case of the landslide assessment, previous
studies (Bathrellos et al. 2016, 2017a, 2018) as well as
personal experience were used as a basis to determine the
assigned values for each class of the considered factors.

Slope The slope thematic map was created using the DEM
of the study area. Five classes were considered, that is
(a) <2°, (b) 3°-6°, (c) 7°-12°, (d) 13°-20° and (e) >20°
(Fig. 4a). According to Bathrellos et al. (2018) gentle slopes
create favourable conditions for flooding and, therefore, the

highest rate was assigned to the class with slope values < 2°
(Table 3).

Table 2 Pair-wise comparisons, L1 L2 L3 L4 L5 L6 L7 Weights, W,
weighting coefficients of !
each adopted factor, and the L1 1 ) 1/3 12 3 2 3 0.157
estimated CR value L2 13 12 5 | | 0.089

L3 1 2 5 3 4 0.321

L4 1 4 3 2 0.203

L5 1 1/3 1/3 0.044

L6 1 172 0.083

L7 1 0.100

CR=0.03

L1 lithology, L2 distance from active faults, L3 slope, L4 precipitation, L5 land use, L6 distance from

roads, L7 distance from streams
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Table3 The factors and their classes that were considered for the
assessment of flood hazard, along with the corresponding rating for
each one

Factor Class Rating
Slope (°) <2 4
3-6 3
7-12 2
13-20 1
>20 0
Elevation (m a.s.l.) <50 4
51-100 3
101-200 2
201-500 1
>500 0
Distance from streams (m) 3rd order stream
0-50 4
51-100 3
101-150 2
151-200 1
>200 0
4th order stream
0-100 4
101-200 3
201-300 2
301400 1
>400 0
5th order stream
0-100 4
101-200 3
201-400 2
401-600 1
> 600 0
6th order stream
0-100 4
101-300 3
301-500 2
501-700 1
>700 0
7th order stream
0-100 4
101-300 3
301-600 2
601-1,000 1
>1000 m 0
Hydrolithological formations Impermeable 4
Semi-permeable 3
Permeable 2

Table 3 (continued)

Factor Class Rating
Land use Urban areas 4
Cropland 2
Woodland 0
Shrubland and grassland 1
Sparsely vegetated areas 3
and bare land
Water areas 4

Elevation Elevation is an important parameter for a reli-
able flood hazard assessment, because it controls the run-
off direction movement along with the inundation extent
and the water depth in case of a flood event. The DEM
of the study area was used to create the elevation map,
which, on the basis of the morphology, was subdivided
into the following classes: (a) <50 m a.s.1., (b) 50-100 m
a.s.l., (c¢) 100-200 m a.s.l., (d) 200-500 m a.s.l., and (e)
> 500 m a.s.l. (Fig. 4b; Table 3). Since lowland morphol-
ogy is highly prone to flooding (Bathrellos et al. 2018),
we assigned the highest rate to the class corresponding to
elevation values below 50 m a.s.1.

Distance from streams In the previous section we clas-
sified the streams using the Strahler’s (1957) approach
and defined the drainage basin of Peneus River as a sev-
enth order stream. As regards the flood hazard, due to the
fact that the first and second order steams make a small
contribution to flooding, we took into account only the
streams of third and higher order. Based on previous pub-
lished work (Bathrellos et al. 2016, 2017a) we created
buffer zones of 50 m, 100 m, 150 m and 200 m around
third order streams, of 100 m, 200 m, 300 m and 400 m
around fourth order streams, of 100 m, 200 m, 400 m and
600 m around fifth order streams, of 100 m, 300 m, 500 m
and 700 m around sixth order streams, and at distances of
100 m, 300 m, 600 m and 1000 m around the seventh order
streams (Fig. 4¢). According to Bathrellos et al. (2016),
the closer the distance is to the drainage network, the
higher is the correlation with flood occurrences. Thus, we
assigned the highest rate to the buffer zone that encloses
the nearest distances (Table 3).

Hydrolithology So as to categorize the geological forma-
tions, we took into account their corresponding hydrolitho-
logical behaviour and classified them into (a) permeable for-
mations (limestones), (b) semi-permeable formations (loose
to semi-coherent Quaternary and Neocene deposits), and (c)
impermeable formations (flysch and coherent Neocene sedi-
ments). We assigned the highest rate to impermeable for-
mations since they affect the quality and rate of infiltration
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Fig.4 Thematic maps of slope
(a), elevation (b), distance from
streams (c) and hydrolitho-
logical formations (d) that were
used in the assessment of flood
hazard
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and support the occurrence of flood events (Bathrellos et al.
2018) (Fig. 4d; Table 3).

Land use We used the land use classification as depicted in
Fig. 3a. According to Bathrellos et al. (2016), urban areas
increase the surface runoff and create favourable conditions
for flooding. Therefore, we assigned the highest rate to the
urban areas (Table 3).

Similarly to the procedure described in the landslide
hazard assessment section, a final 5 X 5 matrix was created
after combining the five separate matrices using the average
mean. This final matrix served as the input for the applica-
tion of the AHP and the calculation of the final weights. The
pair-wise comparisons and the weighting coefficient of each
adopted factor along with the estimated CR are tabulated
in Table 4. The flood hazard index (FI) was calculated by
means of the weighted linear combination:

n
FI= Y RW,
i=1

where 7 is the number of factors, R; is the rating of factor i
and W, is the weight of factor i.

Using the recorded flood events that are included in pub-
lished works (Migiros 2010; Ministry of Environment and
Energy 2017), we created a point layer with the locations
where severe flood events occurred for the period from 1920
to 2012. These flood events were used for the verification of
the flood hazard map and the final multi-hazard maps.

Seismic hazard assessment map

To calculate the seismic hazard assessment map, we used
a pure statistical and a semi-statistical approach by means
of the extreme values method (e.g., Makropoulos and Bur-
ton 1985a, b) and the Cornell approach (e.g., Papaioannou
and Papazachos 2000; Tselentis and Danciu 2010), respec-
tively. We estimated the spatial distribution of the maximum
expected values of Arias intensity (Arias 1970) as well as
Moment Magnitude for a return period of 475 years (i.e.,
90% probability of not being exceeded in the next 50 years).
To achieve a better representation of the earthquake

destructiveness, we considered one ground motion param-
eter as well as magnitude. Additionally, as in the case of
landslide and flood hazard assessment we took into account
information about the geological formations and the active
faults of the study area. The selection of the appropriate fac-
tors was based on previous studies, where similar approaches
have been successfully applied (Bathrellos et al. 2012, 2013,
2017a; Chousianitis et al. 2016).

Ariasintensity The spatial distribution of the Arias intensity
values was evaluated through the Cornell (1968) approach
using the Crisis2007 code (Ordaz et al. 2007). The areal
source zones of shallow seismicity as developed within the
framework of the SHARE project (http://www.share-eu.
org), along with the Arias intensity ground motion predic-
tion equation (GMPE) of Chousianitis et al. (2014) were
incorporated in the analysis. Finally, the estimated map
was subdivided into four classes, namely (a) <0.6 m/s, (b)
0.6-0.7 m/s, and (c) 0.7-0.8 m/s and (d) > 0.8 m/s (Fig. 5a).
This subdivision was chosen on the basis of the obtained
range of Arias intensity values within the study area, which
is above 0.5 m/s, and because Keefer and Wilson (1989)
defined values of 0.32 m/s and 0.54 m/s as shaking thresh-
olds for seismically induced coherent landslides and lateral
spreads/flows respectively. Since the entire range of the
obtained Arias intensity values exceeds the lower threshold
of Keefer and Wilson (1989) and is almost equal to their
higher threshold, we straightforwardly defined four classes
every 0.1 m/s and we assigned the highest rating to the class
with Arias intensity values larger than 0.8 m/s (Table 5).

Magnitude We evaluated the maximum expected earth-
quake magnitude by means of the zone-free approach of
extreme values (i.e., Burton et al. 2003; Papadopoulou-Vry-
nioti et al. 2013a, b; Pavlou et al. 2013), as it is implemented
in the HAZAN code (Makropoulos and Burton 1986).
The epicenters and the source parameters required by the
extreme values method were obtained from the SHARE
earthquake catalogue. As for Arias intensity, a return period
of 475 years was considered. The derived map was sub-
divided into the following classes: (a) <5.5, and (b) >5.5
(Fig. 5b), due to the fact that earthquakes below this thresh-

Table 4 Pair-wise comparisons, Fl B B3 F4 E5 Weights, W,
weights of each adopted factor C
in flood hazard assessment and F1 1 4 12 3 12 0213
the calculated CR value F2 1 13 11 1/4 0.067
F3 1 3 1 0.303
F4 1 1/3 0.261
F5 1 0.100
CR=0.03

F1 slope, F2 elevation, F3 distance from streams, F4 hydrolithological formations, 5 land cover
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Fig.5 Thematic maps of Arias
intensity (a) and moment mag-
nitude (b) that were used in the
assessment of seismic hazard

Table 5 The factors and the
classes that we considered
for the assessment of seismic
hazard, along with the
corresponding rating for each
one
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old value cannot affect well-engineered structures. In view
of that, the highest rate was assigned to the class with earth-
quake magnitude above 5.5 (Table 5).

Lithology We used the lithology classification as depicted
in Fig. 2a for the case of landslide hazard assessment. Here
we assigned the highest rate to the Neocene mixed phases
sediments along with flysch due to their unstable state that
has the potential to intensify the ground shaking under
the influence of seismic impact and consequently increase
the hazard level and related risk (Koukis and Rozos 1990)
(Table 5).

Active faults Since the study area is relatively small, it
becomes evident that the active faults that crosscut the
broader area (Fig. 2b) will have equal impact at the drainage
basin of Peneus River, and as a result we assigned the high-
est rating to this factor (Table 5).

Similarly to the procedure described in the landslide and
flood hazard assessment sections, a final 4 X 4 matrix was
created after combining the five separate matrices using
the average mean. This final matrix served as the input for
the application of the AHP and the calculation of the final
weights. The pair-wise comparisons and the weighting coef-
ficient of each adopted factor along with the estimated CR
are tabulated in Table 6. The seismic hazard index (SI) was
calculated through the equation:

SI = Z RW,,
i=1

where n is the number of the factors, R; is the rating of the
factor i and W, is the weight of the factor i.

Multi-hazard map for urban development

The hazard maps which we produced in the previous sec-
tion followed a consistent classification into five catego-
ries. However, a simple summation of the three aforemen-
tioned hazard maps cannot be considered adequate for the

Table 6 Pair-wise comparisons, weights of each adopted factor in
seismic hazard assessment and the calculated CR value

S1 S2 S3 S4 Weights, W,
S1 1 4 7 0.613
S2 1 3 4 0.224
S3 3 0.110
S4 1 0.056
CR=0.03

S1 arias intensity, S2 moment magnitude, S3 lithology, S4 active
faults

production of a reliable single multi-hazard map. This can
be justified by the fact that within a specific area some geo-
hazards may emerge with different intensity and significance
compared to others, as well as they can interact with each
other. To overcome this difficulty, we evaluated the relative
importance between the three geohazard maps via the AHP.
We assigned the larger relative importance to the seismic
hazard due to the fact that the study area, apart from the high
seismic activity, has a rich history of earthquakes that caused
secondary seismically induced phenomena and particularly
landslides and in this framework this kind of hazard appears
to exhibit a larger threat potential for the study area. Two of
the most notorious cases were the 1993 M; 5.2 Pyrgos earth-
quake which caused landslides at 47 locations and liquefac-
tion phenomena at 7 localities in the vicinity of the epicenter
(Koukouvelas et al. 1996), and the 2008 M; 6.5 Andravida
earthquake which triggered numerous environmental effects
including landslides and rockfalls, surface fractures and lig-
uefaction phenomena (Mavroulis et al. 2010). The landslide
hazard ranked second in our relative comparison because the
past landslide occurrences within the study area are much
more numerous than the flood occurrences. In this context,
the pair-wise comparisons and the weighting coefficient of
each natural hazard are tabulated in Table 7.

The overall score of the multi-hazard map as regards the
suitability for urban development was computed using the
following equation which calculates the suitability degree

(S):

where 7 is the number of the geohazards, H, is the geohazard
i and W, is the weight of the geohazard i.

Here we should acknowledge that uncertainties in the
weights of the adopted factors have the potential to bias
the outcome of every suitability assessment, and therefore,
they should be taken into account for robust and reliable
results. In this context, Bathrellos et al. (2013, 2016, 2017a)
evaluated geo-environmental factors through the AHP
method taking into account the uncertainty in the weighting

Table 7 Pair-wise comparisons, weights of landslide hazard (H1),
flood hazard (H2) and seismic hazard (H3) along with the calculated
CR

Hl1 H2 H3 Weights, W,
H1 1 3 12 0.332
H2 1 1/3 0.139
H3 1 0.529

CR=0.05
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coefficients. According to this approach the error AS intro-
duced by the uncertainties AW, of the weighting coefficient
is:

AS =

In the present study, each coefficient was adjusted 20%
from its original value, thus the uncertainties AW; are 0.067
for landslide hazard, 0.028 for flood hazard, and 0.106 for
seismic hazard. The error (AS) was calculated by applying
the aforementioned equation. Next, we multiplied this value
with 1.96 to compute suitability values at 95% confidence
level and we finally defined their upper and lower threshold
(Bathrellos et al. 2017a). Hence, three maps illustrating the
suitability for urban development were produced. Finally,
the existing urban areas and infrastructure of the study area
were superimposed to the basic suitability map.

Results
AHP results—individual hazard assessment maps
Landslide hazard assessment map

After the application of the AHP method, we derived the
landslide hazard assessment map was which is presented in

Fig. 6. Using the standard deviation method which shows
how much the data differs from the mean value (Standard
Deviation Classification 2017), we classified the continu-
ous numerical values of this map. Ultimately, the area was
categorized into five classes, corresponding to different haz-
ard levels, i.e., very low, low, moderate, high and very high
hazard (Fig. 6). The landslide hazard analysis highlighted
that the eastern, north-eastern, north-western and southern
part of the study area host the most landslide-prone regions
(i.e., the high and very high hazard zones).

It was justified that thirty-five (35) landslides occurred
within the study area. The majority of these landslides (21
out of the 35) occurred at areas where Neocene and fly-
sch formations outcrop. The thick weathering mantle that
characterize these formations, favours the manifestation
of creep movements or fast rotational slides (IUGSWGL
1995; Rozos et al. 2013). The verification of the landslide
hazard assessment map was achieved by superimposing the
landslide occurrences over the landslide hazard assessment
map (Fig. 6). This validation revealed that 19% of landslide
events are situated within the very high hazard zones, 41%
into the high hazard zones, 25% into the moderate hazard
zones, 13% into the low hazard zones, and 3% into the very
low landslide hazard zones.

Flood hazard assessment map

Figure 7 shows the flood hazard assessment map. The study
area was categorized, using the standard deviation method,
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into five levels of flood hazard, i.e., very low, low, moderate,
high and very high. It is illustrated in Fig. 7 that the prone
areas (high and very high hazard zones) are located along
the main stream of Peneus drainage network, i.e., in the
western, northern and south-western part of the study area.

The majority of flood events are located near the towns
of Vartholomio and Gastouni (Fig. 7). Among the past flood
events that occurred within the study area, 50% are situ-
ated into the very high hazard zones and 30% into the high
hazard zones.

Seismic hazard assessment map

As regards the seismic hazard map, the study area was
categorized, using the standard deviation method, into five
seismic hazard levels, i.e., very low, low, moderate, high
and very high (Fig. 8). It is evident from Fig. 8 that the
earthquake-prone zones are distributed in the western part
of the study area.

Fig.8 The seismic hazard zona-
tion map
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Multi-hazard map for urban development

The multi-hazard analysis that we implemented in the previ-
ous section highlighted the suitable areas for urban develop-
ment (Fig. 9). Three suitability maps were produced, among
which one depicts the straightforward results of the AHP
method, while the other two illustrate the minimum and
maximum value of the suitability assessment for each pixel
after taking into account the uncertainty in the weighting
coefficients. The continuous values of the three suitability
assessment maps were classified into five categories. The
areas of high and very high suitability are situated primar-
ily at the eastern and northern part of the study area, while
the entire western part appears to be of very low suitability.

Table 8 tabulates the percentages representing the area
of each suitability class with respect to the area of the
basin of Peneus River for the three maps of Fig. 9. Taking
as reference the values derived from the generic suitability
map (S), it is observed that regarding the map showing
the upper suitability values, the spatial extent of the low
and very high suitability classes have been decreased, the
extent of the high suitability zones remained unchanged,
while the extent of the very low and moderate suitability
zones have been increased. Likewise, for the map showing
the lower suitability values, the area of the very low, low

Table 8 Percentages representing the area of each suitability class
with respect to the entire study area for the three maps of Fig. 9

Suitability zone S (%) Smax (%) Sinin (%)
Very high 9 3 13

High 28 28 23
Moderate 38 45 48

Low 15 12

Very low 10 12

and high suitability classes has been decreased, whereas
the spatial extent of moderate and very high zones has
been increased.

To validate the basic suitability map (S), we used the
past landslide occurrences as well as the recorded flood
events for the period 1920-2012. The validation revealed
that none landslide is located within the very high suit-
ability areas, 22% of the landslides are situated within the
high suitability areas, 47% within the moderate suitability
areas, 25% within the low suitability areas, and 6% within
the very low suitability areas. As regards the flood events,
30% of them are located within the moderate suitability
areas, 20% within the low suitability areas, and 50% within
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Afterwards, the infrastructures and the main urban areas
were superimposed to the basic suitability map (S). In this
context, we calculated the number of settlements, the area
of urban fabric and the length of the road network that falls
into each suitability zone (Table 9). The results demonstrate
that few settlements and a small part of the urban fabric
are situated within the very high and high suitability zones.
Similarly, only a small percentage of the total length of the
road network is situated within areas of very high and high
suitability. On the contrary, a large number of settlements, as
well as large parts of the urban fabric and the road network
are situated within moderate, low and very low suitability
zones.

Discussion

The landslide hazard analysis highlighted that the eastern,
north-eastern, north-western and southern part of the area
under investigation host the most landslide-prone regions
(i.e., the high and very high hazard zones). The broader area
of NW Peloponnese is characterized by rather steep slopes,
consists of cyclothematic formations such as flysch and Neo-
cene sediments, as well as of loose Quaternary deposits and
is controlled by active faults. Several severe landslide occur-
rences were triggered by heavy rainfall as well as by seis-
mic activity (Koukouvelas and Doutsos 1997; Chalkias et al.
2016). It is worth mentioning that in 2007 extensive fires
in Elis Prefecture burned more than 900 km? of land. Thus
the extreme deforestation that took place supported by the
prevailing morphological and lithological conditions and the
intense tectonic activity triggered a lot of landslide phenom-
ena within the study area (Agricultural University of Athens
2007; Migiros 2010). The validation of the result of the land-
slide hazard assessment highlighted that the majority of the
occurred landslides (60%), are situated within the zones of
high and very high hazard. Therefore, the predictive capacity
of the applied method can be considered satisfactory.

As regards the flood events that occurred within the study
area, Karymbalis et al. (2011) showed that in western Pelo-
ponnese apart from the heavy rainfall, the most important
physical causes that are responsible for flash flood events at
the lower reaches of small catchments are the geomorphic

features of the drainage networks. Heavy rainfall, on bare
and steeply cultivated land in the river basins of western
Peloponnese, influence the volume of runoff and enhance
flash floods in downstream areas (Woodward 2009). Further-
more, the overland flow on bare fire affected areas of Elis
Prefecture resulted in floods near the sectors of gentle slopes
located in the western part of the Prefecture (Migiros 2010).
The flood-prone areas (high and very high hazard zones) are
located mainly along the main stream of Peneus drainage
network. A large percentage of the flood events (80%) that
occurred within the study area are situated within the zones
of high and very high flood hazard. The geomorphic char-
acteristics of the drainage basin such as the morphology and
the gentle slope at the lower reaches of Peneus River create
favorable conditions for flooding. Apart from the physical
parameters, an essential factor for the occurrence of flood
phenomena is human interference. In this context, land use
changes in the areas affected by the 2007 extensive fires have
promoted flood events. Moreover the limited artificial riv-
erbed at the lower reaches of Peneus River in consequence
of cultivated land and urban activities, greatly burden the
natural characteristics of flow and cause flooding.

The two approaches that we followed to assess the seis-
mic hazard illustrated a moderate to high seismic poten-
tial. The main threat for the study area is the strike slip
fault that produced the 8 June 2008 strong earthquake
(M, =6.4). Although this event did not occurred within
the limits of the study area, but a few kilometres north of
its northern part, this fault constitutes a significant threat
for the broader area. However, contrary to the straightfor-
ward validation of the landslide and flood hazard assess-
ment maps, we should point out here the long debated
problem and the difficulty of verifying seismic hazard esti-
mates. Even though that some approaches have been pro-
posed (Stirling and Petersen 2006; Mucciarelli et al. 2008;
Marzocchi and Jordan 2014), the necessity of verification
data that spans a very long time interval is a requirement
for a reliable assessment of the seismic hazard results (cf.
Iervolino 2013). The latter, however, is somewhat difficult
to be accomplished. A potential solution would be the vali-
dation through the usage of macroseismic intensity. In this
case however, the validation is performed by comparing
numerical quantities (in our case moment magnitude and

Table 9 Number of settlements

. Suitability zone S % UF in Km? % R in Km %

(S), urban fabric area (UF) and

length of the road network (R) Very low 17 13 4.1 28 2724 21

that fall into each suitability Low 24 13 35 24 2632 20

zone for urban development,

along with the percentages (%) Moderate 56 43 6.4 44 574.7 44

with respect to their total extent High 26 20 0.3 2 171.1 13
Very high 8 6 0.4 3 28.9 2
Total 131 100 14.7 100 13104 100
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Arias intensity) with non measurable quantities (macro-
seismic intensity) that describe the effect of an earthquake.

Although, individual hazard assessment maps are valu-
able during the early stages of urban planning, they may
eventually confuse the scientists involved in the analyses if
they have to deal with a large number of maps with diverse
information and varied spatial covering and resolution.
On the contrary, a synthesized multi-hazard map supports
planners and engineers towards the implementation of sus-
tainable urban planning by providing them homogenized
information about different geohazards for a specific area.
From this angle, in the present study we produced a single
multi-hazard map to assist the identification of suitable
areas for urban development by evaluating the relative
importance between three individual hazard maps via the
AHP method. We highlighted the potential suitability for
urban development by dividing the study area into five
classes spanning from very low to very high suitability.
The eastern and northern part of the study area hosts the
majority of the areas characterized by high and very high
suitability, whereas the western part is dominated by areas
of low and very low suitability. At this part of the study
area the hazard level for the three types of geohazards that
we evaluated is found to be from moderate to very high.
The moderate suitability zones are mainly distributed at
the north-eastern part of the study area, where the level of
seismic hazard is moderate, while the landslide and flood
hazard are high and very high, respectively.

The applied methodology is useful for urban suitabil-
ity analysis (Bathrellos et al. 2017a), although it presents
limitations as regards the calculation of uncertainties (Chen
et al. 2010). This was examined by estimating two addi-
tional scenarios that show the upper and lower suitability
values after accounting for the uncertainty in the weighting
coefficients. The basic suitability map (S) classifies about
35% of the study area within high and very high suitability
zones for urban development and 25% within low and very
low suitability zones. The two additional maps that account
for the uncertainty in the weighting coefficients (S,,,, and
Smin) 11lustrate rather low spatial variation with respect to
the basic suitability map. The common pattern between the
Smax and S; suitability maps with respect to the S map is
the decrease of the low suitability zones and the increase of
the moderate suitability zones.

However, it should be acknowledged that the synthesis
of different hazard maps can lead to a multi-hazard map
that does not takes into account the actual hazard level of a
specific area (Kappes et al. 2012). So as a step forward, we
validated the basic suitability assessment map by super-
imposing historical occurrences of landslides and floods.
Almost 80% of the landslides are situated within moderate,
low and very low suitability zones, while 70% of the flood

@ Springer

events within low and very low suitability zones. Thus, the
applied methodology displayed a high predictive capabil-
ity and generated reliable results.

As regards the distribution of the existing settlements
with respect to the areas that are depicted in the basic
suitability assessment map, the majority (74%) is situated
within moderate, low and very low suitability zones. In
contrast, about 50% of the urban fabric and 40% of the
road network is situated within low and very low suitabil-
ity zones. This means that they have been constructed at
areas susceptible to natural hazards. This is not surprising,
since the majority of the aforementioned settlements and
infrastructure have been constructed decades ago, when
land use planning was almost completely absent and only
socio-economic criteria were considered.

Conclusions

The applied multi-hazard analysis within the framework
of the present study achieved reliable results regarding the
delineation of areas that are suitable for urban develop-
ment with respect to the location of the past landslide and
flood events. The results highlighted that the parts of the
study area which are found to be prone to natural hazards
are located in the western and north-eastern part of the
drainage basin of Peneus (Pinios) River (Western Pelo-
ponnesus, Greece). The produced multi-hazard map indi-
cated that the most suitable areas for urban development
are located in the eastern part of the study area, where the
level of exposure to natural hazards is low and very low.
Additionally, the uncertainty analysis showed insignifi-
cant variations of the spatial distribution of the suitability
zones. For local scales the approach is able to identify the
areas that are prone to natural hazards during the early
stages of the urban development planning.

Additionally, the spatial distribution of the existent
urban fabric can be analyzed towards identifying the parts
that are located in unsafe areas so as to design and imple-
ment hazard mitigation measures. Within the study area,
50% of the urban areas and of the road network were found
to be located within areas susceptible to natural hazards.
Therefore, engineers, decision-makers and environmen-
tal managers may implement the analysis that we imple-
mented in the present study during new or existing plan-
ning projects and produce maps that will make possible
the adoption of policies and strategies towards the goal of
multi-hazard mitigation.
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