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Abstract
This paper presents an application of the Rock Engineering system (RES) in an at-
tempt to assess the inherent instability potential of Tsakona landslide in the region
of SW Arcadia, Peloponnese, Greece which happened on February 2003. The RE-
System has been considered to fulfill the basic requirements to deal with landslide
phenomena, as it combines objectivity and efficiency.
The main scope of RES application to landslide studying is to define the important
causative and triggering factors responsible for the slope failures, quantify their
interactions, obtain their weighted coefficients and calculate the instability index,
which refers to the potential instability of the examined natural slope. In this study,
the final implementation of the RES method is achieved through an interaction
matrix, where ten principal parameters were selected as controlling factors for the
landslide occurrence. It is concluded that RES could be a simple and efficient tool
in calculating the instability index and as a consequence getting a prognosis of a
potential slope failure regarding the land use and development planning process-
es in landslide susceptible areas.
Key words: Interaction matrix, RES, instability index, landslide susceptibility, land-
slide parameters

NepiAnyn
O otdxog TG epyaciag autg eival n mepypadr) pag pebodoioyiag kat n
duvatdTNTA EPAPOYNG TNG OTNV MPEAYVWOT) TNG KATOMOBNTIKAG ETIKIVOUVOTNTAG
pe otdxo tn dlepelvnon NG aAnAemidpaong Twv MAPAUETPWY TIou odnyouv
otnVv ekdNAWOTN KATOAOBNOEWV KAl OTOV UTTIOAOYLOUO evOq Jelktn aotdbelag.
lMa 1o okomd autd xpnoydomnomrdnke n PEBODSOG AvVAAUTIKNG TIPOCEYYIONG TWV
TIPORANUATWY YEWTEXVIKNG UNXAVIKAG TTou tpdTtelve 0 Hudson (1992), pe tn popoen

E®APMOIH TOY ROCK ENGINEERING SYSTEM ZTHN BAOMONOMH>H THX AYNHTIKHX AZTAGEIAZ NMPANQN
>THN EAAHNIKH EMNIKPATEIA — MAPAAEIMA EGAPMOTIHZ: TXAKQNA N. APKAAIAY

TaBouhdpng N., Koupavtdkng ., PéZog A., Koukng I".
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pNTPWoU, TIou anoddbnke e Tov 0po Mntpwo AMnNAemidpaong (Interaction Ma-
trix). To pntpwo autd Baciletal otn pebodoloyia oxedlaopol arnAemidpaong
TaPAUETPWY TIOU 0 cuyypagpeag ovopaoe Rock Engineering System (RES).
2Tnv napouoa epyacia dnuoupyndnke €va mpdTuno MnTpwo yla GUOIKA Kal
TEXVNTA Tpavr, €T0L WOTE va OuunePAaUBAveL BaBOVOUNUEVES TIAPAETPOUG
Tou oxetiCovTtal dueca pe katohlodroelg. Ot mapduetpol autég 6a ocuuBdaiouv
TNV Katavonon TwV PNXaviopwv aAANAenidpaong HeTagu TOUG KAl KT’ EMEKTAOT
TNV MPOoOoTdtela TPAYVWONG TWV ACTOXLWY OTA TIPAvh, ECW TOU TIPOoodLlopLouoU
Tou deiktn aotdbelag.

E@apuoyr) TG ouykekplugvng uebodoloyiag anotéAeae n agtoxia otny nepLloxn
Toakwva Tou N. Apkadiag, n omnoia, otig apxeg PeBpouapiou Tou 2003, UoTepa
and napateTapeveg Ppoxortwoelg, dliEkoPe TN ouvéxela g Néag EBviKAQ
0OdouU TpinoAng — Kahapdrag. Eivar and 1 peyaAltepeq KatoAobrioelq mou
€xouv ekdnAwbel 0Tto EAANVIKO 00IKG SikTUO KAl CUVIOTA TO AMOTEAEOMA TNG
AMnNAeTdpaong YEWAOYIKWV Slepyactwv kal avlpwrivwv mapeuBAacewy mou
eEeixBnkav oe Bdbog xpovou.

EKTETAUEVN YEWAOYIKY] KAl YEWTEXVIKI €PEUVA TIOU TIPAYMATOMOWONKE PETA TNV
EKONAWOT TWV PAIVOUEVWV

(KEDE 2003; Sotiropoulos et al., 2004) kat€delEe OTL 0L TapdyovTeG TToU ouvERaAAav
otnv ekdnNAwor) Toug dlakpivovtal og autoug Tou:

(a) dnuoupynoav To YEWAOYIKO TAaioo piag aotaboug, yevikd, TePLOXNG, N
oroia €xel TMAnyel and KatoAlgbNTIKA Ppavopeva OTo YEWAOYIKO TTapeAbdy,

(B) €dpacav MPoCBETIKA 0 GUVTOUO XPOVIKO JLACTNA KAl 03Y)ynoav OTnV TEANIKN
eKONAWON NG aogtoxiag Tn Xelepivr epiodo Tou €roug 2003, OMwG oL EVIOVEG
Bpoxortwoelg Tov lavoudplo tou 2003 OTn CuvéXela eKTeTAUEVNG TIEPLODOU
Bpoxortwaoewv.

Me Bdon TIg Mapandvw YEWAOYIKEG KAl YEWTEXVIKEG TIANPOPOPIEG, TuVTAXONKeE
TO UNTPWO GAANAEMISPAONG YIO TN CUYKEKPLUEVN TIEPLOXT) TNG ToaKWwvag, OTo
oroio urtohoyioBnke, pe Bdon ) pnebodoroyia RES, deiktng aotdbelag (cog pe
v TR 71.88 (u€ytoto 1o 100), ou avtioTolxel o eEQLPETIKA UPNAY Tiur| deiktn
KatoAloOnTikAg erdektikdTag (Brabb et al.,, 1972) kat emaknbelel TNV elkéva
NG aotoxiag mou €Aafe Xwpa OTn CUYKEKPLUEVT TIEPLOXN LEAETNG.

Ta TAeovekTAMATA XPENIONG TNG OUYKEKPLUEVNG peBodoAloyiag RES eival n
duvaTdTNTA TPOCAPHOYTG OTIG TOTIKEG CUVONKEG KAl OTNV EUMELPIA TOU UEAETNTN,
KAl n eAaxlotornoinon Tng UTIOKEIUEVIKNAG Kplong Tou, Jedouévou OTL EAEYXEL
v KavOTNTA TWV TIPOTEWOUEVWV TIAPANETPWY KAl UTIOAOYICEL TOV OTABWIKO
OuvTeAEOTN Yla KABe mapdueTtpo. MNa toug Adyoug autoug n xprjon tTou RES
propel va anoteAéoel €va anhd Kal anoTeAeouaTiké epyaleio yia tnv mpdyvwon
™G OUVNTIKNG aOTABEIAG PUOKWV KAl TEXVNTWV TIPAVWVY Kal TIapdAAnAa To
evlldpeco eminedo yla 1O OxXedAOUO PEOW TwVv MEWYPAPKWY ZUOTNUATWV
MAnpogoplwv, TG fwvoroinong SuvnTikd EMKIVOUVWV TIPAVWV ETILOEKTIKWV OF
aotoxia.

AE&eig kAe1d16: Mntpwo aAnAenidpaong, RES, delktng aotdbelag, KatoAMoONTIkN
EMIOEKTIKOTNTA, MAPAUETPOL KATOAIOONONG
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1. Introduction

The rapid increase in population world
- wide, coupled with the migration from
rural to urban areas, has meant that the
creation of new settlement sites, mostly,
in cities has become an urgent neces-
sity. However, one major danger that
comes out for satisfying the aforemen-
tioned need is that of landslides. For this
reason, it is important that the selection
of such sites should be based on geo-
environmental criteria, taking into ac-
count both a sustainable environment
and disaster sensitive planning (Dai and
Lee, 2001).

Landslides are characterized by uncer-
tainties, because of the difficulties of the
variability of the causative and trigger-
ing factors, which make the analyses of
such phenomena a very difficult task. To
deal with such events, many research-
ers have developed ranking assessment
tools (Cai et al., 1998, Benardos and Ka-
liampakos, 2004). Foumelis et al., 2004,
Irigaray et al., 2006, Fountoulis et al.,
2007, Ceryan, 2008, Rozos et al., 2008,
Van Western et al. 2010, Rozos et al.,
2011).

Rapid assessment methods to ascertain
the suitability of a site/region for devel-
opment are not available to planners,
landowners and others and for this rea-
son, there is an urgent need to demar-
cate regions susceptible to slope failure
with a fixed set of relevant parameters.
These parameters usually provide to
the engineering geology experts a cost
and time effective toolbox for tracing the
most critical slope sites (appropriate for
land — use planning), which exhibit high
inherent instability potential.

The Rock Engineering System (RES,
Hudson, 1992) has been considered to
fulfill the basic requirements for develop-
ing an analogous approach to deal with
landslide phenomena, as it combines
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objectivity and efficiency (Rozos et al.,
2008).

Regarding the aforementioned, this pa-
per presents an application of RES in an
attempt to assess the inherent instabil-
ity potential of Tsakona landslide in the
region of SW Arcadia, Peloponnese,
Greece which happened on February
2008.

The main scope has been defining the
important causative and triggering fac-
tors responsible for the slope failures,
quantifing their interactions, obtaining
their weighted coefficients and calculat-
ing the instability index, which refers to
the potential instability of the examined
natural slope.

The selection of the appropriate param-
eters was based not only on valuable
knowledge from literature and mainly on
the overall experience gained from the
study of landslide phenomena in Greek
territory but also on their affinity with
landslide occurrence in the study area.
The study concludes that RES could
be a simple and efficient tool in calcu-
lating the instability index and as a con-
sequence getting a prognosis of a po-
tential slope failure regarding the land
use and development planning (such as
a highway) processes in landslide sus-
ceptible areas.

2. The Rock Engineering System
Method

The interaction matrix is the basic tool
for RES approach to geotechnical
problems, representing the selected
parameters as leading diagonal terms
and their interactions (as off-diagonal
terms). It could be mentioned that each
matrix can be considered as a map
(Hudson, 1992).

On Figure 1, regarding that Pi corre-
sponds to a particular parameter; it is
clear that the row passing through the
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Pi represents the influence of Pi on all
the other parameters in the system.
Conversely, the column through Pi rep-
resents the influence of the other pa-
rameters (the rest of the system) on Pi
(Fig.1).

To quantify the result of binary interac-
tions, a semi-quantitative coding meth-
od has been used with values ranging
from 0 to 4 corresponding to no (most
stable conditions), weak, medium,
strong and critical interaction (most fa-
vorable condition for slope failure), re-

spectively (Fig. 2).

Once the matrix has been numerically
coded, the sum of each row and each
column can be determined

(Figs 1 and 2). If now, we think of the
influence of Pi on the system, we can
term the sum of the row values as the
“cause - C” and the sum of the column
values as the “effect - E”, designated as
co - ordinates (C, E). Thus,

C represents the way in which Pi affects
the system; and E represents the effect
that the system has on Pi (Fig.1).

Main Parameters Interactions ljj in
P; Along Leading Oft-Diagonal
Diagonal / Boxes
V Column j: { -
/27 /A Influence of lfm, Z Il - CP
70 U/} other | & | over] i
777, Purumt.:ters | 9
WY, %%ym i '45"
‘ OA _
AT 0 h
fRowi: 7% - CAUSE
Influence of | ' { g
Pion Other A A O
Parameters |7/ ' 77 ¢
e /A___._ /A{‘l Construction
Post-Construction Aspects // : Box
YL = E, |
ey P, v EFFECT

Fig. 1. Summation of coding values in the row and column through each parameter to establish the cause

and effect co-ordinates (Hudson, 1992).

Eik. 1. ABpoton twv BaBUOVOUNUEVWY TIUWY O KABE YOQuUUr) Kat OTHAN yla TOV UITOAOYIOUO TWV TUWY TwV
OUVTETQYUEVWY QITIOU KAl QITOTEAEOUATOG YIa KABE MAPAUETOO.
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Fig. 2. Coding values for the generic slopes interaction matrix and the associated cause vs effect plot

(Hudson, 1992).

Eik. 2. Babuovdunon tuwv ya mpaveg (mdvw aplotepd) kat to avriotoo ddypauua aitiou —

anoteAéouarog (katw Se&d).

By coding the interaction matrix com-
ponents and then summing the values
in the row and column through each
parameter, “cause” and “effect” co -
ordinates are generated, indicating a
parameter’s interaction intensity and
dominance. By this, we can consider
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how to quantify parameter significance
(Fig.3), through the two measures of
parameter interaction which are intensi-
ty (as the distance along the diagonal)
and dominance (the perpendicular dis-
tance from this diagonal to the param-
eter point).
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Effect (E)

P (c-E)/Jz

Lines of Equal
Parameter
Intraction
Intensity

Cause (C)

Fig. 3 Parameter interaction Intensity and Dominance (Hudson, 1992).
Eik. 3. Aldypauua évtaons aAnAEnidpaons Kat EmKeAtnong

According to Hudson (1992), there are
many ‘“constellations” that could occur,
the two main ones being mainly along the
C=E line or mainly along a line perpendic-
ular to it. If the parameter points are scat-
tered along the C=E line but fairly close
to it, then they can be ranked according
to their parameter interaction intensity; in
other words, they can be listed in order
of interactive importance (Fig.4). If, on the
other hand, the parameter points are scat-
tered about a line perpendicular to the
C=E line, they will have similar interaction
intensities but widely differing dominance
values. In the former case, it might be pos-
sible to use, say, five or six parameters in
such a scheme; in the latter case, all the
parameters would have to be used.

The influential role of each parameter on
slope failure (weighted of coefficient in-
fluence) is revealed from a cause versus
effect diagram (Fig.6), while the role of
system’s interactivity is expressed from

the histogram of the interactive intensity
[cause (C) + effect (E)] against the pa-
rameters (Fig.7). These C+E values (inter-
active intensity) will be transformed into a
percentage form acting as weighting co-
efficients, which express the proportional
share of each parameter (as a failure caus-
ing factor) in slope failure and normalized
by dividing with the maximum rating (4),
giving the ai% (Fig.7).

Alternatively, there is another method
for presenting the previous information
(Fig.5), which is analogous to the hydro-
static and deviatoric axes of stress analy-
sis (Hudson, 1992). This is via the co-ordi-
nates (C+E, C-E), which are the sum and
the difference between the totals of the
row and column values passing through a
leading diagonal parameter. This method
is a more direct identification of the most
interactive parameter (having the largest
C+E value) and most dominant parame-
ter (having the largest C-E value).
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CASEA  faameter  ~agepg

constellations

Effect
Effect

—
C=E line
High variation in parameter Low variation in parameter

interaction intensity; interaction intensity;
Low variation in parameter High variation in parameter
dominance dominance

Cause Cause

Fig. 4. The number of parameters required will depend on the form of the C vs E constellation. In case A
(constellation along the C=E line), there is a wide range in parameter interaction intensity — so a few main
parameters may be sufficient. In case B (constellation perpendicular to the C=E line), there is little range in
parameter interaction intensity — so all the parameters will probably be required (Hudson, 1992).

Eik. 4. O apiBuds twv MapauéTpwy Mmou anatrouvral £apTdral arod T OUYKEVTPWOT TOU VEPOUS TwV
OUVIETAYUEVWY QITIOU — QrTOTEAEOUATOG. STV MePITTwon A (OUYKEVTPWON VEPOUS Katd urikog g C=E
YPQUUIig), urndpxet UEYAAo eUpog atnv Evtaon aAnAEnidpaong, ouvenws Alyeg kUpLEG apduUETpoL eivat
QPKETEG yia Tov urtoAoytoud tou deiktn aotdBelag. Stnv meplittwon B (ouykévipwon vépoug kdBeta
mq C=E ypauurig), undpxet ukpd elpog omv &vtaon aMniAernidpaong, £tot 6a anamBouv OAeg ot
TAPAUETOOL YA TNV eUPEON Tou deikTn aoTdbelag.
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Fig. 5. Parameter points plotted in C+E, C-E space so that parameter interaction intensity and dominance
can be seen directly (Hudson, 1992).

EIk. 5. Augootepn areikovion g vraons aAnAenidpaongs kat erkpdtnong, urtoAoyifovrag tig Tueg C+E,
C-E yia kdBe napduetpo.
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Fig. 6. Example of Cause vs effect plot [it refers to
12 parameters, (Hudson, 1992)].
Eix. 6. [lapddetyua dlaypduuarog aitiov —
QArOTEAEOUATOG UE EUPAVION TWV TWWV TWV
EMAEYUEVWY TIAPAUETOPWY (OTN OUYKEKPLIEVN
nEePITTwon dWSeKA MAPAUETOOL).

The next step is to compute the instability
index (li) for the considered slope, by us-
ing the following equation:

li=2ai x Pij, where i refers to parameters
(from 1 to 10), j refers to the examined
slope and ai is the weighting coefficient of
each parameter given by the formula:
ai=1/4 * [(C+E)/(ZiC+ ZXiE)]%, scaled
to the maximum rating of Pij (maximum
value=4), Pjj is the rating value assigned
to the different category of each param-
eter’s separation which also fits better to
the conditions related to the parameter in
question regarding the examined slope
failure (Rozos et al., 2008).

The instability index is an expression of
the inherent potential instability of the
slope, where the maximum value of the
index is 100 and refers to the most unfa-
vorable conditions. As it will be estimated
later, utilizing RES method in the exam-
ined slope of Tsakona area, the calculat-
ed instability index value is 71.88, a val-
ue which according to Brabb et al., (1972)
declares extremely high landslide sus-
ceptibility and this is confirmed from the
slope failure that took place on February

Fig. 7. Developing a slope instability index that takes
into account the project objective and parameter inter-
action intensity (Hudson, 1992).

Eik. 7. Yroloyioudg Oelktn euotdbelag mpavoug,
AauBdvovtag uréyn T0 OKOMG TOU EPYoU Kal TNV
&vraon aAMnAenidpaons Twv napaueTowy.

2003 in the particular study area of Tsa-
kona.

Based on the above, RES has been de-
veloped by Hudson (1992) to determine
interaction of a number of parameters in
rock engineering design and calculate in-
stability index for rock slopes. In this pa-
per, an attempt is made to prove, how
RES can be implemented with the same
success in landslides (i.e. the Tsakona
one), which are associated with a varie-
ty of geomaterials (such as soils, rocks,
weathering mantle, etc) selecting each
time the wider appropriate parameters
that are relevant to the ad hoc potential
slope failure.

Moreover, RES has been used, in this pa-
per, for evaluating landslide susceptibility
by adopting parameters that can be quan-
tified easily than those of time and money
consuming ones (like strength, etc). Be-
sides, Hudson’s theory, describes that an
interaction matrix can be further analyzed
to many more sub matrices, which means
that the study of a site (concerning matrix
construction) depends on the degree of
analysis we are about to execute.
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3. Geological setting of study area
and selection of the parameters
controlling the slope failure

Tsakona landslide is the largest one that
have ever affected the Greek National
highway network as it entirely rubbed
out the new Megalopolis — Kalamata
highway at a length of 200m (Fig. 8).
This landslide was manifested in a site,

T

where the tectonic deformation is very
intense. There were old landslides be-
fore the activation of the last one and
before the study and construction of the
highway. The contractors as well as the
consultant companies that studied the
area did not take into account the al-
ready existed landslides (Fountoulis et
al., 2007).

Fig. 8. Location map and shaded relief image showing morphology of the study area (Fountoulis et al., 2007).
Eik. 8. Xdptng Bong kat okiaouévo avayAupo TG urnd LEAETN MEPLOXTG.

The geo-environmental properties of
the site were determined by the use of
geological, hydrogeological, morpho-
logical, engineering and environmental
data obtained from the studies carried
out in the region

(KEDE 2003; Sotiropoulos et al., 2004).
From extensive geological and geo-
technical investigation, it was revealed
that two main categories of factors
caused the slope failure were:

a) those which contributed to an
unstable geological environment
resulted in historical landslides
again in the past such as litholo-
gy, intensive tectonics, hydroge-
ology and morphology,

b) those which triggered the land-
slide such as human interven-
tion (concerning the construction
of the National highway) and in-
tensive rainfall during the winter
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of 2003 (Hellenic National Mete-

orogical Service, 2014).
In our case study area ten (10) param-
eters were selected as controlling fac-
tors for the landslide occurrence and
each factor was classified into 4 class-
es. These factors which were utilized
for the RES method are: (i) slope incli-
nation, (ii) meteorological conditions
(mainly rainfall), (iii) lithology, (iv) tec-
tonic regime, (v) slope orientation (as-
pect), (vi) hydrogeology (vii), thickness
of weathering mantle (viii) distance
from roads, (ix) vegetation and (x) dis-
tance from streams. Besides, the rating
of each parameter is based on differ-
ent researchers’ studies from Greece,
but adjusted to the local conditions of
Tsakona landslide (Nakos 1984; Kouk-
is and Ziourkas, 1991; Sotiropoulos et
al 2004; Fountoulis et al, 2007; Rozos
et al., 2008; Rozos et al., 2011; Boutina
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2012; River basin management plans,
2012; Farmakaki 2012).

i) Slope inclination:

The angle of the slopes has a great in-
fluence on the susceptibility of a slope
to landsliding because they express
the result of the combined influence of
many factors such as the intensity of
climatic conditions, the weathering pro-
cesses and the internal geometry of ge-
ological formations (Rozos et al., 2008).
To be more specific, slope gradient, at
local scales, affects the concentration of
moisture and the level of pore pressure,
whereas at larger scales, it controls re-
gional hydraulic continuity (Ayalew and
Yamagishi, 2005). The morphology of
the study area is characterized by a va-
riety of types, which are associated with
the intense tectonic regime of the sur-
rounding area and the process of ero-
sion taking place very close to the slope
failure. Slope inclination which is deter-
mined by lithology, ranges between 5
to 10% (i.e. very close to the big Tsa-
kona landslide), whereas the mean val-
ue slope inclination of the surround-
ing area is over 20% (Ministry of Public
Works / Edafos Engineering Consult-
ants S.A., 2003). The ranking of slope
inclination is based on Koukis and Zi-
ourkas (1991), and the slope inclination
value for the study area has been de-
cided to be 1 (16-300).

ii) Meteorological conditions (mainly
rainfall):

Rainfall is cited as one of the most
common landslide-triggering mecha-
nisms. It increases both the groundwa-
ter level and the pore pressure in a soil
mass / weathered mantle or aquifer. It
has been noted that 50-60 mm/h is suf-
ficient to trigger a debris flow once the
field capacity has been reached (Naga-

rajan, 2001).

Generally, high precipitation is charac-
terized as the physical processes con-
stituting the main triggering causal fac-
tors of landslides (WP/WLI, 1994). In
the study area, during winter of 2003,
there was an extensive rainfall peri-
od which was basically one of the two
most triggering factors for causing the
slope failure. It altered the morphology
of the surrounding area to a great de-
gree (Dounias et al., 2006). The rating
has been decided to take into account
the experience from the relevant, lo-
cally encountered conditions (Hellenic
National Meteorological Service, 2014)
and the valuable knowledge of litera-
ture (Koukis and Ziourkas, 1991, Bou-
tina 2012, Farmakaki, 2012). Moreover,
the meteorological station of Diavolit-
si (which is very close to the Tsakona
landslide) shows a mean annual precip-
itation ranging from 1000 to 1400mm.
From the above, the assigned value for
the study area was decided to be 4.

iii) Lithology:

The main source of data related to the
geomorphology of a land is determined
by the lithologic properties of it. Thus,
lithology is one of the most important
geological factors controlling landslide
occurrence. It may be reasonably ex-
pected that ever since properties of
the slope-forming materials such as
strength and permeability are involved
in the failure, that means are related to
the lithology, which therefore should
affect the likelihood of failure (Dai and
Lee, 2002).

The study area is mainly covered by
flysch, limestones, debris and earth
fill deposits (Sotiropoulos et al., 2004).
Particularly, the role of “schist-chert se-
ries’, was crucial for the slope failure,
since it contributed to the formation of a
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weathered zone with poor geomechan-
ical properties and thickness range be-
tween 3 and 12m. Studying the geo-
logical history of the specific area of
Tsakona, it should be mentioned that
the presence of previous instabilities
demonstrated the crucial role of lithol-
ogy to the slope failure. To be more
specific, older slides which took place
in the layer of first flysch, contributed to
the huge accumulation of limestone de-
bris to the main body of landslide from
the upper limestone. As this limestone
was eroded in different geological pe-
riods, an extensive series of rockslides
took place (Sotiropoulos et al., 2004).
According to Koukis and Ziourkas
(1991), concerning the statistical con-
tribution of lithology to landslides for
the whole Greek territory, lithology in-
cludes six classes as follows: (a) vol-
canic rocks, (b) cherts, schists, (c)
limestones, marbles, (d) metamor-
phic formations exbiting schistocity, (e)
loose soil formations (alluvial etc), (f)
flysch. For the site specific area, the for-
mation schist — chert was the represent-
ative class taking rate 1.

iv) Tectonic regime:

Tectonic structures, such as thrusts
and faults, are usually associated with
extensive fractured zones and steep re-
lief anomalies. These zones present fa-
vorable conditions for landslides (Kouli
et al., 2010). Therefore, major structural
discontinuities produced by faults and
fractures were included as a parameter
in this study. It has generally been ob-
served that the probability of landslide
occurrence increases at sites close to
faults, which not only affect the surface
material structures (Gemitzi et al., 2011)
but also selective erosion and move-
ment of water along faults planes pro-
mote slope instability (Foumelis et al.,
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2004). The role of tectonics in Tsakona
landslide was very important because
it caused deterioration on the mechan-
ical properties of the flysch formation,
altered the morphology, not to mention
the hydrogeological equilibrium of the
whole area (Sotiropoulos et al., 2004).
Based on Rozos et al (2008), tectonic
regime analyzed in five classes: i) weak
is connected with not a significant tec-
tonic event, ii) moderate with the pres-
ence of schistocity, iii) strong is asso-
ciated with the presence of faults and
discontinuities, iv) very strong with
high-fractured zones. Finally, the cate-
gory intense represents up thrusts and
over thrusts. According to Fountoulis
et al (2007), the representative class of
the study area is the category intense
which constitutes the class with the
higher rating (4).

v) Slope orientation:

The aspect of a slope can influence
landslide initiation. Moisture retention
and vegetation is reflected by slope
aspect, which in turn may affect soil
strength and susceptibility to land-
slides. If rainfall has a pronounced di-
rectional component by influence of a
prevailing wind, the amount of rainfall
falling on a slope may vary depending
on its aspect (Dai and Lee, 2002). Be-
sides, certain orientations are associ-
ated with increased snow concentra-
tions and consequently longer periods
for freeze and thaw processes (Rozos
et al., 2008). Based on technical reports
(Ministry of Public Works / Edafos En-
gineering Consultants S.A., 2003), the
orientations 0-450 and

135-2250, constitute the classes with
the higher rating (4).

vi) Hydrogeology:
Generally, the infiltrated water increas-
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es the pore water pressure, causes
swelling of some clay minerals and in-
creases the weight of an unstable earth
mass. In addition, its movement caus-
es internal erosion or leaching and on
the sliding surface plays the role of a lu-
bricating agent (Varnes, 1984). In Tsa-
kona area, the permeability of earth
fill deposits and limestone debris was
the main reason for the infiltration of
the rainfall water and since it crossed
the impermeable flysch, caused an in-
crease in the pore water pressure with
the known devastating results. It is
mentioned that the rating of geological
formation’s permeability was based on
River basin management plans (Minis-
try of Environment, Energy and Climate
Change / Special Secretariat for water,
2012) and

(Rozos et al., 2008). Thus, according
to them, the representative class is rat-
ing 2 (moderate) which corresponds to
alluvial deposits and carbonate forma-
tions having low to medium permeabil-

ity.

vii) Thickness of weathering mantle:

Another evaluation that is important
from lithological point of view is related
to the weathering degree of the units.
In a study area there might be different
weathering degrees in the same unit. At
the same time the depth of weathered
material might vary in different areas
(Yalcin and Buluf, 2007).

Thickness of soil affects the rate of in-
filtration and the nature of slope move-
ment (Foumelis et al., 2004). Some
rocks weather more readily than others
due to their mineral components, phys-
ical structure and exposure to exogenic
geomorphic processes that may make
them more prone to slope failure. Differ-
ent rock types also have different shear
strength and permeability, two factors

that contribute to slope instability (Miller
et al., 2009).

Weathered rocks and residual soils fre-
quently contain montmorillonite, kaolin-
ite and halloy-site clay minerals, which
result in fissuring within the soil. The
thickness of the weathered zone deter-
mines the ground recharge and fluctua-
tion in water level. Thick and compact
weathering profiles lead to perched wa-
ter tables and slope stability (Nagara-
jan, 2001).

Concerning the study area of Tsakona,
tectonic disturbances and failures that
had taken place in the past, were re-
sponsible in producing large quantities
of debris geomaterial and formulating
such surfaces where the rainfall water
could be gathered and consequent-
ly was able to be a potential agent for
destabilizing the area’s stability. As it
has already been mentioned, the forma-
tion of a weathered zone with poor ge-
omechanical properties and thickness
ranges between 3 and 12m and thus,
the rating of the thickness of weather-
ing mantle is four.

viii) Distance from roads:

Extensive excavation, application of ex-
ternal loads and vegetation removal are
some of the most common anthropo-
logically induced actions taking place
along the road network slopes, during
their construction. These attended ac-
tions are also responsible for the land-
slide triggering (WP/WPI, 1994). In addi-
tion, improper or uncontrolled discharge
from sanitation or drainage works and
water pipes, typically associated with
human settlements and roads, especial-
ly in rural areas, which increase water in-
filtration in the slope, and possibly soil
erosion at points of concentrated sur-
face discharge are capable of causing
landslides (Koumantakis, 2011).
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An important parameter that controls
the stability of a slope is the construc-
tion of a road and particularly the
closeness of the slopes to the roads.
A given road segment may act as a
barrier, a break in slope gradient or
a corridor for water flow. In addition
a road constructed on the side of
the slopes causes a decrease in the
load on both the topography and on
the heel of slope. As a result of an in-
crease in stress on back of the slope
because of changes in topography
and decrease of load some tension
cracks may be created. On the slope
of the hill that is balanced before the
road is constructed, instability may be
observed because of some negative
effects such as water ingress (Yalcin
and Bulut, 2007). Studying the role of
human intervention in Tsakona land-
slide, it can be mentioned that there
were a historical record of smaller
failures during the construction of the
National highway at the beginning of
1990’s. Those slope failures gathered
to give the major slope failure on Feb-
ruary 2003. Based on the above but
also according to Rozos et al (2011),
the most prone class to landslide is
that of 0-50m, taking the highest rate

(4).

ix) Vegetation:

Vegetation plays an important role in
controlling soil erosion and can help
stabilize the slope by providing me-
chanical strength to the subsoil (Sin-
ghal and Srivastava, 2004). It pro-
vides a protective layer on the earth
and regulates the transfer of water
from the atmosphere to the surface,
soil and underlying rocks (Green-
way, 1987). In general, the stability
of slopes is very sensitive in chang-
es on vegetation cover (Rozos et al,
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2008). Taking into account the stand-
ard criteria used by the Ministry of Ag-
riculture for the evaluation of different
sites (Nakos, 1984) and field observa-
tions, the moderate — grassland class
characterizes site specific area (rat-
ing 2).

x) Distance from streams:

The closeness of the slopes to the
stream structures is an important fac-
tor in terms of the stability. Streams
may adversely affect stability by erod-
ing the slopes or by saturating the
lower part of material until water lev-
el increases (Gokceoglu and Aksoy,
1996).

In addition, maximum infiltration is ob-
served on slopes adjacent to streams
where the materials have maximum
permeability (fragmented rock/collu-
vial deposits). Generally, as the dis-
tance from drainage line increases,
landslide frequency decreases. This
can be attributed to the fact that ter-
rain modification caused (for exam-
ple) by gully erosion may influence
the initiation of landslides (Dai and
Lee, 2002). At the site specific area,
very close to the landslide area (less
than 50m), there is Xaradros river and
the assigned value for the study area
was decided to be 4.

The above aforementioned geodata
were rated in order to be used in the
construction of the interaction ma-
trix. Studying the next table (Tabl.1),
on the left side, each parameter rated
from 0 to 4 and on the right side, it is
mentioned where each parameter rat-
ing was based on.



Bulletin of the Geological Society of Greece, vol. XLIX, 38 - 58

RATING OF PARAMETERS

PARAMETERS

RATING

Notes - remarks

1. Slope’s inclination

0-5°

6-15°

16-30°

3145°

>45°

aw|n|ale

[Even though, based on Koukis - Ziourkas (1991), the higher landslide density is in the class of 16° - 30°, in
this study the higher rating was given to the slopes with the higher inclination, due to the fact that in nature,
slopes consisting of soil or hard soil to soft rocky formations and having high angle, fail almost immediately
after the formation giving lower slope angles (Rozos et al. 2011).

2. Rainfall

<400mm

400-600mm

600-1000mm

>1400mm

1000-1400mm

PG P [N I 154

Based on Koukis - Ziourkas (1991), Boutina (2012), Farmakaki (2012).

3. Lithology

Volcanic rocks

Cherts, schists

Limestone, marbles

exhibiting

Old landslide / disturbed (alluvial, etc)

Flysch

slwlplalale

Based on Koukis - Ziourkas (1991) for the period of 1949 - 1991.

4. Tectonic regime

Weak

Moderate

Strong

Very strong

Intense

alwm|ale

Based on Rozos et al. (2008).

5. Slope’s orientation

226° - 275°

45°- 90°

90° - 135°, 275° - 316°,

315°-0°

0°- 45°, 135° - 225°

PN PR [N I 15N

[Based on Rozos et al. (2008).

6. Hydrogeology

Based on River basin management plans (Ministry of Environment, Energy and Climate Change / Special
Secretariat for water, 2012) and Rozos et al. (2008).

None

Fractured formations characterised as having low to negligible permeability
(Flysch, schists)

Restricted: refers to solution and leaching of soil materials as well as to the degradation of fine-grained and
coarse - grained materials.

Alluvial deposits, carbonate formations having low to medium permeability

Moderate: is associated with the freezing of water in the joints, the clays swelling and the action of water in
discontinuities and cavities.

Debris with medium permeability

Increased: refers to erosion by water courses.

Carbonate formations with medium to high permeability

Extensive: is connected to the loading caused by snow, water of rainfalls and springs but also to the
increase of pore water pressure.

1. Thickness of weathering mantle

None

Very small (0,00-0,50m)
Small (0.50 - 1.50m)

Medium (1,5 - 3,0m)

Significant (>3.00m)

~|w N |- e

Based on Rozos et al. (2008).

8. Distance from roads

Distant (>200m)]

Moderately distant (151-200 m)

Immediate (101 - 150 m)

Less immediate (51 - 100m)

Close (0-50m)

a|w v = e

Based on Rozos et al. (2011).

9. Vegetation

No vegetation

Nil

Moderate - grassland

Agriculture

Intensive - agriculture

FN ) [N N 2

Based on Nakos (1984).

10. Distance from streams

Distant (>200m)]

Moderately distant (151-200 m)

Immediate (101 - 150 m)

Less immediate (51 - 100m)

Close (0-50m)

s lw v |- e

Based on Rozos et al. (2011).

Table 1. The selected parameters and their rating.

Mv. 1. Ot emiAeyuéveg mapdueTpot kat n Baduoveunor Toug
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4. Results and discussion

In the present study, both geological
and geotechnical information has been
considered based on the previous ten
(10) parameters and all the interactions
that come out from this knowledge has
been implemented through the interac-
tion matrix. In the following session, the
results of the application of RES meth-
od in Tsakona landslide are presented,
such as the interactions of the exam-
ined principal parameters, the calcula-
tion of their weighting coefficients and
finally the instability index accompany-
ing with charts and tables which they
decode and translate the aforemen-
tioned geodata.

Particularly, in Table 2, RES matrix for
Tsakona landslide is given based on
the rating of Table 1 and estimating the
interactions among the examined pa-
rameters of the study area.

For example, let’s take how rainfall af-
fects hydrogeology. The runoff erodes
the surface soil and weak rock forma-
tions. Also, the infiltrated water (water
flow along discontinuities), increases
the pore water pressure while affects
the clay materials of the weathered
mantle and consequently alters the hy-
drogeological properties of the existing
geomaterials (rating: 4). On the other
hand, hydrogeology does not influence
rainfall at all (rating: 0).

The relation between interactive inten-
sity against parameters is pictured in
Fig.9, where it can be seen that lithol-
ogy is the most interactive parameter
(C+E=838), while the slope orientation
is the less interactive, which proves that
it does not depend on the rest param-
eters’ influence but is an independent
agent concerning the whole system
These are confirmed also in Fig. 4, but
also by the outcomes of the extensive
geological and geotechnical investiga-
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tion that took place after the landslide
during the winter of 2003.

In Figure 10, the form of C vs E con-
stellation in relation to C=E line, defines
the number of crucial parameters that
will be needed for calculating instability
index. So, according to Cause — Effect
diagram (Fig.10), the form of the

C vs E constellation is perpendicular to
the C=E line, which means that (based
on the aforementioned RES analysis)
there is little range in parameter interac-
tion intensity. On the contrary, there is a
wide range in dominance

(C-E values), so all the selected param-
eters will be required for the calculation
of the instability index of the examined
slope, which is the main goal for con-
structing the RES matrix.

Finally, in Figure 11, the results of inter-
active intensity — dominance diagram
agree with the findings from the geo-
technical investigation that was execut-
ed after the Tsakona slope failure. Ac-
cording to Figure 11, the most dominant
parameter is the rainfall since it was the
main triggering factor for causing the
Tsakona devastating landslide, while
the less one is the weathering mantle,
which means that it is depend on the in-
fluence of the other parameters.

Histogram of interactive intensity

50
4

30 ——

jﬁ j i

% % C’é /E(,
%, %, % 6,
%, ), 7 % %, o

Cause + Effect

Fig. 9. Histogram of interactive intensity
Eik. 9. Aidypauua évtaons aAnAenidpaons
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Rock Engineering System (RES) - Tsakona Landslide

ao 1 2 3 4 5 6 7 8 9 10 |CAUSE-C| C4E | CE | Paameters [(C+EVE(CHEN100% Maxmumrating | weighted coeficient (a)
Slope
1 e |0 1 0 1 1 2 2 1 2 10 % | 40 | Shpeincination 1042 4 260
2 3 Rainfall 2 0 1 4 4 4 4 3 25 25 25 Rainfall 868 4 217
3 3 o | Litoogy | 2 3 4 4 4 4 3 2 ® | 16 | Liogy 1319 4 330
Tectonic
4 3 0 o [T | 4 3 1 0 4 ] 25 | 21 | Teconicregme 868 4 217
Sope
5 2 0 0 0 | orentation 0 2 1 2 1 8 1| g | Sepeorenion 660 4 165
(Aspect)
6 2 0 1 0 0 | Hydogeoogy | 3 1 2 3 2 31| 7| Hydogeoogy 1076 4 260
Thickness
of Thickness of
7 2 0 0 0 0 I - I 2 1 9 u | o | el e 4 205
mantle
Distance from Distance from
8 3 0 0 0 1 1 3 roads 3 1 12 28 -4 roads 972 4 243
9 2 0 2 0 0 1 2 0 Vegetation 2 9 2 -1 Vegetation 1007 4 252
Distance
10 0 0 1 0 1 2 2 1 2 from 9 29 | a1 | Dacefiom 1007 4 252
ams
sieams
EFFECT-E 2 0 " 2 " 19 2 1 2 2 28 10000

Where, weighted coefficient (ai) = 1/4 * [(C+E)/(ZiC+ ZiE)]*100%

Table 2. Interaction matrix of the selected parameters of Tsakona landslide
M. 2. MNtpwo aMnAenidpaons Twv eAEYUEVWY MAPAUETOWY NG KatoAiobnong Toakwvag

Cause - Effect diagram

40

C=E line
35 S
30 Th|ckne?,afmmg\
mantle
25 "
Distance ﬁO\T streams  Vegetation
20 ¢
Slope\&{olination OHyfiroge%
A Distance frerfi roads
15
10 I\ \ A Lithology
Slope orienw \
5 .
Tectonic regime  m Ralnfal\
T

O T T T T - T T
0 5 0 15 \ZO\_ZLJ% 3B 40

Cause

Effect

Fig. 10. Cause - Effect Diagram
Eik. 10. Adypauua attiou - arnoteAéouarog
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Interaction intensity - Dominance diagram
30
Rainfall
25 -
4 Tectonic regime
20
Lithology
15 B
)
g 10
w g
E s
. Slope orientation (Aspect)
0 T T T T T T T T T
5 5 10 15 ke 25 * D?&ance froﬁ?roads 40 i 50
Distance from streams ® Hydrogeology
-10 .e —
Vegetation Slope inclination
-15 A Thickness of
weathering mantle
-20
C+E
(Interaction Intensity)

Fig. 11. Interactive intensity — dominance diagram
Eik. 11. Aidypauua évtaonsg aAMnAenidpaong - emkpdmonsg

Most interactive parameter (C+E) max 38 Lithology
Least interactive parameter (C+E) min 19 Slope orientation
Most dominant parameter (C-E) max 25 Rainfall

) Thickness of
Most subordinate parameter (C-E) min -16

weathering mantle

Table 3. Maximum and minimum values of interaction intensity and dominance.
Mv. 3. Méyioteg Kat EAAXIOTES TIWES EvTaonG aMnAenidpaong - erkpdtong

Supplementary, tables 4 and 5 decode and contribute in giving the necessary
and “translate” simultaneously the geo- objective answer to the prognosis of
data acquired form the extensive geo- the potential instability of the examined
logical and geotechnical investigation slope of Tsakona landslide.

Calculation of Instability Index (Ii)

) si Thickness of ) N
Parameter b | Rainta Lithology 1;:;"“""‘: ofemation | Hydrogeclogy | weathering Distance fom | yegetation | Dstance fom '"""’"('l'l}' Index
(Aspect) mantle
Rati ined slope of
ing e;::::“ﬂ slope 1 4 1 4 4 2 4 4 2 4 71.88
Maximum rating 4 4 4 4 4 4 4 4 4 4
[(C+EVZ(C+E)"100% 10.42 8.68 13.19 8.68 6.60 10.76 11.81 9.72 10.07 10.07 100.00
Weighted coefficient (a) 2.60 217 3.30 217 1.65 269 2.95 243 252 252

Table 4. Calculation of Instability Index
M. 4. YrioAoyioudg deiktn aordbeiag
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where:

Instability Index (li) = Zai x Pij, where i
refers to parameters (from 1 to 10), j re-
fers to the examined slope and ai is the
weighting coefficient of each parameter,
Weighted coefficient (ai) = 1/4 *
[(C+E)/(XiC+ ZXiE)]%, scaled to the
maximum rating of Pij (maximum val-
ue=4), Pij is the rating value assigned
to the different category of each param-

eter’'s separation which also fits better
to the conditions related to the param-
eter in question regarding the examined
slope failure (Rozos et al., 2008).

In Table 5, an explanation of rating the
examined parameters of Tsakona land-
slide is presented, the information of
which has been gathered and analyzed
by studying the outcomes form the ge-
ological and geotechnical investigation.

Parameter Rating Remarks
Slope inclination 1 (16-30°)
Rainfall 4 According to Farmakaki (2012) and meteorological data from Hellenic National Meteorological
Service (2014)
Lithology 4 Schist —Cherts series: it was the most important lithology type that contributed mostly to the
slope failure
Tectonic regime 4 Intense: represents up thrusts and over thrusts
Slope orientation 4 (0° - 45°,135° - 225°)
Moderate: is associated with alluvial deposits, carbonate formations having low to medium
Hydrogeology 2
permeability
Thickness of weathering .
mantle 4 Is bigger than 3m
Distance from roads 4 Close (0-50m)
Vegetation Moderate - grassland
Distance from streams 4 Distance from streams: Close (0-50m)

Table 5. Explanation — description of rating the examined parameters of Tsakona landslide
M. 5. Ene&riynon — nieptypagri me Babuovdunong ya kdbe e&etalduevn mapaueTpo g KatoAiobnong

Toakwvag

To sum up, the cause-effect plot is help-
ful to understand the role of each factor
within a project and could be used in
the decision-making stage. The cause
and effect values for each parame-
ter are used as x and y coordinates to
plot the parameters in a cause (C) ver-
sus effect (E) diagram. The more a sys-
tem is interactive, the more the stability
of a slope is low because there is more
chance of a small variation in one pa-
rameter significantly affecting the sys-
tem behavior. The computation of the
level of interactivity via the C+E value
may be an indicator for identifying pa-
rameters whose variation is likely to in-
duce significant changes in the system
(Ceryan and Ceryan, 2008).

Based on the above and the calculat-
ed instability index value, Tsakona land-

slide with li=71.88 classified as

(L - landslide) according to the classi-
fication for landslide susceptibility by
Brabb et al. (1972), as it shown in Ta-
ble 6. This is confirmed from the slope
failure that took place on February 2003
in the particular study area of Tsakona.
Concerning Brabb et al. (1972) clas-
sification, Chacon et al. (2006) wrote:
“there is a lack of internationally accept-
ed classifications and conventions for
maps of spatial and spatial-temporal in-
cidence of landslides. A common stand-
ard would be highly valuable for com-
paring maps, and also to classify the
landslide areas all around the world in
a manner similar to that used in, for ex-
ample, seismic areas. A simple classifi-
cation of landslide susceptibility is the
averaged percentage of landslide fail-
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ure areas per total area of the region, by
lithological or geological units, as pro-
posed in the relative susceptibility num-

bers of Brabb et al. (1972). This can give

9

a simple scale ....".

% Failed area 0-1 2-8 9-25

26-42 43 -53 54 -70 100

v \ Vi L

Susceptibility Negligible Middle

Extremely
high

High Very high Landslide

Table 6. Classification for relative landslide susceptibility proposed by Brabb et al. (1972)
M. 6. Ta&wdunon g OXETKIG KATOANOONTIKIG EMKIVOUVATITAG MPOTEWVOUEVN arto Toug Brabb et al. (1972)

5. Conclusions

The implementation of the RES method
has been achieved through an interac-
tion matrix and it is believed it could be a
very useful toolbox that can alert the de-
signer to many mechanisms which pre-
viously might not have been taken into
account. The study indicates that the in-
teraction matrices methodology can be
used to analyze the interactivity of nu-
merous parameters which are factors
in landsliding on slopes of various geo-
logical conditions in complex natural en-
vironments and has developed a pro-
cedure for the rapid assessment of the
instability index. The validity of this ap-
proach was tested using the important
landslide which happened on February
2003 and took place at Tsakona area of
Prefecture of Arcadia which belongs to
Region of Peloponnese. It is suggested
that this procedure could be used in oth-
er regions. As it can be deduced from
the process presented above, the ad-
vantages of the RES technique are: a)
its adaptability to local conditions and to
the given characteristics of existing ge-
odata and expert’s (geologist, civil en-
gineer) knowledge and b) its ability to
eliminate the exclusively subjected and
arbitrary way regarding the selection of
the parameters and the weighting coef-
ficients by an expert, as it is the practice
associated to other existing evaluation
techniques (Rozos et a., 2008).
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Although not demonstrated in the pre-
sent paper, the method could be used
in conjunction with Geographical Infor-
mation Systems (GIS) approach which
facilitates the manipulation of numbers
of thematic map layers and can be use-
ful in decision making, regarding the
land use and development planning
processes in landslide susceptible are-
as and thus providing a tool for zoning
landslide hazard.
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