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ABSTRACT

AN INVESTIGATION ON THE SURFACE WATER EFFECT IN
LANDSLIDE SUSCEPTIBILITY MAPPING:
AN EXAMPLE FROM YENICE (KARABUK) BASIN

M. Can CANOGLU

Doctor of Philosophy, Department of Geological Engineering

Supervisor: Prof. Dr. Hisni AKSOY

June 2015, 140 Pages

Considering the dramatic results as life losses and economic damages,
landslides are the second most important type of natural hazards in Turkey
following the earthquakes. The Western Black Sea region is well known with
its frequent landslide events. In this study, Yenice Watershed, which
embodies Derebasi and Cebeciler landslides, was investigated within the
context of water effect on landslide susceptibility. The relation between the
landslide occurrence and variations in the saturation degree was attempted
to be investigated in a watershed scale. In this way, landslide susceptibility
variations could be analysed in space and time evolving out of triggering
factors as water effect in terms of saturation degree of soil. This study
presents an integrated approach which utilize the Soil Moisture Distribution
and Routing (SMDR) model and Frequency Ratio Analysis with conventional
parameters of landslide susceptibility. Saturation Degree Index (SDI) is
proposed as a new index reflecting the temporal effect of hydrodynamic
variations on landslide susceptibility. The water effect is usually represented
with the Topographic Wetness Index (TWI) in conventional landslide
susceptibility studies. The new proposed Spatio-Temporal Landslide
Susceptibility approach is used in Yenice Watershed to explicate the



triggering effect of soil saturation for the occurrence date of Derebasi
Landslide. The comparison results of landslide susceptibility maps obtained
from this new approach utilizing the proposed SDI and conventional TWI are
quite noticeable. SDI reveals the effect of water as a triggering factor for
landslide susceptibility. Accordingly, a new substantial method is proposed
using the attainable monthly mean meteorological data to generate monthly
landslide susceptibility maps. The verification of the proposed method was
carried out by applying the procedure on the Cebeciler Landslide existing in

the same watershed as Derebagsi Landslide.

Keywords: Landslide Susceptibility, Saturation Degree, Frequency Ratio

Analysis, Soil Moisture Distribution and Routing, Karabuk-Yenice.
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HEYELAN DUYARLILIGI HARITALAMARINDA
YUZEY SUYUNUN ETKISININ ARASTIRILMASI:

YENICE (KARABUK) HAVZASI ORNEGI

M. Can CANOGLU

Doktora, Jeoloji Miihendisligi Bolumu
Tez Danigmani: Prof. Dr. Hisnu AKSOY

Haziran 2015, 140 Sayfa

Heyelanlar, ekonomik zararlar ve can kayiplari gdéz 6nine alindiginda,
Tarkiye'de depremlerden sonra ikinci derecede 6nemli dogal afet olarak
kabul edilmektedir. Bati Karadeniz Bolgesi sikga rastlanan heyelan
olaylariyla bilinir. Bu c¢alismada, Derebasi ve Cebeciler heyelanlarini
bunyesinde barindiran Yenice Havzasi, suyun heyelan duyarliligi Uzerindeki
etkisi kapsaminda arastiriimistir. Heyelan olusumu ve doygunluk derecesi
degisimleri arasindaki iligki bir havza olgeginde analiz edilmistir. Bu sayede,
zaman ve mekandaki tetikleyici faktérlerden kaynaklanan heyelan duyarhligi
degisimleri, doygunluk derecesi acgisindan analiz edilmigtir. Bu tez
calismasinda, Soil Moisture Distribution and Routing (SMDR) modelini ve
Frekans orani analizini heyelan duyarliiginin aligilagelmis parametreleri ile
kullanan birlestirilmis bir yaklagim sunulmaktadir. Doygunluk Derecesi
indeksi (SDI), hidrodinamik degisimlerin heyelan duyarliiginda zamansal
etkilerini yansitan yeni bir indeks olarak onerilmistir. Genelde, su eftkisi
geleneksel heyelan duyarliligi calismalarinda Topografik Nemlilik indeksi
(TWI) ile temsil edilir. Yeni 6nerilen zamansal-mekansal heyelan duyarlilik
yaklagimi, Derebasi Heyelaninin olusum tarihindeki toprak doygunlugunun

il



tetikleyici etkisinin yorumlanmasi i¢in Yenice Havzasinda kullanilmigtir.
Onerilen yeni yaklasim SDI ve geleneksel TWI kullanilarak elde edilen
Heyelan duyarlihigi haritalarinin karsilastirimasi dikkat c¢ekicidir. SDI su
etkisini heyelan duyarliliginda tetikleyici faktor olarak ortaya g¢ikartmistir.
Buna bagli olarak, elde edilebilir aylik ortalama meteorolojik veriyi kullanarak,
aylik heyelan duyarliligi haritalarini olusturan yeni bir yontem Onerilmistir.
Onerilen yontemin dogrulugu, Derebasi Heyelani ile ayni havzada bulunan

Cebeciler Heyelanina yontemin uygulanmasi ile gergeklestiriimigtir.

Anahtar Kelimeler: Heyelan Duyarliligi, Doygunluk Derecesi, Frekans Orani
Analizi, SMDR, Karabuk-Yenice.
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Heyelan afeti, Turkiye’de ekonomik zararlar ve can kayiplari agisindan
onemli bir dogal afettir. Heyelan felaketinin olumsuz etkileriyle, nifus artigi ve
kontrolsliz sehirlesme nedeniyle her gegen giin daha fazla kargilasiimaktadir.
Tarkiye'de Bati Karadeniz Bdlgesi'nde heyelan olaylarina sikga
rastlanmaktadir. incelenen Derebasi heyelaninda sismik ve meteorolojik
kayitlara gore, ana tetikleyici faktorin su etkisi oldugu, depremler ve insan

faktoranan ikincil dizeyde tetikleyici faktor oldugu ifade edilebilmektedir.

Heyelan duyarhlik ¢calismalarinda, su etkisinin yansitilabilmesi i¢in genellikle
Topografik Nemlilik indeksi (TWI1) kullaniimaktadir. Bu indeks, topragin nem
iceriginin mekansal dagihimini temsil eden bir gosterge olarak asagidaki
esitlikteki gibi tanimlanmigtir.

TWI =In (A/tan B)
Bu esitlikte “A” 6zgul havza alani, “B” ise lokal egimi ifade etmektedir. Ancak

bu indeks, homojen ve izotrop ortam, tek tip zemin kosulu ve duragan



meteorolojik kosullarda gecerli olup havza igerisindeki yagis ile yuzeysel akis
arasindaki iligkiyi ortaya koyamamaktadir. Ornegin; ayni topografyaya sahip
biri ¢dl ikliminde digeri amazon ikliminde olan iki havzanin da yukaridaki
esitlige gore topografik nemlilik indeksleri ayni hesaplanacaktir. Ancak,
gergekte iki havzanin nemlilik kosullari tamamen farkli olacaktir. Bu nedenle,
Topografik Nemlilik Indeksi (TWIYnin heyelan duyarlii§indaki dinamik
surecleri yansitamadigi ve tetikleyici mekanizmalarin heyelan duyarlilidina

yansitilmasinda etkili olmayacagi dusunulmektedir.

Bu calismada, Derebasi ve Cebeciler heyelanlarini bunyesinde barindiran
Yenice Havzasi, yuzey sularinin heyelan duyarlihdi Uzerindeki etkisi
kapsaminda arastiriimistir. Calisma igin secilen Derebasi heyelani, olusum
tarihi bilindigi icin tercih edilmigtir. Genellikle, Bati Karadeniz Bolgesi’ndeki
heyelanlarin asir yagiglardan sonra gerceklestigi ifade edilir. Ancak,
meteorolojik kayitlara goére Derebasi heyelaninin gergeklestigi 5 Haziran
2000 tarihindeki yagis miktari sadece 7.3 mm’dir. Ayrica, bu tarihte heyelani
tetikleyecek duzeyde herhangi bir sismik kayit da bulunmamaktadir. Bu
nedenle, Derebasi heyelani icin yagis ile yluzeysel akis arasindaki iliskinin
ortaya koyulabilmesi igin doygunluk fazlasi yuzeysel akis ilkesini temel alan
SMDR (Soil Moisture Distribution and Routing) modeli kullaniimistir. Heyelan
duyarlihgr kavramina su etkisinin birlestirilebilmesi i¢cin mevcut meteorolojik
veriler kullanilarak SMDR modelinden elde edilen doygunluk derecesi
haritalari Doygunluk Derecesi indeksi'ne (SDI) dénistirilmistir. Bu
donustirme islemi icin frekans orani analizini heyelan duyarlihdinin
aligilagelmis parametreleri ile kullanan birlestiriimis bir yaklasim ortaya
koyulmustur. SDI, hidrodinamik degisimlerin heyelan duyarlihginda zamansal

etkilerini yansitan yeni bir indeks olarak onerilmistir.

Heyelan duyarliliginda yeni bir indeks olarak onerilen Doygunluk Derecesi
indeksi (SDI) ile Topografik Nemlilik indeksi (TWI) kullanilarak elde edilen
Heyelan Duyarlilik haritalari karsilastirildiginda SDI kullanilarak olusturulan
Heyelan Duyarhlik haritasinin Derebasi heyelaninin olusum mekanizmasini
daha iyi temsil ettigi ve daha gercekgi sonug verdigi gorulmastur. Ancak,

heyelanlarin birbirinden bagimsiz zamansal ve mekansal sureglerin sonucu
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olarak olugsmasindan dolayr SDI'nin matematiksel olarak ifade edilebilmesi
mumkun olamamigtir. Bunun nedeni, zamansal faktorlerin mekansal olarak
sabit ancak zamansal olarak degiskenlik gostermesi, mekansal faktorlerin ise
zamansal olarak sabit ancak mekansal olarak degiskenlik gdstermesi olarak

aciklanabilir.

Yeni bir indeks olarak Onerilen SDI'nin dogrulamasinin yapilabilmesi igin
Yenice Havzasi iginde gerceklesmis olan Cebeciler heyelani, Derebasi
heyelani ile ayni yontem kullanilarak analiz edilmistir. Ancak Cebeciler
heyelaninin olusum tarihi net olarak bilinmemekle beraber, Afet Isleri Genel
MuduarlGgid’nan Cebeciler Heyelani ile ilgili Jeolojik Arastirma Raporu 1998
tarihlidir. Bu nedenle, aylik ortalama meteorolojik veriler derlenerek SMDR
modeli ¢calistirimig, elde edilen aylik doygunluk derecesi verileri frekans orani
yontemiyle heyelan duyarliigina SDI olarak entegre edilmistir. Bu yontemle
elde edilen SDI degerleri ve onerilen yontemin sonuglarina goére, 1998 yilinin
Mayis ayinin Cebeciler heyelaninin tetiklenmesi agisindan bakildiginda en

duyarl ay oldugu goériimektedir.

Elde edilen sonuglara dayanilarak, suyun zamansal etkilerini heyelan
duyarliigina yansitabilmek icin Yenice Meteoroloji istasyonu’nun kayit altina
aldigi tum verileri kapsayan 1989-2009 yillari arasindaki meteorolojik verilerin
12 aylik ortalamasi kullaniimis ve SMDR modeli tekrar ¢alistiriimigtir. Elde
edilen doygunluk derecesi haritalari ayni yontemle “SDI”ye ¢evrilerek 12 aylik

duyarlilik haritalar elde edilmigtir.

Heyelan duyarlihginda “SDI”nin kullanimi ile daha determinist bir yaklagim
ortaya konulmus ve bu yontem ile ylzey suyunun zamansal etkisi tetikleyici
bir faktdor olarak daha dogru bir sekilde heyelan duyarlihgl kavramina

yansitiimistir.
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1. INTRODUCTION

Natural disasters are catastrophic events caused by nature or the natural
processes of the earth. The severity of a disaster is measured in lives lost, economic
loss, and the ability of the population to rebuild. More and more people are affected
by disasters because of the increasing population and uncontrolled urbanization
process. In many countries the economic losses and casualties due to the landslides
are greater than commonly recognized, and generate a yearly loss of property larger
than any other natural disaster, including earthquakes, floods and windstorms [1].
Following the earthquakes, landslides are the second significant natural hazards in
Turkey, in terms of economic losses and casualties [2]. The work performed by
“General Directorate of Natural Disasters” shows that the residential units subjected
to natural disasters happened between the years 1951-2008 are affected mostly
from landslide [3]. For this period 13494 landslides occurred in Turkey and from
economic point of view the cost of these landslides is approximately 5 billion TL to

the national economy [3].

In mapping the landslides many approaches were developed and tested [2,
4,5,6,7, 8,9, 10, 11, 12]. Landslide susceptibility mapping, in terms of spatio-
temporal assessment at national, regional and local scales, is being considered in
this study as an important decision making tool for detailed mitigation plan for
landslide hazard. Landslides in western part of Black Sea Region (Turkey) have
been studied by many researchers, because the region is most widely known as a
landslide prone region in the country [13, 14, 15, 16, 17, 18, 19, 20]. The major
triggering factor for landsliding in this region is the effect of water, the information
obtained by the seismic records, and field studies show that earthquakes and human

activities are secondary factors for landslide triggering.

TWI (Topographic Wetness Index) is commonly used index to involve the
water effect in Landslide Susceptibility. TWI is defined as an indicator of the spatial
distribution of soil water content by Moore et al. [21]:

TWI =In (A/tan B) (eq. 1.1)



Where “A” is specific catchment and “B” is local slope. However, this index is
valid under steady state meteorological conditions and not representative for
rainfall-runoff processes. For example; considering two watersheds having the
same topography, one located in a desert climate and the other in Amazon climate,
TWI of the first watershed will be the same as the TWI of the second, but in reality,
the wetness conditions will be completely different. Under this circumstance, TWI
can not reflect dynamic processes on Landslide Susceptibility. Furthermore,
occurrence of landslide after excessive rainfall is a general expression mentioned
by many researchers [22, 23, 24, 25]. However, there might be cases of landslides
that are not directly related to excessive rainfall. For example, during the occurrence
date of Derebag! Landslide which is located in the study area (Yenice Watershed),
the only rainfall is 7.3 mm, additionally; no seismic activity was recorded at or just
before the occurrence date. Thus, it is thought that the triggering factor of the
Derebas! Landslide could be the water effect rather than excessive rainfall and/or
earthquake. For the reflection of the rainfall runoff process on landslide susceptibility
concept in “Derebasi Landslide”, the most suitable model is decided as a fully
spatially distributed model based on the saturation excess runoff generation

phenomenon.

Therefore, to enlighten the water effect of landslide susceptibility including
the triggering process, a model envisaged the spatial and temporal variation of the
soil moisture emerged to be combined with the landslide susceptibility concept. For
this purpose the SMDR (Soil Moisture Distribution and Routing) model developped
by Soil and Water Laboratory [26] was utilized.

SMDR is a fully spatially distributed model, based on the saturation excess
runoff phenomena, where the soil hydrodynamic processes are captured at each
pixel of the selected watershed. In this way SD (Saturation Degree) map could be
obtained as an output of SMDR model is utilized for the occurrence date of a

selected landslide, basing on the meteorological data.

With the aim of integrating the water effect and the Landslide Susceptibility

concept, the saturation degree map was converted to SDI (Saturation Degree Index)



map of which the details will be given in the following sections by frequency ratio

analysis method.

1.1 RESEARCH OBJECTIVES

The main aim of the present research is to reveal the effect of the water on

landslide susceptibility in terms of saturation degree. The following specific

objectives are set to achieve these aims:

Select a landslide of known date triggered by water effect (not heavy rainfall
no seismic relation).

Conduct fieldwork for determination of landslide susceptibility input data and
gathering temporal and spatial data and information.

Determine the saturation degree by modelling the rainfall-runoff process.
Use of frequency ratio analysis to assess the spatio-temporal landslide
susceptibility map.

Suggest a new index as a layer of landslide susceptibility representing the
wetness on the scale of watershed for a selected landslide.

Validation of the suggested index for another landslide in the watershed

To determine the quantitative and qualitative effect of water for landslide

susceptibility, a landslide of a known date (Derebasi Landslide) is selected. Based

on the above aims and objectives, the main outputs of the research are envisaged

as follows:

Generation of landslide susceptibility map of the study area for the
occurrence date of Derebasi Landslide.

Comparison of landslide susceptibility maps obtained by TWI and new
suggested index SDI

Suggestion of new method for landslide susceptibility phenomena integrating
the SMDR and frequency ratio analysis. Generating the spatio-temporal
landslide susceptibility maps.

Validation of the new method in terms of spatio-temporal landslide

susceptibility with another landslide of known year.



In brief, the general perspective of this study includes;

(a) Generating the saturation degree map of the Yenice Watershed for the

occurrence date of Derebasi Landslide with processing SMDR model.

(b) Converting the saturation degree map to SDI map using frequency
analysis.

(c) Comparing the landslide susceptibility maps rendered by TWI and by
SDI.

(d) Generating landslide susceptibility maps for 12 months as a new

method using SDI with monthly mean meteorological data.

(e) Validation of the new method with another landslide in the Yenice
Watershed.



2. GENERAL CHARACTERISTICS OF THE STUDY AREA

The study area is located in the Western Black Sea Region of Turkey, and
approximately 2km north of Yenice County and 26 km west of Karabuk city (see Fig.
2.1). The approximate distance to Zonguldak and Bartin is 45 km, to Bolu 145km,
and to Ankara 240 km. The study area is known as Yenice Watershed (see Figs.
2.1 and 2.2), covers an area of 15.34 km? and located in 1/25000 scaled Zonguldak
F28-c1 and F28-b4 topographic maps prepared by National Mapping Agency of
Turkey [27]. According to vegetation characteristics map acquired from the
Directorate of Yenice Regional Forestry, at the occurrence date of Derebasi
Landslide 20.3% of the area Yenice Watershed was covered by forest and the rest
of the area was defined as improper forest area [28]. The climate is typical Black
Sea climate with high and distributed rainfall the year round. Summers are warm
and humid, winters are cool and damp. The Black Sea is the region which receives
the greatest amount of precipitation and is the only region of Turkey that receives
high precipitation throughout the year. Based on the meteorological data (between
the years 1989-2009) obtained from General Directorate of Meteorological Service
of Turkey snowfall is quite common between the months of December and March,
snowing for a week or two, and it can be heavy once it snows. Mean annual snowy
day number is 25, maximum precipitation is seen at spring season. Mean annual
temperature is 13°C. Mean temperature at summer season is 30°C, mean
temperature at winter season is 1°C. Maximum temperature is recorded as 44°C in
August, minimum temperature is recorded as -11°C in January. Mean annual
precipitation is 1100 mm approximately [29]. The vegetation activity of forest area is
much more efficient than improper forest area. The structure of the terrain in the
study area has the typical characteristics of Western Black Sea Region. Flat and
lowland areas are found rarely and agricultural activities are limited due to the
topographic conditions.

According to census study realized by Turkish Statistical Institute in 2009 the
population of the Karabluk city is 218.564 and the population of the Yenice County
is 21.671 [30]. The mining activities in terms of iron mine have a place in Karabuik
in the form of iron and steel works.

Elevations in the area range between 165 and 837m; and the highest point

in the study area is located on the Sepetci Ridge. Tepetarla Ridge is another



important topographic feature (see Fig. 2.1). In Yenice Watershed slope angles
range between 0° and 41° with an average of 19°. Farmlands exist in gentle slopes
while extensive and thick forests cover the highest and steepest elevations.

Cobankdy, Derebasi, Misiroglu, Besevliler are the main districts of the study area.

Mediterranean Sea

Gokgekiran
Muslu Saltukova £ = b
\ al. . Hacihatipoghu Akagag 3l
A KiI|E1.\|l . Hacilar, - “Karapinar | Yenihamidiye Kayabasi
Gelik Yukaridere Sabankad: Kozcagiz %
Zonguldak \ § .
Kozlu Gaycuma Nebioglu Kumhica : Ovecuma
i
I Persembe Ecikler s
Kayikgdar 1
Seyfetl Karaman
5 foiso} Basat L ¢ 3
ndilli ) 7 Lede
= Beycuma Bakacakkadh Hasankads - ,
Gokgebey el 2 T
Siileymanbeyler Gaydegirmeni .
& Safranbolu”
Shihe Devrek
Yenice Karabiik Kant !
ara
Ormank o
Ozbadn ' fo7ss ]
i) 4 Demirciler =
b Eerct \ Cumayani
Ovack
; e : Yazwk / S 4 kY
7 Vellicedemirciler A
B Kavacik
] b4 Kiyaslar P ¢
/ 7 Mengen - Kersierhler Eskipazar e

Nodullar

%
™ Defp‘,- ')
. Cobankdy %,
District

. Derebasi

District Misiroglu

Ibricak x ' District
Petariy R;

) 0:?.9

A

Besevliler
District

— Watershed Delineation
Fig. 2.1: Location map of the study area (modified from google maps [31])



Fig. 2.2: General view of Yenice (towards NW)

2.1 REGIONAL GEOLOGICAL PROPERTIES OF THE STUDY AREA
The geological properties of the study area are shown in Figure 2.3. The

oldest geological unit in the study area and its near environ is Precambrian aged
Dirgine Metagranitoids which consist of granite, granitoite, tonalite and monzonite.
The Precambrian aged Marbles and Granites superimpose on the Dirgine
Metagranitoids by faulting [32]. Jurassic aged limestones represented as inalti
formation overlie the Precambrian units. The lower cretaceous aged geological units
can be observed on the Jurassic limestones by an angular disconformity. The upper
cretaceous is represented by Ulus formation in the study area. Ulus formation which
has flysch character can be observed as sandy shale, siltstone, sandy limestone,
calcareous claystone and sandstone intercalation. All these geological units are
superimposed unconformably by Quaternary aged alluviums (Qa) and slope debris
(Q). Alluvial deposits formed around the riverbed, consist of materials in the size of
gravel, sand, silt and clay. Fine material ratio decreases and blocks occur where
riverbed steepens. The slope debris consists of loosely stuck or unstuck blocky and
gravelly materials. Slope debris is a product of bedrock which has been weathered,
eroded and deposited on slopes in the study area.

The study area which is located in the Western Black Sea Region, is exposed
to compression regime during Dogger, after closure of Paleothetis in Triassic. Due
to the shoaling during Malm the carbonates got around to deposit. Owing to facies



and thickness variations, the Cretaceous sequences of northern Turkey have been
divided into a number of formations with local names that cause a great deal of
confusion. Lower Cretaceous sediments are generally rare around the Black Sea
Basin. They crop out extensively in the Central Pontides, in particular in the Ulus
and the Zonguldak Basins [33]. Ulus basin which gives the name of the Ulus
formation, formed in the beginning of the Lower Cretaceous. It was from
stratigraphic studies of these two basins that the Ulus Group represents the syn-rift
deposits of the western Black Sea. The NE-SW trending Ulus Basin is the largest
Lower Cretaceous basin of the Pontides. In contrast to the Zonguldak Basin, the
Ulus Basin is described as a single unit: the Ulus formation. It starts at the bottom
with coarse clastic rocks and grades rapidly into turbiditic sandstones and shales.
In the eastern part of the Ulus Basin the flysch deposits are poor in fossils, indicating
an Early Cretaceous age [34]. This group is a 200—1300 m thick sequence of grey
to black marls, shales, claystone, siltstone and sandstone intercalations. Its clastic
nature contrasts with the underlying grey to white limestone [35].

The geological units of the Ulus formation are not reliably dated. Locally,
foraminifera of Early Cretaceous age was found by [35]. This stratigraphic
perspective considers an Aptian—Cenomanian age for the overlying clastic Ulus
formation. The Ulus formation is overlain, with a slight angular unconformity, by red
to pinkish, thinly bedded pelagic limestones, with volcanoclastic intercalations in its
upper part. The age of the clastic sequence in the Ulus basin, is older than along
the Black Sea coast. However, the geodynamic significance of the age of onset of
detritic sedimentation in this basin is not as clear as along the Black Sea coast.
Effectively, in this basin, large normal faults could not be observed as along the
Black Sea coast [33].

Moreover, there are conspicuous compressional structures with intensity of
deformation increasing toward the south and the east that is toward the accreted
highpressure— low-temperature complexes of the Early Cretaceous subduction zone
[36]. According to the studies realized in the Ulus Basin, the Ulus formation
representing a typical flysch sequence which is highly susceptible to weathering [37,
38].
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Figure 2.3: Geological map of the study area and its near environ, from Yergdk et
al. [39]




2.2 SEISMICITY of STUDY AREA

Anatolia is under influence of two major tectonic factors, namely North

Anatolian Fault Zone and East Anatolian Fault Zone. The study area is adjacent to
the North Anatolian Fault Zone (45km north of North Anatolian Fault). Study area
and near environ is located in the first degree earthquake zone, according to

“‘Earthquake Zonation Map of Turkey” published by Ministry of Public Works and
Settlement in 1996 (Fig. 2.4).
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According to the active fault and earthquake location map of Turkey

published by Republic of Turkey Prime Ministry, Disaster and Emergency

Management Presidency [41], no historical earthquake is recorded in the study area.

However, due to the distance to North Anatolian Fault Zone the near environ of the

study area is exposed to earthquakes (Fig. 2.5).
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3. PREVIOUS STUDIES

3.1 LANDSLIDE STUDIES and DEFINITIONS

Landsliding is a natural process that includes a wide range of ground
movements under certain geological conditions. Landslides do not necessarily
involve sliding as most people think [42]. The “landslide” concept may be defined as
a wide variety of processes involving downward and outward movement of a part of
slope- forming materials including soil, rock, artificial fill, or a combination of these
along a plane of failure, caused due to shear failure along this plane [43]. The
materials may move by falling, toppling, sliding, spreading, flowing or combination
of them [43, 44].

The actual literature analysis shows that researchers do not agree on a
univocal landslide classification. Classification of landslides were studied by many
researchers such as Ladd [45], Sharpe [46], Campbell [47], Varnes [43, 48], Crozier
[49], Wieczorek [50], Cruden and Varnes [44] and Hungr et al. [51]. However, the
most widely used classification system today, is the one proposed by Varnes [43,
48]. Different parameters utilized by Varnes [43, 48] for the classification of

landslides are as follows:

- Type of material: Rock, debris and earth are the terms which usually utilized for

the classification of landslide process

- Type of movement: Clarification of landslide mechanism is generally used to

identify the movement type as fall, topple, slide, spread, and flow.

In addition to the parameters utilized by Varnes [43, 48], following parameters can

be considered for the classification of landslides.

- Rate of movement: Based on the site observations and case history type of

landslide and hazard evaluation can be determined. The rate of movement is usually
classified as; slow (mm/y), moderate (m/hr), rapid (m/sec)
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- Water condition: water condition is an important parameter for landslide

classification. This effect can be observed as intense rainfall, snowmelt, and change
in groundwater level and saturation degree of soil.

- Triggering mechanisms: Triggering can be defined as the effect which initiate an

action. Triggering mechanism for landsliding are identified as rainfall, earthquake,
and human activities. But, a landslide can be triggered by any temporal factor.

On the other hand, state of activity represents the activity of a landslide particularly
related by the evaluation of future events. According to Hungr et al. [51], a landslide
can be classified based on the state of activity as active, inactive, dormant, and

stabilized, etc.

Varnes classification [43] is the most widely accepted classification of
landslides, as modified by Cruden and Varnes [44] (Table 3.1 and Figure 3.1) [52].

Type of material and type of movement are the basis of this classification.

Table 3.1 Classification of different types of landslides in different parent materials
[43, 48].

Types of material

Engineering Soil

Type of movement Bed rock Predominantly Predominantly
coarse fine

Falls Rock fall Debris fall Earth fall

Topples Rock topples  Debris topples Earth topples

Slides:

Rotational Rock slump Debris slump Earth slump

Translational Rock slide Debris slide Earth slide

Lateral Spreads Rock spread Debris spread Earth spread

Flows Rock flow Debris flow Earth flow

Complex Combination of two or more types of mass movement

13
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[44]. [52].
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3.1.1 Causes and Triggering Factors of Landslides

Landsliding starts when the stability of the subjected slope changes from a
stable to an unstable condition under many causal factors [53]. Causes of landslide
are the factors which transform the slope susceptible to failure. Landslide causal
factors can be subdivided temporal causal factors and spatial causal factors. But,
the triggering factor is the single event which initiate the landslide. In other words,
causal factor prepare the conditions to make a slope susceptible to failure, and the
triggering factor initiates the movement. However, there is a fine border between
triggering factor and temporal causal factor. All triggering factors can be considered
as a temporal causal factor but any spatial causal factor can never be a triggering
factor. In addition, landslide can have many causes but can only have one triggering
factor. Because of this, determining the exact triggering factor is not always easy
due to the complexities of landsliding processes.

Different researchers such as Varnes [43, 54], Hoek and Bray [55], Cruden
and Varnes [44] and Sidle and Ochiai [56] had pointed out the general potential
causes of landslide. The major factors that contributed directly or indirectly to the

occurrence of landslides can be listed as follows [53]:

(1) Natural Causes:

a) Geological causes:

- Weak or sensitive materials (spatial causal factor)

- Weathered materials (spatial causal factor)

- Sheared, jointed or fissured materials (spatial causal factor)

- Adversely oriented discontinuity (bedding, schistosity, fault, unconformity, contact
and so forth) (spatial causal factor)

- Variation of permeability (spatial causal factor)

- Stiffness of materials (spatial causal factor)

b) Morphological causes:

- Tectonic uplift (temporal causal factor)

- Glacial rebound (temporal causal factor)

- Fluvial, wave or glacial erosion of slope toe or lateral margins (temporal causal
factor)

- Subterranean erosion (temporal causal factor)
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- Deposition loading slope or its crest (temporal causal factor)

- Vegetation removal by fire or drought (temporal causal factor)

(2) Physical causes

- Intense rainfall (temporal causal factor)

- Rapid snowmelt (temporal causal factor)

- Prolonged exceptional precipitation (temporal causal factor)
- Rapid drawdown of floods (temporal causal factor)

- Earthquake (temporal causal factor)

- Thawing (temporal causal factor)

- Freeze-and-thaw weathering (temporal causal factor)

- Shrink-and-swell weathering (temporal causal factor)

- Flooding (temporal causal factor)

- Saturation excess runoff (temporal causal factor)

(3) Anthropogenic causes (human activities)

- Excavation of slope or its toe (temporal causal factor)

- External loading (temporal causal factor)

- Drawdown and filling of reservoirs (temporal causal factor)
- Deforestation (temporal causal factor)

- Irrigation (temporal causal factor)

- Mining activities (temporal causal factor)

- Artificial vibration or dynamic loads (temporal causal factor)
- Water leakage from utilities (temporal causal factor)

- Diversion of river current (temporal causal factor)

- Use of unstable earth fills, for construction (temporal causal factor).

The landslide causing factors for the Derebasi Landslide in Yenice Watershed can

be summarized as follows:

3.1.2 Triggering and Causal Factors of The Derebasi Landslide
The most profound natural cause affecting the Derebasi landslide is geology.

The Yenice Watershed, which embodies the Derebasi landslide, is covered by

Upper Cretaceous Ulus formation. The Ulus formation represents a typical flysch
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sequence which is highly susceptible to weathering [57, 38]. Although the term
flysch refers to “rock material”, the landslides in the study area occur within the
weathering zone of flysch layers. In other words, landslides in the region occur in
the zone of soil type material [2]. Occurrence of landslides frequently in Ulus
formation for the studies in Western Black Sea Region is underlined by Ercanoglu
[15]. The change of grain size distribution along the landslide is a primary
observation during detailed site observations. From crest to toe of the Derebasi
landslide, the proportion of fine material increases. The change of material size
along the Derebasi Landslide area can be explained from the sedimentation
processes of the different layers of flysch material and its weathering products.
Accordingly, the change in hydraulic conductivity and the variation of water flux
along the slope affect the landsliding. Considering the change in hydraulic
conductivity, Derebasi Landslide starts from the crown as earthflow due to the
saturation excess runoff processes. The topographic parameters such as slope,
aspect and elevation are important factors for the Derebasi landslide. All these
parameters are preparative for saturation degree variations which initiate the
landsliding.

The earthquake records gathered from the Bogazigi University Kandilli
Observatory and Earthquake Research Institute shows that during the occurrence
date of the Derebasi landslide no significant seismic activity was recorded in radii of
50km, 100km and 300km (Appendix 1). So, the Derebasi landslide should not have
been triggered by earthquake. Furthermore, no mining activities which can trigger
the landslide exist in and near environ of the Yenice Watershed. The only triggering
factor can be the “water effect” which can initiate the landsliding. Therefore, in the
present study the effect of water will be qualitatively and quantitatively studied to

enlighten the effect of the saturation degree in the context of landslide susceptibility.

3.1.3 Landslide Susceptibility Studies and Basic Concepts

Conventional landslide susceptibility can be defined as likelihood of a
landslide occurring in an area on the basis of local terrain conditions. In other words,
landslide susceptibility is a relative spatial likelihood for the occurrence of landslides
of a particular type and volume as indicated by Van Westen [4]. Landslide

susceptibility usually involves preparing a landslide inventory together with an
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assessment of the areas with a potential to experience landsliding in the future, but

with no assessment of the frequency of the occurrence of landslides [58].

Landslide hazard is defined as the probability of occurrence of a particular
landslide type (initiation and run out, volume, speed) within a specified period of time
and in a given area. Landslide hazard defined by Guzzetti et al. [6] as the probability
of occurrence in a specified period and within a given area of a potentially damaging
landslide of a given magnitude. Landslide risk is expected losses (monetary, or in
number of buildings and/or people) due to specific landslide type initiation and run
out, volume, speed) within a specified period of time and in a given area [4]. Van
Westen et.al. [4] explained the relation between landslide susceptibility, landslide
hazard and landslide risk as follow;

Hazard = Susceptibility x Triggering Factors (eq. 3.1)

|

Where When

| |

Spatial Distribution Temporal Probability

However, in some studies triggering factors are involved to susceptibility
concept in terms of spatio-temporal distribution [59, 60, 61, 62]. The present study
integrates the effect of water as saturation degree into the landslide susceptibility
concept within the context of spatio-temporal perspective.

All the available methods used for landslide susceptibility and hazard zonation
are based upon some widely accepted principles or assumptions [6, 54, 63, 64, 65,
66], as indicated below;

o According to Varnes [54], the past and present are keys to the future. The
past and the present landslides indicate the preparative conditions for the
landsliding in the future such as geological, geomorphological,
hydrogeological and climatic conditions. In this way, the landslide types,
frequency of occurrence, landslide susceptibility zonation can be

estimated for the future.
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o The main conditions that cause landslides are identifiable [54]. The causal
factors can be mapped and classified through field surveys and remote

sensing image interpretations [43, 67].

o Degrees of hazard can be estimated when the causes and factors that
trigger landslides are identified, it is often possible to measure degrees of
hazard [54].

o Landslide occurrence, in space or time, can be derived from heuristic
investigations, computed through the analysis of environmental
information or inferred from physical models. Therefore, a region can be
zoned into different susceptible and hazard classes ranked according to

different probabilities [6].

Different methods have been applied by different researchers for the
landslide assessment and hazard. Overviews of the different landslide susceptibility
mapping are given by Varnes [54], Carrara et al. [11], Hutchinson [64], Aleotti and
Chowdhury [5], Guzzetti et al. [6], Gorsevski et al. [60]. Literature reviews made out
that landslide susceptibility approaches can be analysed into 2 groups as qualitative
or quantitative, and direct or indirect.

Qualitative methods are subjective and based entirely on the judgment of the
expert carrying out the susceptibility or hazard assessment [5]. Quantitative
methods are objective ways of producing numerical estimates, i.e. probabilities of
the occurrence of landslide phenomena in any susceptibility and hazard zone [6].

In direct mapping methods, existing landslides and/or specifically known
potential landslide areas are identified. The aerial photographs [68] and satellite
images [67] can be utilized for direct mapping method.

In indirect mapping methods, landslide causal factors, are used to predict the
potential landslide areas. Indirect methods utilize large amount of parameters and
statistical or deterministic analysis of all these possible contributing factors in
relation to the occurrence of landsliding phenomena, determining in this way the
relation between the terrain conditions and the occurrence of landslides [4].

According to Guzzetti et al. [6], the required steps for indirect mapping

methods can be summarized as follows;
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1) Recognition and mapping of landslides over a target region or a subset obtained
by preparing a landslide inventory map.

2) ldentification and mapping of the physical factors, which are directly or indirectly
correlated with slope instability.

3) Estimate of the relative contribution of the instability factors in generating slope
failures.

4) Classification of the land surface into domains of different levels of susceptibility

5) Assessment of the model performance.

The well-known approaches utilized in the literature can be grouped into six

categories [5, 6, 64]:

(1) Direct geomorphological mapping
Direct geomorphological mapping of landslide susceptibility is a relative
determination of the spatial variability of existing or potential landslide areas based
on the engineering judgement. This method is based on the ability of the expert to
evaluate the reliable information. Disadvantages of this approach is summarized by
Leroi [69] as follow;
o Comparison of the landslide susceptibility zonation maps prepared by
different experts can vary due to the subjectivity of the decision rules.
o Updating the landslide susceptibility map is not always easy when a new
data becomes available.

o Extensive field surveys should be realized.

(2) Analysis of landslide inventories

The simplest technique of landslide mapping is the landslide inventory [6].
Collection of aerial photographs, satellite imagery and site observations realized to
map the existing or potential landslides by use of GPS. Landslide inventory maps
provide the characterization of each landslide, degree of activity and its size. Due to
lack of historical database in most places of the world, these maps provide no insight
into temporal changes in landslide distribution and provide information of landslides
for a short period of time [70].
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(3) Heuristic methods

In heuristic methods, weighting of each causal factor used in landslide
susceptibility mapping, is specified by the expert. This subjective perspective of the
method depends on the expert’s knowledge about the site properties and landsliding
dynamics in terms of geomorphological process upon the study area [6]. The
method for landslide susceptibility mapping involves a number of steps listed as
following [70]:

a) Selection and mapping of the causative factors

b) Preparation of thematic data layer with relevant categories of the factors

c) Assignment of weights and ratings to factors and their categories, respectively
d) Integration of thematic data layers

e) Preparation of landslide susceptibility map showing different zones.

This method became popular due to its convenience [71]. The weights may
vary from expert to expert and also from region to region. Some techniques were
developed to make the analysis more objective for weight assignment procedure of
each landslide causal factor.

Analytical Hierarchy Process (AHP) developed by [72] is a Multi-Criteria
Decision Making tool which converts subjective assessments of relative importance
to a set of overall scores or weights. Ayalew et al. [73] used AHP method to obtain
the relative weights of landslide controlling factors, and used GIS to prepare
landslide hazard assessment map. Hasekiogullari [74] used the AHP method for

assessing landslide susceptibility in Western Black Sea Region.

(4) Statistical methods

Statistical methods have been adapted to landslide susceptibility concept for
minimizing the uncertainties in weight assignment procedure. These are indirect and
quantitative methods in which the functional relationships between instability factors,
and the past and present distribution of slope failures are described [6]. Two types
of statistical methods, namely bivariate and multivariate methods are utilized for the
landslide susceptibility studies. In bivariate analyses, the core of the analysis is to
get the densities of landslide occurrence within each parameter map’s classes and
to get the data driven weights based on the class distribution and the landslide
density [75]. Different researchers have proposed different bivariate methods, such
as: general instability index [76], frequency index [77], surface percentage index
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[78], information value method [79] statistical index method [80], weighting factor
[81], frequency ratio [82], and landslide susceptibility analysis [83].

Multivariate statistical methods consider the relation between a dependent
variable and several independent variables that might affect the probability of the
searched situation [75]. Frequently used techniques in multivariate methods are:
multiple linear regression ([84, 85, 86], discriminant analysis ([87, 88, 89], and
logistic regression ([90, 91, 92]. Principal component analysis (PCA) is also used to
reduce the number of variables and to limit their interdependence when many
factors are available [93]. According to Wang et al. [94], the limitations of multivariate

statistical technique are listed as follows:

1) Discriminant and regression analyses require data derived from a normally
distributed population that is frequently violated.

2) A mixture of continuous (i.e. slope, aspect, elevation, distance from drainage,
distance from lineaments, etc.) and categorical (i.e. geology, land use, soil type,
etc.) factors may lead to incorrect results.

3) Some of the factors may have a weak physical relationship with landslide
occurrences. Combination of such factors with other factors may generate data,

which is very difficult to interpret, unreliable and sometimes meaningless.

(5) Fuzzy logic and artificial neural networks

To achieve limitations of the qualitative and quantitative methods, fuzzy logic,
neural networks, or their combination have been adapted to the landslide
susceptibility concept. To determine the relationship between the causal factor and
the landslide occurrence fuzzy set theory [95, 17] is utilized.

According to Garrett [96], an artificial neural network (ANN) is a computational
mechanism able to acquire, represent and compute a mapping from multivariate
space of information to another given set of data representing that mapping.

An intelligent hybrid system known as “Fuzzy neural network” is formed with
the combination of fuzzy logic and ANN. The main stages of this combined hybrid
system are listed as follow by [97]:

1- Determination of weights of thematic layers through ANN connection-

weight approach

2- Determination of ratings for categories of thematic layers
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3- Integration of ratings and weights using GIS to obtain a landslide

susceptibility map.

(6) Physically based modelling

Physical models are based on physical laws of conservation of mass, energy
or momentum. This approach is more deterministic and the parameter employed
are generally determined in the field or in the laboratory. These models (mono-, bi-
and tri-dimensional) are commonly used in soil engineering for slope-specific
stability studies [5]. The parameters utilized for the calculation of slope stability are
normal stress, angle of internal friction, cohesion, pore water pressure, external
weights, etc. A factor of safety defined as the ratio of resisting forces to driving forces
is most commonly calculated to quantify the degree of stability of a simple soil mass
[55].

Some popular deterministic models for slope stability are:

- A GIS based conceptual model named as Distributed Shallow Landslide Analysis
Model (DSLAM) has been developed for the analysis of shallow rapid landslides at
catchment scale by Wu and Siddle [98]. This model includes; infinite slope stability
analysis, continuous temporal changes in root cohesion and vegetation surcharges,

and stochastic influence of actual rainfall patterns on pore water pressures [99].

- The infinite slope model which is based on the limit equilibrium approach is
frequently used to analyse the stability of shallow landslides [62]. This model
considers the slope inclination is constant for an unlimited and uniform slope
extension. This model has been used by Ray et al [62] to enlighten the impact of

soil moisture on slope stability.

-Hammond et al. [100] introduce the Level | Stability Analysis (LISA) for U.S. Forest
Service]. This model utilizes the Monte Carlo simulation technique for the estimation

for the probability of slope failure.

- SHALSTAB was developed to predict the probable locations of shallow landslide,
based on the infinite slope concept, considering the slope angle, drainage area, and

degree of concentration of water from upslope stability [101]. SHALSTAB is
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employed by Gorsevski et al. [60] for a spatially and temporally distributed landslide
susceptibility study.

3.2 GEOLOGICAL STUDIES IN YENICE and NEAR ENVIRON

Yenice and its near environ is interested by many researchers in terms of
geological studies [2, 14, 17, 18, 32, 67, 102, 103, 104, 105, 106, 107, 108].

Guner [102] determines the geomorphological map and the
geomorphological features of Filyos Valley in Northern Anatolia furnished some
critical data to better understand Quaternary development of Northern Anatolia. The
investigations of numerous river terraces performed by Guner [102] leads to the
conclusion that the study area suffered severe epeirogenic movements during
Quaternary.

Kogyigit [103] determines the stratigraphic nature of the Karabik -
Safranbolu Tertiary basin. With regards to the findings of Kogyigit [103], Karablk —
Safranbolu basin is NE-SW oriented and funnel shaped. In its southwest section,
both northern and southern margins of the basin are tectonic in character, and
therefore, much narrower. The northwestern margin of basin displays diverse
characteristics such as thrust fault, overturned fold and angular unconformity. In the
Karabuk region, sediments of this basin are shallow marine deposits of Lower
Lutetian age and fluvial deposits. The present shape of basin has been formed at
the end of Upper Lutetian; it has characteristics of an intermontane basin. Since the
Upper Pliocene time, it might have been uplifted at least twice [103].

Okay [104] analysed the geology of Pontides in three tectonic units (istanbul
Zone, Istranca Massif and Intra Pontide Suture) juxtaposed in Mid. to Late Mesozoic
times. According to findings of Okay [104] about the western part of Intra Pontide
Suture, the reactivation time correspond to Late Cretaceous. Pelagic limestones,
serpentinite and blueschist of probable Late Cretaceous age also occur as fault
slivers in southern part.

Ercanoglu and Gokgeoglu [14] worked on the assessment of landslide
susceptibility study in and near Yenice by performing fuzzy approach. Ercanoglu
and Gokgeoglu [14] utilized the fuzzy logic approach to satisfy the lack of
uncertainties of the available methods for regional landslide susceptibility
assessments. As a result of this study, the performance of the fuzzy approach
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appear to be satisfactory comparing with the conventional landslide susceptibility
methods [14].

Biryol [105] studied Eskipazar tectonic basin located approximately 25 km
east of Yenice. According to Biryol [105] Eskipazar Basin is 3-5 km wide, 10 km long
and NW-SE trending depression bounding by a complex array of oblique-slip normal
faults and strike-slip faults as a part of North Anatolian Fault System and the basin
fill is composed of two different units deposited under the control of different tectonic
regimes, namely the paleotectonic and the neotectonic regimes. The Eskipazar
formation constituted from poorly consolidated fluviolacustrine deposits are
susceptible to landsliding and triggered nearby the active faults within the basin
[1085].

Ercanoglu et al. [18] realized the landslide susceptibility zoning with
performing the multivariate statistical techniques in north of Yenice which embodies
Yenice Watershed. The study area of this work [18] is covered completely by the
Ulus formation that has a flysch character. Ercanoglu et al. [18] determined the
importance weights of the conditioning factors contributing to landsliding by
multivariate statistical techniques and index maps for each factors. As a result
landslide susceptibility map is obtained by overlying all factors taking into
consideration with their weights.

Ercanoglu and Gokgeoglu [17] employed fuzzy set theory to determine the
relationship between landslide occurrence and responsible causative factors for the
north of Yenice including Yenice Watershed. Ercanoglu and Goékgeodlu [17]
developed a computer program (FULLSA) which utilizes the fuzzy relations and
procedures, and produces the landslide susceptibility map automatically to analyse
the landslide inventory and parameter maps together. The approach employed by
Ercanoglu and Gokgeoglu [17] mainly prevents the subjectivity sourced from the
parameter selection and provides a support to improve the landslide susceptibility
mapping studies.

TlysUz et al. [32] analysed the lithostratigraphic units of the Western Black
Sea Region. According to Tlysuz et al. [32] Upper Cretaceous aged Ulus formation
is defined as flysch and observed frequently in the Western Black Sea and this unit
is formed by claystone, sandstone, siltstone and marl intercalations.

Ercanoglu [2] determined landslide susceptibility by artificial neural networks
approximately 30 km southwest of Yenice Watershed. Slope angle, slope aspect,
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topographical elevation, topographical shape, wetness index, and vegetation index
were utilized as input parameters and statistical index values were used to express
the parameter effects on landslide occurrence. Then, landslide susceptibility
analyses were performed using artificial neural networks approach [2].

Kuterdem [106] studied for the identification of some surface features within
the North Anatolian Fault Zone for the area between Eskipazar and North Anatolian
Fault Zone. In the morphotectonic study of Kuterdem [106], various landforms
related to right lateral strike slip faults such as offset streams, pressure ridges, etc.
were observed in the study area and recognized from Landsat ETM+ satellite data
and relief maps.

Akin [107] studied in investigation of deterioration of Eskipazar (Karabuk)
travertines which is a highly preferred rock type in building stone market due to its
physical properties such as colour and texture besides its easy process.

Alkevli [67] investigated the usage of the ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) satellite data on landslide inventory
mapping for Yenice and Gokgebey. Based on the analyses, it was revealed that the
best approach related to landslide inventory mapping was found as stereoscopic
image analysis. However, according to findings of Alkevli [67] ASTER satellite image
can be used in regional and medium scale landslide inventory studies as a result of
testing DEM (Digital Elevation Model) obtained from the ASTER image.

Yilmaz et al. [20] realized a landslide susceptibility study using bivariate
statistical analysis for Devrek (Zonguldak-Turkey) quite close to Yenice. In this study
three different approaches in seed cell concept such as (1) crowns and flanks, (2)
only crowns, (3) only flanks of the landslides were considered for the evaluation and
comparison of the resulting landslide susceptibility maps obtained from use of
bivariate statistical index.

Within the context of Tefen Hydroelectric Power Plant Project which is located
7.5 km southwest of Yenice Watershed, Tefen Dam axis, reservoir area and natural
structure materials resources has been investigated by Suyapi [108]. In this study
[108], stratigraphy, tectonic setting, seismicity have been mentioned and the results

of in-situ and laboratory tests interpreted in terms of engineering geology.
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3.3 SMDR STUDIES

Soil Moisture Distribution and Routing (SMDR) model is utilized by many

researchers for watershed modelling as a variable source area concept. [109, 110,
111, 112, 113, 114, 115, 116].
Veith et al. [109] examined the hydrologic response of an agricultural watershed (FD
36) in the Appalachian Valley and Ridge physiographic region by three computer
simulation models. Areal Nonpoint Source Watershed Environmental Response
Simulation (ANSWERS2000), Soil and Water Assessment Tool (AVSWATZ2000),
and Soil Moisture Distribution and Routing (SMDR) — were used to simulate the
surface hydrologic processes by Veith et al. [109]. As a result of this study [109],
annual surface runoff was mapped with three different hydrologic model and
compared.

According to Marchant et al. [110], successful implementation of the best
management practices for reducing non-point source (NPS) pollution requires
knowledge of the locations of saturated areas that produce runoff. In this study [110],
SMDR model was used to simulate runoff production on a 164 ha farm watershed
in Delaware County, New York, in the headwaters of New York City water supply.
The validation of SMDR model is verified by comparing the detailed records of runoff
at the watershed outlet and the SMDR simulation results. As a conclusion, the
results of the SMDR model simulated by Marchant et al. [110] found satisfactory
considering the minimal calibration.

Easton et al. [111] simulated hydrologic processes in an urban upstate New
York watershed by considering the impact of impervious surfaces, hydraulic control
structures (detention basins) and land use on the water balance by modification of
the SMDR model. SMDR model is adapted for an urban watershed to predict areas
of the landscape prone to elevated soil moisture levels and saturation excess runoff.
Then validation of the variable source model is tested by comparing the modelled
and measured runoff amounts [111].

Alwis et al. [112] studied on the description of a methodology to determine
the spatial variability of saturated areas using a temporal sequence of remotely
sensed images. The derived maps which show the runoff producing locations by
saturation excess processes on hydrologically active areas were validated by
comparison with two distributed hydrologic simulation models developed for
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watersheds such as Town Brook specifically, SMDR model and VSFL model [112].
The results of the validation have shown the remotely sensed data to adequately
represent the spatial distribution of saturated areas for most land covers in the
watershed. According to Alwis et al. [112], this technique of delineating saturated
areas shows promise for many applications requiring knowledge of HAAs, such as
hydrologic modelling, land use planning, zoning, or implementing management
practices to reduce pollution.

Campos et al. [113] studied on a joint implementation of spatially distributed
runoff and soil erosion analysis in watersheds allowing subsequent modelling of
nutrients transport processes originating from distributed sources. For this purpose,
Campos et al. [113] presented a distributed application for modelling the
hydrological cycle of a watershed (using the SMDR model), computing the soil
erosion products (with the USLE implementation) and obtaining a nutrient creation
and transportation model (combining both outputs). This application is already
running with real data from the Itoiz location to better understand the ecological
cycles in which this nutrients take part.

Rao et al. [114] studied on the reducing loss of sediments and nutrients in
agricultural areas in terms of nonpoint source pollution determining with saturation
excess processes from variable source area concept in Catskill Mountain
Watershed New York. In this context, saturation probability map is prepared by
SMDR model [114].

Frey et al. [115] studied on herbicide losses which diffuse to surface waters
often originate from a limited part of a catchment called as critical source area. The
predictability of critical source areas tested by Frey et al. [115] with a modified
version of SMDR in a small agricultural catchment in Switzerland, in which herbicide
losses to surface waters had been experimentally investigated. SMDR which is
slightly modified the code to incorporate drainage flow and the effects of sink areas
in a simple way is utilized as a fully distributed hydrological model with the objective
to identify the location and the spatio-temporal dynamics of areas contributing to
fast-flow processes. In conclusion, causing factors for spatial heterogeneity of runoff
formation is analysed within the context of diffuse herbicide losses.

Frey et al. [116] used a distributed hydrological model to simulate the
distribution of fast runoff formation as a proxy for critical source areas for herbicide
pollution in a small agricultural catchment in Switzerland. SMDR model is utilized for
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critical source areas prediction and the prediction degree is tested based on prior
knowledge without local measurements improved upon relying on observed

discharge by Frey et al. [116].
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4. ANALYSIS AND DEVELOPMENT OF METHODOLOGY

Within the context of this doctoral research the water effect on landslide
susceptibility in terms of spatio-temporal variations of the water content will be
studied, and a new parameter on this issue will be attempted to be integrated as a
new parameter that has been integrated to the landslide susceptibility concept.

For this purpose, to understand the relationship between the water effect and
the landslide susceptibility, a new methodology will be introduced using the SMDR

technique and conventional landslide susceptibility analyses.

For this purpose, the following specific steps are set:
1) Desk Studies
2) Field Studies
3) Laboratory Studies
4) Parameterisation of SMDR Model,

5) Frequency Ratio Analysis in Terms of Landslide Susceptibility

4.1 DESK STUDIES

The desk study stage included the collection and processing of available data.
During this stage, relevant documents and maps were identified, collected and
studied to obtain preliminary information on landslides. The visual interpretations
such as computer-based digital image processing methods were used for the
preliminary field reconnaissance. This stage comprised the following main sub-
activities:

- Collection and compilation of data (topographic maps, vegetation map,

meteorological data etc.) and literature review;

- Selection of a landslide of known date

- Finding of a suitable model for the simulation of soil moisture distribution

- Analysis of meteorological data;

- Pre-consultation with key personnel to clarify the triggering mechanism of
Derebasi Landslide.
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In this context;

1) Landslide reports prepared by “Republic of Turkey Prime Ministry Disaster
and Emergency Management Presidency [41]" were obtained. In these
reports only the Derebasgi landslide’s occurrence date was mentioned.

2) Daily meteorological data prepared by the “General Directorate of
Meteorological Service of Turkey [29]” for Yenice Station between the years
1989-2009 were obtained. These data were utilized for “Soil Moisture
Distribution and Routing” model for the next stages of this study. Monthly
mean meteorological data between the years 1989-2009 including monthly
precipitation, mean temperature and monthly potential evapotranspiration
(PET) are given in Table 4.1.

Table 4.1: Mean Meteorological Data (1989-2009) [29]

Precipitation Mean
Temperature | PET (mm)
(mm)
(%)

January 44.2 4.8 0

February 41.8 5.6 0

March 404 8.7 0
April 49.2 12.7 96
May 42.9 16.6 144
June 56.9 20.6 144
July 27.6 23.5 207
August 37.2 23.5 135
September 35.0 19.1 84
October 49.5 14.9 42

November 57.8 8.8 0

December 50.8 54 0

3) The vegetation characteristics map and vegetation characteristics
parameters were collected from the “Directorate of Yenice Regional Forestry
[28]”. These data were also utilized for SMDR model for the next stages of

this study.

4.2 FIELD STUDIES
Within the context of field studies, soil sampling, in situ soil strength surveying

with pocket penetrometer based on the standard described in ASTM WK27337 [117]
and soil type mapping based on field observations were performed. As a first stage,
preliminary field observation was realized in Yenice Watershed. The variation of soil

type in Yenice Watershed was mapped based on the field observation, and the soil
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sampling strategy was specified. Then soil sampling operation was performed
considering the conservation of soil moisture between the dates 03.08.2013-
08.08.2013. During the field studies, it was observed that, for the top elevations of
the landslide area, sand size material is abundant, while lower elevations the finer
material increases. Subject to availability, the soil samples were taken from the
depths varying between 50cm and 100cm below the vegetable soil thickness, then
the strength of the soil profile is determined by pocket penetrometer in accordance
with the standards described in ASTM WK27337 [117] (Fig. 4.1).

04/08/2013

Figure 4.1: Determination of soil strength with pocket penetrometer and soil
sampling in plastic bag

The results of pocket penetrometer test are given in Table 4.2.

Table 4.2: Pocket penetrometer test results

Pocket
Sample | Penetrometer
No Test Results
(kg/cm?)
TN-1 1.50
TN-2 1.50
TN-3 1.75
TN-4 1.25
TN-5 2.25
TN-6 2.00
TN-7 1.50
TN-8 2.50
TN-9 1.00
TN-10 1.00
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Based on the information obtained from “Republic of Turkey Prime Ministry
Disaster and Emergency Management Presidency” [118] the occurrence date of
Derebas! landslide was the first week of June 2000. This information is cross-
checked from the local people discourses and village headman recording protocol
and the date was recorded as 5 June 2000. The report in concern, indicated that the

type of the landslide is morphologically determined as rotational (Fig. 4.2)

Boundary of the
Derebasi Landslide
g

Figure 4.2: General view of Derebasi landslide (Towards NE)

4.3 LABORATORY STUDIES

For the determination of soil hydraulic properties, ten soil samples were
collected from the study area (see Fig. 4.3) and put in plastic bags (named as TN)
to preserve the in-situ moisture content. Specific gravity (Gs), moisture content (w),
organic matter content (OMC), grain size distribution, Atterberg limits and coefficient
of hydraulic conductivity values of the samples were collected in the soil mechanics
and hydrogeology laboratories of Geological Engineering Department of Hacettepe
University. The soil class of each soil sample was specified by Unified Soil
Classification System with grain size distribution and Atterberg limits. Additionally,
soil samples were classified using with the classification system proposed by Rawls
et al. [119] and Rawls and Brakensiek [120]. In this way, the index textural properties
(residual water content, porosity, wilting point, field capacity etc.) of each soil class

were determined.
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Figure 4.3: Sample location map

In order to be more representative more soil samples could be collected, but

due to the apeak topography of the study area only 10 soil sample could be taken.

4.3.1 Specific Gravity Test
Specific gravity was obtained by pycnometer test based on the standard

proposed by ASTM [121] for the material grain size smaller than 4.75mm. Three
tests were performed per each soil sample, then the average was calculated as

ASTM [121] indicates. The specific gravity test results are given in Table 4.3.

Table 4.3: Specific gravity test results

Sample No Gs
TN-1 2.47
TN-2 2.38
TN-3 2.45
TN-4 2.38
TN-5 2.48
TN-6 2.37
TN-7 2.35
TN-8 2.50
TN-9 2.55

TN-10 2.45
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4.3.2 Moisture Content Test
The moisture content tests were performed based on the standard proposed

by ASTM [122]. For the moisture content test also, three tests were realized per
each soil sample then the average was calculated as ASTM [122] indicates. Test

results of the moisture content tests by mass are given in Table 4.4

Table 4.4: Moisture content by mass test results

Sample No | w (%)
TN-1 4.80
TN-2 16.85
TN-3 10.31
TN-4 14.67
TN-5 7.92
TN-6 13.87
TN-7 17.04
TN-8 17.33
TN-9 9.81
TN-10 13.04

4.3.3 Organic Matter Content Test
Organic matter content (by mass) tests were performed based on the standard

proposed by ASTM [123] in the coal laboratory of Hacettepe University Geological
Engineering Department. For the organic matter content (OMC) determination, three
tests were realized per each soil sample. The average of the test results was
calculated as ASTM [123] indicates. The organic matter content test results are
given in Table 4.5.

Table 4.5: Test results of organic matter content by mass

Sample No | OMC (%o)
TN-1 5.3
TN-2 4.1
TN-3 6.6
TN-4 4.7
TN-5 55
TN-6 4.3
TN-7 5.7
TN-8 5.0
TN-9 6.7
TN-10 6.6
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Sieved (%)

4.3.4 Determination of Grain Size Distribution

The grain size distribution of the soil samples were carried out by hydrometer

analysis for fine grained material, and sieve analysis for coarse grained material,

proposed by ASTM [124]. The grain size distribution curves for the analysed soils

are shown in Figure 4.4. In this figure, it can be observed that fine grained material

is dominant in general. But, the samples TN-3 and TN-6 contain more sand than

other samples.
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Figure 4.4: The grain size distributions of the soil samples

4.3.5 Determination of Atterberg Limits

Determination of the liquid limit, plastic limit and plasticity index values was

realized based on the standard proposed by ASTM [125] and the shrinkage limit

was determined as proposed by ASTM [125]. The results of the tests in concern are

given in Table 4.6.
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Table 4.6: Atterberg limits of the soil samples

Liquid Plastic Plasticity Shrinkage
Limit Limit Index Limit
TN-1| 37.86 23.73 14.13 15.32
TN-2| 43.82 25.59 18.22 19.74
TN-3| 47.23 27.47 19.77 22.19
TN-4| 47.36 26.37 20.99 22.65
TN-5| 39.47 26.82 12.66 15.62
TN-6| 41.37 27.50 13.87 25.06
TN-7| 44.36 27.99 16.37 13.51
TN-8| 48.37 26.67 21.70 35.76
TN-9| 37.32 22.87 14.45 12.33
TN-10| 42.47 28.85 13.61 21.80

4.3.6 Soil Classification
After determining the grain size distribution and the Atterberg Limits, the soil

class of each sample was specified according to the Unified Soil Classification

System. Gravel, sand, silt and clay percentages and the soil class of each soil

sample taken from the study area are shown on Table 4.7.

Table 4.7: Soil classes (USCS) and percentages of gravel, sand, silt, clay

TN-1 | TN-2 | TN-3 | TN-4 | TN-5 | TN-6 | TN-7 | TN-8 | TN-9 | TN-10

Soil Class
(USCS) CL | CL | GC|CL | ML | SC | ML | CL | CL ML
Gravel (%) 12.49(15.55|30.59(15.69|13.19|27.80| 7.78 | 6.86 | 4.36 | 24.25
Sand (%) 35.5834.11|27.06/25.87(11.16|28.89|14.53|23.42|36.05| 17.30
Silt (%) 27.40(23.31|21.19(18.46|31.33|15.27 ({25.84 | 21.51|23.35| 20.54
Clay (%) 24.53|27.03|21.16(39.9844.32|28.04 51.85|48.21|36.24 | 37.90
Clay + Silt (%) [51.93]50.34|42.35|/60.36|75.65|43.31|77.69|69.72|59.59| 58.45

To compose the soil characteristics table which is the most important input data

for the hydrodynamic components of SMDR model, each soil sample was classified

according to USDA (United States Department of Agriculture) soil texture

classification system [126]. This method is suggested by the Soil and Water

Laboratory [26] also. Textural classification of the soil samples by USDA soil texture

classification system is represented on a ternary diagram (Fig 4.5).
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Figure 4.5: Textural classification of the soil samples in the study area

according to USDA soil texture classification system [126].

According to USDA soil texture classification system, the soil samples taken
from the study area are represented by 4 different soil classes. TN-7, TN-8 and TN-
5 are represented as "clay", TN-4, TN-9 and TN-10 are represented as "clayey
loam", TN-6 and TN-3 are represented as "sandy clayey loam", TN-1 and TN-2 are

represented as "loam" textural class.

The parameters required for the soil characteristics table of SMDR model are,
porosity, residual water content, wilting point, available water capacity, field
capacity, water content at saturation, maximum available water content, potential
evapotranspiration limit, macroporal drainage limit, coefficient of vertical hydraulic
conductivity and coefficient of horizontal hydraulic conductivity. The explanations of
these terms will be given in detail in Chapter 4.4.2. The soil characteristics table is
determined by "the hydrologic soil properties index table based on the soil texture"
proposed by Rawls et al. [119]. The parameters of this table is utilized as soil
characteristics table for SMDR model and shown on Table 4.8.
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Table 4.8: Hydrologic soil properties index table based on soil texture [119]

Porosit Residual Wilting Field Water Content | Max. Available Ksat
Textural Class (cm? Icmg) Water Point Capacity | at Saturation Water Content | Vertical
Content (%) (%) (%) (%) (%) (mm/d)
Clayey Loam 46.4 7.5 19.7 31.8 39 31.5 48
Clay 47.5 9 27.2 39.6 38.5 29.5 14.4
Sandy Clayey Loam | 39.8 6.8 14.8 25.5 33 26.2 72
Loam 46.3 2.7 1.7 27 43.4 40.7 316.8

4.3.7 Determination of Hydraulic Conductivity

To determine the coefficient of hydraulic conductivity of the soil samples taken
from the study area, falling head permeability tests have been performed in the Geo-
Hydrology Laboratory of Hacettepe University Geological Engineering Department.
With these laboratory tests, the hydrologic soil properties index table based on the
soil texture proposed by Rawls et al. [119] has also been verified in terms of
hydraulic conductivity. The soil samples in the permeameter cell were compacted
(with an equipment including compactor and mold) until the in-situ strength value
determined by the pocket penetrometer to reflect the in-situ compactness of the soil
samples for the permeameter test. Determination of soil compactness and the

testing apparatus is shown in Figure 4.6.

Figure 4.6: Testing apparatus and determination of compactness
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The determination of hydraulic conductivity is performed based on the standard

proposed by ASTM [127] using the equation below.

2

L
K=2.3xr’2 xlogﬂ (Eq.4.1)
rot h,

o

where;

K : Coefficient of hydraulic conductivity (m/s)
r,2: Manometer radius (cm?)

r{f: Radius of soil sample (cm?)

L : Length of soil sample (cm)

A, - Hydraulic head loss at t; (cm)

h, - Hydraulic head loss at t> (cm)

t: Time difference between the records of 4, ve #, (s).

The comparison of the hydraulic conductivity values, determined by the

laboratory tests and proposed by Rawils et al. [119] is shown in Figure 4.7.

2.00E-04
1.80E-04 -
1.60E-04 -
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1.20E-04 Laboratory Tests
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—&— Proposed by Rawls
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Coefficient of Hydraulic
Conductivity (cm/sn)

TN-1 TN-2 TN-3 TN-4 TN-5 TN-6 TN-7 TN-8 TN-9 TN-10

Samples

Figure 4.7: Comparison of the hydraulic conductivity values for the soils in the
study area determined by laboratory tests and proposed by Rawls et al. [119]

Figure 4.7 shows that hydraulic conductivity test results of soil samples TN-3,
TN-4, TN-5, TN-7, TN-8 and TN-9 are compatible with the hydraulic conductivity
proposed by Rawils et al. [119]. However, in USDA soil texture ternary diagram, the
soil samples TN-1 and TN-2 are located between the borderline of “loam” and
“sandy loam” and the soil sample TN-10 is located near the “clay” borderline. The
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hydraulic conductivity values determined by laboratory tests and proposed by Rawls
et al. [119] for the soil samples TN-1, TN-2 and TN-10 are not compatible due to
their location on the ternary diagram. However, the coefficient of correlation between
the laboratory values and proposed values are determined as 0.76. Therefore, it is
seen that the hydrologic properties of the soil samples mentioned in Table 4.8
proposed by Rawls et al. [119] based on the soil texture should be utilizable for the
SMDR model. In this table only hydraulic conductivity values could be determined
from the samples collected in the field. Other data were used as advised by Rawls
et al. [119].

4.4 STRUCTURE of SMDR MODEL and ITS PARAMETRISATION

The SMDR model, executed for the reflection of the rainfall runoff process on
landslide susceptibility concept in “Derebasi landslide” is considered as a suitable
model, since it represents a fully spatially distributed model based on the saturation

excess runoff generation phenomenon.

4.4.1 Structure of the SMDR Model

SMDR model is a fully distributed hydrological model based on the variable
source area concept, which simulates spatio-temporal soil moisture variations in a
watershed. Variable source area is the concept that simulates the runoff generation
locations in a watershed, varying spatially and temporally. Variable source areas are
not stable, they appear in various locations and amounts depending on rainfall,
temperature, topography, and vegetation within other factors. Owing to its modular
structure, SMDR model can be utilized for several purposes and several

watersheds.

According to Soil and Water Laboratory [26], SMDR model works on the

following assumptions:

1- Gravity is the driving force of water movement.

2- For lateral flow, the hydraulic gradient can be approximated by the local slope.
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3- The equilibrium moisture profile is uniform below the calculated water content and
can be represented by Richards equation [128] (described in the following sections)
above this water content.

4- The top soil overlies a shallow layer that can be qualified either as bedrock or
restricting layer.

5- Water percolating through this shallow layer fills up a lumped linear subsurface
reservoir. This last assumption is required due to the lack of actual knowledge about
the geometry of fractures in and below the bounding layer. The linear reservoir
approach assumes that a given constant percentage of the deep groundwater
volume generates stream baseflow.

6- Surface runoff is primarily generated from areas in excess of water saturation.
7- Precipitation occurring on impervious areas does not infiltrate, but is added to an
infiltration excess storage.

8- Surface runoff does not re-infiltrate and reaches the watershed outlet during “unit

time”.

First three assumptions mentioned above, result in neglecting capillarity as a driving
force [26].

SMDR model is a fully spatially distributed model where the soil hydrodynamic
properties are defined at each point of the region for each defined time range [26].
Therefore, it does not require extensive calibration and is designed to use data that
are readily available in electronic form [110]. In SMDR model the relevant watershed
is divided into small cells which are representing the geological, topographical and
soil hydrodynamic properties homogenously. For this reason, the smaller cell sizes
increase the accuracy of the model. Nevertheless, it has been underlined that for
the cell based models like SMDR, increasing the grid size resolution misrepresented

the landscape curvature and increased simulated soil water contents [129].
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4.4.1.1 Working Principle of SMDR Model

In SMDR model the vertical water movement is realized along the defined
functional layers. It is assumed that three functional layers exist for each cell of the
watershed. These functional layers are;

1) Evapotranspiration zone

2) Transmission zone

3) Underlying bounding layer

In SMDR model the evapotranspiration zone can be defined with the root zone
of the dominant vegetative cover. If there is not efficient vegetative activity on site,
the top 8 cm (3 inches) can be assumed as evapotranspiration zone and the size of
the transmission zone depends on the root depth as well as on the depth to the

bounding layer [26].

The cell based SMDR model is working based on the water mass balance
calculations in the relevant watershed for each cell. For the daily water mass
balance calculation of each cell inputs and outputs are listed below (see Figure 4.8):

Water inputs;

1. Daily precipitation

2. Lateral inflow from surrounding upslope cells

Water outputs;

1. Lateral outflow to surrounding downslope cells

2. Percolation

3. Evapotranspiration
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Figure 4.8: Conceptual model of water balance processes [130]

Bedrock Reservior

The saturation excess water is considered as runoff at the end of the selected

time step (eg: day). In conclusion the water mass balance can be expressed as

follows:
W?|6(1) — 6 (t — Ay)| = |RF(1) + SM(1)| + Qi (t) — Qo(t) — ET (1) — P(1) — SE(1) (eq.4.2)
Where;

w: Grid size (square) (m),

©: Cell average water content (m3.m™3),

At: Time step (d),

RF: Rainfall volume (m?3)

SM: Snowmelt volume (m3)

Qi: Volume of water received through lateral flow from surrounding upslope
cells,

0,: Volume of water lost through lateral flow to surrounding downslope cells,

ET: Volume of water lost by evapotranspiration,

P: Volume of water lost by percolation
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SE: Saturation excess runoff.

For this equation the thickness of the soil is considered as 1m. Volumes are

expressed in (m?)
4.4.1.2 Main Components of SMDR Model

SMDR model consists of 5 main components;

Meteorological Components
o Rainfall
J Snowmelt
- Drainage Component
- Evapotranspiration Component
- Lateral Flow Component

- Percolation Component

4.4.1.2.1 Meteorological Components

The meteorological components utilized in water mass balance of SMDR
model are rainfall and snowmelt. These components are calculated by daily average
total precipitation and daily average temperature for each cell.

The effect of local topographic variations on daily average temperature is
reflected in the model by the equation below (eq.4.3):

Ti = Tref — 0.00637 (Hi - Href) (Eq. 4.3)

Where;

Ti: Local temperature of cell “i" (°C)

Trer: Daily average temperature measured at reference point (°C)
Hi: Elevation of cell “i" (m)

Hrer: Reference elevation (m)

4.4.1.2.1.a Rainfall

In SMDR model the total precipitation is considered as rainfall and snowfall
depending on local temperature. If the Ti temperature calculated by the equation
4.3, is above snowfall-rainfall limit which is defined by user (0°C is selected for this
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study), precipitation is considered as rain. Otherwise, the precipitation is considered
as snow. This consideration of the model can be expressed as follows (eq. 4.4, eq.
4.5 and eq.4.6);
If, Ti(t) > Ter — »RFi(t) =TP (1) (eq. 4.4)
If, Ti(t) < Tskr —»RFi(t)=0 (eq. 4.5)
and
SFi(t) = TP(t) — RFi(t) (eq. 4.6)
Where;
Ti(t): Local temperature of cell “i" at time “t” (°C)
Tsir: Snowfall — Rainfall limit (°C)
RFi(t) : Rainfall of cell “i" at time “t” (mm)
TP (t): Total precipitation at time “t” (mm)
SFi(t): Snowfall of cell “i" at time “t” (mm)

4.4.1.2.1.b Snowmelt

In SMDR model potential snowmelt is calculated as follows (eq. 4.7, eq. 4.8
and eq. 4.9);
If, Ti(t) > Tsm ——» SMpati(t) = (mi Ti + ki) At (eq. 4.7)
If, Ti(t) < Tsm —— SMpati(t) =0 (eq. 4.8)
Where;
Ti(t): Local temperature of cell “i" at time “t” (°C)
Tsm: Temperature of snowmelt (°C)
SMopoti(t): Potential snowmelt of cell “i" at time “t” (mm)
mi: Snowmelt factor of cell “i" (mm. °C-" day™’)
ki Snowmelt constant of cell “i" (mm.day")
At: Time difference (day)
In equations 4.7 and 4.8 “m” and “k” depend on the vegetative cover: “m” is 2.3
mm. °C" day' in forested areas and 2.7 mm. °C-! day' in non-forested areas and
“k” is 0 mm.day! in forested areas and 12.2 mm.day" in non-forested areas [131].
In conclusion, snow amount existing on each cell (SC) is updated as follows
(eq. 4.9);
SC =SF - SMpet  (eq. 4.9)
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4.4.1.2.2 Drainage Component

Drainage component of SMDR model represents the vertical water flux for

related cell. This vertical water movement in unsaturated zone of soil is calculated
by the Richards [128] equation. Richards [128] equation is a differential equation
which defines the water movement in unsaturated zone of soil integrating with the
Darcy’s [132] law and continuity equation [133]. In conclusion, the water movement
in the unsaturated zone of soil is determined by the Richards [128] equation based
on the water content conditions of soil profile.
Additionally, for the drainage through the macropores and cracks, macropore
drainage limit (6mq) is specified in SMDR model. Macropore drainage limit is defined
as minimum water content below which the larger pores are not drained [26]. Below
6md, drainage occurs only through the soil matrix and will be referred to as “matric”
drainage. Because of the large difference of time scales of these phenomena, the
‘matric’ drainage can be neglected as long as the ‘macropore’ drainage takes place
[26].

The continuity equation expressing the conservation of the water mass in a

representative elementary volume of soil can be written as follows (eq. 4.10);

%:Z_Z (eq. 4.10)
Where;
0: Volumetric water content of soil (m3.m™)
t: Time (day)
q: Flow velocity (m.day™)
z: Depth (m)

Flow velocity within the continuity equation is expressed as follows (eq. 4.11);
q:K(g)aﬂ (eq. 4.11)
Oz

Where;
K(0) : Hydraulic conductivity as a function of soil water content (m.day")

H: Hydraulic head (m)
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On the other hand, Darcy’s [132] law is valid under homogenous, isotropic and
saturated porous media. Darcy’s equation represents the flow rate under a specific
hydraulic head, in a saturated porous medium which has a specific hydraulic
conductivity. In contrast, the Richards [128] equation is an expression of the flow
rate in a unsaturated porous medium. However, coefficient of hydraulic conductivity
indicated in the Richards [128] equation vary as a function of volumetric soil water
content [135].

Richards [128] equation derived by the combination of continuity equation of

Darcy’s law can be expressed as follows (eq. 4.12).

00 o Oh
5_5[1((49)(5—1)} (eq. 4.12)

The vertical water movement in a cell is only realized if the water content of soil
reaches to the field capacity value. In conclusion, for the calculation of vertical water
movement in SMDR model, the hydraulic conductivity as a function of water content

is calculated using the equation (eq. 4.13) proposed by Bresler et al. [136].

K(0) =Ksat.exp(a_—j (eq. 4.13)

Where;

Ksat: Saturated hydraulic conductivity (m.day")

6sat. Volumetric water content at saturation (m3.m3)

6-: Residual water content (m3.m™3)

a: Constant (proposed as 13 by the SMDR model) [26]

In this equation (eq. 4.13) proposed by Bresler et al. [136], volumetric water
content at saturation (6sat) is considered as the effective soil porosity.

In conclusion, the hydraulic conductivity variations depending on the soil water
content are determined by the “equation 4.13” proposed by Bresler et al. [136].
Then, the vertical flow velocity in unsaturated zone is determined by Richards [128]
equation (eq. 4.13).
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4.4.1.2.3 Evapotranspiration Component

Evapotranspiration is one of the water output parameter for water mass
balance calculation of SMDR model. Transpiration and evaporation processes are
integrated under this component and calculated for each cell.

The vertical distribution of soil water extraction rate is calculated by the
empirical equation 4.14 proposed by Novak [137];

u(z) :p@iﬁ%em(_w/zA) (eq. 4.14)

Where;

u(z): Root extraction rate at position z (m.day")

Er: Evapotranspiration rate (m.day™)

: Dimensionless coefficient

Za: Thickness of evapotranspiration zone (m)

In SMDR model the evapotranspiration is assumed to take place over a zone
that corresponds to first 8 cm of each cell. Moreover, according to Novak [137] the
dimensionless coefficient “w” varies usually in a range 1-10 depending on the local
vegetation density. The SDMR user manual documentation [26] indicates that in
case of a lack of actual data the constant factor =5 can be assumed for trees
shrubs and crops. For this reason, the dimensionless coefficient in the equation 4.14
is assumed as w=5 due to the general vegetation type in Yenice Watershed based
on the information acquired from Directorate of Yenice Regional Forestry (oral
communication).

In SMDR model the variation of evapotranspiration rate based on the soil water

content is expressed as follows (eq. 4.15, 4.16 and 4.17);

If; 6 < Owp Eri=0 (eq. 4.15)
0-0,,

If; Ouwp< O < Beti Eri= Etpref | ——— (eq. 4.16)
eetl - gwp

If; Betr< O Eri= Etp-ref (eq. 4.17)
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Where;

Emorer:  Reference potential evapotranspiration rate (m.day™')
6 Water content (m3.m3)

Bwp:  Wilting point (m3.m™3)

Bet: Evapotranspiration limit (m3.m3)

Within the context of evapotranspiration rate calculation, different methods are
proposed by many researchers [138, 139, 140, 141 and 142]. These methods
require knowledge of certain data such as relative humidity, wind speed, cloud
cover, land cover albedo, emissivity coefficients, dew point temperature, and these
data are not easily and readily available [26].

The reference potential evapotranspiration rate is determined by the
Hargreaves [143] Method which considers the solar radiation (eq. 4.18).

Ra

Etp.ref= 0.0023 J6, (Ta+17.8)  (eq. 4.18)

pr

Where;
R, : Solar Radiation (MJ.m2 day")
s, : Difference between mean monthly maximum and mean monthly minimum

temperatures (°C)

Tav: Daily average temperature (°C)
p,: Density of water (kg.m3)

4, : Latent heat of vaporization of water (MJ.kg™)

Hargreaves and Samani [143] proposed an equation for the calculation of
latent heat of vaporization (eq. 4.19);
i, =2.501-2.361.103T (eq. 4.19)

The calculation of the extra-terrestrial solar radiation received on a given day

at a given latitude is expressed as follows (eq. 4.20);
R, =~ y.d o, sin(@)sin(8) + cos(p)cos(d)sin(w, )] (eq. 4.20)
T

Where;
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V.. Solar constant (118.20 MJ.mgiin™")

o, : Sunset hour angle (rad)
d,: Relative distance between the earth and sun on a given day
¢: Latitude (rad)

o : Angle between sunrays and the normal to the surface (rad)

d, , 0 and @ are calculated as follow (eq. 4.21, 4.22 and 4.23);
d,=1+0,033 cos (277 J/ny) (eq. 4.21)
Where;

J: Julian day number (e.g. January 2 = 2)

ny : Number of days of year v

S = 23.457 sin(27z w} (eq. 4.22)
180 n,
@, = arccos(-tan( ¢ )tan( O )) (eq. 4.23)

4.4.1.2.4 Lateral Flow Component

In SMDR model the factor which controls the water transportation from upslope
cells to downslope cells is the topographic situation of the interested watershed. To
determine the flow direction, different approaches have been proposed by many
researchers such as “D8” algorithm [144] “D«” algorithm [145], “Multi Flow Direction”
algorithm [146].

D8 is a single direction algorithm which randomly assigns flow from the centre
grid cell to one of its downslope neighbours with the probability proportional to slope
[147]. In this flow direction algorithm, all of the water existing in the relevant cell is
directed to one of its eight adjacent or diagonal neighbours with the steepest
downward slope. Consideration of eight main direction for the D8 algorithm is an
important limitation and disadvantage in terms of hydrological modelling, and
therefore is not used by SMDR.
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Multi flow direction is a lateral flow routing algorithm in which the outflow from
one cell is distributed among all its downslope neighbours based on the elevation
difference. In case of low vertical resolution of the elevation data, the lateral flow
routing can be misrepresented by multi flow direction algorithm.

In SMDR model multiple flow direction algorithm and D algorithm can be
utilized as an option of lateral flow component. In this study D« algorithm is used as
base. D~ is one of the multidirectional flow algorithm in which the outslope
distribution depends on the slope aspect of neighbour cell. According to D
approach proposed by Tarboton, [145], the outflow from relevant cell is distributed
based on slope aspect counter clockwise starting from east. The water amount
transmitted from central cell to the downslope cells “k” and “k+1” is calculated as
follows (eq. 4.24);

k = (int (0/45°)+1)
®= k-(a/45°) (eq. 4.24)
Pr+1= (0/45°) — (k-1)

Where;

k: Neighbour cell

int: Integer part of the expression in parenthesis
a: Cell slope aspect (°)

ON% The proportion of water income to cell “k”

®w+1: The proportion of water income to cell “k+1”

In the example given by Soil and Water Laboratory [26] slope aspect assumed
a=300°. In this situation the flow direction according to D« algorithm is explained in
Figure 4.9.
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Figure 4.9: Flow directions for D« algorithm in the example given by Soil and
Water Laboratory [26]
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The water amount distributed from central cell to downslope cells with “multiple
flow direction algorithm” [146] is realized by the expression as follows (eq. 4.25);

(z.-z,)L,

Pj= - (eq. 4.25)
Mz -z)z]
Jj=1
Pj. Water proportion transferred from cell “i" to cell “”

Z; and Z;: Depths of the cells i and |

[

L;: Distance from centre of the cell “i" to centre of the cell

“n
|

n : Number of neighbour cell situated downslope of cell

The lateral outflow from each cell (Qouti) is calculated by Darcy’s Law [132]. In

this calculation the hydraulic gradient is considered as the local slope (eq. 4.26) [26].

Qouti= W.K(0)..Di(dh/dL), (eq. 4.26)
Where;
w: Width of the cell (m)
(dh/dL)i: The local slope of cell “i"
K(0)i : Coefficient of hydraulic conductivity of cell “i"
In lateral flow component of SMDR model, the coefficient of hydraulic
conductivity which varies as a function of volumetric water content is calculated as

follows (eq. 4.27 and 4.28);

0-0,.
If; Bsat2 Oi > B K@) = (Ksat-K(ch_i)) [ﬁ] +K(9fc_i) (eq 427)
sat ~ Yfei
If; 6i < 6k K(0); = Ksat exp 05M (eq. 4.28)
(Ba—0,)
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4.4.1.2.5 Percolation Component

When a cell becomes saturated, the percolation component accounted for, and
the vertical water movement to the reservoir realizes. For this component Darcy’s
Law [132] is valid because activation of percolation component take place under

saturated soil condition. In this case, vertical hydraulic conductivity is utilized.

4.4.2 Input Data of SMDR Model and Data Production

The operation of SMDR model requires the input data within two basic formats,
“raster maps” and “lookup tables”.

These input data can be expressed in 4 main categories;

1) Topographic data

2) Geographic data

3) Agronomic data

4) Meteorological data

4.4.2.1 Raster Maps

5 types of raster maps are utilized by SMDR model, of which 3 are topographic,
1 is geographic and 1 is agronomic based maps. Topographic based maps are,
“digital elevation model map”, “watershed boundary map” and “aspect map”.

Geographic maps can be summarized as “vegetation map” and “soil type map”.

Digital elevation model map is the cornerstone of the input raster maps by
which the watershed boundary map and aspect maps are derived from. The
watershed boundary map and aspect map are prepared by the geographic
information system software ArcGIS 10.0 [148] (this software is utilized by Suyapi
Engineering and Consulting Inc.). The vegetation characteristics map is acquired
from Directorate of Yenice Regional Forestry. Soil type map is generated based on

the integration of field observations and the USDA soil texture classification system.
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4.4.2.1.1 Digital Elevation Model Map

Study area is located in 1/25000 scaled Zonguldak F28-c1 and F28-b4
topographic maps prepared by National Mapping Agency of Turkey [27]. Digital
elevation model (DEM) of the study area with 10 m x 10 m cell size was generated
on the basis of digitized elevation contours of 1/25 000 scaled topographic map with
intervals of 10 m. From this digital elevation model thematic maps were derived by
the software ArcGIS 10.0. Elevation range in the study area changes between 165
— 837m (Fig. 4.10). Additionally, the drainage network is determined based on DEM
by Strahler [149] method (Fig. 4.10).

Elevation (m)
837 m

Drainage
Metwork

165 m
Landslide

0 250 500 1,000
T  cter

Figure 4.10: Digital elevation model of study area

4.4.2.1.2 Watershed Boundary Map

Watershed boundary map is derived from the digital elevation model and
generated by ArcGIS software, version 10.1 [148]. Before generating watershed

boundary map, sink errors were corrected to overcome the disorientation of water.
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If a digital elevation model contains a sink all the water flux would be oriented from
the upslope cells to the sink cell (Fig. 4.11.a and b). The small imperfections of digital
elevation model were removed with performing the ArcGIS software fill function
[148].

a

.,

Figure 4.11 a) Sink error in digital elevation model, b) Filled sink in digital elevation
model [148].

After removing the imperfection of digital elevation model, the cell based flow
direction map is generated by D8 algorithm with ArcGIS 10.0 software [148]. Water
flux is directed from the central cell to the cell which has the lowest elevation value.
In Figure 4.12 each number represents an elevation value. In this case the water

flux will be as shown in Figure 4.12.
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Figure 4.12: Water flow direction [148]

Then flow accumulation map is generated by the software ArcGIS 10.0 [148].
This map shows the cell number in drainage area. In other words, with this map the
drainage area and drainage network can be determined. Flow direction map and

flow accumulation map is shown in Figure 4.13 a and b.
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Figure 4.13 a) Flow direction map of study area b) Flow accumulation of

study area c) Flow direction values for each direction

Flow direction values in Figure 4.13 a represents the directions presented in

Figure 4.13 c

Watershed boundary map is determined by ArcGIS 10.0 [148] based on flow

accumulation map with the indication of pour point (see Fig.4.14). The water mass

balance of the SMDR model is calculated in the watershed boundary area. For this

reason inside the watershed must have a value of “1” while external cells must have

a value of “0” (see Figure 4.14).
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Figure 4.14: Watershed boundary map utilized in SMDR model as an input

4.4.2.1.3 Aspect Map

Aspect map is one of the thematic data generated from digital elevation model
using with ArcGIS 10.0 software [148]. Aspect represents the dip direction of a
surface [144]. Cell values of an aspect map vary between 0 and 359.9, these values

correspond to the directions indicated below;

Between 0°-45° N-NE, Between 180°-225° S-SW,
Between 45° -90 ° NE-E, Between 225° -270° SW-W,
Between 90°-135° E-SE, Between 270° -315°W-NW,
Between 135°-180° SE-S, Between 315°-359.9° NW-N

And “-1” means horizontal
Aspect map is utilized for the lateral flow component of SMDR model. The

aspect map of Yenice Watershed as an input parameter of SMDR model is shown

on Figure 4.15.
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Figure 4.15: Aspect map utilized in SMDR model as an input

4.4.2.1.4 Vegetation Map

Vegetation map of the study area prepared at the occurrence date of the
Derebas! landslide (year 2000) is obtained from Directorate of Yenice Regional
Forestry. This map (Fig. 4.16) is utilized with the vegetation characteristics table in
evapotranspiration component of SMDR model.
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Figure 4.16: Vegetation map of Yenice Watershed for the year 2000[28]

4.4.2.1.5 Soil Type Map

Soil type map is drawn based on the field observations and laboratory tests
(grain size distribution). The first step of determining soil type map borderlines is,
mapping the soil type variations based on the field observations (Fig. 4.17.a) then
collection of representative soil samples from watershed. Subsequently, laboratory
tests were performed on the soil samples and the grain size distribution was
determined for each analysed sample as explained in section 4.2 and 4.3. Both
“Kriging” and “Inverse Distance Weighting” (IDW) methods were considered for the
determination of the grain size percentage map, and IDW was found more
representative, because it was found more compatible with the field observations.
Therefore, IDW method was utilized to obtain the percentage map for clay, silt and
sand (Fig. 4.17.b, c and d). Finally, the borderlines of the soil type map were revised
by integration of observed and interpolated maps. Then, soil type map was redrawn
based on the field observations and verified by Inverse distance weighting (Fig.
4.18). The required soil properties for soil characteristics table are compiled by the
laboratory tests and estimated from soil texture through statistical relationships
proposed by Rawls and Brakensiek [119, 120].
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Figure 4.17: a) Map of soil type variations based on the field observations, b)
Map of clay percentage based on IDW, c¢) Map of silt percentage based on IDW, d)
Map of sand percentage based on IDW.

Figure 4.17 a, b, c and d shows that clay and sand percentage maps drawn
based on the IDW method overlap with the soil type variations map based on the

field observations. Consequently, the soil type variations map based on the field
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observations is used as base for the soil type mapping. The unknown borderlines of
soil type map were completed with personal engineering judgement from the clay
and sand percentage maps drawn based on the IDW method and field observations.

Then so obtained final soil type map is given in Figure 4.18.

A567450 Derebasi

Landslide
Boundary

Drainage
Network

Bl CL
B C
1 scL
L
Bl Rock

4563700 A

440050 444100 Sampling Location
and ID

Figure 4.18: Soil type map of Yenice Watershed

The soil hydrodynamic properties of each soil type given in the soil type map
is determined from laboratory tests and estimated from soil texture through statistical
relationships proposed by Rawls and Brakensiek [119, 120], and given in detail in
section 4.4.2.2.3.

4.4.2.2 Lookup Tables

The input tables of SMDR model make sense of the input maps and to product
new raster maps. 3 main tables are required for running SMDR model;

1) Meteorological data table
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2) Vegetation characteristics table

3) Soil characteristics table

4.4.2.2.1 Meteorological Data Table
Daily meteorological data for Yenice Station between the years 1989-2009 are

obtained from “General Directorate of Meteorological Service of Turkey” [29]. These
data consist of daily mean temperature, daily mean precipitation and daily mean
potential evapotranspiration records. The monthly mean meteorological data table
of the year 2000 (occurrence year of Derebasi Landslide) prepared as an input data

table of SMDR simulation is presented in Table 4.9.

Table 4.9: Monthly mean meteorological data of the year 2000 as an input data
table of SMDR model.

Mean Mean Mean Potential
Date Precipitation | Temperat | Evapotranspiration
(mm) ure(C°) (mm)
January 2000 11.5 4.8 0
February 2000 11.5 5.6 0
March 2000 14.1 8.7 0
April 2000 18.8 12.7 1.3
May 2000 21.8 16.6 3.2
June 2000 204 20.6 5.1
July 2000 12.1 23.5 5.3
August 2000 13.5 23.5 5.2
September 2000 19.3 19.1 4.3
October 2000 15.7 14.9 1.2
November 2000 18.6 8.8 0
December 2000 14.4 54 0

4.4.2.2.2 Vegetation Characteristics Table
Vegetation characteristics table (Table 4.10) converted to NLCD classification

system, is obtained from Directorate of Yenice Regional Forestry [28]. In the study
area two types of area exist according to the vegetation characteristics map, namely
non-functional forest area and actual forest area. Actual forest area was interpreted
as "43 land use class numbered mixed forest" and non-functional forest area was
interpreted as "51 land use class numbered shrubland" by Directorate of Yenice
Regional Forestry [28] in terms of NLCD classification format.
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According to NLCD Land Cover Class Definitions [149] land use class 43
"mixed forest" and land use class 51 "shrubland" are defined as follow:

Mixed Forest Areas (43) are dominated by trees where neither deciduous nor
evergreen species represent more than 75% of the cover present.

Shrubland Areas (51) dominated by shrubs; shrub canopy accounts for 25-
100% of the cover. Shrub cover is generally greater than 25% when tree cover is
less than 25%. Shrub cover may be less than 25% in cases when the cover of other
life forms (eg. herbaceous or tree) is less than 25% and shrubs cover exceeds the
cover of the other life forms.

Vegetation characteristics table used in SMDR model as an input data is
presented in Table 4.10. This data is utilized for the vegetation development and
nitrate - pesticide transport modelling module of SMDR model. For this reason the
Table 4.10 is formed from the tables proposed by Soil and Water Laboratory [26] for

each land use class number of NLCD.

Table 4.10: Vegetation characteristics table of Yenice Watershed entered to SMDR
model

Column Number

1 2 3 4 5 6 7 8 9 [10 ] 11 |12 13 14
Land Use Class 43 | Mixed Forest | 1500 | 1500 | 1 [2500| 10 | 22.5 | 90 |250|1000| O |Mar.20 | Oct.15
Land Use Class 51 Shrubland | 750 | 750 | 1 |2500| 7.5 | 125 | 95 |200/1000| O |Mar.20 | Oct.15

Where;

Column 1: Land Use Class number

Column 2: Land Use class description

Column 3: Minimum root depth - Zrmin (mm)

Column 4: Maximum root depth - Zrmax (mm)

Column 5: Base temperature - Ty, (°C)

Column 6: Maximum Growing-Degree-Days - DDmax

Column 7: Development stages 1-2 limit - DD1-2 (%DDmax)

Column 8: Development stages 2-3 limit - DD2-3 (% DDmax)

Column 9: Development stages 3-4 limit - DD3.4 (%DDmax)

Column 10: Minimum basal evapotranspiration coefficient - Kcmin (%o)
Column 11: Maximum basal evapotranspiration coefficient - KCmax (%o)
Column 12: Planted Crop flag (0: Non-planted - 1: Planted)
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Column 13: Planting Date (MM/DD)
Column 14: Harvest Date (MM/DD)

4.4.2.2.3 Soil Characteristics Table

Soil characteristics table represents the physical and hydrodynamic properties
of each unit in soil type map. In the study area 4 types of soil class are determined
according to USDA soil texture classification system. These soil classes are “clay”,

“clayey loam”, “sandy clayey loam” and “loam”. The soil characteristics table used

in SMDR model as an input data is presented in Table 4.11.

Table 4.11: Soil characteristics table of Yenice Watershed in SMDR format

112 (3| 4 |5 |6 | 7 8 9 |10 | 11 12 | 13 | 14 | 15 16 17 18
1{CL|{1|100|CL 15| 0.6 |46.4|75|19.7|12.1 |31.8| 39 |315]|28.6|31.8| 48 480
2| C|1|100| C [9.3|0.54|47.5| 9 |27.2|12.4 |{39.6|385|29.5|35.6|39.6| 144 | 144
3|SCL|1|100|SCL|29|0.55(39.8|6.8|14.8|10.7 |255| 33 |26.2| 23 |255| 72 720
4L (1]100| L |14|047|46.3|2.7 (117|153 | 27 |43.4|40.7 | 243 | 27 |316.8| 3168

Each column of Table 4.11 is explained as follow;

Column 1 Soil number: It corresponds to the number specified in soil

characteristics map.

Column 2 Soil ID: Name of soil

Column 3 Layer number: Only one layer is assumed for Yenice Watershed

Column 4 Depth (mm): Depth is assumed as 100 cm (depth of sampling).

Column 5 Main texture class: USDA soil texture classification system is utilized

for texture class (see section 4.3.6).

Column 6 Rocks and gravel content (%): Rocks and gravel content is assumed

as gravel content (see table 4.7)

Column 7 Organic matter content (%): This column is filled from Table 4.5

Column 8 Porosity (%): Porosity is determined by the proposition of Rawls et

al. [119] as presented in Table 4.8.

Column 9 Residual water content (%): Residual water content is defined as the

water content for which the gradient d6/dh becomes zero and determined by the
proposition of Rawls et al. [119] as presented in Table 4.8.
Column 10 Permanent wilting point (%): Permanent wilting point is defined as

the minimum soil water content the plant requires not to wilt. It is physically assumed
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as the wilting point is the water content at 1500 J/kg of negative hydraulic head. This
parameter is determined by the proposition of Rawls et al. [119] as presented in
Table 4.8.

Column 11 Available water capacity (%): This parameter is defined as the

volume of water available to plants per unit soil of volume. Available water capacity
is determined by the difference between field capacity and wilting point as defined
in Soil and Water Laboratory [26].

Column 12 Water content at field capacity (%): This parameter is defined as

the water content held in the soil after excess water has drained and the rate of
downward movement has decreased. It is physically assumed as the field capacity
is the bulk water content retained in soil at 33 J/kg of negative hydraulic head. This
parameter is determined by the proposition of Rawls et al. [119] as presented in
Table 4.8.

Column 13 Water content at saturation (%): This parameter is assumed to be

equal to effective porosity (air entrapment is neglected). Effective porosity is
determined by the proposition of Rawls et al. [119] as presented in Table 4.8.

Column 14 Maximum available water content (%): This parameter is

determined by the definition of Soil and Water Laboratory [26] as the difference
between water content at saturation and residual water content.

Column 15 Potential evapotranspiration limit (%): This parameter is defined as

the minimum water content above which evapotranspiration takes place at the
potential rate. Potential evapotranspiration limit is determined as proposed by Soil
and Water Laboratory [26] with approximation that potential evapotranspiration limit
is equal to 0.9 times field capacity (..=0.9x6.).

Column 16 Macroporal drainage limit (%): This parameter is defined as the

minimum water content for which drainage occurs predominantly through
macropores. Macroporal drainage limit is determined as proposed by Soil and Water
Laboratory [26] with approximation that macroporal drainage limit is equal to field
capacity.

Column 17 Vertical hydraulic _conductivity (mm/day): This parameter is

determined by the hydraulic conductivity test based on the standard proposed by
ASTM [129] and verified by the proposition of Rawls et al. [119] as presented in
figure 4.7. The mean soil hydraulic conductivity determined by laboratory tests for
each soil textural class is presented in Table 4.12.
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Elevation (m)

Table 4.12: Mean hydraulic conductivity determined by laboratory tests for each soil
textural class

Soil
Texture | mm/day
CL 41.5
C 16.5
SCL 51.1
L 81.4

Column 18 Horizontal hydraulic conductivity (mm/day): This parameter is

determined as proposed by Soil and Water Laboratory [26] with approximation that

horizontal hydraulic conductivity is equal to 10 times vertical hydraulic conductivity.

From this point on, the saturation degree will be considered as the main
parameter controlling the landslide susceptibility in terms of water effect considering
the triggering mechanism of Derebasi Landslide (see section 3.1.2). To enlighten
the triggering location of the Derebasi landslide, landslide area is divided into 3
zones to observe the triggering location (Fig. 4.19) and saturation degree maps were
analysed for 10 days before of landslide occurrence date. Saturation degree maps
between the dates 25.05.2000 and 05.06.2000 obtained from the SMDR model is

analysed for 3 different zones and the results are given in the Table 4.13.

N Derebasi
Landslide
Boundary

837 m

Drainage
Network

165 m

0 250 500 1,000
s Veter

Figure 4.19: DEM of Study area and divided zones of Derebagi Landslide area
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Table 4.13: Number of pixels (frequency) for each saturation degree class of 3
different zones between the dates 25.05.2000 and 05.06.2000 obtained from the

SMDR model and meteorological data

Saturation Degree
Rainfall| Temp ET Frequency | Frequency | Frequency
Date (mm) (C%) (mm) Class Zone 1 Zone 2 Zone 3
25.05.2000 231 15.2 1 0.70-0.75 1 0 0
0.75-0.80 2 0 0
0.80-0.85 322 322 393
0.85-0.90 721 379 446
0.90 - 0.95 1 0 0
0.95-1.00 0 0 0
26.05.2000 2.9 171 1 0.70-0.75 0 0 0
0.75-0.80 4 0 0
0.80-0.85 374 385 430
0.85-0.90 668 316 409
0.90-0.95 1 0 0
0.95-1.00 0 0 0
27.05.2000 3.3 20.3 43 0.70-0.75 0 0 0
0.75-0.80 4 0 0
0.80-0.85 439 433 472
0.85-0.90 600 268 367
0.90-0.95 3 0 0
0.95-1.00 1 0 0
28.05.2000 0.5 20 55 0.70-0.75 2 0 0
0.75-0.80 5 0 0
0.80-0.85 464 453 496
0.85-0.90 567 248 343
0.90-0.95 8 0 0
0.95-1.00 1 0 0
29.05.2000 1.4 22.7 6.4 0.70-0.75 2 0 1
0.75-0.80 11 0 6
0.80-0.85 482 471 520
0.85-0.90 540 230 312
0.90-0.95 12 0 0
0.95-1.00 0 0 0
30.05.2000 1.6 18.2 44 0.70-0.75 1 1 1
0.75-0.80 12 4 8
0.80-0.85 508 484 544
0.85-0.90 512 212 286
0.90-0.95 13 0 0
0.95-1.00 1 0 0
31.05.2000 0.9 18.7 34 0.70-0.75 2 1 1
0.75-0.80 13 8 13
0.80-0.85 512 490 547
0.85-0.90 501 200 278
0.90-0.95 17 2 0
0.95-1.00 2 0 0
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01.06.2000 0 20.8 34 0.70-0.75 2 1 1
0.75-0.80 24 16 22
0.80-0.85 520 488 550
0.85-0.90 478 192 265
0.90-0.95 21 4 1
0.95-1.00 2 0 0
02.06.2000 2.5 16.2 54 0.70-0.75 4 1 1
0.75-0.80 33 28 40
0.80-0.85 536 480 539
0.85-0.90 447 184 257
0.90 - 0.95 22 8 2
0.95 - 1.00 5 0 0
03.06.2000 11.2 15.1 1.5 0.70-0.75 6 1 1
0.75-0.80 43 38 64
0.80-0.85 538 478 518
0.85-0.90 429 172 251
0.90 - 0.95 25 12 5
0.95 - 1.00 6 0 0
04.06.2000 10.7 17.3 1.8 0.70-0.75 9 2 3
0.75-0.80 52 57 90
0.80-0.85 532 457 493
0.85-0.90 415 172 247
0.90 - 0.95 31 13 6
0.95-1.00 8 0 0
05.06.2000 7.3 19.6 2.1 0.70-0.75 10 1 6
0.75-0.80 68 79 119
0.80 - 0.85 523 436 468
0.85-0.90 399 164 237
0.90 - 0.95 37 21 9
0.95-1.00 10 0 0

In relation with the Table 4.13 the saturation degree map for June 5 2000 is

presented in Figure 20.
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Figure 4.20: Saturation degree map of June 5 2000

Number of pixels (Frequency) of each saturation degree class is analysed
from 10 days before the occurrence date of the Derebasi landslide. The increase of
pixels in zone 1 for the saturation degree classes 0.90-0.95 and 0.95-1.00 is
remarkable. This prominent increase indicates that the Derebagi landslide is
triggered from zone 1 as reported by Disaster and Emergency Management
Presidency. Another striking point of the Table 4.13 is that the precipitation amount
for the occurrence date of Derebagsi Landslide is only 7.3 mm which is not the highest
value.

On the other hand, as the landslides are the result of interdependent spatio-
temporal processes, including static and dynamic factors, a mathematical
expression must include both dynamic and static factors. However, static factors
(eg: elevation, slope, aspect, topographic curvature, topographic wetness index,
etc.) vary spatially and remain steady temporally and dynamic (triggering) factors
(eg: earthquakes, water effect, human activities) vary temporally and remain steady
spatially for a watershed scale. For this reason a mathematical relation between the
landslide occurrence and dynamic data could not be composed.
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To reflect the spatio-temporal effect of water on landslide susceptibility,
saturation degree will be expressed as a newly introduced index, named from now

on as the saturation degree index and utilized in frequency ratio analysis.

4.5 FREQUENCY RATIO ANALYSIS IN TERMS OF LANDSLIDE
SUSCEPTIBILITY

To provide objectivity within the context of minimizing the uncertainties in
weight assignment, statistical methods have been incorporated with the landslide
susceptibility concept as a qualitative approach. Statistical analyses are popular
because they provide a more quantitative analysis of slope instability, have the
ability to examine various effects of each factor on an individual basis, and decide
on the final input maps in an interactive manner [5]. Statistical methods in landslide
susceptibility studies are commonly known as two types: “Multivariate statistical
analysis” and “bivariate statistical analysis”. Frequency ratio analysis is categorized
under bivariate statistical analysis.

In general, to predict the landsliding, the causal factors for landslides that
occurred in the past are considered for the landslides in the future [150]. In this
study, to reflect statistically the conceptual relation between the landslides which
occurred in the past and their causal factors, the frequency ratio analysis is utilized
in terms of landslide susceptibility. Frequency ratio is the ratio of occurrence
probability to non-occurrence probability for specific attributes [151]. Frequency ratio

can be expressed as the Venn diagram below (Fig. 4.21).

T

5

“BND

Figure 4.21: Venn diagram showing the frequency ratio concept [152] (T: Total area,
B: Conditioning parameter present, D: Landslide occurrence present, B:
Conditioning parameter absent, ‘D: Landslide occurrence absent).
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If the frequency ratio is greater than 1, greater is the relationship between a

landslide and the specific factor’s attribute, and if the ratio is less than 1, lesser will

be the relationship between a landslide and the specific factor’s attribute [153]. The

frequency ratio (eq. 4.29) is shown in Table 4.14 for all parameters and each

parameter class. As it is known from the reports of Disaster and Emergency

Management Presidency, the Derebagi landslide is triggered from zone 1, the zone

2 and 3 (Fig. 4.20) were considered as “out of landslide” in Table 4.13. The results

of SMDR model in context of saturation degree verify also the triggering location of

the Derebasi landslide (see Appendix 2).

Where;

Fri: Frequency ratio of class
Nyixisp: The number of pixels containing landslide in class

Nyixvip: Total number of pixels having class

Fri=

N /N

pix(Si)

pix(Ni)

“n

l

Z NPiX(Si) / Z NpiX(Ni)

> Nyivsip: Total number of pixels containing landslide,

(eq. 4.29)

L,

> Nyivsip: Total number of pixels in the whole area of the watershed.

in whole area of the watershed.

[152]

Table 4.14: Spatial relationships between each parameters and landslide —
frequency ratio values

NUMBER NUMBER
OF PIXELS | RATIO-a | OF PIXELS |RATIO-b | Frequenc
PARAMETERS CLASS WITHOUT | (%) WITH %) | Ratio (b/a)
LANDSLIDE LANDSLIDE
0-10 7374 9.74 0 0.00 0.00
Siope ) 10-20 32825 43.36 151 14.39 0.33
20-30 31744 41.93 896 85.41 2.04
>30 3756 4.96 2 0.19 0.04
0-45 5360 7.08 0 0.00 0.00
45-90 12912 17.06 0 0.00 0.00
90-135 8081 10.68 11 1.05 0.10
Aspect () 135-180 10642 14.06 696 66.35 | 4.72
180-225 21820 28.82 334 31.84 110
225270 14696 19.41 8 0.76 0.04
270-315 1904 252 0 0.00 0.00
315-360 284 0.38 0 0.00 0.00
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150-300 9101 12.02 0 0.00 0.00
300-450 19367 25.58 86 8.20 0.32
Elevation (m) 450-600 22533 29.77 963 91.80 3.08
600-750 22334 29.50 0 0.00 0.00
750-900 2364 3.12 0 0.00 0.00
<16 7 0.01 0 0.00 0.00
16-17 48204 63.68 1 0.10 0.00
TWI 17-18 23745 31.37 985 93.90 2.99
18-19 2765 3.65 63 6.01 1,64
19-20 978 1.29 0 0.00 0.00
Clayey Loam 18130 23.95 0 0.00 0.00
Clay 25342 33.48 0 0.00 0.00
Soil Type sandy Clayey 10044 26.35 166 16.11 0.61
Loam 618 0.82 615 5863 | 71.81
Rock 11665 15.41 265 25.26 1,64
0.70-0.75 1281 169 12 114 0.68
_ 0.75-0.80 10014 13.23 68 6.48 0.49
g’:g“;gz“(?gr 0.80-0.85 36291 47.94 523 49.86 1.04
05 06.5000) 0.85-0.90 24575 32.46 399 38.04 117
0.90-0.95 3168 4.18 37 3.53 0.84
0.95-1.00 370 0.49 10 0.95 1.95
1.64-3.40 13954 18.43 0 0.00 0.00
5 3.40-5.16 16628 21.97 0 0.00 0.00
P&Tgi?:"/"s't)y 5.16-6.93 38724 51.16 0 0.00 0.00
6.93-8.69 6300 8.32 633 60.34 7.25

8.69-10.50 93 0.12 416 30.66 | 322.79

In Table 4.14 the slope and aspect maps are generated from digital elevation
model by use of ArcGIS 10.0 [148], topographic wetness index map is composed
by the equation 1.1. The saturation degree map for the occurrence date of the
Derebasi landslide is handled by the SMDR model. Finally, the permeability map is

generated by the use of IDW method based on the laboratory test results.

In order to combine all weight values of different parameters an overall
“Landslide Susceptibility” is computed by reclassifying the summation of each
parameter’s frequency ratio values as in equation 4.30. So, the Unclassified
Landslide Susceptibility (ULS),

ULS = Fr (Slope Index) + Fr (Aspect Index) + Fr (Elevation Index) + Fr
(Saturation Degree Index on June 5, 2000) + Fr (Soil Type Index) +
Fr (Permeability Index) (eq. 4.30)

Landslide susceptibility calculation processes for each stage is shown in Figure
4.22.
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Figure 4.22: Work flow diagram of frequency ratio analysis concept for landslide
susceptibility (modified from Akgltin and Turk, [152]).

Parameter maps used in frequency ratio analyses and the resulting parameter
index maps are given in Figures 4.23a, 4.23b, 4.24a, 4.24b, 4.25a, 4.25b, 4.26a,
4.26b, 4.27a, 4.27b, 4.28a, 4.28b, 4.29a, 4.29b.
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Figure 4.23.a) Slope Map of Yenice Watershed Figure 4.23.b) Slope Index Map of Yenice Watershed
(Reclassified)
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Figure 4.24.a) Aspect Map of Yenice Watershed
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Figure 4.24.b) Aspect Index Map of Yenice
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Figure 4.25.a) Elevation Map of Yenice

Watershed

77

Frequency
Percentage of
Elevation (%)

o
]

0 0.5 1 km

N

Figure 4.25.b) Elevation Index Map of Yenice
Watershed (Reclassified)
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Figure 4.26.a) Topographic Wetness Index
Map of Yenice Watershed
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Figure 4.26.b) Topographic Wetness Index
Frequency Map of Yenice Watershed (Reclassified)
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Figure 4.27.a) Soil Type Map of Yenice Watershed
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Figure 4.27.b) Soil Type Index Map of Yenice

Watershed (Reclassified)
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Figure 4.28.a) Saturation Degree Map of Yenice Figure 4.28.b) Saturation Degree Index Map of Yenice
Watershed for the date 5 June 2000 Watershed for the date 5 June 2000 (Reclassified)
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Figure 4.29.a) Hydraulic Conductivity Map of Yenice
Watershed
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Figure 4.29.b) Soil Type Index Map of Yenice
Watershed (Reclassified)



The reason for observation of circle-like geometries in Figure 4.29 is due to the
limited number of samples tested. Unclassified landslide susceptibility map
generated by weighted parameter values determined from Table 4.14 using the

eq.4.30 is shown on Figure 4.30.

Highest
Susceptibility

Lowest
Susceptibility

Figure 4.30: Unclassified landslide susceptibility map of Yenice Watershed
computed by the eq. 4.30.

In this map (Figure 4.30), landslide susceptibility value represents the relative
susceptibility to landslide occurrence, as higher values are associated with landslide
susceptibility.

After reclassification process, the ultimate landslide susceptibility map is
prepared in which the saturation degree index is utilized as a parameter (Fig. 4.31).
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Figure 4.31: Ultimate landslide susceptibility map of Yenice Watershed
generated with saturation degree index and determined after reclassification
process

To emphasize the importance of the spatio-temporal water effect on landslide
susceptibility phenomenon, the landslide susceptibility map is recalculated with
equation 4.31 (Fig. 4.32). So, the ultimate Landslide Susceptibility (LS),

LS = Fr (Slope Index) + Fr (Aspect Index) + Fr (Elevation Index) + Fr (TWI) + Fr (Soil
Type Index) + Fr (Permeability Index) (eq. 4.31)

Equation 4.31 involves only spatial parameters as well as the topographic

wetness index (eq. 1.1) by contrast with Equation 4.30.
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Figure 4.32: Landslide susceptibility map of Yenice Watershed generated with
topographic wetness index

Comparing landslide susceptibility maps obtained using TWI (computed by eq.
4.30) and using SDI (computed by eq. 4.31) illustrates that the effect of saturation
degree index is more accurate in Yenice Watershed especially for Derebasi
Landslide (see Figs. 4.31 and 4.32). This is because TWI is valid only for steady-
state rainfall conditions as proposed by Moore et al. [21]. For this reason, expressing
the landslide susceptibility spatially and temporally, reflects the triggering
mechanisms and hydrodynamic processes. In addition, topographic wetness index
cannot be calculated for the horizontal cells using the equation 1.1. Consequently,
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in Figure 4.32 the landslide susceptibility values are undefined for the pixels where

slope is zero.

To generate a mathematical expression including the saturation degree (SD)

and saturation degree index (SDI) for utilization in landslide susceptibility concept,

saturation degree index chart is composed (Fig. 4.33) from the Table 4.15.

Table 4.15: Spatial relationship between saturation degree and saturation

degree index

. Number of . Number of .
osaturtion | pieisiihou T21e"| Pl win | FATIO® | Freauency | saturation,
9 Landslide °) | Landslide o g
0.70-0.75 1281 1.69 12 114 0.68 0.11
0.75-0.80 10014 13.23 68 6.48 0.49 0.08
0.80-0.85 36291 47.94 523 49.86 1.04 0.17
0.85-0.90 24575 32.46 399 38.04 117 0.19
0.90-0.95 3168 4.18 37 3.53 0.84 0.14
0.95-1.00 370 0.49 10 0.95 1.95 0.31
0.35
0.30 ——
—_— !
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Figure 4.33: Relationship chart between the Saturation Degree Index (SDI) and
Saturation Degree (SD)

The equation of the curve on the Figure 4.33 is;

SDI = 1648.1 x SD* — 5398.3 x SD? + 6605.7 x SD? — 3578.3 x SD + 724.07

(eq. 4.32)
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Equation 4.32 can be expressed as a 3™ degree or 4" degree polynomial
expression of the saturation degree index as a function of saturation degree
between the upper and lower bound as shown in Figure 4.33. The coefficient of
correlation for this equation is 0.99, best fitting the SD-SDI relationship. However,
the equation 4.32 is valid only in Yenice Watershed especially for Derebasi
Landslide.

On the other hand, the utilization of Saturation Degree Index (SDI) employing
with the frequency ratio analysis method is more realistic comparing with the
utilization of topographic wetness index.

Furthermore, to verify the validity of using Saturation Degree Index (SDI), the
same methodology was followed for Cebeciler Landslide too. The occurrence date
of the Cebeciler landslide is unknown but year is recorded as 1998 by General
Directorate of Natural Disaster [118] in the geological investigation report.
Therefore, monthly mean meteorological data were compiled to identify landslide
susceptibility maps for 12 months of the year 1998 (Fig. 4.34a, 4.34b, 4.35a, 4.35b,
4.36a, 4.36b, 4.37a, 4.37b, 4.38a, 4.38b, 4.39a, 4.39b, 4.40a, 4.40b, 4.41a, 4.41b,
4.42a, 4.42b, 4.43a, 4.43b, 4.44a, 4.44b, 4.45a, 4.45b). In this way, the estimation

of occurring month of the Cebeciler landslide was targeted.
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Figure 4.34a) Unclassified landslide susceptibility Figure 4.34b) Classified landslide susceptibility
map of Yenice Watershed for January 1998 map of Yenice Watershed for January 1998
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Figure 4.35a) Unclassified landslide susceptibility Figure 4.35b)Classified landslide susceptibility
map of Yenice Watershed for February1998 map of Yenice Watershed for February 1998
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Figure 4.36a)Unclassified landslide susceptibility
map of Yenice Watershed for March 1998
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Figure 4.36b)Classified landslide susceptibility
map of Yenice Watershed for March 1998
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Figure 4.37a)Unclassified landslide susceptibility Figure 4.37b)Classified landslide susceptibility
map of Yenice Watershed for April 1998 map of Yenice Watershed for April 1998
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Figure 4.38a)Unclassified landslide susceptibility Figure 4.38b)Classified landslide susceptibility
map of Yenice Watershed for May 1998 map of Yenice Watershed for May 1998
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Figure 4.39a)Unclassified landslide susceptibility Figure 4.39b)Classified landslide susceptibility
map of Yenice Watershed for June 1998 map of Yenice Watershed for June 1998
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Figure 4.40a)Unclassified landslide susceptibility Figure 4.40b)Classified landslide susceptibility
map of Yenice Watershed for July 1998 map of Yenice Watershed for July 1998
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Figure 4.41a) Unclassified landslide susceptibility Figure 4.41b) Classified landslide susceptibility map
map of Yenice Watershed for August 1998 of Yenice Watershed for August 1998
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Figure 4.42a) Unclassified landslide susceptibility Figure 4.42b) Classified landslide susceptibility
map of Yenice Watershed for September 1998 map of Yenice Watershed for September 1998
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Figure 4.43a) Unclassified landslide susceptibility Figure 4.43b) Classified landslide susceptibility
map of Yenice Watershed for October 1998 map of Yenice Watershed for October 1998
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Figure 4.44a) Unclassified landslide susceptibility Figure 4.44b) Classified landslide susceptibility
map of Yenice Watershed for November 1998 map of Yenice Watershed for November 1998
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Figure 4.45a) Unclassified landslide susceptibility Figure 4.45b) Classified landslide susceptibility
map of Yenice Watershed for December 1998 map of Yenice Watershed for December 1998
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The spatial patterns of monthly landslide susceptibility in Yenice Watershed for
the year 1998 are presented in the Figures 4.34a, 4.34b, 4.35a, 4.35b, 4.36a, 4.36b,
4.37a, 4.37b, 4.38a, 4.38b, 4.39a, 4.39b, 4.40a, 4.40b, 4.41a, 4.41b, 4.42a, 4.42b,
4.43a, 4.43b, 4.44a, 4.44b, 4.45a and 4.45b. It is observed that May is the most
susceptible month of the year 1998 in Yenice Watershed for the Cebeciler landslide
(see Figs. 4.38a and b). This result can be interpreted as the spatio-temporal
frequency analysis approach using with saturation degree index for 12 months is
valid also for the Cebeciler landslide (see Figs. 4.38a and b). By virtue of these
results, a new approach for landslide susceptibility is proposed in order to reflect the
temporal effects of water in terms of saturation degree for a watershed. For the
application of this approach SMDR model executed with all the available monthly
average meteorological data (1989 — 2009 for Yenice Watershed) and frequency

ratio analysis is processed.
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5. RESULTS and CONCLUSIONS

Throughout this study, a new perspective is proposed for existing landslide

susceptibility concept in order to reflect the water effect in terms of saturation

degree. In other words, a new index called as “saturation degree index” SDI is

considered to integrate the surface water effect into the ordinary landslide

susceptibility phenomenon. The following results and conclusions can be drawn

from the present study;

A new procedure is considered to produce spatio-temporal landslide
susceptibility map. This procedure utilizes SMDR model and frequency ratio
analysis in order to take into account the effect of water more deterministic
point of view.

Based on the seismic information obtained from “Kandilli Observatory and
Earthquake Research Institute”, there was no significant earthquake record
at or just before the occurrence date of Derebasi landslide (Appendix 1), so
the earthquake probability is discarded as triggering factor for Derebasi
Landslide. Additionally, no evidence or information was found about the
human activity to trigger the Derebasi landslide. On the other hand, there was
not a heavy rainfall for a period of 10 days before the date of occurrence of
the Derebasi landslide (Table 4.13). Consequently, it is believed that the only
triggering factor for the Derebasgi landslide could be the variance of the water
flux in terms of saturation degree. To determine the saturation degree map in
Yenice Watershed, SMDR model based on the saturation excess runoff
phenomenon is performed. With this study it is expected to compensate the
lack of spatial and temporal water effect on landslide susceptibility mapping.
Topographic wetness index (TWI) is a conventional parameter which
represents the spatial variations of water effect in a watershed. However, it
is deduced that TWI cannot represent hydrodynamic processes due to its
rendering intent. Additionally, this index is proposed for determining the

wetness variations of large scaled watersheds under steady state rainfall

conditions [21]. Furthermore, the TWI map of Yenice Watershed indicates
that this index is not totally meaningful considering triggering mechanism of
the Derebasi and Cebeciler landslides (see Figs. 4.26a and b).
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The saturation degree map of Yenice Watershed for the occurrence date of
the Derebagsi landslide was produced by SMDR model. The analysed
saturation degree map shows that the Derebagi landslide is triggered from
zone-1 of landslide area (Table 4.13). Additionally, hydrological models
based on the variable source area concept clarify more accurately the
triggering processes of landsliding in context of landslide susceptibility
phenomena.

A mathematical relation is tried to be composed in order to standardise the
water effect on landslide susceptibility as an index. Landslides are the result
of interdependent spatio-temporal processes, including static and dynamic
factors and so a mathematical expression must include both dynamic and
static factors. However, static factors such as elevation, slope, aspect,
topographic curvature, topographic wetness index, etc. vary spatially and
remain steady temporally and dynamic (triggering) factors (e.g. earthquakes,
water effect, human activities) vary temporally and remain steady spatially for
a watershed scale. For this reason, it can be concluded that a mathematical
expression relying on the landslide occurrence and dynamic parameters
could not be composed.

Slope angle, slope aspect, topographical elevation, soil type, permeability
and saturation degree parameters were used as inputs for the frequency ratio
analysis of landslide susceptibility mapping. Saturation degree index SDI and
commonly used topographic wetness index TWI were utilized as input maps
of frequency ratio analysis, and generated landslide susceptibility maps
compared (see Figs. 4.31 and 4.32). Thus, it is considered that using SDI for
landslide susceptibility is more effective, deterministic and accurate in terms
of reflecting the temporal effect of water. In this way, it was possible to
introduce a temporal dimension into the landslide susceptibility concept. In
other words, up to present, landslide susceptibility phenomena answered the
question “where”, but now, with this study landslide susceptibility phenomena

may possibly enlighten the question “when”.

SDI obtained from the methodology which combines the SMDR model with
frequency ratio is tried to be expressed mathematically. And consequently, a

mathematical relation is proposed (see eq. 4.32). However, this equation is
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valid only in the Yenice Watershed especially for the Derebasi landslide. Any
analysis for any other watershed should be carried out with its own data.
The methodology combining the SMDR model with frequency ratio is
performed to handle the landslide susceptibility maps for each month of the
year 1998. The obtained landslide susceptibility maps show noticeable
difference in the Cebeciler landslide area and the most susceptible month for
this area is May 1998 compared to other months (see Figs. 4.38 a and b).
These monthly landslide susceptibility maps of the Yenice Watershed for the
year 1998 indicate that the occurrence month of the Cebeciler landslide
would most probably be May. The difference in the susceptibility in the
Cebeciler landslide can be noticed at the crown (see Figs. 4.38 a and b).
Thereby, the methodology suggested for the Derebasi landslide in the Yenice
Watershed has been verified for another area, the Cebeciler landslide.
Finally, a new methodology is proposed using attainable meteorological data.
The landslide susceptibility maps for 12 months were generated from the
monthly mean meteorological data between the years 1989 — 2009 for Yenice
Watershed (Figs 5.1a, 5.1b, 5.2a, 5.2b, 5.3a, 5.3b, 5.4a, 5.4b, 5.5a, 5.5b,
5.6a, 5.6b, 5.7a, 5.7b, 5.8a, 5.8b, 5.9a, 5.9b, 5.10a, 5.10b, 5.11a, 5.11b,
5.12a and 5.12b). These maps the most susceptible months are June and
May, while September and November can be noticed as susceptible. This
integrated approach is promising an incorporated methodology for better
quantification of parameters and accurate representation of spatial and
temporal landslide susceptibility. The aim of the study was to show the
quantitative unbiased approach in the context of surface water effect
uncertainties as a triggering factor for landslide susceptibility. Besides,
Figures 4.34a, 4.34b, 4.35a, 4.35b, 4.36a, 4.36b, 4.37a, 4.37b, 4.38a, 4.38D,
4.39a, 4.39b, 4.40a, 4.40b, 4.41a, 4.41b, 4.42a, 4.42b, 4.43a, 4.43b, 4.44a,
4.44b, 4.45a and 4.45b validate the applicability of proposed methods,

approaches and landslide susceptibility classification index.
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Figure 5.1a) Unclassified landslide susceptibility
map of Yenice Watershed for January
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Figure 5.1b) Classified landslide susceptibility
map of Yenice Watershed for January
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Figure 5.2b) Classified landslide susceptibility

Figure 5.2a) Unclassified landslide susceptibility
map of Yenice Watershed for February

map of Yenice Watershed for February
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Figure 5.3b)Classified landslide susceptibility map
of Yenice Watershed for March

Figure 5.3a) Unclassified landslide susceptibility
map of Yenice Watershed for March
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Figure 5.4a) Unclassified landslide susceptibility Figure 5.4b) Classified landslide susceptibility
map of Yenice Watershed for April map of Yenice Watershed for April
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Figure 5.5a) Unclassified landslide susceptibility Figure 5.5b) Classified landslide susceptibility
map of Yenice Watershed for May map of Yenice Watershed for May
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Figure 5.6b) Classified landslide susceptibility

Figure 5.6a) Unclassified landslide susceptibility
map of Yenice Watershed for June

map of Yenice Watershed for June
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Figure 5.7a) Unclassified landslide susceptibility Figure 5.7b) Classified landslide susceptibility
map of Yenice Watershed for July map of Yenice Watershed for July
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Figure 5.8a) Unclassified landslide susceptibility Figure 5.8b) Classified landslide susceptibility
map of Yenice Watershed for August map of Yenice Watershed for August
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Figure 5.9a) Unclassified landslide susceptibility Figure 5.9b) Classified landslide susceptibility
map of Yenice Watershed for September map of Yenice Watershed for September
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Figure 5.10a) Unclassified landslide susceptibility Figure 5.10b) Classified landslide susceptibility
map of Yenice Watershed for October map of Yenice Watershed for October
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Figure 5.11a) Unclassified landslide susceptibility Figure 5.11b) Classified landslide susceptibility
map of Yenice Watershed for November map of Yenice Watershed for November
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Figure 5.12a) Unclassified landslide susceptibility Figure 5.12b) Classified landslide susceptibility
map of Yenice Watershed for December map of Yenice Watershed for December
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This method is developed to reflect the spatio-temporal effect of water on
landslide susceptibility as a landslide triggering factor for a watershed which
embodies a landslide. For the watersheds which have no landslide
generation, or in case of existence of significant seismic records, the
improvement stages of this method should be treated as the subject of the

future research studies.

Finally, in context of data accessibility, for the countries which have a soil
characteristics database as SSURGO [154] in USA, this method is simple
and expeditious. However, for the countries which do not have a soil
database, execution of this method requires sites works including the soil
mapping and sampling, and laboratory works. This issue necessitates time

and financial possibilities for the particular studies.
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APPENDIX 1. Seismic parameters of the earthquakes that occurred in the
period of 01.06.2000-10.06.2000 for a radius of 300km from Yenice

Watershed.
Occurence Depth Maximum

Date Lattitude Longitude (km) Magnitude Location
10.06.2000 40.77 31 2 2.7 ACMA-GOLYAKA (DUZCE) [North West 0.7 km]
10.06.2000 40.51 29.51 12 2.6 KERAMET-ORHANGAZI (BURSA) [East 3.1 km]
10.06.2000 40.64 33 7 3.8 BUGUOREN-ORTA (CANKIRI) [South East 0.7 km]
10.06.2000 40.88 32.98 0 3.1 CALCIOREN-CERKES (CANKIRI) [North East 2.5 km]
10.06.2000 40.66 33.13 10 3.1 KIRSAKAL-ORTA (CANKIRI) [West 1.7 km]
10.06.2000 40.44 29.24 13 2.8 GEDELEK-ORHANGAZI (BURSA) [South West 2.5 km]
10.06.2000 40.79 32.97 31 3.2 KARAMUSTAFA-CERKES (CANKIRI) [West 1.4 km]
10.06.2000 39.55 29.5 12 2.8 TAVSANLI (KUTAHYA) [North East 0.8 km]
10.06.2000 40.72 33 13 3.2 GUZELYURT-CERKES (CANKIRI) [South West 2.0 km]
10.06.2000 40.56 33.03 0 3.1 GOKCEOREN-ORTA (CANKIRI) [North West 2.3 km]
10.06.2000 40.63  33.05 0 3.7 YUVA-ORTA (CANKIRI) [North East 1.4 km]
10.06.2000 40.68 33 3 3.4 HACILAR-CERKES (CANKIRI) [South East 3.5 km]
09.06.2000 40.8 32.95 0 3 KADIOZU-CERKES (CANKIRI) [South West 2.7 km]
09.06.2000 40.93  32.97 0 35 ULUKOY-CERKES (CANKIRI) [South East 1.8 km]
09.06.2000 40.6 29.21 9 2.7 YENIMAHALLE-TERMAL (YALOVA) [South East 1.1 km]
09.06.2000 40.61 29.26 6 2.9 SAFRAN- (YALOVA) [East 1.3 km]
09.06.2000 40.5 32.97 0 3.9 ULUAGAC-CUBUK (ANKARA) [North East 4.3 km]
09.06.2000 40.73 33.01 1 3.5 GUZELYURT-CERKES (CANKIRI) [West 0.7 km]
09.06.2000 39.71 29.41 0 2.6 YORGUC-TAVSANLI (KUTAHYA) [West 1.4 km]
09.06.2000 41.1 29.37 5 2.6 KOCULLU-CEKMEKOQY (ISTANBUL) [North East 3.0 km]
09.06.2000 41.2 32.77 0 3.5 KUZYAKAOTE-SAFRANBOLU (KARABUK) [North 1.1 km]
09.06.2000 40.86 33.17 0 3.1 YESILOZ-KURSUNLU (CANKIRI) [South West 2.2 km]
09.06.2000 40.84 32.98 1 3.7 ALIOZU-CERKES (CANKIRI) [North East 2.5 km]
09.06.2000 41.7 32.5 9 3.1 CANAKCILAR-AMASRA (BARTIN) [South 0.9 km]
09.06.2000 40.82 32.99 3 3 KADIOZU-CERKES (CANKIRI) [North East 1.4 km]
09.06.2000 40.75 32.95 0 4.5 YESILOZ-CERKES (CANKIRI) [South East 2.5 km]
09.06.2000 40.74 30.98 5 2.9 BAKACAK-GOLYAKA (DUZCE) [North West 0.4 km]
09.06.2000 40.82 33.01 31 3.2 SUSUZ-ATKARACALAR (CANKIRI) [South West 1.6 km]
09.06.2000 41 32.83 6 2.8 KARASAR- (KARABUK) [South East 2.8 km]
09.06.2000 40.67 33.02 32 3.3 KISAC-ORTA (CANKIRI) [North West 2.7 km]
08.06.2000 41.03 32.85 0 3.2 SULUK-OVACIK (KARABUK) [South West 0.7 km]
08.06.2000 40.63 33.03 3 3.1 YUVA-ORTA (CANKIRI) [North West 1.4 km]
08.06.2000 40.51 32.88 31 3 YILDIRIMELOREN-CUBUK (ANKARA) [North 4.8 km]
08.06.2000 40.69 32.98 0 4.3 HACILAR-CERKES (CANKIRI) [South East 1.7 km]
08.06.2000 40.34 33.06 0 3.4 SELE-CUBUK (ANKARA) [North East 1.7 km]
08.06.2000 40.8 33.13 0 3.2 CARDAKLI-ATKARACALAR (CANKIRI) [South East 0.8 km]
08.06.2000 40.69 33.02 0 3.2 HACILAR-CERKES (CANKIRI) [South East 4.2 km]
08.06.2000 39.59 29.42 1 2.7 KAYAARASI-TAVSANLI (KUTAHYA) [South West 3.1 km]
08.06.2000 41.52 32.72 2 3.1 KARAKISLA-ULUS (BARTIN) [East 3.7 km]
08.06.2000 40.78 31.66 0 2.6 HAMZABEY- (BOLU) [South East 0.5 km]
08.06.2000 40.92 32.83 16 3 MEYDANKOY-CERKES (CANKIRI) [North West 0.0 km]
08.06.2000 40.83 31.49 0 3.4 KIZILAGIL- (BOLU) [North West 6.3 km]
08.06.2000 40.8 32.93 0 3.5 BOZOGLU-CERKES (CANKIRI) [North East 1.9 km]
07.06.2000 41.66 32.51 16 2.9 GENCALI- (BARTIN) [South East 1.9 km]
07.06.2000 40.89 31.69 10 3.4 MESCICELE- (BOLU) [North West 5.8 km]
07.06.2000 41.34 32.82 0 3 YOLBASI-SAFRANBOLU (KARABUK) [North 1.0 km]
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YAYLAKENT-ORTA (CANKIRI) [South East 1.6 km]
COBANKOY-TAVSANLI (KUTAHYA) [North West 2.0 km]
ERENLER-SILE (ISTANBUL) [West 1.6 km]
DAGKALFAT-CUBUK (ANKARA) [North West 1.5 km]
CAYLI-CERKES (CANKIRI) [North West 0.5 km]
HACILAR-CERKES (CANKIRI) [North East 1.5 km]
ILIPINAR-ATKARACALAR (CANKIRI) [South West 5.1 km]
SUMUCAK-KURSUNLU (CANKIRI) [North East 1.2 km]
SALUR-ORTA (CANKIRI) [South West 0.6 km]
HACIHASAN-ILGAZ (CANKIRI) [North East 0.5 km]
DEREBAYINDIR-ORTA (CANKIRI) [North West 1.8 km]
AVCIOVA-CUBUK (ANKARA) [West 0.2 km]
OZLU-ORTA (CANKIRI) [North West 1.5 km]
OZLU-ORTA (CANKIRI) [South West 3.7 km]
KUYUMCUKOY-CUBUK (ANKARA) [North West 1.9 km]
SALUR-ORTA (CANKIRI) [North East 0.9 km]

ORTA (CANKIRI) [South West 1.9 km]
KOSRELIK-CUBUK (ANKARA) [West 2.3 km]
KOSRELIK-CUBUK (ANKARA) [West 5.7 km]
ELMALIK-ORTA (CANKIRI) [North West 2.8 km]
SAKAELI-ORTA (CANKIRI) [North 1.1 km]
KOSRELIK-CUBUK (ANKARA) [South East 1.1 km]
YUVA-ORTA (CANKIRI) [East 1.7 km]

KAMISKOY- (KARABUK) [North West 1.3 km]
OZLU-ORTA (CANKIRI) [South West 3.6 km]
YENICE-ORTA (CANKIRI) [North West 2.5 km]
KUTLUSAR-SABANOZU (CANKIRI) [North West 1.9 km]
KAYILAR-ORTA (CANKIRI) [North East 1.5 km]
KOSRELIK-CUBUK (ANKARA) [North West 5.2 km]
SALUR-ORTA (CANKIRI) [North 1.7 km]
HASANHACI-ORTA (CANKIRI) [South West 2.8 km]
OZLU-ORTA (CANKIRI) [South East 2.7 km]

ELMADAG (ANKARA) [North 5.3 km]
ORTABAYINDIR-ORTA (CANKIRI) [East 2.9 km]
TUNCBILEK-TAVSANLI (KUTAHYA) [East 4.0 km]
CALCIOREN-CERKES (CANKIRI) [North West 2.4 km]
DEREBAYINDIR-ORTA (CANKIRI) [East 1.3 km]
KINIK-KALECIK (ANKARA) [South 2.6 km]
GUZELYURT-CERKES (CANKIRI) [South East 4.9 km]
ORTAKOY-KIZILCAHAMAM (ANKARA) [North East 2.1 km]
ORTABAYINDIR-ORTA (CANKIRI) [North West 0.7 km]
ORTABAYINDIR-ORTA (CANKIRI) [South East 3.0 km]
ORTABAYINDIR-ORTA (CANKIRI) [North East 0.6 km]
ALIOZU-CERKES (CANKIRI) [West 1.0 km]
DODURGA-ORTA (CANKIRI) [South East 2.1 km]
KABAKKOY-CERKES (CANKIRI) [South West 1.8 km]
YALIOZU-CERKES (CANKIRI) [South West 1.6 km]
OZLU-ORTA (CANKIRI) [South East 6.0 km]
OZLU-ORTA (CANKIRI) [South East 2.3 km]
ONCULER-ULUS (BARTIN) [South East 3.9 km]
BUYUKYAKALI-SABANOZU (CANKIRI) [North West 2.5 km]
BUGDUZ-ORTA (CANKIRI) [North East 1.5 km]
AMASRA ACIKLARI-BARTIN (KARADENIZ)
KISAC-ORTA (CANKIRI) [North West 1.6 km]
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KARAMUSTAFA-CERKES (CANKIRI) [North West 1.2 km]
DODURGA-ORTA (CANKIRI) [South West 1.0 km]
INCECIK-ORTA (CANKIRI) [South West 2.1 km]
SIHDOGAN-CERKES (CANKIRI) [West 0.2 km]
GOKCEOREN-ORTA (CANKIRI) [North West 2.3 km]
YESILOZ-CERKES (CANKIRI) [South East 0.7 km]
SALUR-ORTA (CANKIRI) [North East 0.9 km]
HACILAR-CERKES (CANKIRI) [South East 1.5 km]
KOLKOY- (BOLU) [South 5.6 km]

ANDIZ- (KUTAHYA) [South East 3.8 km]
CUKURHAN-HENDEK (SAKARYA) [South 1.2 km]
CINARCIK ACIKLARI-YALOVA (MARMARA DENIZI)
DEGIRMENTEPE-GOLYAKA (DUZCE) [South East 1.8 km]
KOZCAGIZ-DOMANIC (KUTAHYA) [East 2.0 km]



APPENDIX 2. Saturation degree maps of last ten days before the occurrence
date of Derebasi Landslide

Date Precipitation (mm) Daily Mean Temp(C°) Evapotranspiration (mm)
05/25/2000 23.1 15.2 1

Landslide wat Deg
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1
W 0.895
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Network
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0.75

l l l l l l l l 072
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Date Precipitation (mm) Daily Mean Temp(C°) Evapotranspiration (mm)
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Date Precipitation (mm)
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Date Precipitation (mm) Daily Mean Temp(C°) Evapotranspiration (mm)
06/01/2000 0 20.8 3.4
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Date Precipitation (mm) Daily Mean Temp(C°) Evapotranspiration (mm)
06/03/2000 11.2 15.1 1.5
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Date Precipitation (mm) Daily Mean Temp(C°) Evapotranspiration (mm)

06/05/2000 7.3 19.6 2.1
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