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ABSTRACT

ENGINEERING GEOLOGICAL CHARACTERIZATION OF THE ROCK
MASSES AND THEIR EVALUATION BY SPATIAL ANALYSES,
DETERMINATION OF THE ROCK SLOPE FAILURE SUSCEPTIBILITY
ZONES AND HAZARD ASSESSMENT OF MUDURNU (BOLU)

Arslan Kelam, Arzu
Doctor of Philosophy, Geological Engineering
Supervisor : Prof. Dr. Haluk Akgiin
Co-Supervisor: Prof. Dr. Antonio Bobet

July 2022, 215 pages

Mudurnu County, which is settled in a valley, is affected by regional rock slope
instabilities especially due to precipitation, temperature changes, wind and
earthquake activity. While units located on the eastern side of the valley are
susceptible to rock falls, units at the western side are susceptible to planar, wedge or
toppling failures. The presence of different rock mass properties makes Mudurnu an
attractive and distinctive site for the investigation of rock mass failure. The rock
slope failures tend to create an important hazard in and around the settlement area
and generate regional risk due to exposure of the elements at risk (i.e., human life,
houses, buildings and small industrial facilities) in Mudurnu. Moreover, instabilities
create a risk to the historically valuable structures by which Mudurnu has been
nominated as a candidate for the UNESCO World Heritage List. The purpose of this
dissertation is to characterize the rock masses that have the potential to create a
hazard in the Mudurnu county center through geomechanical evaluation of the slope
instability problems under static and dynamic loading conditions and to identify the

hazard zones in the Mudurnu Valley with a focus on the western side of the valley.



To that end, the engineering geological and geomechanical properties of the region
were assessed through a 3D point cloud generated by an unmanned aerial vehicle
(UAV) along with scan-line survey field studies of the physically accessible
locations. Then, the data were evaluated statistically to define the discontinuous rock
mass characteristics. Accordingly, the western side of the Mudurnu Valley was
delineated into 11 geomechanical sectors. The stability analysis demonstrated that
the rock mass is prone to planar, wedge, and toppling failures in the area. Moreover,
the discontinuity sets can create complex kinematic failures that cause the study area
to be a unique case study since it is difficult to separately identify the order or
frequency of events originating from the different failure modes forming the
complex failure. The hazard potential of the different modes of failures was assessed
and hazard zonation maps were generated by considering the conditioning
parameters (i.e., lithology, degree of weathering, block size, slope angle, aspect,
surface water) along with travel distance and temporal frequency. In addition, the
seismic loading was taken into account as a triggering factor. The combined hazard
map composed of the planar, wedge and toppling failure potentials concluded that
Sectors 6 and 8 were most critical in terms of high hazards. Under dynamic loading
conditions, the most critical high-hazard sectors were determined as Sectors 2, 4, 6,
8, and 10.

Keywords: Rock Mass Characterizaiton, Spatial Analysis, Rock Slope Failure

Susceptibility, Hazard Assessment, Mudurnu
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0z

MUDURNU (BOLU) KAYA KUTLELERININ MUHENDISLIK JEOLOJiSi
ACISINDAN KAREKTERIZASYONU, MEKANSAL ANALIiZLERLE
DEGERLENDIRILMESI, KAYA SEVLERIN YENiLME YATKINLIK
ZONLARININ BELIRLENMESI VE TEHLIKE DEGERLENDIRMESI

Arslan Kelam, Arzu
Doktora, Jeoloji Miihendisligi
Tez Yoneticisi: Prof. Dr. Haluk Akgln
Ortak Tez Yoneticisi: Prof. Dr. Antonio Bobet

Temmuz 2022, 215 sayfa

Bir vadi i¢inde kurulmus olan Mudurnu ilgesi; yagis, sicaklik farkliliklari, riizgar
etkisi ve en Onemlisi deprem sebebiyle bolgesel kaya sevi duraysizliklarindan
etkilenmektedir. Ilcenin dogu yakasindaki birimler kaya diismesine sebep olurken,
bat1 yakasindaki birimler diizlemsel, kamalanma ya da devrilme seklinde kaymalar
meydana getirmektedir. Farkli kaya kiitlesi 6zelliklerinin varligi, Mudurnu’yu kaya
kiitlesi yenilme caligmalar1 i¢in ¢ekici ve ayirt edici bir alan haline getirmektedir.
Mudurnu’daki kaya sevi yenilmeleri, yerlesim yeri ve etrafinda insan hayati, evler,
binalar ve kiicuk sanayi tesisleri icin 6nemli bir tehlike ve risk olusturmaktadir. Buna
ilave olarak, duraysizliklar Mudurnu’nun UNESCO Diinya Mirasi listesine aday
olmasin1 saglayan degerli tarihi yapilar i¢in de risk olusturmaktadir. Bu tez
calismasinin amaci, Mudurnu ilge merkezinin bati yakasindaki tehlike olusturma
potansiyeline sahip kaya kiitlelerinin sev duraysizligi problemlerinin statik ve
dinamik yik kosullar1 altinda jeomekanik a¢idan degerlendirilmesi yoluyla
karakterize edilmesi ve Mudurnu Vadisi’ndeki tehlike zonlarinin belirlenmesidir. Bu

amacla, bolgenin muhendislik jeolojisi ve jeomekanik 6zellikleri, bir insansiz hava
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aract (IHA) kullamlarak olusturulan 3 boyutlu nokta bulutu ve fiziksel olarak
erisilebilir konumlarin hat etiidii ¢alismalar ile degerlendirilmistir. Ardindan bu
veriler, siireksiz kaya kiitlesi 6zelliklerini tanimlamak amaciyla istatistiksel olarak
degerlendirilmistir. Buna gore, Mudurnu Vadisi’nin bati yakasi 11 jeomekanik
sektore ayrilmustir. Duraylilik analizleri, kaya kitlesinin bolgede diizlemsel, kama
ve devrilme tipi yenilmelere yatkin oldugunu gostermistir. Ayrica, siireksizlik
setleri, kompleks yenilmeyi olusturan farkli yenilme modlarindan kaynaklanan
olaylarin sirasinin veya sikliginin ayri ayri belirlenmesi mesakkatli oldugundan,
caligma alaninin benzersiz bir vaka caligmasi olmasina neden olan kompleks
kinematik yenilmeler olusturmaktadir. Farkli yenilme modlarinin tehlike potansiyeli
degerlendirilmis ve belirlenen parametreler (litoloji, ayrisma derecesi, blok boyutu,
egim acis1, baki, yilizey suyu) ile birlikte bloklarin ulasabilecegi mesafe ve zamansal
frekans dikkate alinarak tehlike bolgeleme haritalar: iiretilmistir. Buna ek olarak,
sismik yik tetikleyici bir faktor olarak dikkate alinmigtir. Dizlemsel, kama ve
devrilme tipi yenilme potansiyelleriden olusan birlesik tehlike haritasi, Sektor 6 ve
8’in yiiksek tehlike agisndan en kritik sektorer oldugunu gostermistir. Dinamik yiik
kosullar1 altinda en kritik ylksek tehlike sektdrleri Sektor 2, 4, 6, 8 ve 10 olarak

belirlenmistir.

Anahtar Kelimeler: Kaya Kitlesi Karakterizasyonu, Mekansal Analiz, Kaya

Sevlerin Yenilme Yatkinligi, Tehlike Degerlendirmesi, Mudurnu
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CHAPTER 1

INTRODUCTION

1.1 Motivation and purpose of the study

Slope instabilities are one of the most frequent natural hazards capable of causing
severe failures both at regional and large scales. The number of slope instability cases
has dramatically increased globally in the last decades. Figure 1 shows the number
of landslide/rockslide events reported worldwide between 1903 and 2022 according
to the International Disaster Database (EM-DAT 2022) database. Figure 2 gives the
number of landslide/rock slide events that occurred in Turkey (Gokge et al., 2008).
The major triggering factors that contributed to the increasing cases are human
interaction (Glade, 2003; Anderson and Holcombe, 2013; Froude and Petley, 2018)
and climate change (Borgatti and Soldati, 2010; Gariano and Guzzetti, 2016). Hazard
and risk analysis studies regarding mass movements have gained popularity in recent
years due to population growth and the economic and environmental effects caused
by the movements (UN, 2006). Researchers have conducted susceptibility, hazard,
and risk assessment studies for slope instabilities at different scales both in Turkey
and all around the world (Parise, 2002; Crosta and Agliardi, 2003; Ercanoglu and
Gokeceoglu, 2004; Ayalew and Yamagishi, 2005; Can et al., 2005; Gokceoglu et al.,
2005; Cascini, 2008; Corominas and Moya, 2008; Fell et al., 2008; Das et al., 2012;
Erener and Duzgin, 2010; Eker et al., 2015; Okalp and Akgln, 2016; Azarafza et
al., 2018; Okalp and Akgiin, 2022). Most of these studies have been applied in small
(<1:100,000) or medium (1:100,000 to 1:25,000) scales rather than large (1:25,000
to 1:5,000) and detailed (>5,000) scales.
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Figure 1: Number of landslide/rock slide events reported worldwide between 1903

and 2022 as of May 31, 2022 (EM-DAT, 2022)

1000

<
=]
(=)}

800

o o o o <O
o o o o O
~ o wvi = o

SJUAAT JO IaqUINN

<
o
-l

(=
(=]
—

<

L00T
€00t
€00¢
100¢
6661
L661
co661
£661
lo6l
6861
L861
€861
£861
1861
6L61
LL6l
cLe6l
€L61
1L61
6961
L961
€961
€961
1961
6561
LS61
gs6l
€561
1s61
6¥61
L¥6l
crol

Year

Figure 2: Number of landslide/rock slide events reported in Turkey between 1945

and 2008 (Gokge et al., 2008)



Mudurnu is a county of Bolu located in northwestern Turkey. It is an important
midpoint between the capital city, Ankara, and the largest city in the country,
Istanbul. The county is located on the major trade routes (i.e. the Silk Road and the
Crimean Road) and had served as a trading town and a military base in the Byzantine,
Seljuk, and Ottoman periods. As a consequence, there are many historical buildings
(traditional houses, mosques, a Turkish bath, and a clock tower) in Mudurnu (Figure
3). In 1991, a major part of the settlement area of the county was designated as an
urban conservation site. Mudurnu has a total of 234 listed natural and cultural
properties as of April 2014. The county center is in a valley that suffers from regional
rock instabilities both on the eastern and western sides of the valley (Figure 4 and
Figure 5). The instabilities are most likely the consequence of the combined effects
of geology, topography, weathering, man-made activities, and seismicity. According
to the inventory of Mudurnu Municipality, 84 of the damaging hazards that occurred
between 1961 and 2016 were caused by rockfalls and mass movements due to
precipitation, weathering, and secondary effects of earthquakes. The valley can be
defined as a high-risk region, given the slope instability casualties that have occurred
in the past and those that have the potential to occur. The instabilities throughout the
valley tend to threaten human life, houses, buildings, and small industrial facilities.
Moreover, instabilities create a risk to the historically important structures such as
mansions, mosques, a Turkish bath from the Ottoman period, and a wooden clock
tower by which Mudurnu has been nominated as a candidate for the UNESCO World
Heritage List.



Figure 3: Examples of historical structures in Mudurnu. a) Yildirim Bayazit Mosque,
b) Yildirim Bayazit Hammam, c) Sultan Suleiman Mosque, d-e) traditional Mudurnu
houses, f) Wooden clock tower



Figure 4: Views from the rock mass of the east side of the Mudurnu valley which
shows those houses that are under the threat of the large blocks

The slopes are prone to instability through modes of failure that are different on the
western and eastern sides of the valley, as a consequence of the different rock mass
properties which makes Mudurnu an attractive and distinctive site for the
investigation of rock mass failure. Geological units outcropped in the Mudurnu
county center are Quaternary alluvium, Late Cretaceous Uziimli formation, and
Degirmendzii member (Saner, 1980). The Uziimli formation is composed of the
alternation of thin-thick bedded volcanoclastic sandstone and thin-bedded shale. On
the east side, the Uziimli formation outcrops as volcanoclastic sandstone that is
prone to rock falls. VVolcanoclastic blocks are held in place by a less durable matrix
that has low strength. As a result, the matrix decomposes due to weathering which



leads to the fall of rock blocks. The discontinuous limestone found in the study area
belongs to the Late Cretaceous Degirmendzii member of the Yenipazar formation.
The discontinuous Pelagic Limestone creates discontinuity-controlled complex
kinematic failures (i.e., a combination of the planar, wedge, or toppling failures) on

the western side of the Mudurnu valley.

Figure 5: Views from the rock mass of the western side of the Mudurnu valley and
houses under threat



Since the study area lies in a tectonically active region, discontinuity sets having a
non-homogeneous distribution have formed within the Pelagic Limestone. The
presence of the different discontinuity sets together with the favorable orientation of
the slope face at the center of the Mudurnu county has led to the development of
kinematic failures. The discontinuity sets are capable of creating a combination of
planar, wedge, and toppling failures (Arslan Kelam et al., 2018). Moreover, complex
kinematic failures tend to make the study area a unique case study. In the area, planar
and wedge failures tend to create large to very large unstable blocks that are very
critical in terms of their consequences. In addition, it needs to be noted that their
frequency of occurrence is lower than the frequency of occurrence of toppling failure
in the region. The unstable blocks prone to toppling failure are almost always
associated with small to medium-sized blocks with a higher frequency of occurrence.
The combination of toppling-prone blocks with the planar and wedge blocks creates
complex kinematic failures. Because of the rock mass complexity of the site and the
distinct instability mechanisms identified, it is imperative to characterize the rock

mass at the site.

The purpose of this dissertation is to characterize the rock masses that have the
potential to create a hazard in the Mudurnu county center through geomechanical
evaluation of the slope instability problems under static and dynamic loading
conditions and identify the hazard zones in the Mudurnu Valley with a focus on the
western side of the valley. The engineering geological and geomechanical properties
of the region were assessed through a 3D point cloud generated by an unmanned
aerial vehicle (UAV) along with scan-line survey field studies of the physically
accessible locations. The data were evaluated statistically to define the discontinuous
rock mass characteristics, identify the failure modes and susceptibility zones, and
map the hazard zones on a detailed scale.



The studies completed within the scope of the dissertation were divided into chapters
to better explain the theory related to the corresponding chapter, the methods applied
and the results reached. Chapter 1 continues with the basic information regarding the
study area, its location, topographical characteristics and climate. In Chapter 2,
regional geology and seismotectonics of the study area are introduced. Then, the
local geology of the study area is explained by combining the data gathered from the
literature and field studies. Chapter 3 presents the methodology followed for the site
characterization by explaining the scan-line field survey studies and the studies
conducted by an Unmanned Aerial Vehicle (UAV). Also, the results of the laboratory
tests performed on the samples collected from the field have been presented. Chapter
3 shows the discontinuity characteristics obtained from the UAV-generated data,
their comparison and validation with the field measurements, and the delineation of
the western side of the valley into 11 geomechanically uniform sectors. It should be
noted that, throughout the dissertation, rock mass characteristics were considered on
a sectoral basis. Hence, the stability and hazard assessments were performed based
on the sectors. Moreover, empirical classification of the rock slopes was performed.
Chapter 4 explains rock slope stability methods and the details and results of the
analysis applied in Mudurnu. To that end, the stability conditions concluded by the
kinematic analysis, back analysis and limit equilibrium analysis have been discussed.
The limit equilibrium analyses have been performed in both static and dynamic
loading conditions. Chapter 5 defines the parameters considered in the hazard
assessment and the resultant hazard classes for different failure modes (i.e., planar,
wedge, toppling, complex). The final chapter, Chapter 6, concludes the findings and

gives recommendations regarding future research.



1.2 The study area

Mudurnu is a county of Bolu Province that is located in the Western Black Sea Part
of the Black Sea Region. The county center was established in the valley between
Hisar and Kulakli Hills. The study area is in the county center (Figure 6). Mudurnu
is bordered by Dizce Province in the north, Hendek County in the northwest, Bolu
Province in the northeast, Seben County in the east, Nallihan County in the south,
and Goyniuk and Akyazi Counties in the west. The distance between the county to
Bolu is 51 km, whereas Ankara is at a distance of 200 km and Istanbul is 260 km
away (Figure 6). The county population is 18.880 and the number of people who live
in the county center is 5.132 (TSI, 2019).

AFAD (2018) has reported the occurrence of a total of 145 landslide/rock slide
events in Bolu between 1950 and 2018 which roughly indicates a frequency of 2
landslide/rock slide events in Bolu per year. As expected, the frequency becomes
higher for the locations that are susceptible to slope instabilities such as Mudurnu.
Moreover, the influence of triggering factors contributes to the number of cases. In
Mudurnu, the major landslide triggering factor is expected to be an earthquake due
to its proximity to the most active fault zone of Turkey: the North Anatolian Fault
Zone (NAFZ). Therefore, seismic force should be considered as a major triggering
mechanism of rock slides/rock falls that have occurred in Mudurnu. The distribution
of landslides that have occurred around the study area and the active fault segments

are given in Figure 7.
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county center, ¢) General view of Mudurnu
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Figure 7: Distribution of landslides and faults in the vicinity of the study region
(modified from Emre et al., 2013 and Duman et al., 2011)

121 Physiography and climate of the study area

Mudurnu County is on a rough terrain where the mountain ranges extend to the west
and the elevation increases from west to east. The altitude of the county center is 840
m. There are three distinct mountain ranges in the region. The first one is the Abant
Mountains, which pass through the northernmost part of the county and form the
Duizce Province border. The second one begins at the Akyazi-Goynuk border, and
continues with Akkaya Hill (1628 m), Kuzgunkaya Hill (1651 m), and Alagam Hill
(1689 m) and merges with the Aladag and Ko6roglu mountain ranges. The third one
is the range that comes through Géynlk by the rise and enters the borders of
Mudurnu in the southwest. This range extends to the east and then merges with the
second range. Hisar Mountain (1384 m) located in the east and Sehriman Hill

(1115m) located in the west of Mudurnu county center are the two topographically
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high structures that draw attention at the entrance to Mudurnu. The most important
stream around the county is Mudurnu Stream. In addition, there are Mudurnu Creek,
Filibeli Creek, Karacakaya Creek, Ayi Creek, and Blyik Creek flow through the
borders of the county.

In Mudurnu, neither the typical effects of the maritime climate nor the influences of
the continental climate of Central Anatolia are fully observed. It has a transitional
climate between these two climates, although the character of the continental climate
is dominant. However, the climate is dissimilar to the Central Anatolian provinces
in terms of average temperature, and seasonal and daily temperature differences.
According to the Turkish State Meteorological Service (2021), the annual average
temperature of 33 years is 9.2°C. January is the coldest month with an average
temperature of -0.9°C and July is the warmest month with an average temperature of
18.8°C. The monthly average/maximum/minimum values of temperature,
precipitation, wind speed, and the number of snowy and rainy days are given in Table
1. In addition, variations in the average monthly temperature and precipitation are
presented in Figure 8. The annual precipitation values of Mudurnu are shown in
Figure 9. Accordingly, the average annual precipitation is 505.4 mm. Meteorological
data demonstrates that Mudurnu receives precipitation throughout the year. The
monthly average precipitation is higher in December and January where the monthly
values are 79.6 mm and 73.6 mm, respectively. Nonetheless, the precipitation
amount in almost all of the other months is considerable, except in the summer. As
a consequence, surface runoff may be expected to cause erosion of the rock masses.
Hence, surface water should be eliminated by utilizing surface drainage system

measures.
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Table 1: Average, maximum, and minimum important meteorological parameters of
Mudurnu for 1964-1997 (Turkish State Meteorological Service, 2021)
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January -0.9 4.0 -5.7 73.6 32.6 6.7 9.1 2.8 SW
February 0.2 5.7 -5.1 51.7 31.4 5.5 7.3 3.0 SW
March 35 10.0 -2.3 55.7 31.7 4.2 7.6 3.2 SW
April 8.4 15.2 2.0 50.7 24.8 1.6 8.4 3.2 SW
May 12.9 20.2 5.7 51.8 35.2 0.1 8.5 3.1 SW
June 16.3 23.7 8.5 38.0 36.3 - 5.9 3.2 SW
July 18.8 26.3 10.5 21.0 37.6 - 2.9 3.3 SW
August 18.6 26.4 10.3 24.7 50.6 - 2.7 3.3 SW
September  14.9 235 6.9 16.1 22.4 - 3.0 3.1 SW
October 10.3 18.1 3.7 345 35.5 0.3 5.4 2.9 SW
November 5.0 11.2 -0.3 50.0 30.5 25 7.7 2.8 SW
December 1.2 5.6 -3.1 79.6 72.8 5.6 9.6 2.8 SW
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800

S =l
(=N -]
(= -]

500

300
200
100

Cumulative Precipitation (mm)
'~
]
=]

s Cumulative Precipitation (mm) === Average Cumulative Precipitation (1964-1997): 505.4 mm

Figure 9: The annual precipitation of Mudurnu (Turkish State Meteorological
Service, 2021)

14



CHAPTER 2

GEOLOGICAL ASSESSMENT OF THE STUDY AREA

2.1  Regional geology of the study area

Saner (1980) studied the units that outcrop in Mudurnu-Goyniuk Basin, which is
bounded by Seben in the east, Bilecik in the west, Bolu in the north, and Nallihan in
the south, and presented the stratigraphic sequence of the basin for the units younger
than Jurassic. According to Saner (1980), Mesozoic-Tertiary units in the region are
deposited in the granitic basement. Although the Permian and older basement units
outcrop in several locations within the basin, it is not observable in Mudurnu. Over
the basement, the Lower Jurassic Bayirkdy formation composed of sandstone was
deposited discordantly by transgression. The stratigraphic section in Mudurnu Basin
starts with the Middle-Upper Jurassic Mudurnu formation. This flysch-like
formation is deposited in the deep marine environment and is composed of a
sequence of tuff and volcanoclastic sandstone, tuff, agglomerate, and shale. It
includes volcanic pebblestone layers at some points. A lava flow was observed in the
formation. The deposition source is mainly volcanic and the unit is bonded by silica.
Mudurnu formation is transitional with Soguk¢am Limestone, which has started to
deposit in a shelf environment in the Upper Jurassic-Lower Cretaceous. It is defined
as clayey limestone, clayey micrite with definite layering. There is an Upper
Cretaceous pelagic clayey limestone unit on Soguk¢am Limestone. This unit may be
observed as a transition to Soguk¢am Limestone or can be observed as a unit named
Degirmenozii member. In the Early Upper Cretaceous, marine environment
conditions continued to be present and it became deeper. At that time, the Uzimli
formation composed of sandstone-shale alternation including volcanoclastic has
been deposited. Uziumlii formation transits to shale-sandstone alternation of

Yenipazar formation at Middle-Upper Cretaceous. These flysch facies include local
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clayey limestone layers. Upper Cretaceous Yenipazar formation is observed in the
entire Mudurnu-Goyniik Basin covered by a deep sea. There are some structures and
lithologies such as olistostromes that have developed as a result of submarine slumps
in flysch deposits. On top of the Yenipazar formation, the deposited marls of the
Seben formation have transited to the Tarakl: formation (Saner, 1980). A geological

map of the region is given in Figure 10.

The geological units of the study area consist of Jurassic Mudurnu formation, Late
Cretaceous Yenipazar formation, Uziimli formation, and Degirmendzii member and

Quaternary Alluvium (Figure 10).

Mudurnu formation

The unit was formed by the alternation of volcanogenic sandstone, mudstone, shale,
tuff, agglomerate, andesite, basalt, and limestone. The unit was first named as
Jurassic dark green flysch by Abdiisselamoglu (1959) and then redefined by Gozibol
(1978) as Mudurnu formation. The dominant rock type of the formation was formed
by the alternation of dark green colored thin to moderately bedded volcanogenic
sandstone, shale, and mudstone. These lithologies representing the turbiditic facies
were transitional to agglomerates and tuffs in horizontal and vertical directions.
Andesitic and basaltic lava lenses are occasionally observed in the sequence. In the
30-40 cm sized pebbles of agglomerates, andesitic and basaltic (spilite) rocks are
abundant. In addition, the sequence is locally cut by dolerite dykes. The dominant
rock type in the upper levels of the unit is sandstone shale alternation. The lower
contact of the formation has not been observed around Mudurnu, but it was assumed
that it may have a lateral transition with the Bayirkoy formation. The age of the unit
was considered Jurassic (Abdisselamoglu, 1959; Gozibol, 1978; Yilmaz et al.,
1981), Middle-Upper Jurassic (Saner, 1980), Dogger (Altiner et al., 1991), Liassic-

Lower Cretaceous (Gonciioglu et al., 1996) by various researchers.
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Figure 10: Local geological map of the study region (MTA, 2002)
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Yenipazar formation

The name of the Yenipazar formation was used by Saner (1980) for the Late
Cretaceous flysch facies sedimentary sequence consisting of volcanic blocky
sandstone and shale alternation. Yenipazar formation starts with clastics overlying
the Sogukcam formation. In the upper part, it reaches up to the Paleocene Selvipinar
and Kizilgay formations, and where these formations do not exist (in the
successions), it reaches up to the Lower Eocene Cataltepe formation The formation
is well observed alongside the banks of the road that ties the Yenipazar and
Saricakaya districts. Yenipazar formation is mostly composed of grayish-green thin-
medium bedded sandstone-shale alternation with green and brown colored volcanics,
green-colored marl and white beige, red-pink colored thin-bedded micritic (pelagic-

semipelagic) limestone, and a small amount of conglomerate.

Uzumli formation

Demirkol (1973, 1977) named the unit consisting of mudstone, marl or clayey
micrite, calcarenite, conglomerate, shale, sandstone (volcanogenic), and limestone
as Uziimli formation. The same name for this unit, which also includes basaltic lava
and agglomerate, was used by Saner (1977, 1980) and Altiner et al. (1991).
Gonciioglu et al. (1996) examined this unit under the name of pyroclastic and lava
member. According to Demirkol (1973), the unit is commonly composed of an
alternation of brownish thin-thick bedded volcanoclastic sandstone and grayish-
green thin-bedded shale. The member sparsely contains marl, conglomerate and
limestone, metamorphics, serpentinite, and olistostrome derived from intra-basin
lava. In addition, it contains white beige-colored, thin-medium bedded,
unfossiliferous micritic limestone lenses. Although the limestones have a blocky
appearance, they are gradually transitional with the shales in the unit (Saner, 1980).
The member, which shows lateral variations and reaches a thickness of 800 m, is

best seen around Uzimlii village in the south of Goélpazar: and the villages of
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Karafakilar, Kayalidere, Umurlar, and Susuz in the south of Goynlk. The Late

Cretaceous unit is gradually transitional with the Yenipazar formation.

Degirmendtzi member

The name Degirmendzii member was used by Saner (1977, 1980) for the white beige,
red-colored, Globotruncana bearing pelagic limestones. The unit was considered as
a member of Yenipazar formation (Saner, 1977, 1980; Gonciioglu et al., 1996). Late
Cretaceous Degirmendzii member, located in the lower levels of the Yenipazar
formation, is composed of pelagic-semipelagic clayey limestone. The member is
generally white beige-colored at the bottom and red-colored at the top levels. It
contains micrite, biomicritic limestone, intercalation of shale, sandstone, tuff, and
monogenic olistostrome conglomerates derived from Bilecik limestone. The unit
was observed well in Degirmendozii village in the north of Goynik and alongside the
Yenipazar-Saricakaya road. At the bottom, the member is gradually transitional with
Uzimli member where it is present, and with the sandstone and shale units of the
Yenipazar formation where Uziimlii member is missing. At the top, it is gradually

transitional with the Yenipazar formation.

Alluvium

Quaternary alluvium consists of clay, silt, sand, gravel, and block-size materials
carried by Mudurnu Stream, Filibeli Creek, Karacakaya Creek, Ay:1 Creek, and
Biyuk Creek.
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2.2 Seismotectonics of the study area

Mudurnu is located in a tectonically active region as a consequence of one of the
most important seismically active zones of Turkey, namely the North Anatolian Fault
Zone (NAFZ). The NAFZ is a right-lateral strike-slip active fault with a length of
approximately 1500 km. This major tectonic structure disconnects the Eurasia Plate
from the Anatolian Plate (Figure 11). The NAFZ together with the East Anatolian
Fault System shapes the neotectonic evolution and deformation of Anatolia (Sengor,
1979). The NAFZ has a relatively narrow zone from its east end (Karliova) to Bolu
and a wider zone in the west of Bolu in which Mudurnu is located (Saroglu et al.,
1987; Barka, 1997). The NAFZ has created a 125-145 km long surface rupture as a
result of the August 17, 1999, Kocaeli earthquake with a moment magnitude of 7.4
(Lettis et al., 2002; Barka et al., 2002). This surface rupture continues into the
Marmara Sea (Emre et al., 1998; Barka et al., 2002; MTA, 2003; Harris et al., 2002;
Duman et al., 2005; Emre et al., 2011). Another seismic source around the study area
is the fault zone created on November 12, 1999, by the Duzce earthquake with a
moment magnitude of 7.2. This fault zone has a length ranging from 30 to 45 km
(Duman et al., 2005). In addition, there is another seismic source created by the
Abant (May 26, 1957, Ms=7.0) and Mudurnu (June 22, 1967, Ms=7.1) earthquakes
(Ambraseys and Zatopek, 1969). The Mudurnu earthquake has a 55 km long fault
zone that overlaps 25 km of the Abant earthquake fault zone (Ambraseys and
Zatopek, 1969). The 1957 Abant earthquake has a surface rupture with a length
ranging from 30 km (Barka, 1996) to 40 km (Ambraseys and Zatopek, 1969) that
extends between the Abant Lake and Dokurcun. The surface rupture of the Bolu
earthquake (February 1, 1944, Mw=6.8) that occurred near the study area continues
between the Abant Lake and Bayramoren (Ketin, 1969; Oztiirk et al., 1985).
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Figure 11: Simplified neotectonic map of Turkey (Bozkurt and Mittwede, 2001)

The NAFZ has created earthquakes both in historical and instrumental periods. The
destructive earthquakes that have been reported during the historical period (B.C.
2100-1900) (Sipahioglu, 1984) and that have been recorded during the instrumental

period in the vicinity of the region of interest are listed below:

Historical period earthquakes
170, 268, 350 Earthquakes: Intensity: VIII, damage in Izmit and iznik
24.08.358 Earthquake: Intensity: IX, damage in Kocaeli, iznik, and Istanbul
467 and 500 Earthquakes: Intensity: VI, damage in Izmit
02.09.967 Earthquake: damage between Bolu-Cerkes

03.05.1035 Earthquake: damage in Bayindir and Hamamli
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18.12.1036 Earthquake: damage in Bayindir and Hamaml
18.07.1668 Earthquake: damage in Kastamonu, Gerede, and Bolu
24.11.1863 Earthquake: damage in Bolu

19.04.1878 Earthquake: damage and life loss between izmit Adapazari. Sapanca
and Esme were entirely destroyed.

Instrumental period earthquakes

20.06.1943 Adapazari-Hendek Earthquake: Intensity=VIIl (MSK),
magnitude Ms=6.4 (Ambraseys, 1988).

01.02.1944 Bolu-Gerede Earthquake: Intensity:X (MSK) magnitude Ms:7.2
(Ergin et al., 1967).

05.04.1944 Mudurnu Earthquake is an aftershock of this earthquake
(Ms:5.6). 30 people lost their lives and 900 houses were damaged
(Ambraseys et al., 1968).

26.05.1957 Bolu-Abant Earthquake: Intensity=IX, magnitude Ms=7.1
(Gencoglu, 1986).

22.07.1967 Mudurnu Valley earthquake: Intensity=9, magnitude Ms=7.2
(Bagc et al., 2000). 89 people lost their lives and 235 people were injured. In
addition, 5569 houses were highly damaged together with 5110 moderate and
3210 little damaged buildings.

17.08.1999 Gulf of izmit Earthquake: Intensity=X, magnitude Ms=7.8

12.11.1999 Duizce Earthquake: Intensity=X, magnitude Ms=7.2
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2.3 Local geology of the study area

The units that outcrop in the Mudurnu county center are Late Cretaceous Yenipazar
formation, Uzimlu formation and Degirmendzii member, and Quaternary Alluvium.
The characteristics of these units as observed in the study area are explained in the
following paragraphs.

Yenipazar formation

The Yenipazar formation covers a wide area around the county center. It is a flysch
facies deposited as an alternation of volcanoclastic, blocky sandstone and shale. In
general, it is grayish-green colored thin medium bedded sandstone-shale
intercalation. However, beige, green-colored marls, and white beige, thin-bedded
limestones crop out in several locations such as the Mudurnu entrance and southwest

of Mudurnu. The unit was generally observed as deformed and weathered.

Uzimli formation

The Uzimli formation crops out on the east side of the Mudurnu Valley. The
formation consists of mudstone, marl, conglomerate, shale, sandstone, and
limestone. Basaltic lavas and agglomerates are observed to the east of the Mudurnu
Stream. The unit is gradually transitional with the rocks of the Yenipazar formation.
In the study area, the unit is mainly composed of brownish thin sandstone with
volcanoclastic materials, grayish-green colored thin and thick layered alternation of
shales and agglomerates. The agglomerates are observable on the slope just behind
the buildings that are located to the east of the Yildirim Bayazit Mosque.
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Degirmendzi member

Degirmendziic member forms the rock slopes to the west of the Mudurnu county
center. The member crops out as a narrow band that consists of white beige clayey
limestone. There are occasional shale, sandstone, and tuff intercalations in between
limestone layers. In addition to field observations, thin sections were prepared from
the samples collected from the western side of Mudurnu Valley, which is the focus
of the dissertation, for the complete definition of the rock mass of the study site. The
thin sections are presented in Appendix A. Based on the thin sections, the rock mass
was identified as pelagic limestone deposited in a deep marine environment. More
specifically, it was classified as planktonic foraminiferal packstone. A thin section
of Sector 4 showed that the sample entails biotite, feldspar, glauconite, mica, and
quartz. Micas and some of the quartz grains have an igneous origin. Globotruncana,
echinoid fragments, benthic foraminifera, heterohelix, globicerinelloides, and
calcified radiolaria were identified in the section. The thin section of Sector 10 has
similar characteristics to that of Sector 4. However, it has a higher clay content,
contains a higher proportion of microfractures, and smaller skeletal fragments as
compared to the thin section of Sector 4. It can be concluded that Sector 10 may have
been deposited in a deeper marine environment. In other words, the depositional
marine environment may be deeper in the northern part of the valley. In Sector 10
dissolution cavities filled with vadosite silt and a matrix cemented by sparry calcite

were observed.
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CHAPTER 3

SITE CHARACTERIZATION METHODOLOGY

This chapter explains the procedure that has been followed to characterize the rock
mass that forms the rock slopes of the western side of Mudurnu valley throughout
the county center from an engineering geological point of view and aims to
characterize the geomechanically-uniform sectors. The chapter is divided into four
subchapters in an attempt to better explain the motivation behind the applied
techniques and to discuss the findings in detail. To that end, studies that have been
conducted in the field are described under two sub-headings as field rock mass
characterization (i.e., scan-line survey) studies and Unmanned Aerial Vehicle
(UAV) studies. The rock mass was characterized based on the data gathered from
the scan-line survey and 3D point cloud. Moreover, by analyzing the rock mass
characteristics, the valley slope was separated into geomechanically uniform sectors.

After that, the rock slope sectors were classified empirically.

3.1  Engineering geological assessment of the rock mass

Rock material or intact rock can be defined as a continuum of polycrystalline solid
composed of an aggregate of minerals or grains. Rock materials are commonly
assumed homogenous, isotropic, continuous, linear, and elastic in solid mechanics
(Goodman, 1989). However, in nature, this is not the case. Rocks have both micro
and macro structures such as fissures, foliation, bedding planes, joints, folds, and
faults. The general term used for joints, bedding planes, schistosity planes, weakness

zones, and faults is ‘discontinuity’ (ISRM, 2007). Rock masses are non-
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homogeneous, anisotropic, and discontinuous, unlike the other engineering
materials. This entire structure which entails intact rock blocks separated by
discontinuities, is referred to as ‘rock mass’ (Bieniawski, 1989). Discontinuities
cause the tensile strength of rock mass to be reduced to nearly to zero in the
perpendicular direction to the discontinuity plane and restrict shear strength in a
parallel direction to the discontinuity plane (Goodman, 1989). Discontinuities have
a controlling effect on the strength, permeability, and stability of rock masses (Hoek
and Bray, 1981). It is crucial to characterize discontinuity properties since they have
a major influence on the geomechanical behavior of the rock mass (Priest and
Hudson, 1976; Palmstrom, 2001).

The discontinuity characteristics that need to be described according to ISRM (2007)
are orientation, spacing, persistence, roughness, wall strength, aperture, infilling,
seepage, number of joint sets, and block size. These properties were collected in the
accessible parts of the study area utilizing the scan-line survey method by using a
measuring tape (Figure 12). The data collected by the scan-line survey are given in
Appendix B. It should be noted that the locations of measurements presented in
Appendix B pertain to the assigned sectors. The details regarding the definition and
delineation of the sectors are explained in Section 3.3. The collected discontinuity
orientations of the physically accessible sectors (i.e., Sectors 2, 4, 6, 8, and 10) were
plotted and the discontinuity sets were identified by Dips software (Rocscience,
2022). The distributions of the discontinuities and the discontinuity sets identified in
Sectors 2, 4, 6, 8, and 10 are shown in Figures 12 through 16, respectively. As a
consequence, three discontinuity sets were specified: a bedding plane (BP) and two

discontinuity sets (Joint set 1: J1 and Joint set 2: J2).
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Figure 12: Distribution of the discontinuities and the identified sets of Sector 2
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Figure 13: Distribution of the discontinuities and the identified sets of Sector 4
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Figure 14: Distribution of the discontinuities and the identified sets of Sector 6
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Figure 15: Distribution of the discontinuities and the identified sets of Sector 8
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Figure 16: Distribution of the discontinuities and the identified sets of Sector 10

The discontinuity properties gathered by the scan-line survey were classified
according to ISRM (2007) and histograms displaying the frequency of measurements
in the corresponding classes were prepared for the accessible sectors (i.e., Sector 2,
4, 6, 8, and 10). Histograms were drawn separately for each sector. Histograms of
bedding plane roughness and spacing are given in Table 2 and histograms of bedding
plane aperture and infilling are presented in Table 3 for each sector. Similarly,
histograms of Joint set 1 roughness and spacing are shown in Table 4, and histograms
of Joint set 1 aperture and infilling are given in Table 5 for each sector. Histograms
of Joint set 2 roughness and spacing are presented in Table 6 and histograms of Joint
set 2 aperture and infilling are illustrated in Table 7 for each sector. In addition, Joint
Roughness Coefficient (JRC) that was estimated in the field by observing the shape
and waviness of the discontinuity surfaces, and by comparing the discontinuity
surfaces with the standard profiles defined by Barton and Choubey (1977) is

presented in Appendix B for each discontinuity set.
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Table 2: Histograms of the bedding plane (BP) roughness and spacing distributions
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Table 3: Histograms of the bedding plane (BP) aperture and infilling distributions
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Table 4: Histograms of the Joint set 1 (J1) roughness and spacing distributions
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Table 5: Histograms of the Joint set 1 (J1) aperture and infilling distributions
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Table 6: Histograms of the Joint set 2 (J2) roughness and spacing distributions
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Table 7: Histograms of the Joint set 2 (J2) aperture and infilling distributions

Sector J2 Aperture J2 Infilling
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The rock mass was characterized according to the field observations and the scan-
line survey method as follows. The lithology was identified as limestone that is
pinkish gray to light gray in color (Figure 17). The discontinuity orientation
measurements collected by the scan-line survey revealed that there were three
discontinuity sets (BP, J1, and J2). The discontinuity sets had strong to very strong
strengths according to the field identification where several blows of a geological
hammer were required to fracture the surfaces (ISRM, 2007). In general, the
limestone was slightly weathered to moderately weathered at several locations. The
discontinuity surfaces were described as undulating rough to undulating smooth, and
the apertures were classified as closed in general, but there were moderately wide
and open surfaces as well. Clay and silty clay infilling were observed in the apertures.
The discontinuities were close to moderately spaced, in general. Persistence was
high. Block sizes varied between medium to large. Water was not observed during
any of the field studies conducted at different seasons of the year. However, some
color changes were detected at several places. In addition, surface drainage flow
through the slope face was encountered at one location (Figure 18a) in the spring
season during snow melt. Hence, it is almost certain that surface drainage could
affect the strength of rock masses, especially during the spring season when snow

melt is encountered.
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Figure 17: A close-up view of discontinuous limestone. Note the 2 m long measuring
tape as a scale

Figure 18: a) The surface drainage flow observed in the spring season, b) Schmidt
hammer measurement in the field
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In addition to the field estimation of the discontinuity wall strength, a Schmidt
hammer test was employed. To that end, Schmidt hammer rebound values were
recorded in the field from the accessible locations (i.e., Sectors 2, 4, 6, 8, and 10) by
an L-type hammer (Figure 18b) and the rebound values were calculated based on the
recommendations of ISRM (2007). The measured and calculated Schmidt hammer
rebound values are given in Table 8. In addition, the density and unit weight of the

samples collected from Sectors 4, 6, and 10 are presented in Appendix C.

Table 8: Schmidt hammer rebound measurement locations and values

Sector  Discontinuity ~ Schmidt hammer rebound readings Rebound value
Beddingplane 28 18 46 37 39 35 43 39 41 44 426
Joint set 1 38 37 22 37 36 36 41 44 44 38 410
2 Joint set 2 46 30 34 41 44 37 45 41 34 35 434
Bedding plane 19 30 42 38 42 35 46 43 37 41 428
Joint set 1 20 23 38 42 37 41 40 37 44 42 418
4 Joint set 2 35 44 36 40 43 38 46 37 45 42 440
Bedding plane 17 22 40 39 43 29 42 47 46 28 43.6
Joint set 1 40 50 51 58 59 36 40 33 38 42 520
6 Joint set 2 51 26 47 51 28 43 48 37 30 51 496
Beddingplane 39 38 38 33 24 36 30 48 37 44 414
Joint set 1 50 55 49 52 58 53 48 40 51 58 552
8 Joint set 2 47 46 47 45 30 50 49 42 54 53 50.6

Beddingplane 26 32 35 30 43 37 39 45 38 40 410
Joint set 1 48 53 48 49 55 54 49 56 45 44 534
10 Joint set 2 50 46 49 50 52 46 42 47 50 45 50.2

The mean density and mean unit weight of the limestone was measured as 2.65 g/cm?®
and 26 KN/m?, respectively. The uniaxial compressive strengths of the discontinuity
walls of the bedding plane (BP), Joint set 1 (J1), and Joint set 2 (J2) were estimated
as 100 MPa, 140 MPa, and 130 MPa, respectively (Figure 19). In addition, Point
Load Strength Index (ASTM D5731-16) test was performed (Figure 20) to estimate
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the Uniaxial Compressive Strength (UCS) where rock samples were available (i.e.,
Sector 4 and Sector 10). To that end, several empirical relations available in the
literature (Table 9) utilized indicated that that these values were in good agreement
with the strength estimated using the ISRM rock material strength for field
identification (ISRM, 2007) for which the rock mass results have been determined
to be classified as strong (Grade R4, uniaxial compressive strength = 50-100 MPa)

to very strong rock (Grade R5, uniaxial compressive strength = 100-250 MPa).
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Figure 19: Discontinuity wall compressive strength estimation from Schmidt
hammer hardness (Deere and Miller, 1966)
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Figure 20: A view of Point Load Strength testing

Table 9: Empirical relations between the Point Load Strength Index (Iss) and

Uniaxial Compressive Strength (UCS)

Estimated UCS Value (MPa)

E €

c = £

. 8 3 £
Equation Researcher S S S
UCS=13.36ls(50)+16.3 D’Andrea et al. (1964) 109 189 64
UCS=16lss0) Ghosh and Srivastava (1991) 97 180 49
UCS=10.6471450+2.4736  Topal (2000) 67 122 35
UCS=11.6lss0+22.5 Gokeeoglu and Zorlu (2004) 93 153 58
UCS=10.92Iy50)+24.24 Kahraman and Giinaydin (2009) 90 147 58
UCS=16.4lss0) Kohno and Maeda (2012) 99 185 51
Kayabas1 and Gokgeoglu (2022) 100 169 60

UCS=13.361s0+18.66
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To investigate the durability against weakening and disintegration, Slake Durability
Test (ASTM, D4644-16) was applied (Figure 21) on samples obtained from Sectors
1,2, 4,5, and 8 of the study area. A view of the rock samples obtained from Sectors
5 and 8 hefore and after the first and second cycles are given in Figure 22. The
appearance of the rock samples for the rest of the sectors (i.e., Sectors 1, 2, and 4)
along with a laboratory test sheet is presented in Appendix C. The Slake Durability
tested samples obtained from various parts of the study area revealed that almost all
of the rock samples remained virtually unchanged with a conclusion that the rock

mass throughout the study area possesses a very high durability.
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Figure 21: A view of the Slake Durability testing device
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Figure 22: Slake Durability tested rock samples from Sectors 5 and 8. The first
column shows a view of specimens before the test, whereas the second and third
columns present the condition of the specimen following the 1%t and 2" cycles,
respectively
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3.2 Utilization of an Unmanned Aerial Vehicle (UAV)

Since the study area is located in a tectonically active area, the tectonic forces have
led to a variation of the field stresses and have created structural features such as
folds and faults. As a consequence, the bedding plane orientation has changed and
two sets of systematic discontinuities have formed which implies that the rock mass
properties were changed spatially. Therefore, to characterize the rock mass
accurately, data gathered from each geomechanical sector needs to be reliable.
Although this non-uniform nature of the rock mass requires it to be studied
throughout the slope spatially, most parts of the valley, especially the higher
elevations, were not possible to be investigated during the field study due to
inaccessibility problems (i.e., the steep nature of the area and the rather high
elevation of the valley slopes). Moreover, it was not deemed reasonable to assume
that the rock mass properties were similar for the entire valley and hence, it was not
fair to only evaluate the data gathered from the accessible parts since natuarally,
these characteristics are vital in identifying the strength, block size, failure modes,
and stability. To overcome the physical limitations arising from performing the scan-
line survey only at accessible locations and to overcome this bias as much as possible
for rock mass characterization, an Unmanned Aerial Vehicle (UAV) was employed.

Nowadays, integration of structural analysis with remote sensing studies has become
popular for rock mass characterization and many researchers have used these
methods successfully in their studies (Sturzenegger and Stead, 2009; Riquelme et al.,
2014; 2015; Greenwood et al. 2016; Manousakis et al., 2016; Riquelme et al., 2018;
Oztiirk et al., 2019; Bozkir et al., 2020; Yalcin et al., 2022). In this dissertation, a
UAV was utilized to gather the characteristics of the rock mass in detail, particularly
for inaccessible locations due to the steep nature of the Mudurnu valley. The UAV
survey was planned by considering the weather conditions to be able to discard the
effects of shadow and reflectance as much as possible. Moreover, the slope

characteristics such as height, aspect, and slope degree were also considered. Instead
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of placing specific targets, the structures that have already been in the area were used
as ground control points. A total of 2053 images were collected by the flights of a
two-day long field study in Mudurnu county center (Figures 23 and 24) that led to
the generation of a high-density point cloud having 35192531 points for the western
side of the valley (Figure 25). The resolution of the point cloud changes spatially as
a consequence of the variations in the heights and the angles of the images taken.
The overall resolution of the point cloud is 7.8 cm. The 3D point cloud was employed
to obtain the orientation, spacing, and persistence of discontinuity sets by utilizing
the Discontinuity Set Extractor (DSE) method (Riquelme et al., 2014). The DSE

methodology is explained in the following paragraphs.
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Figure 23: UAV images showing details of the rock mass at higher elevations
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Figure 24: UAV images showing the general appearance of the rock mass
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Figure 25: 3D point cloud of the Mudurnu county center
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3.2.1 Discontinuity data identification from the 3D point cloud

Discontinuity Set Extractor (DSE) is a tool for the semi-automatic identification of
the planar features of a rock mass through 3D point cloud data. The DSE
methodology has been preferred as a tool in this dissertation study since it uses 3D
data directly without applying any simplifications such as interpolated mesh
surfaces. To this end, it is possible to identify local variations in slope geometry in
detail which is important for the determination of the hazard potential of the rock
mass. Moreover, this property makes obtaining information on non-accessible parts

possible.

The DSE methodology uses raw data points (Pi) defined by X, Y, and Z coordinates

and follows three main steps (Figure 26).

A-Local curvature calculation

This step calculates a normal vector for each point by the end of the three main

phases.

)} Nearest neighbor searching

This phase defines a subset (Qi) composed of K-nearest neighbors (knn) for each
point. Nearest neighbors are calculated by knnsearch function of MATLAB and

Euclidean distance where a fixed number of neighbors are considered.
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i) Nearest neighbor searching l

A-Local curvature calculation ii) Coplanarity test l

iii) Plane adjustment and normal vector calculation (PCA)I

( ] i) Density estimation (KDE) l
B-Statistical analysis of the plane poles

ii) Semi-automatic set identification

i) Clustering (DBSCAN)

C-Cluster analysis ii) Plane generation (PCA) l

iii) Error fitting check

Figure 26: Flow chart of the DSE methodology (Riquelme et al., 2014)

i) Coplanarity test

Coplanarity of subset Qi is checked before applying normal vector calculation.
Depending on the coplanarity check, the process is either continued or rejected. To
check coplanarity, the method uses Principal Component Analysis (PCA) by
applying the princomp function of MATLAB. This function determines eigenvalues
and eigenvectors that will be used as an input for the calculation of the deviation
parameter (n). Riquelme et al. (2014) suggest a tolerance (nmax) of 20% since a set
of principal components with a variance of 80% or higher represent the data properly
(Rencher and Christensen, 2012). If n>nmax the subset is rejected.

iii) Plane adjustment and normal vector calculation

This phase is to set plane adjustments and to calculate its normal vector. The equation

of a plane is given by Equation (1)

Ax+By+Cz+D=0 [ABCD]ER 1)
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where A, B, C are the unit normal vector components and D is the distance parameter

measured perpendicular to the origin of the plane.

B-Statistical analysis of the planes

This step is composed of two phases and uses a stereographic projection of poles of

planes to perform statistical analysis to identify the main discontinuity sets.
1) Density estimation

This phase is applied to calculate the densities of poles. For this purpose, Kernel
Density Estimation (KDE), which is a non-parametric way of estimating the
Probability Density Function (PDF) of a random variable, is used. The density
estimation is applied by kde function of MATLAB.

i) Semi-automatic set identification

In this phase, a principal orientation is assigned to every point. To define principal
poles the method uses two different limiting parameters to get rid of reading errors
and singular points: 1) cone filter (defines the minimum angle between two principal
vectors), 2) the maximum number of poles filter (defines the maximum number of
discontinuity sets). After these two filters are applied, the point cloud is segmented.
In this step, principal families are checked by a defined minimum angle between the
associated normal vector and the assigned principal plane normal vector. By this

step, points having a different orientation to any principal pole are discarded.

C-Cluster analysis

In this step, discontinuity sets are assigned to subsets (Ri) of sets grouped by planar
clusters. The Cluster analysis has three phases:

1) Clustering
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This phase is applied to calculate spatial clusters for each discontinuity set. For the
clustering, the Density-Based Scan Algorithm with Noise (DBSCAN) that needs two
input parameters is employed. The input parameters are the maximum distance

between neighbors and the minimum number of neighbor points to be considered.

i) Plane generation

Plane equations are calculated by finding the best-fit plane of a set of points
belonging to an identified cluster in the previous phase. Principal vectors are
obtained by applying PCA and the values of A, B, and C are calculated. The

parameter D is computed by the least-squares method.
iii) Error fitting check

After the definition of the plane equation, the quality of data fitting should be
checked. The calculated error needs to be minimum and its standard deviation should
be low.

Once the discontinuity sets are defined and the points are classified, this information
can be used to obtain the spacing, persistence, and roughness. The DSE calculates
the normal spacing between an exposed plane and a plane closest to it considering
3D relationships. The methodology computes spacing for both persistent and non-
persistent discontinuities (Riquelme et al., 2015). Bedding planes tend to be fully
persistent. In this dissertation, the bedding plane and the joint sets have been
accepted to be persistent. ISRM (2007) defines spacing as mean fracture spacing
between adjacent discontinuities that cut a traverse line of known length. However,
Palmstorm (2001) states spacing as the minimum or normal distance between
discontinuities within a set measured along an orthogonal scan-line. Measuring the
normal spacing in field conditions may not be always possible or may only apply to
a limited portion of the rock mass. This methodology uses 3D relationships between
clusters to calculate the spacing by using orthogonal distance. Hence, the results

obtained are expected to be more reliable compared to the field measurements.
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This method uses a previously classified point cloud into discontinuity sets and
clusters of the same discontinuity plane as an input. For this dissertation, DSE, which
was used to reach discontinuity set orientations, has also been utilized for the
classification of input data for every point. Required input data for the methodology
are coordinates (X, Y, and Z), discontinuity set id, cluster id, the normal vector of
the discontinuity set (A, B, C from Equation 1), the normal vector of the cluster (A,
B, C from Equation 1) and plane position (D from Equation 1) of the cluster.
Analytically, sets of points belonging to the same discontinuity plane have the same
normal vector defined by A; B, C and varying plane positions represented by
parameter D. At first, the distances of all points in every cluster are calculated and
the distribution of distances having a mean value and standard deviation is obtained.
Note that the density functions of different clusters are expected to have a major
overlap when they belong to the same plane. To define the threshold value of the
overlapping between two density functions, segments centered at their mean value
with lengths of 2k times the standard deviation is computed for each cluster. Then,
they are considered as the members of the same plane if segments (1)+/-(ko) of both
distributions intersect. Hence, no spacing calculations are followed between the
clusters belonging to the same plane. This is checked by Equation 2 which defines
the condition when clusters are parts of the same plane. Otherwise, the spacing will
be calculated between the clusters of different planes. Finally, an adjustment is
applied once the clusters are determined to belong to the same plane. This adjustment

re-defines the value of the Dy parameter as Da.

K(ca+ob)> | Da-D | )

where ca=standard deviation of cluster a, ob= standard deviation of cluster b,
Da=position parameter of cluster a, Dp= position parameter of cluster b, k=parameter
that controls how close two distributions must be to be considered as the same

cluster.
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After the spacing values are calculated, the non-parametric distribution is applied by
the KDE technique. Min, max, mode, mean, maximum density value, and standard
deviation are computed by statistical analysis. The normal spacing is calculated as

the mean of the calculated distances.

For the persistence, the method uses a previously analyzed point cloud similar to the
spacing methodology. This means that coordinates, discontinuity sets, clusters, and
plane equations of clusters (Equation 1) are known for each point. Prior to
persistence calculation, the coplanarity test is applied for clusters. Two planes are
assumed to be coplanar when Equation 2 is satisfied and concluded that these clusters
belong to the same discontinuity plane (Riquelme et al., 2015). At this stage, the D
parameter of the cluster is modified and clusters are merged. After that, persistence
measurement started with applying the transformation matrix given in Equation 3
(Riquelme et al., 2018).

cos(B)sin(a) —cos(a) sin(B)sin(a)
R =|cos(B) cos(a) sin(a) sin(B) cos(a) (3)
—sin(B) 0 cos(f)

where B=dip angle and a=dip direction angle of the corresponding discontinuity set

Figure 27 shows the scheme of the transformation by which discontinuity persistence
is measured in strike and dip orientations as suggested by ISRM (2007). Coordinates
are transformed from OXYZ to O’X’Y’Z’. The persistence is extracted in the O°X
direction for the dip and in the O’Y direction for the strike where these lengths are

calculated by Equations 4 and 5.
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Figure 27: Perspective of 3D point cloud for three coplanar clusters and the convex
hull extracted (Riquelme et al., 2018)

Length-Persistencedip(i,j)=max(x’(i,j))-min(x’(i,j)) 4)

Length-Persistencestrike(i,j )=max(y’(i,j))-min(y’(i,j)) 5)

where x’(i,j) and y’(i,j) are the local coordinates of X(i,j).

In addition, the area of the cluster is estimated by computing the convex hull
(Cn(X(i,))). The equation for the maximum length calculation is given by Equation 6
and the area estimation is given by Equation 7. To calculate the convex hull, cluster
points are projected to the O’X’Y” plane and then convhull function of MATLAB is
applied.
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Length-Persistencemax(i,j)=max length(Cn(X(i,})) (6)

Area-Persistence(i,j)=Area(Cn(X(i,})) (7

Note that, this method accepts intermittent discontinuities as a single persistent
discontinuity, which results in higher persistence values and makes this method more

conservative (Mauldon, 1994).

3.3  Definition and delineation of the geomechanical sectors

Remote sensing technologies have been utilized by many researchers for rock slope
studies. These techniques are useful for obtaining accurate and dense information
from a 3D point cloud. Although usage of remote sensing techniques enables the
collection of information from a wider area, it is limited to the resolution of the
image. It is possible to identify small discontinuities by high-resolution images but
the small features may not be distinguished by the usage of low-resolution images
(Sturzenegger and Stead 2009; Tuckey and Stead 2016). That is why methods
applied should be used with caution and capabilities and limitations should be
discussed. In this dissertation, at first, the data was gathered from the point cloud on
the parts that had been studied in the field. Then, the gathered data were controlled
and validated with field observations. Since the data gathered from the point cloud
and the data collected from the field were comparable, the 3D analysis method was

applied to the entire valley.
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By gathering and combining all the available data (i.e., the geological and
geomechanical rock mass properties, scan-line survey measurements, photos taken
during field studies, UAV images collected, and 3D point cloud), the western side of
the valley was divided into 11 sectors that had similar geomechanical properties. For
the delineation, varying slope face orientations were determined through the valley.
Then, the identified faces were subdivided into parts according to the characteristics
of the discontinuity sets where necessary followed by defining the sectors. The
sectors were numbered from south to north in ascending order as shown in Figure
28.

After the identification of the sectors, the discontinuity characteristics were gathered
from the point cloud per sector. For the detection of discontinuity set orientations,
the Discontinuity Set Extractor (DSE) method was utilized (Riquelme et al., 2014),
as explained in Chapter 3.2.1. Afterwards, the results were compared with the field
survey measurements. All the sectors were not physically accessible due to the steep
nature of the slopes in the area; however, the DSE results were validated with data
collected from Sectors 2, 4, 6, 8, and 10. The results obtained with DSE were
comparable with those from the field observations. Thus, DSE results were accepted
as reliable, and DSE was utilized to extract the discontinuity orientations of the
inaccessible sectors. Discontinuity sets identified using DSE are given in Figures 29
through 35. In these figures, each set is represented by a different color. Table 10
gives the discontinuity orientations obtained from the field survey and the DSE
method.
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Figure 28: Delineated sectors defined as a result of a detailed evaluation of the rock
mass characteristics
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Figure 29: A view of Sectors 1 and 2 and the discontinuity sets identified by utilizing
DSE
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Figure 31: A view of Sectors 5 and 6 and the discontinuity sets identified by utilizing
DSE
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Figure 33: A view of Sector 8 and the discontinuity sets identified by utilizing DSE
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Figure 34: A view of Sectors 9 and 10 and the discontinuity sets identified by
utilizing DSE
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Figure 35: A view of Sector 11 and the discontinuity sets identified by utilizing DSE
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Table 10: Discontinuity orientations measured by scan-line survey and calculated
from the point cloud

Discontinuity ~ Discontinuity ~ Discontinuity Discontinuity
Dip Dip Dip Direction Dip Direction
Slope Face (Scan-line (3D Point (Scan-line (3D Point
Orientation survey) Cloud) survey) Cloud)
c
=
S g
8 & 668 = 8 & =2 8 & =2 N & =2 o
1 66 084 56 81 68 259 108 156
2 76 105 43 78 77 52 74 58 273 089 179 260 098 176
3 84 235 56 68 67 271 083 167
4 72 096 43 67 66 56 68 67 263 078 168 271 083 167
5 76 064 61 55 56 255 084 178
6 78 092 44 68 82 55 76 78 268 083 136 272 091 153
7 48 070 46 84 63 256 058 156
8 80 104 36 65 83 44 79 80 234 070 152 255 083 141
9 85 185 38 78 85 268 75 145
10 80 075 37 81 77 42 78 85 229 069 157 250 75 145
11 75 045 45 78 88 225 51 166

The DSE results are accepted as reliable based on the comparison of results with the
field measurements. For the sake of identifying discontinuity characteristics in a
wider area, including the physically inaccessible locations, a 3D point cloud was
employed and the DSE methodology was applied. The distributions of normal
spacing and persistence of the discontinuity sets were obtained by the DSE
methodology for each sector. The distributions of normal spacing of BP, J1 and J2
are presented in Figures 36, 37, and 38, respectively. Also, the distributions of

persistence of BP, J1 and J2 are presented in Figures 39, 40, and 41, respectively.
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Figure 36: The distribution of bedding plane spacing for each sector
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Figure 37: The distribution of J1 spacing for each sector
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Figure 38: The distribution of J2 spacing for each sector
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Figure 39: The distribution of bedding plane persistence for each sector
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Figure 40: The distribution of J1 persistence for each sector
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Figure 41: The distribution of J2 persistence for each sector




Block size is one of the most critical parameters of rock mass behavior and hence,
of the hazard assessment. It defines the mechanical behavior of the rock mass
together with the inter-block shear strength. Block size is a property that is controlled
by the number of discontinuity sets, the orientation of discontinuities, discontinuity
spacing, and persistence. The number of sets and orientation identify the shape of
blocks. In the Mudurnu county center, the shape of the blocks created by the
discontinuity sets is blocky according to ISRM (2007). Block size can be calculated
by block size index (Ib), which describes the average dimension of the blocks, or
volumetric joint count (Jv) which is defined as the total number of joints intersecting
a unit volume of the rock mass. The block size index uses the average value of modal
spacing of discontinuities (Equation 8). It is possible to find it correctly for
sedimentary rocks having cubic or prismatic block shapes such as in the case of two
mutually perpendicular joints and a bedding plane (ISRM, 2007). Considering the
discontinuity spacing distributions obtained from the point cloud, the block size in
the study area was calculated by block size index (Ib). The minimum, maximum, and

mean values of block sizes of the sectors are given in Table 11.

Ib — 51+532 +S3 (8)

where, I is the block size index.

According to the spacing and persistence of discontinuity sets obtained from the
point cloud, block sizes of the sectors can be classified as follows:

Sector 1 is characterized by small blocks, Sector 2 can create medium to large blocks,
Sector 3 and Sector 4 formed medium blocks, Sector 5 and Sector 6 are capable of
creating large blocks, Sector 7 formed medium blocks, and Sector 8 is characterized
by large blocks, Sector 9, Sector 10 and Sector 11 can create medium blocks. Note

that, in the field, the block size was observed to be smaller in Sectors 9, 10, and 11
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as compared to the other sectors; except Sector 1 where the limestone layers become
thinner. The decrease in the block size in Sectors 9, 10, and 11 may be associated
with the increasing clay content in the northern part of the valley that has been

identified in the thin sections (Appendix A).

Table 11: Block sizes of sectors based on discontinuity spacing

BP Spacing (m) J1 spacing (m) J2 spacing (m) Block Volume (m®)

Sector
Minimum
Maximum
Mean
Minimum
Maximum
Mean
Minimum
Maximum
Mean
Minimum
Maximum
Mean

0.170 1.100 0.480 0.190 1.100 0.460 0.320 4.100 1.390 0.010 4.961  0.307
0.310 1.430 0.700 0.150 1.350 0.630 0.290 5.600 1.860 0.013 10.811 0.820
0.150 1.620 0.690 0.100 1.400 0.510 0.140 4.380 1.150 0.002 9.934  0.405
0.150 1.620 0.690 0.100 1.400 0.510 0.140 4.380 1.150 0.002 9.934  0.405
0.430 0.780 4.990 1980 0.210 3.230 0.900 0.021 16.924 0.766
0.130 1.280 0.470 0310 3.890 1.380 0.290 3.210 1.670 0.012 15983 1.083
0.090 1.180 0.480 0.230 1.620 0.640 0.640 5.150 2.040 0.013 9.845 0.627
0.360 1.480 0.460 0.210 2890 0.770 0.260 2.880 0.950 0.020 12.318 0.336
0.080 2.000 0.700 0370 2140 1.150 0.110 2150 1.020 0.003 9.202 0.821
0.700 0.370 2.140 1.150 0.110 2150 1.020 0.003 9.202 0.821
0.750 0.070 1.800 0.640 0.110 1.990 0.670 0.001 7.880 0.322
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3.4  Empirical classification of the rock slopes

Rock mass classification systems are practical methods for the categorization of rock
masses based on the geomechanical characteristics and the rough estimation of rock
mass behavior. Since rock mass classification systems, in other words, the empirical
methods, consider both the intact rock and the discontinuity parameters, they are

useful in terms of directing users to examine the rock mass carefully and
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systematically. There are several empirical methods utilized to classify rock slopes
geomechanically as a preliminary assessment. In this study, Slope Mass Rating
(SMR) and Q-Slope were considered to validate the instability and support
requirements of the different sectors. Note that SMR and Q-Slope tables are given in
Appendix D.

SMR is a classification system developed by Romana (1985). This method can be
explained as a continuation of RMR for slopes. The method uses the basic Rock
Mass Rating (RMR) value of Bieniawski (1989) and four correction factors
depending on orientations of discontinuities and slope face, and the excavation
method to calculate the SMR value according to Equation 9:

where RMRy is the basic RMR index of Bieniawski (Appendix D).

F1 is a parameter that depends on the parallelism (A) between the discontinuity dip
direction (0j) and the slope dip direction (as). The value of A is calculated by |aj-os|

for planar and wedge failures, and by |aj-as-180| for toppling failure.

F2 is a measure of the discontinuity shear strength. The value of this parameter (B)
is equal to the discontinuity dip angle (B;) for planar failure, the plunge of the line of

intersection of discontinuities for wedge failure, and 1.00 for toppling failure.

Fs is an expression of the probability of discontinuity to the outcrop on the slope face
that depends on the dip angles of the discontinuity and the slope face. The value of
this expression (C) is calculated by Bj-Bs for planar failure, Bi-ps for wedge failure,
and Bj+s for toppling failure where Bj=discontinuity dip angle, fi=plunge of line of

intersection of discontinuities, and Bs=slope face dip angle.
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F4 is a correction factor depending on the excavation method.

Table 12 shows the RMR basic value and correction factors of each sector for planar
(Romana, 1985), wedge (Anbalagan et al., 1992), and toppling (Romana, 1985) types
of failures. The calculated SMR values of each sector and the corresponding rock
mass classes, stability conditions, failures, and probability of failures for different
modes are given in Table 13.

Table 12: RMR basic and correction factor values used to calculate Slope Mass
Rating (SMR) of different geomechanical sectors

Planar

Sector RMRbasic A F1 B F2 C F3 F4 SMR
1 66 24 0.4 81 1 15 0 15 81

2 65 7 0.85 74 1 -2 -50 15 375
3 65 152 0.15 68 1 -16 -60 15 71

4 62 13 0.7 68 1 -4 -50 15 42

5 65 20 0.4 55 1 -21 -60 15 56

6 62 1 1 76 1 -2 -50 15 27

7 67 12 0.7 84 1 36 0 15 82

8 61 21 0.4 79 1 -1 -50 15 56

9 65 110 0.15 88 1 3 -6 15 79.1
10 65 0 1 78 1 0 -6 15 74
11 60 6 0.85 78 1 3 -6 15 69.9

75



Table 12 (continued): RMR basic and correction factor values used to calculate Slope
Mass Rating (SMR) of different geomechanical sectors

Wedge

Sector RMRbasic A F1 B F2 F3 F4 SMR
1 66 92 015 67 1 1 -6 15 80.1
2 65 108 015 57 1 -3 -50 15 72.5
3 65 93 015 61 1 -23 -60 15 71

4 62 31 015 61 1 -11 -60 15 68

5 65 56 015 38 0.85 -38 -60 15 72.35
6 62 75 015 78 1 17 0 15 77

7 67 67 015 62 1 14 0 15 82

8 61 3 1 78 1 -2 -50 15 26

9 65 43 015 85 1 0 -25 15 76.25
10 65 67 015 85 1 15 0 15 80

11 60 56 015 86 1 26 0 15 75

Toppling

Sector RMRbasic A F1 B F2 C F3 F4 SMR
1 66 5 085 - 1 122 -25 15 59.75
2 65 25 0.4 - 1 128 -25 15 70

3 65 144 015 - 1 140 -25 15 76.25
4 62 5 085 - 1 128 -25 15 55.75
5 65 11 0.7 - 1 137 -25 15 62.5
6 62 0 1 - 1 133 -25 15 52

7 67 6 085 - 1 94 0 15 82

8 61 29 0.4 - 1 124 -25 15 66

9 65 97 015 - 1 123 -25 15 76.25
10 65 5 085 - 1 120 -6 15 74.9
11 60 0 1 - 1 120 -6 15 69
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Table 13: Slope Mass Rating (SMR) classes and their descriptions of different
geomechanical sectors

Planar Failure

Zo
© . g 52
s £ 2 2 gL
(2] wn @) wn L o o
1 81 I-Very good Completely stable None 0
2 375 IV-Bad Unstable Planar or big wedges 0.6
3 71 11-Good Stable Some blocks 0.2
4 42 I11-Normal  Partially stable Some joints or many wedges 0.4
5 56 I11-Normal  Partially stable Some joints or many wedges 0.4
6 27 1V-Bad Unstable Planar or big wedges 0.6
7 82 I-Very good Completely stable None 0
8 56 I11-Normal  Partially stable Some joints or many wedges 0.4
9 79.1  11-Good Stable Some blocks 0.2
10 74 11-Good Stable Some blocks 0.2
11 69.9 11-Good Stable Some blocks 0.2
Wedge Failure
Zo
% 2 i 52
3 s £ 2 2 g4
(2] (2] O wn LL o o
1 80.1 I-Very good  Completely stable None 0
2 725 11-Good Stable Some blocks 0.2
3 71 11-Good Stable Some blocks 0.2
4 68 11-Good Stable Some blocks 0.2
5 72.35 11-Good Stable Some blocks 0.2
6 77 11-Good Stable Some blocks 0.2
7 82 I-Very good  Completely stable None 0
8 26 IV-Bad Unstable Planar or big wedges 0.6
9 76.25 11-Good Stable Some blocks 0.2
10 80 11-Good Stable Some blocks 0.2
11 75 11-Good Stable Some blocks 0.2
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Table 13 (continued): Slope Mass Rating (SMR) classes and their descriptions of
different geomechanical sectors

Toppling Failure

>
=g
o 2 8 53
o %) —
s = & g = s&
n wn (@] n LL o o
1 59.75 1lI-Normal  Partially stable Some joints or many wedges 0.4
2 70 11-Good Stable Some blocks 0.2
3 76.25 11-Good Stable Some blocks 0.2
4 55.75 1llI-Normal  Partially stable Some joints or many wedges 0.4
5 62.5 II-Good Stable Some blocks 0.2
6 52 I11-Normal  Partially stable Some joints or many wedges 0.4
7 82 I-Very good Completely stable  None 0
8 66 11-Good Stable Some blocks 0.2
9 76.25 11-Good Stable Some blocks 0.2
10 749  11-Good Stable Some blocks 0.2
11 69 11-Good Stable Some blocks 0.2

Q-Slope is a method developed to estimate the stability of rock slopes (Barton and
Bar, 2015). This system considers the same parameters as Barton et al. (1974)’s Q-
System. In addition to these parameters, Q-Slope takes discontinuity orientation and

environmental conditions into account to calculate the Q-Slope value according to

Equation 10:

QSIOpe In Ja SRFslope

_ RoD (]r) 5 Jwice (10)
0

where RQD is Rock Quality Designation
Jn is the number of joint sets

Jr is the joint roughness number
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Ja is the joint alteration number

O-factor is the orientation factor for the ratio of Ji/Ja and provides adjustment for

discontinuity orientations

Jwice 1S an environmental and geological condition number that considers the long-

term exposure of slope to various conditions

SRFsiope is strength reduction factor. The most adverse factor among three categories
are, namely, SRFa=physical condition number, SRFp=stress and strength number,

and SRFc.=Major discontinuity number is chosen.

Table 14 shows the values of Q-slope parameters of each sector for planar and wedge
type of failures. Table 15 presents the Q-Slope values and stability conditions of

different sectors.
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Table 14: Values of the parameters used to calculate the Q-slope value of different
geomechanical sectors

Planar

g 2 2

= (&) o] @ LL -

3 by g P

3 g - s O 3 % o3
1 64 9 2 2 0.25 0.5 4 0.22
2 68 9 2 2 0.25 0.5 4 0.24
4 36 9 3 2 0.25 0.5 4 0.19
5 70 9 3 3 0.25 0.5 4 0.24
6 68 9 3 3 0.25 0.5 4 0.24
7 59 9 3 3 0.25 0.5 4 0.20
8 52 9 3 3 0.25 0.5 4 0.18
10 35 9 3 2 0.25 0.5 4 0.18
11 18 9 3 2 0.25 0.5 4 0.09

Wedge

» S S g
S ) 3 3 @ L 2
|5} Y= — S C2l
3 g = - s 0 o 3 & &
1 64 9 2 2 0.25 0.8 0.5 4 0.18
2 68 9 2 2 0.25 0.8 0.5 4 0.19
4 36 9 3 2 0.25 0.8 0.5 4 0.23
5 70 9 3 3 0.25 0.8 0.5 4 0.19
6 68 9 3 3 0.25 0.8 0.5 4 0.19
7 59 9 3 3 0.25 0.8 0.5 4 0.16
8 52 9 3 3 0.25 0.8 0.5 4 0.14
10 35 9 3 2 0.25 0.8 0.5 4 0.22
11 18 9 3 2 0.25 0.8 0.5 4 0.11
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Table 15: Q-Slope values and stability conditions of the different geomechanical
sectors

Planar Wedge
Slope

Sectors Dip Q-slope  Stability Q-slope  Stability
1 66 0.22 Unstable 0.18 Unstable
2 60 0.24 Unstable 0.19 Unstable
4 72 0.19 Unstable 0.23 Unstable
5 76 0.24 Unstable 0.19 Unstable
6 61 0.24 Unstable 0.19 Unstable
7 48 0.2 Stable 0.16 Stable

8 80 0.18 Unstable 0.14 Unstable
10 70 0.18 Unstable 0.22 Unstable
11 60 0.09 Unstable 0.11 Unstable

SMR concluded that all the sectors are capable of creating failures up to some degree
except Sector 7. According to rock mass classes and the probability of failures, the
most critical sectors are evaluated as Sectors 8 and 6. Sector 8 is critical, especially
in terms of a wedge failure probability of 0.6 and a planar failure probability of 0.4.
Sector 6 is critical in terms of a planar failure probability of 0.6 and a toppling failure
probability of 0.4. This is followed by, Sector 4 and Sector 5, where partially stable
blocks are found for planar and toppling type failures. The Q-Slope classification
shows that all the sectors are unstable except Sector 7. Although the discontinuity
orientations are unfavorable, Sector 7 is determined to be stable due to its lower

overall slope angle (Arslan Kelam et al., 2021).
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CHAPTER 4

STABILITY ASSESSMENT

4.1 Methods of rock slope slope stability assessment

Slope stability terminology is described by Kliche (2018) as “the resistance of any
inclined surface, as the wall of an open pit or cut, to failure by sliding or collapsing”.
Different rock masses and geological structures are associated with different sorts of
slope instability. There are classification systems that categorize types of movement
based on the rock masses. The most recent of these classification systems, a new
version of the widely used Varnes classification system (Varnes, 1978), has been
proposed by Hungr et al. (2014). The updated modes of failure are given in Table
16. According to this table, the possible modes of failure on the western side of

Mudurnu county center are toppling and sliding of discontinuous rock masses.

Rock slope stability deals with a slope formed in rock by utilizing rock mechanics
and structural geology principles. Assessment of a rock slope stability is not a
straightforward process since rock mechanics is a challenging subject due to the
heterogeneous and anisotropic nature of rock materials, difficulties in identifying the
strength parameters of rock masses, the complexity of the rock behavior theories and
models, difficulty to represent field conditions in the laboratory and complexity of
field testing (Brawner and Milligan, 1971). In general, slope failure originates from
a combination of causes that occur simultaneously. These causes can be grouped
under two categories, namely, the ones that contribute to increased shear stress and
the ones that lead to reduced shear strength (Varnes, 1978). On the western side of
the Mudurnu county center, an increase in shear stress may be attributed to the
removal of lateral support utilizing previous slides, removal of underlying support

as a consequence of the weathering of the discontinuous rock mass, or the

83



undermined geometry because of human activity, and earthquake forces. Besides, a
decrease in shear strength can be attributed to inherent characteristics of the material
such as the presence and favorable orientation of discontinuities and slope face

orientation on the western side of the Mudurnu Valley (Figure 42).

Table 16: Modes of slope failure (Hungr et al., 2014 as modified from Varnes (1978))

Type of movement Rock Soil
Fall 1. Rock/ice fall* 2. Boulder/debris/silt fall*
Topple 3. Rock block topple* 5. Gravel/sand/silt topple*
4. Rock flexural topple
Slide 6. Rock rotational slide 11. Clay/silt rotational slide
7. Rock planar slide* 12. Clay/silt planar slide
8. Rock wedge slide* 13. Gravel/sand/debris slide*
9. Rock compound slide 14. Clay/silt compound slide
10. Rock irregular slide*
Spread 15. Rock slope spread 16. Sand/silt liquefaction spread™
17. Sensitive clay spread™
Flow 18. Rock/ice avalanche* 19. Sand/silt/debris dry flow

20. Sand/silt/debris flowslide*
21. Sensitive clay flowslide*
22. Debris flow*

23. Mud flow*

24. Debris flood

25. Debris avalanche*

26. Earthflow

27. Peat flow
Slope deformation 28. Mountain slope deformation  30. Soil slope deformation
29. Rock slope deformation 31. Soil creep

32. Solifluction

*Movement types that usually reach extremely rapid velocities as defined by Cruden and Varnes (1996). The other landslide

types are most often (but not always) extremely slow to very rapid
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Figure 42: General views from the discontinuous rock mass on the western side of
the Mudurnu valley
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When the size of blocks formed by intersecting discontinuities is in the same order
as the scale of the slope, the stability should be analyzed by considering the sliding
and rotation of the blocks (Hoek and Karzulovic 2001). Since the rock mass under
question is discontinuous limestone, a two-step process has been followed for the
stability assessment in Mudurnu. First, kinematic analysis has been applied to
identify possible modes of failure (Piteau and Peckover, 1978). Then, limit
equilibrium analysis has been employed for the sectors that have a potential for

failure based on the kinematic analysis.

4.2 Kinematic analysis

The kinematic analysis explores the slope geometrically with the aid of stereographic
projection to pinpoint possible modes of slope failures. It considers the orientation
of discontinuities and the slope face under investigation by taking the friction angle
into account. The orientation is the attitude of a plane (discontinuity or slope face)
represented by dip direction and dip. Dip direction is the angle showing the dipping
direction of a plane that is measured from true north and dip is the steepest angle
measured from the horizontal (ISRM, 2007). Orientation is a significant
characteristic since it affects the failure type and kinematic instability. Engineering
characteristics of the rock mass are influenced by the discontinuity set orientations
and degree of clustering of the sets (Park et al., 2005). The influence of orientation
becomes more important when other characteristics are favorable for deformation
(Zhang, 2005).

In this dissertation, the DSE methodology has been explained in Chapter 3.2 and
Chapter 3.3 in an attempt to obtain the clusters and distributions of the discontinuity

sets. The discontinuity orientations were determined by Fisher distribution which is
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commonly used to model 3D distributions because of its simplicity and flexibility
(Priest, 1993). Fisher distribution gives an angular distribution of orientations about
amean orientation (Fisher, 1953). For the kinematic analysis, the strength parameters
of the discontinuity surfaces were employed. In the preliminary analysis of stability,
Hunt (1996) suggests the common strength values (i.e., internal friction angle) of
rock mass discontinuities for smooth and unweathered surfaces as 30°-35° for
granite, basalt, gneiss, sandstone, limestone and 25°-30° for shale, phyllite,
micaschist. According to Hunt (1996), 5°-15° is advised to be added to these values
whenever the discontinuity surfaces are rough and undulated or have an average
roughness. 5°-10° is recommended to be substracted from these values if the
discontinuity surfaces are highly weathered and decomposed. The lower bound of
the suggested internal friction angle values for limestone, namely, 30° was utilized
in the kinematic analysis for the sake of not missing any possible failures that can
form due to the uncertainties of discontinuity characteristics. This value is consistent
with the results obtained through the RMR classification. The possibility of
kinematic failure was examined by using the Dips software (Rocscience, 2022). The
distributions of the discontinuity sets, as well as the kinematic analysis results of the
sectors, are given in Figures 43 through 45. Note that each row presents the analysis

of a particular sector for planar, wedge, and toppling types of failures.
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Figure 43: The distribution of discontinuity sets and the kinematic analysis results of
Sectors 1, 2, 3, and 4 (i.e., planar failure analysis on the left, wedge failure analysis
in the middle, and toppling failure analysis on the right)
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Sector 5

Figure 44: The distribution of discontinuity sets and the kinematic analysis results of
Sectors 5, 6, 7, and 8 (i.e., planar failure analysis on the left, wedge failure analysis
in the middle, and toppling failure analysis on the right)
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Figure 45: The distribution of discontinuity sets and the kinematic analysis results of
Sectors 9, 10, and 11 (i.e., planar failure analysis on the left, wedge failure analysis
in the middle, and toppling failure analysis on the right)

The kinematic analyses revealed that planar, wedge and toppling failures were
possible throughout the study area. In the area, Joint set 1 (J1) can cause planar
failures, the intersection of Joint set 1 (J1) and Joint set 2 (J2) may produce wedge

failures and the Bedding Plane (BP) is capable of inducing toppling failure (Arslan
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Kelam et al., 2018). Possible modes of failure identified in each sector by the

kinematic analysis are summarized in Table 17.

Table 17: Possible modes of failure of the sectors identified by the kinematic analysis

Possibility of*
Planar Wedge Toppling
Discontinuity Orientation  Failure Failure Failure

Sector
Slope Face
Orientation

BP J1 J2 BP J1
084/66 259/56 108/81 156/68 N
105/76  260/52 098/74 176/58
235/84 271/56 083/68 167/67
096/72 271/56 083/68 167/67
064/76  255/61 084/35 178/56
092/78 272/55 091/76 153/78
070/48 256/46 058/84 156/63
104/80 255/44 083/79 141/80
185/85 268/38 075/88 145/85
075/80 250/42 075/78 145/85
11 045/75 225/45 051/78 166/88 N N
*Y=Yes, failure is possible. N=No, failure is not possible.
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4.3  Back analysis

Stability analysis is performed to reach a factor of safety or probability of failure.
However, it is also possible to perform stability analysis to determine the mobilized
shear strength parameters of a failed slope. This methodology is named as back
analysis. In the case of back analysis, the stability analysis is performed using a factor
of safety of 1 that represents the limiting equilibrium condition at the time of failure
(Bromhead, 1992). Back analysis provides information about the shear strength

parameters of a slope that could not be reached by conventional laboratory tests

91



(Abramson et al., 2002). To consult a back analysis and to investigate the stability
of the slopes as well, a failure criterion that is reasonable for the expected modes of
failure (i.e. discontinuity-controlled) in the study area was need to be determined.
The behavior of natural rock joints can be estimated by using Equation 11 suggested
by Barton and Choubey (1977):

jcs

T = optan <¢r + JRClogqo (U—)> (11)

where JRC is the joint roughness coefficient
JCS is the joint wall compressive strength
¢r is the residual friction angle

on is the normal stress

The estimation of JRC was employed based on the field observations and the JCS
was estimated according to field measurements and laboratory test results. Detailed
information regarding these parameters has been given in Section 3.1. In the field,
observations and measurements have been made in the accessible yet relatively
limited parts of the valley slopes. However, it is expected that these measurements
represent the entire slope face. Barton and Bandis (1982) suggest that JRC and JCS
are affected by the scale effect where these values decrease as the size of the
discontinuity increases. Therefore, the values from the field were corrected to
account for the scale effects by using Equations 12 and 13 proposed by Barton and
Bandis (1982):

)—0.02 JRCo

JRC, = JRC, (i—’; (12)
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where, JRCo is the joint roughness measured on a Lo = 100 mm sample and JRCx is

the joint roughness of an in-situ block having a size of L

)—0.0311360

JCS,, = JCS, (i—z (13)

where, JCSo is the average joint wall compressive strength of a Lo = 100 mm sample
and JCSn is the average joint wall compressive strength of an in-situ block having a

size of Ln

The corrected values of JRC and JCS were employed in Equation 11 proposed by
Barton and Choubey (1977) to estimate the friction angles along the discontinuity

sets J1 and J2. The friction angles calculated are given in Table 18.

Table 18: The friction angles calculated along the discontinuity sets J1 and J2 by
using Equation 11 proposed by Barton and Choubey (1977)

Sector 1 2 3 4 5 6 7 8 9 10 11
a1 42° 42° 42° 43° 48° 47° A7°  45°  45°  46° 46°
02 42° 42° 44° 46° 50° 49° 49° 49° 46° 46° 46°

It should be noted that due to the inherent variability of natural rock masses, there is
a significant amount of uncertainty in these estimates. Therefore, back analysis was

performed on the failed blocks in Mudurnu to determine the mobilized shear strength
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parameters at the time of failure. The failed blocks identified for back analysis in
Sectors 2, 5, 6, 8, and 10 are shown in Figures 46, 47, 48, 49 and 50, respectively.
Note that two identifiable blocks have been used in back analysis per sector. In the
following figures, these blocks were specified through color-coding, where Block 1
was marked by a red circle and Block 2 by a dark blue circle. Several images of the

same block were provided where images from different angles have been available.

Figure 46: Blocks identified in Sector 2 for the back analysis
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Figure 47: Blocks identified in Sector 5 for the back analysis

Figure 48: Blocks identified in Sector 6 for the back analysis

95



Figure 50: Blocks identified in Sector 10 for the back analysis

The geometry of the blocks analyzed by the back analysis in Sectors 2, 5, 6, 8, and
10 are given in Figures 51, 52, 53, 54 and 55, respectively. Back calculation of
observed failures in the study area was performed to independently estimate the
strength parameters of the rock mass discontinuities. Swedge software (Rocscience,
2022) was utilized for the analysis.
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Figure 51: Geometry of the blocks in Sector 2 analyzed by Swedge software through
back analysis

Figure 52: Geometry of the blocks in Sector 5 analyzed by Swedge software through
back analysis

Figure 53: Geometry of the blocks in Sector 6 analyzed by Swedge software through
back analysis
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Figure 54: Geometry of the blocks in Sector 8 analyzed by Swedge software through
back analysis

Figure 55: Geometry of the blocks in Sector 10 analyzed by Swedge software
through back analysis

The shear strength parameters obtained in each sector as the result of the back
analysis are given in Table 19. Accordingly, the back-calculated internal friction
angles are lower than the values calculated from Equation 11 of Barton and Choubey
(1977). The difference may arise from the influences of local changes in weathering
degree, water condition, or JRC even though the values were corrected for scale
effect. Although the Barton-Bandis failure criterion was reasonable due to the strong

and slighltly weathered nature of the rock mass and mostly no infilled discontinuities
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(Choi and Chung, 2004; Zhao et al., 2016; Zhao et al., 2020; Zuo et al., 2021), soft
infilling (i.e., clay or silty-clay) is occasionally available. Thus, a sensitivity study
was applied for the back analysis by utilizing numerical and analytical solutions for
the sake of revealing the impact of cohesion. Numerical analyses were performed in
two sectors (i.e., Sectors 5 and 10) where intersections of the wedges were
identifiable (Figures 47 and 50). The cohesion and internal friction angle pairs that
satisfy the factor of safety of unity were estimated by considering the Mohr-Coulomb
failure criterion. The estimated values of c-¢ pairs for wedges 1 and 2 as well as the
graph showing their variation are given in Appendix E. As a result, ¢ and c values
were obtained from the back analysis as 46° and 1.8 kPa in Sector 5, and 44° and 1.9
kPa in Sector 10, respectively. In addition, the shear strength values were also
estimated via the analytical solution proposed by Hoek and Bray (1981) based on
Equation 14 by using the angles determined from stereonet plots. The c-¢ pairs
obtained from the analytical solution are given in Appendix E. It can be concluded
that the analyses applied by the Mohr-Coulomb failure criterion and Hoek and Bray
solution results in friction angles that are in good agreement with the values obtained
by utilizing the Barton-Bandis failure criterion. Moreover, the analyses showed that
the influence of the cohesion is insignificant. Therefore, the parameters back-
calculated by the Barton-Bandis failure criterion can be satisfactorily applied for the

stability analysis of the rock mass on the western side of the Mudurnu valley.
3 w w
F = (caX +cs¥) + (a- Z—yx) tang, + (B - Z—VY) tandy (14)

where ca and ce are the cohesive strengths of planes A and B
da and ¢s are the internal friction angles of planes A and B
v is the unit weight of the rock mass

yw IS the unit weight of water
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H is the total height of the wedge
X, Y, A and B are dimesionless factors that depend on the wedge geometry:

sinf,,

SinB,45c0805

sinB,3

sinfz5c0s61

cos¥, — cosWgcosO,,4np

SinWssin?0, 45

cos¥y — cos¥,co0s0,,4nB

SinWssin?0, 45

where Wa and Ws are the dips of planes A and B

Ws is the plunge of the line of intersection of planes A and B.

Table 19: Friction angle values calculated from Equation 11 of Barton and Choubey
(1977) and obtained from the back-calculation

Sector 2 Sector 5 Sector 6 Sector 8 Sector 10

I e T T
Block %) B 7] 7] 3 3 A A 7 )
on

42° 42°  48°  49°  48° 46° 45°  46° 4T°  46°
o)

42°  43° 50° 50° 50° 49° 49° 49° 46° 44°

Back calculated

o
Back calculated

(037

36 36 45 46 43 43 43 4 41 40

42 39 45 44 45 45 42 48 44 42
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4.4  Limitequilibrium analysis

In rock slope engineering, the natural phenomena have been explained by
mathematical models using geomechanical parameters that represent a simplified
form of rock mass behavior. Despite the simplifications, rock slope analysis includes
a significant amount of uncertainty due to the nature of the rock masses. Also,
determining a representative value for the analysis is challenging for rock slopes.
The stability of the rock slopes may be analyzed by deterministic or probabilistic
approaches. For the deterministic analysis, a single representative value is used for
each parameter, while the parameters are identified by the statistical evaluation of
available data for the probabilistic analysis. Therefore, the probabilistic approach
considers the uncertainty and variability of rock mass parameters (Park et al., 2005).
Within the scope of this dissertation, the limit equilibrium analysis has been applied
in terms of planar and wedge types of failures for the kinematically possible failure
sectors. For the analysis, the probabilistic approach was used along with the

deterministic analysis.

The kinematic analysis concluded that Joint set 1 (J1) can cause planar failures in
Sectors 2, 4, 5, 6, and 8 of the study area. The deterministic and probabilistic analyses
were applied by using the Rocplane software. The 2D and 3D views of the blocks
and the calculated results for deterministic (i.e., factor of safety) and probabilistic
(i.e., probability of failure) analysis are given in Figures 56, 57, 58, 59, and 60. For
the probabilistic analysis of planar failure, the parameters introduced based on their
statistical distribution are slope face dip angle, failure plane dip angle, JRC and JCS.
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Dist to Slooe Crest | Upper Face Width

Upper Face Height
0.139 m

Slope Height
20.000 m

Figure 56:2D and 3D view of the block generated in Sector 2 by Rocplane software

Upper Face Height
0375 mi—

Slope Height
25.000 m

4987 m 0.788 m

1
T Upper Face Angle 10.0*

Driving Force 0.19 MN/m

Normal Force 0.05 MN/m

Slope Angle 76.0
Fai\ire Plane Angle 74.0

Dist to Slope Crest | Upper Face Width

8123 m’ 2129 m’

—_—1
Upper Face Angle 10.0 *

Driving Force 0.60 MN/m

Normal Force 0.24 MN/m

Factor of Safety 0.33
Probability of Failure |  0.5451
Probability of Sliding 1

Driving Force 0.19 MN/m

Resisting Force | 0.06 MN/m

Wedge Weight 0.20 MN/m

Wedge Volume  |7.54 m*3/m

Shear Strength 0.00 MPa

Shear Resistance | 0.06 MN/m
Normal Force 0.05 MN/m
Plane Waviness 15

Figure 57: 2D and 3D view of the block generated in Sector 4 by Rocplane software

Slope Angle 72.0 *
FaNure Plane Angle 68.0 *

Factor of Safety 0.53
Probability of Failure 0.9218
Probability of Sliding 1

Driving Force 0.60 MN/m
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Wedge Weight 0.65 MN/m

Wedge Volume [ 25.09 m*3/m

Shear Strength 0.01 MPa
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Plane Waviness 15°




Dist. to Slope Crdst Upper Face Width
5236 m 10.802 m

Upper Face Height i %
1905 m Upper Face Angle 10.0 °
/ Driving Force 2.31 MN/m
Slope Height
21.000 m

Normal Force 1.62 MN/m

Factor of Safety 1.10
Probability of Failure 0.2219
Probability of Sliding | 0.330307

Driving Force 231 MN/m
Falure Plane Angle 55.0 Resisting Force 2.53 MN/m
‘Wedge Weight 2.82 MN/m
Wedge Volume 108.44 m"3/m
Shear Strength 0.09 MPa
Shear Resistance 2.52 MN/m
Normal Force 1.62 MN/m
Plane Waviness 0.5°

Slope Angle 76.0 *

Figure 58: 2D and 3D view of the block generated in Sector 5 by Rocplane software
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oy —
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Wedge Volume | 6.00 m*3/m
Shear Strength 0.00 MPa
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Normal Force 0.04 MN/m
Plane Waviness 5.0°

Figure 59: 2D and 3D view of the block generated in Sector 6 by Rocplane software
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Plane Waviness 6.0°

Figure 60: 2D and 3D view of the block generated in Sector 8 by Rocplane software
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The probability of failure and the factor of safety values of the kinematically possible

sectors of planar failure are given in Table 20.

Table 20: Comparison of the probabilistic and deterministic analysis of planar failure

Planar failure

Probability of failure Factor of safety

BP J1 J2 BP J1 J2
2 0 0.55 0 0 0.33 0
4 0 0.92 0 0 0.53 0
5 0 0.22 0 0 1.10 0
6 0 0.55 0 0 0.48 0
8 0 0.54 0 0 0.41 0

The kinematic analysis revealed that the intersection of Joint set 1 (J1) and Joint set
2 (J2) may produce wedge failures in Sectors 2, 4, 5, 6, 8, and 10 of the study area.
In addition, the intersection of the Bedding plane and Joint set 2 (J2) is capable to
cause wedge failures in Sectors 3 and 9. The deterministic and probabilistic analyses
were applied by using Swedge software. The 3D views of the blocks and the
calculated results for deterministic (i.e., the factor of safety) and the probabilistic
(i.e., probability of failure) analysis are given in Figures 61 to 68. For the
probabilistic analysis of wedge failure, the parameters introduced based on their
statistical distribution are slope face dip direction, slope face dip angle, dip directions
of joint planes 1 and 2, dip angles of joint planes 1 and 2, JRC of set 1 and 2 and JCS
of set 1 and 2.
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Probability of Failure: 0.0304 Factor of Safety: 0.8861

vy

Figure 61: 3D view of the block generated in Sector 2 by Swedge software

Probability of Failure: 0.0000 Factor of Safety: 1.6985

vy

Figure 62: 3D view of the block generated in Sector 3 by Swedge software
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Probability of Failure: 0.1134 Factor of Safety: 0.9379

Figure 63: 3D view of the block generated in Sector 4 by Swedge software

Probability of Failure: 0.0650 Factor of Safety: 0.9575

Figure 64: 3D view of the block generated in Sector 5 by Swedge software
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Probability of Failure: 0.0605 Factor of Safety: 0.6250

Figure 65: 3D view of the block generated in Sector 6 by Swedge software

Probability of Failure: 0.0605 Factor of Safety: 0.5259

Figure 66: 3D view of the block generated in Sector 8 by Swedge software
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Probability of Failure: 0.0000 Factor of Safety: 3.1148

Figure 67: 3D view of the block generated in Sector 9 by Swedge software

Probability of Failure: 0.0576 Factor of Safety: 0.3865

Figure 68: 3D view of the block generated in Sector 10 by Swedge software
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The probability of failure and the factor of safety values of the kinematically possible

sectors of wedge failure are given in Table 21.

Table 21: Comparison of the probabilistic and deterministic analysis of wedge failure

Wedge failure

Probability of failure Factor of safety

ler1 lgp2 l12 lepa ler2 l12
2 0 0 0.03 0 0 0.89
3 0 0 0 0 1.70 0
4 0 0 0.11 0 0 0.94
5 0 0 0.07 0 0 0.96
6 0 0 0.06 0 0 0.63
8 0 0 0.06 0 0 0.53
9 0 0 0 0 3.12 0
10 0 0 0.06 0 0 0.39

Unlike planar and wedge types of failures, a toppling failure entails rock columns or
blocks rotating about a fixed point. Toppling failure occurs when the center of
gravity of a block falls outside the dimension of its base (Norrish and Wyllie, 1996).
The toppling failure potential of a block can be measured by its slenderness ratio
which is the thickness (t) to height (h) ratio. The location of the resultant force of a
block is controlled by this ratio (Kliche, 2018). Figure 69 shows the conditions
required for sliding and toppling failure to develop. According to this figure, toppling

failure can arise when t/h < tanp.
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Figure 69: Sliding and toppling conditions of a block on an inclined plane (Hoek and
Bray, 1981). Note that the condition of each sector were marked by a circle in
different color

In the study area, Joint set 1 forms the base inclination and controls the height of the
block. In addition, the Bedding plane defines the thickness of the block. This
condition is applicable for all kinematically favorable sectors except Sector 3 where
the base inclination and the height of the block are controlled by Joint set 2. By
considering the block geometry and base plane angle, it has been defined that t/h <
tanp and p>¢ through out the valley slopes (Figure 69). Therefore, the movement
type of the blocks has been identified as a “sliding and toppling” condition, which is
concordant with the rock mass characteristics along the western side of the Mudurnu
valley (Figures 42, 46, 47, 48, 49, 50, etc.).
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4.4.1 Pseudo-static analysis

As it has been previously explained in Chapter 2.2, Mudurnu is located in a
seismically active region. Therefore, the dynamic conditions of the stability analysis
are crucial. In this dissertation, the dynamic force due to earthquakes was considered
by pseudo-static analysis based on the TBEC (2019). The pseudo-static analysis is a
modification of limit equilibrium analysis that has been developed to evaluate the
stability of slopes under dynamic loading. Pseudo-static limit equilibrium of slopes
incorporates the ground motion as a force that is effective out of the face direction
(Wyllie, 2018). The magnitude of the horizontal force for the pseudo-static analysis
is expressed by Equation 15 according to TBEC (2019):

Fy; = Wkn= 0.5W (0.4SpsSy) (15)

where:

W is the weight of the block

kn is the horizontal seismic load coefficient in terms of g

Sos is the short period design spectral acceleration coefficient

St is the topographical amplification factor.

According to the Seismic Hazard Map of Turkey (TEHM, 2018) and Turkish
Building Earthquake Code (TBEC, 2019), for a return period of 475 years (i.e., the
probability of exceedance in 50 years is 10%) of a ZB class of material, Sps was
determined to be 0.87 and St was accepted as 1.4 since the slope face dip angle is
greater than 30°. The details of the input parameters and the corresponding
accelerations estimated based on the Seismic Hazard Map of Turkey and the Turkish
Building Earthquake Code (TEHM, 2018 and TBEC, 2019) are given in Appendix
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F. As a result, the seismic load coefficient (kn) of the study area was estimated as

0.24g to evaluate the dynamic condition in the stability analysis.

The pseudo-static stability analysis of planar failure was applied by using both the
deterministic and probabilistic options of the Rocplane software. The 2D views of
the blocks and the calculated results for deterministic (i.e., the factor of safety) and
probabilistic (i.e., probability of failure) analyses are given in Figures 70, 71, 72, 73,
and 74. For the probabilistic analysis of planar failure, the parameters introduced
based on their statistical distribution are slope face dip angle, failure plane dip angle,
JRC and JCS. These parameters were found to be normally distributed based on the
DSE methodology for the dip angles and field measurements for JRC and JCS. The
normal distribution was used along with the mean, standard deviation, relative
minimum and relative maximum values of each parameter to perform the

probabilistic analysis.

Upper Face Height
0139 mi

Slope Height
20.000 m

T~ Normal Force 0.01 MN/m

Factor of Safety 0.05
Probability of Failure 0.5451
Probability of Sliding 1

Driving Force 0.20 MN/m

Resisting Force 0.01 MN/m

Wedge Weight 0.20 MN/m

Wedge Volume | 7.54 m*3/m

Shear Strength 0.00 MPa

Shear Resistance | 0.01 MN/m

Normal Force 0.01 MN/m

Seismic Force 0.05 MN/m
Plane Waviness 15°

Figure 70: 2D view of the block generated for the pseudo-static analysis in Sector 2
by Rocplane software
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Dist to Slope Crest Upper Face Width
8123 m’ 2129 m'

Upper Face Height
0.375 m—

Driving Force 0.66 MN/m

Slope Height
25.000 m

Normal Force 0.10 MN/m

Factor of Safety 0.20
Probability of Failure 0.9218
Probability of Sliding 1

Driving Force 0.66 MN/m
Resisting Force 0.14 MN/m
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Shear Strength 0.00 MPa
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Figure 71: 2D view of the block generated for the pseudo-static analysis in Sector 4
by Rocplane software
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Figure 72: 2D view of the block generated for the pseudo-static analysis in Sector 5
by Rocplane software
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Figure 73: 2D view of the block generated for the pseudo-static analysis in Sector 6
by Rocplane software
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Figure 74: 2D view of the block generated for the pseudo-static analysis in Sector 8
by Rocplane software
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The probability of failure and the factor of safety values of the kinematically possible

sectors of planar failure under dynamic loading conditions are given in Table 22.

Table 22: Comparison of the probabilistic and deterministic analysis results of planar
failure under dynamic loading conditions

Planar failure

Probability of failure Factor of safety

BP J1 J2 BP J1 J2
2 0 0.55 0 0 0.05 0
4 0 0.92 0 0 0.20 0
5 0 0.67 0 0 0.64 0
6 0 0.55 0 0 0.02 0
8 0 0.54 0 0 0 0

The dynamic (i.e.,, pseudo-static) stability analysis of wedge failure was
implemented by using Swedge software by both deterministic and probabilistic
approaches. The 3D views of the blocks and the calculated results for deterministic
(i.e., the factor of safety) and probabilistic (i.e., probability of failure) analysis are
given in Figures 75 to 82. For the probabilistic analysis of the wedge failure, the
parameters introduced based on their statistical distribution are slope face dip
direction, slope face dip angle, dip directions of joint planes 1 and 2, dip angles of
joint planes 1 and 2, JRC of set 1 and 2, and JCS of set 1 and 2. These parameters
were found to be normally distributed based on the DSE methodology for the dip
directions and dip angles, and field measurements for JRC and JCS. The normal
distribution was used along with the mean, standard deviation, relative minimum and

relative maximum values of each parameter to perform the probabilistic analysis.
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Probability of Failure: 0.0756 Factor of Safety: 0.4922

v

Figure 75: 3D view of the block generated for the pseudo-static analysis in Sector 2
by Swedge software

Probability of Failure: 0.0342 Factor of Safety: 1.0448

ve

Figure 76: 3D view of the block generated for the pseudo-static analysis in Sector 3
by Swedge software
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Probability of Failure: 0.1318 Factor of Safety: 0.4834

! I ‘

Figure 77: 3D view of the block generated for the pseudo-static analysis in Sector 4
by Swedge software

Probability of Failure: 0.1238 Factor of Safety: 0.4515

’ ;o

Figure 78: 3D view of the block generated for the pseudo-static analysis in Sector 5
by Swedge software
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Probability of Failure: 0.0605 Factor of Safety: 0.0762

Figure 79: 3D view of the block generated for the pseudo-static analysis in Sector 6
by Swedge software

Probability of Failure: 0.0605 Factor of Safety: 0.0000

. | ¢ |

Figure 80: 3D view of the block generated for the pseudo-static analysis in Sector 8
by Swedge software
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Probability of Failure: 0.0000 Factor of Safety: 1.9367

L

Figure 81: 3D view of the block generated for the pseudo-static analysis in Sector 9
by Swedge software

Probability of Failure: 0.0576 Factor of Safety: 0.0000

--

y

Figure 82: 3D view of the block generated for the pseudo-static analysis in Sector 10
by Swedge software
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The probability of failure and the factor of safety values of the kinematically possible

sectors of wedge failure under dynamic loading conditions are given in Table 23.

Table 23: Comparison of the probabilistic and deterministic analysis results of wedge
failure under dynamic loading conditions

Wedge failure

Probability of failure Factor of safety

ler1 lgp2 l12 lepa ler2 l12
2 0 0 0.08 0 0 0.49
3 0 0.03 0 0 1.04 0
4 0 0 0.13 0 0 0.48
5 0 0 0.12 0 0 0.45
6 0 0 0.06 0 0 0.08
8 0 0 0.06 0 0 0
9 0 0 0 0 1.94 0
10 0 0 0.06 0 0 0

4.5  Evaluation of the results of the rock slope stability assessment analysis

The identified rock slope sectors on the west of Mudurnu county center were
classified empirically by Q-slope and SMR. According to the Q-slope classification,
all of the sectors along the valley were unstable except Sector 7. In terms of planar
failure, SMR analysis revealed that Sectors 1 and 7 were stable; whereas Sectors 3,
9, 10, and 11 were stable with local block failures; Sectors 4, 5, and 8 were partially
stable with failures along some joints; and Sectors 2 and 6 were unstable. Based on

the kinematic analysis, planar failure was possible through Joint set 1 in Sectors 2,
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4, 5, 6, and 8. The partially stable and unstable sectors identified by SMR were
concordant with the kinematically possible sectors. Limit equilibrium analyses
revealed that the blocks were unstable in all kinematically probable failure sectors.
In general, the probability of failure (POF) obtained from limit equilibrium analyses
were in good agreement with the empirical results. However, limit equilibrium

analyses resulted in a higher POF in Sector 4 and a lower POF in Sector 5.

Concerning wedge failure, SMR revealed that most of the sectors possessed a
probability of failure of 0.2. Specifically, according to SMR, Sectors 1 and 7 were
completely stable; Sectors 2, 3, 4, 5, 6, 9, 10, and 11 were stable with local block
failures; and Sector 8 was unstable. Based on the kinematic analysis, wedge failure
was possible along the intersection of Joint set 1 and Joint set 2 in Sectors 2, 4, 5, 6,
8, and 10. In addition, in Sectors 3 and 9, wedge failure was determined to be
kinematically possible along the intersection of the Bedding plane and Joint set 2.
The failure-prone sectors identified by SMR were concordant with the kinematically
possible sectors except Sector 11. Kinematic analysis showed that there is no wedge
failure in Sector 11. Limit equilibrium analyses revealed that the blocks were
unstable in Sectors 2, 4, 5, 6, 8, and 10. From a kinematical point of view, Sectors 3
and 9 were stable in static conditions but unstable in Sector 3 under dynamic loading
conditions. In general, the probability of failures (POF) obtained from limit

equilibrium analyses was lower than the empirical results.

In the case of toppling failure, SMR revealed that Sector 7 was completely stable;
Sectors 2, 3,5, 89, 10, and 11 were stable with some local block failures; Sectors 1,
4, and 6 were partially stable with the possibility of failure along some joints. Based
on the kinematic analysis, toppling failure was possible along the Bedding plane in
Sectors 1, 2, 3, 4, 5, 6, 8, 10, and 11. Although according to SMR, Sector 9 had a
probability of failure of 0.2, the kinematic analysis showed no possibility of toppling

failure for this sector. In addition, the toppling failure potential of the blocks was
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evaluated by considering block geometry. Accordingly, the movement types of all

the blocks have been identified as sliding and toppling.

The probability of failure and the factor of safety values obtained from the limit
equilibrium analysis revealed that the stability of the slopes changed under dynamic
loading conditions. In general, when the seismic force was introduced, the analyses
resulted in a higher probability of failure and a lower factor of safety. In terms of
planar failure, Sector 5 tends to become more susceptible to dynamic loading. In the
case of wedge failure, the failure susceptibility of Sectors 2, 4, and 5 tended to
increase. Moreover, by the effect of the seismic force, wedge failure became possible
in Sector 3, which was stable under static conditions. Therefore, it was concluded
that the influence of the dynamic load was more intense for wedge failure as
compared to planar failure. Moreover, the dynamic load has also been expected to
change the stability of toppling blocks significantly due to the geometry of blocks
and the presence of the undermining effect. In conclusion, introducing dynamic force
in the stability analysis tends to increase the susceptibility to planar, wedge, and
toppling failures as expected. Thus, the hazard potential originating from these

failures is expected to be higher.
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CHAPTER 5

HAZARD ASSESSMENT OF THE DISCONTINUOUS ROCK SLOPE
INSTABILITY

Susceptibility is the tendency of a location to experience a certain event such as rock
sliding (Glade et al., 2005). Rock slope susceptibility is a function of the combined
effects of the inherent stability of the slope and other factors capable to reduce the
strength or increase the stress. Hazard can be stated as the probability of occurrence
of an event with a given magnitude that has damage potential to occur in a unit of
time (Glade et al., 2005). It is important to identify the magnitude since the
probability is controlled by the magnitude of the event. In general, small events tend
to develop more frequently than large ones. Within the scope of this dissertation,
rock slope failure susceptibility zones in terms of different failure types (i.e., planar,

wedge, toppling) and the related hazard zones have been identified.

There are several qualitative and quantitative methods that have been proposed for
the spatial analysis of slope instabilities. G1S-based hazard assessment methods can
be classified into four approaches such as i) inventory-based analysis, ii) heuristic
analysis, iii) statistical analysis and iv) deterministic approach (Soeters and Van
Westen, 1996; Van Westen et al., 2006). In the Mudurnu region, a number of
previous failures (i.e., rock instabilities, seismic events) that occurred in the area
have been reported. However, in general, reports do not include the exact location
and time of the events. Therefore, a proper magnitude-frequency relation that needs
to be considered for hazard assessment is not available. Although gquantitative values
were available for the stability conditions of the sectors along with some of the other
parameters considered in the hazard assessment in Mudurnu, a heuristic model has
been employed due to the lack of a well-documented inventory as mentioned above.

This approach is a method based on prior knowledge in which local experiences and

125



expert judgment are included. This approach uses spatial information of topographic,
hydrological, geological, geotechnical, geomorphological factors, and land use when
considered (Glade et al., 2005). The importance of different factors was identified
and weighted according to personal knowledge and experience which tends to
provide an initial assessment of susceptibility. Note that using qualitative weighting
is a limitation of the heuristic method since the weightings depend on the experience
of the researcher. However, the heuristic approach is capable to be accurate and
applicable, especially for the initial approximations of susceptibility if the expert has
detailed knowledge of the area under question and has a deep understanding of the
processes (Glade et al., 2005). Since the scale of the study area was suitable and the
engineering geological characteristics, as well as the stability, were considered in
detail along the entire valley, using the heuristic approach in Mudurnu seemed
reasonable. As a result, susceptibility zones for planar, wedge, and toppling failures
were directly identified. According to Corominas et al. (2014), it is also possible to
apply heuristics methods indirectly through utilizing GIS together with several factor
maps that need to be considered for failure. To include the influence of all the
possible factors that can be effective in the study area, and hence, to accomplish a
complete hazard assessment, the heuristic method has been indirectly employed
through utilizing maps of different parameters which are explained in the following

paragraphs.

By considering the parameters proposed by previous researchers (Parise, 2002;
Ercanoglu and Gokgeoglu, 2004; Ayalew and Yamagishi, 2005; Can et al., 2005;
Gokeeoglu et al., 2005; Erener and Diizgun, 2010; Syafril et al., 2020; Omran et al.,
2021) and by adopting the suitable parameters for the study area in terms of failure
type, the scale of the study and available data, major factors required for the hazard
assessment in the study area were selected. These factors were geological and
engineering geological parameters (i.e., lithology, degree of weathering, block size)

and topographical parameters (i.e., slope angle, aspect, surface water) along with
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travel distance and temporal frequency. In addition, the seismic loading conditions

were taken into account as a triggering factor (Figure 83).

Geological and Engineering
Geological Parameters

; Temporal a Triggering
Hitiotogy Frequency - Factor
- |
/ Degree of weathering
/ Block size \4
Rock Slide
> ! » s
Topographical + Hazard Map
Parameters
Travel
| .
Slope Angle Distance
Aspect ==

Surface Water

NN

Figure 83: Flowchart of the discontinuous rock slope hazard assessment

The parameters and explanation of classes attributed to these parameters are given
in Table 24. Lithologies that outcrop in the study area were identified in the field by
consulting the H26 - Adapazari sector of 1/100.000 scaled geological maps prepared
by MTA (2002). Figure 84 shows the boundaries of the lithologies as observed in
the field. The degree of weathering was classified according to the field studies and
UAV images. The degree of weathering classes assigned to sectors are given in
Figure 85. Block sizes are based on the discontinuity spacing distributions obtained
from the 3D point cloud and field observations. Block sizes attributed to the sectors

are shown in Figure 86. Topographical factors such as slope and aspect were
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extracted from the DEM (Figure 87) that is generated from the 3D point cloud.
Figures 88 and 89 give the slope and aspect maps generated by the ArcGIS software
(ESRI, 2022), respectively. Similar to the other topographical parameters, surface
water drainage pattern was generated from the DEM in the ArcGIS software (ESRI,
2022). In addition, field observations regarding surface water drainage were taken
into account. The generated surface water drainage pattern is given in Figure 90 and
the buffer zones that define the distance from the drainage lines are shown in Figure
91. As mentioned, a well-documented inventory for the rock slope failures is not
available for the area. Therefore, the temporal frequency was decided qualitatively
by considering the failure stability analysis results together with the events reported
to AFAD, experiences of local people, field observations, and changes detected
between the field studies. Since 2017, when Mudurnu had been decided as the study
area, at least a couple of field studies have been conducted each year, except in 2020.
The rock masses and failures were observed, measured spatially, and photographed
during these field studies. Consequently, the possible number of events was
estimated qualitatively per sector. Since the temporal frequency of different failure
types varies, a separate layer was prepared for each failure type (i.e., planar, wedge
and toppling). Figures 92, 93, and 94 show the zones that are prone to planar, wedge,
and toppling failures, respectively. The travel distance of the blocks was estimated
from the field studies and UAV images. The buffer zones introduced to classify the

distance from the discontinuous slope faces are given in Figure 95.
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Table 24: Classification of the parameters employed in the hazard assessment

Factor Parameter Attribute Relative value
Geology and Lithology Limestone High
engineering Flysch Moderate
Geology Alluvium Low
Degree of Highly weathered High
weathering Moderately weathered Moderate
Slightly weathered Low
Block size (m°) >10 (Large) High
5-10 (Medium) Moderate
1-5 (Small) Low
Topography Slope angle (°) >70 High
45-70 Moderate
<45 Low
Aspect (Slope face  075-105 High
orientation) 045-074 Moderate
185-220 Low
Surface water (m) <2 High
(Distance to 2.5 Moderate
drainage lines) S5 Low
Slide occurrences Temporal greater than 2 High
frequency 1t02 Moderate
(Probability of
failure) 01to1l Low
Travel (runout) >40 High
distance of sliding  o(_49 Moderate
blocks (m) <20 Low
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Figure 84: Lithology classes identified in the study area
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Figure 85: Degree of weathering classes in the study area
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Figure 86: Block size classes of the study area
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Figure 87: Digital Elevation Model (DEM) of the study area generated from the 3D
point cloud

133



Legend

Slope (Degree) 0 1530 60 9 120

[ o-45s [ _J45-70 [ 70-90

Figure 88: Slope map of the study area extracted from the DEM
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Figure 89: Aspect map of the study area extracted from the DEM
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Figure 90: Surface water drainage pattern of the study area extracted from the DEM
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Figure 91: Zones showing the distance to the drainage pattern
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Figure 92: Planar failure-prone zones of the study area
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Figure 93: Wedge failure-prone zones of the study area
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Figure 94: Toppling failure-prone zones of the study area
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Figure 95: Zones showing the distance to the sliding blocks from the discontinuous
slope face
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A relative weighting value assigned to each parameter map employed in hazard
assessment is given in Table 25. The highest weight was assigned to aspect that
controls the failure possibility of kinematically controlled rock slides. This was
followed by the travel distance which defines the damage potential by considering
the locations where people or buildings may be affected. Block size and temporal
frequency had the third order of importance. The parameter that followed them was
slope angle. It should be noted that the slope angle is a significant factor that needs
to be considered in slope stability-related assessments. However, slope angles on the
western side of Mudurnu county center did not change dramatically between the
sectors. Therefore, this parameter was assigned a weight high enough to show its
importance in the Mudurnu region. Lithology, degree of weathering, and surface
drainage parameters had the lowest weight. Lithology was also assigned a low
weight since the failure mechanism in the study area is related to rock mass
discontinuities. Besides, all the sectors have the same lithology, which is limestone.
The weight of the degree of weathering was assigned based on the field observations
and the Slake Durability test results. Surface drainage was given a low weight
because of the field observations. Surface water drainage was primarily encountered

at only one location during the spring season due to snow melt.

Table 25: Weight of the parameters employed in the hazard assessment

Parameter Weight
Lithology

Degree of weathering

Block size

Slope angle

Aspect (Slope face orientation)
Surface water

Temporal frequency

Travel distance

A WEFRLOONWERE P
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Hazard assessment was implemented by the Spatial Analyst toolbox of ArcGIS
software (ESRI, 2022). To process the hazard assessment, all the parameter maps
were converted into a raster format. The layers generated from DEM (i.e., slope,
aspect, and surface drainage) were already in raster format. The rest of the layers,
which were presented as vector polygons, have been rasterized. After that, the raster
layers were re-classified into three categories having relative values named as high,
moderate, and low (Table 24). Finally, the layers were processed with a weighted
overlay analysis to identify the hazard zones. A detailed workflow of the process
followed for the layers in the ArcGIS software (ESRI, 2022) is given in Appendix
G.

Hazard zonation maps identified for planar, wedge, and toppling failures are given
in Figures 96, 97, and 98, respectively. Note that the hazard classes were defined
qualitatively by following the Swiss Federal Guidelines. The meaning of the hazard

classes is presented in Table 26.
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Figure 96: Hazard zonation map of planar failure on the western side of the Mudurnu
valley
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Figure 97: Hazard zonation map of wedge failure on the western side of the Mudurnu
valley
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Figure 98: Hazard zonation map of toppling failure on the western side of the
Mudurnu valley
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Table 26: Hazard zones according to Swiss Federal Guidelines (Raetzo et al., 2002)

Hazard class Meaning

-People at risk of injury both inside and outside buildings

-A rapid destruction of the building is possible

-or: Events with a lower intensity, but having a higher probability of
occurrence. In this case, people are mainly at risk outside buildings, or

High hazard buildings can no longer house people

-People are at risk of injury outside buildings. Risk is considerably
lower inside buildings
-Damage to buildings should be expected, but not rapid destruction as

Moderate hazard long as the destruction type has been adapted to the present conditions

-People are at slight risk of injury

Low hazard -Slight damage to buildings is possible
Residual danger -An alerting domain for a low probability of a high-intensity event
No/negligible danger -No danger according to currently available information

In general, high hazard zones concentrate in the middle of the valley while the
southern and northern parts are mostly represented by moderate hazards and no
hazards. The resultant hazard zonation maps conclude that toppling failure covers
the largest area in terms of high hazard. It is followed by planar failure that covers a
relatively smaller area. Wedge failure has relatively the smallest area of high hazard
zones. Note that toppling failure is almost always associated with small to medium-
sized blocks while planar and wedge failures are correlated with large to very large
unstable blocks (Figure 99). Moreover, the combination of toppling-prone blocks
with the planar and wedge blocks creates complex kinematic failures. Therefore,
planar and wedge failures are more critical in terms of the risks regarding their
consequences. For the sake of evaluating complex failures, a combined hazard map
was prepared by utilizing planar, wedge and toppling failure maps as combined

layers (Figure 100). Accordingly, Sectors 6 and 8 are the most critical in terms of
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high hazard. These sectors are followed by Sectors 2 and 4. Sectors 1 and 11 that

possess moderate hazard potential, while Sector 7 is free from rock slope failure.

Figure 99: Example images for different failure types possible on the western side of
the Mudurnu valley. a) Toppling (lower leftern side) and planar (upper part) failures,
b) wedge failure
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Figure 100: Combined rock slope failure hazard zonation map on the western side of
the Mudurnu valley
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The stability analysis has revealed that introducing dynamic loading conditions also
tends to increase the susceptibility to planar, wedge, and toppling failures. Therefore,
the hazard potential originating due to seismicity will become higher. In the hazard
assessment study, the dynamic loading conditions have been considered as a
triggering factor. Different than the conventional methods, differentiating the
dynamic loading between the sectors in terms of earthquake intensity or distance has
been deemed to be unreasonable. Therefore, earthquake force was assumed to
contribute to susceptibility by increasing the relative value of the temporal frequency
of failure. Zones prone to planar, wedge, and toppling failures under dynamic
loading are shown in Figures 101, 102, and 103, respectively. Note that these zones
are associated with the possible number of events that was estimated qualitatively
per sector. Hazard zonation maps that consider the dynamic loading conditions
considering the TBEC (2019) are given in Figures 104, 105, and 106 for planar,
wedge, and toppling failures, respectively.
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Figure 101: Planar failure-prone zones of the study area under dynamic loading
conditions
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Figure 102: Wedge failure-prone zones of the study area under dynamic loading
conditions
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Figure 103: Toppling failure-prone zones of the study area under dynamic loading
conditions
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Figure 104: Hazard zonation map of planar failure under dynamic loading conditions
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Figure 105: Hazard zonation map of wedge failure under dynamic loading conditions
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Figure 106: Hazard zonation map of toppling failure under dynamic loading
conditions
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When the seismic force is considered, high and moderate hazard zones cover a larger
area. The change in the hazard classes is mainly observed in the southern part of the
valley for wedge type of failure. In the northern part, wedge and toppling failure
hazard zones shift into higher hazards. Unlike the static conditions, high hazard
zones are distributed over the valley. A combined hazard map was prepared to
evaluate the complex failures under dynamic loading conditions (Figure 107).
Accordingly, the most critical sectors in terms of high hazards are Sectors 2, 4 6, 8
and 10. These sectors are followed by Sectors 3, 5 and 9. Sectors 1, 7 and 11 have
moderate hazard potential. Since the hazard possibility of the valley slopes increases

under dynamic loading conditions, the associated risk is expected to become higher.
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Figure 107: Combined rock slope failure hazard zonation map on the western side of
the Mudurnu valley under dynamic loading conditions
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Mudurnu is a county of Bolu possessing natural and cultural values that has led it to
its designation as an urban conservation site. There are many historical buildings
(traditional houses/mansions, mosques from the Seljuk and Ottoman periods, a
Turkish bath from the Ottoman period, and a wooden clock tower) in Mudurnu which
has been nominated as a candidate for the UNESCO World Heritage List.
Unfortunately, the county center suffers from regional rock instabilities originating
from the rock masses of both the eastern and western sides of the valley slopes. The
instabilities tend to introduce high hazard potential and create an associated high risk
in Mudurnu as a consequence of the favorable position (i.e., exposure) of the
elements at risk (i.e., human life, houses, buildings, small industrial facilities, and
historically important structures). The purpose of this dissertation is to characterize
the discontinuous rock masses that have the potential to create a hazard in the
Mudurnu county center through geomechanical evaluation of the slope instability
problems under static and dynamic loading conditions and then to identify the hazard

zones on the western side of the Mudurnu Valley.

To accomplish this purpose, at first, the discontinuous rock mass (i.e., discontinuous
pelagic limestone) that forms the rock slope instabilities at the western side of
Mudurnu valley was characterized throughout the county center from an engineering
geological point of view and geomechanically-uniform sectors were defined. To that
end, field rock mass characterization utilizing scan-line surveys and Unmanned
Aerial Vehicle (UAV) studies were conducted. Based on the field observations and
the scan-line survey studies, the rock mass was characterized as pinkish gray to light

gray limestone having three discontinuity sets; a Bedding plane (BP) and two Joint
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sets (J1 and J2). The discontinuity sets had strong to very strong strengths according
to the field identification. The limestone was slightly weathered in general although
the degree of weathering was classified as moderate at several locations. The
discontinuity surfaces were undulating rough to undulating smooth, and the apertures
were generally classified as closed. Clay and silty clay infilling were observed where
moderately wide and open apertures were present. Spacing of the discontinuities was
close to moderate. Persistence was high. Block sizes varied between medium to
large. Even though some color changes were detected at several locations, water was
not observed during any of the field studies conducted at different seasons of the
years. However, surface drainage flow through the slope face was encountered at
one location in the spring season during snow melt. Hence, surface drainage was
considered as a conditioning parameter in hazard assessment. Moreover, the rock
mass indices and rock material parameters of the limestone were identified by field

measurements and laboratory tests.

To accomplish a proper characterization, the rock mass was required to be studied
spatially throughout the slope due to its non-uniform nature. However, most parts of
the valley were not possible to be investigated during the field study due to the
difficulties encountered in accessibility such as the steep nature of the area and the
rather high elevation of the valley slopes. Therefore, an Unmanned Aerial Vehicle
(UAV) was employed to overcome the physical limitations arising from performing
the scan-line survey only at accessible locations and to overcome this bias as much
as possible for rock mass characterization. The UAV survey was completed at the
end of flights of a two-day long field study in Mudurnu county center by collecting
2053 images. Then, a high-density point cloud of the western side of the valley was
generated. The overall resolution of the point cloud which possesses more than 35
million points is 7.8 cm. The 3D point cloud was employed to obtain the orientation,
spacing, and persistence of the discontinuity sets by utilizing the Discontinuity Set
Extractor (DSE) method. It should be noted that the method was verified prior to
utilizing the DSE methodology to gather data from the entire valley. For this purpose,
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the DSE method was initially applied to the parts (sectors) studied in the field (i.e.,
Sectors 2, 4, 6, 8, and 10). Then, the gathered data was controlled and validated with
field observations. Since the data gathered from the point cloud and the data collected
from the field were comparable, the 3D analysis method was applied to the entire

valley.

Based on the gathering and evaluation of all the available data (i.e., the geological
and geomechanical rock mass properties, scan-line survey measurements, photos
taken during field studies, collected UAV images, and 3D point cloud), the western
side of the valley was delineated into 11 geomechanical sectors. For the delineation,
varying slope face orientations were considered. Then, the DSE methodology was
applied to each sector to gather the distributions of the discontinuity set orientations,
spacings, and apertures. Based on the spacing and persistence of the discontinuity
sets obtained from the point cloud along with the number of discontinuity sets and
their orientations, block sizes of the sectors were classified. Identification of block
size was important since it is related to the mechanical behavior of the rock mass
together with the inter-block shear strength. Therefore, the block size was considered

as a conditioning parameter in hazard assessment.

The presence of different discontinuity sets together with the favorable orientation
of the slope face at Mudurnu county center has led to the development of
kinematically controlled failures. Two empirical rock mass classification systems,
namely; Slope Mass Rating (SMR) and Q-Slope were considered to categorize the
rock mass based on its geomechanical characteristics and to estimate the rock mass
behavior and instability of the different sectors. Both of the methods indicated that
all of the sectors except Sector 7 were capable of creating failures in varying degrees.
A two-step process has been followed for the stability assessment in Mudurnu. First,
kinematic analysis has been applied to identify possible modes of failure. Then, limit

equilibrium analysis has been employed for the sectors that have a potential for
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failure based on the kinematic analysis. The kinematic analyses revealed that planar,
wedge, and toppling failures were possible throughout the study area. In the area,
Joint set 1 (J1) has a potential of causing planar failures, the intersection of Joint set
1 (J1) and Joint set 2 (J2) may produce wedge failures and the Bedding Plane (BP)
is capable of inducing toppling failure. According to the kinematic analysis results,
planar, wedge, and toppling failures are possible in Sectors 2, 4, 5, 6, and 8. Both
wedge and toppling failures are kinematically possible in Sectors 3 and 10. In Sectors
1 and 11, only toppling failure is possible, and in Sector 9 only wedge failure is
possible. Moreover, the discontinuity sets are capable of creating complex kinematic
failures by means of a combination of planar, wedge, and toppling failures in the
area. The presence and characteristics of the complex kinematic failures are the
reasons that make the study area a unique case study since it is difficult to separately
identify the order or frequency of events originating from the different failure types
that form complex failure. Assessment of rock slope stability is challenging because
of the heterogeneous and anisotropic nature of the rock materials; difficulties in
identifying the strength parameters of rock masses; the complexity of the rock
behavior theories and models; difficulty to represent field conditions in the
laboratory; and the complexity of field testing. By keeping these challenges in mind,
back analyses were performed to determine the mobilized shear strength parameters
through the identified failed blocks. The back analysis was performed on a total of
10 wedge blocks distributed over 5 different sectors (i.e., Sectors 2, 5, 6, 8, and 10)
by using the equation proposed by Barton and Choubey (1977). As a result, friction
angles along Joint set 1 and Joint set 2 were estimated. Then, limit equilibrium
analysis has been applied in terms of planar and wedge types of failures at the
kinematically possible sectors by utilizing the back-calculated friction angle values.
For the limit equilibrium analysis, both probabilistic and deterministic approaches
were utilized. In this dissertation, dynamic loading due to earthquakes was
considered by pseudo-static analysis based on the TBEC (2019) for a return period
of 475 years (i.e., the probability of exceedance in 50 years was considered to be

10%). The seismic load coefficient (kn) of the study area was estimated as 0.24g to
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evaluate the dynamic loading condition in the stability analysis. In addition, by
considering the block geometry and base plane angle, the movement type of the
blocks prone to toppling failure was identified as a “sliding and toppling” condition,
which is concordant with the rock mass characteristics along the western side of the

Mudurnu valley.

In terms of planar failure, the partially stable and unstable sectors identified by
empirical methods were concordant with the sectors prone to kinematic failure. Limit
equilibrium analyses revealed that the blocks were unstable in all of the sectors that
showed a possibility of kinematic failure. In general, the probability of failure (POF)
obtained from the limit equilibrium analyses was in good agreement with the
empirical results. However, limit equilibrium analyses resulted in a higher POF in
Sector 4 and a lower POF in Sector 5. Concerning wedge failure, the failure-prone
sectors identified by empirical classification systems were concordant with the
kinematically possible sectors except Sector 11. Kinematic analysis showed that
there was no possibility of wedge failure in Sector 11. Limit equilibrium analyses
revealed that the blocks were unstable in Sectors 2, 4, 5, 6, 8, and 10. From a
kinematical point of view, Sectors 3 and 9 were stable in static conditions but
unstable under dynamic loading conditions in Sector 3. In general, the probability of
failure (POF) obtained from limit equilibrium analyses was lower than the empirical
results. In the case of toppling failure, empirical methods revealed that Sector 7 was
completely stable; Sectors 2, 3, 5, 8, 9, 10, and 11 were stable with some local block
failures; Sectors 1, 4, and 6 were partially stable with the possibility of failure along
some joints. Based on the kinematic analysis, toppling failure was possible along the
Bedding plane in Sectors 1, 2, 3, 4, 5, 6, 8, 10, and 11. Although according to SMR,
Sector 9 had a probability of failure of 0.2, the kinematic analysis showed no
possibility of toppling failure for this sector.
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In general, when the seismic force was introduced, the limit equilibrium analyses
resulted in a higher probability of failure and a lower factor of safety as expected.
Based on the results of the analysis, it was concluded that the influence of the
dynamic loading was more intense for wedge failure as compared to planar failure.
Moreover, the dynamic load has also been expected to change the stability of the
toppling blocks significantly due to the geometry of blocks and the presence of the
undermining effect. In conclusion, introducing dynamic force in the stability analysis
tended to increase the susceptibility to planar, wedge, and toppling failures as
expected. Thus, since the hazard potential originating from these failures is expected
to be higher, dynamic loading conditions have been considered as a triggering factor

in the hazard assessment study.

Since the scale of the study area was suitable and the engineering geological
characteristics, as well as the stability, were assessed and considered in detail along
the entire valley, using an heuristic approach in Mudurnu seemed to be reasonable.
As aresult, susceptibility zones for planar, wedge, and toppling failures were directly
identified based on the field observations and stability assessment. To consider the
influence of all of the possible factors that can be effective in the study area, and
hence, to accomplish a complete hazard assessment, the heuristic method has been
indirectly employed by utilizing maps of different parameters. These parameters
were the geological and engineering geological parameters (i.e., lithology, degree of
weathering, block size) and topographical parameters (i.e., slope angle, aspect,
surface water) along with travel distance and temporal frequency. In addition, the
seismic loading conditions were taken into account as a triggering factor. Then,
weights were assigned to the parameters according to their relative importance in
terms of hazard potential. Finally, high, moderate, and low hazard zones have been
identified. According to the combined hazard map, Sectors, 6 and 8 were determined
to be most critical in terms of high hazards. These sectors were followed by Sectors
2 and 4. Sectors 1 and 11 possessed moderate hazard potential, while Sector 7 was
free from rock slope failure. Under dynamic loading conditions, the most critical
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sectors in terms of high hazards were Sectors 2, 4, 6, 8, and 10. These sectors were
followed by Sectors 3, 5, and 9. Sectors 1, 7, and 11 possessed moderate hazard
potential. Since the hazard possibility of the valley slopes increases under dynamic
loading conditions, the associated risk to human life and the structures located at the
toe of the slopes is expected to become higher in Mudurnu. In accordance with the
failure mechanisms, stability conditions and hazard potential of the rock mass, the
remediation measures that can be recommended for the western side of the valley
include systematic bolts. The rock bolts should be supported by wire mesh as surface
protection. Also, dental concrete may be used to support the overhanging limestone
blocks. Moreover, a durable surface drainage system is suggested to collect surface
water. It should be emphasized that, for the risk studies that might be performed in
the future, the hazard potential revealed in this dissertation should be utilized
carefully. In the area, planar and wedge failures tend to create large to very large
unstable blocks that are very critical in terms of their consequences. In addition, it
needs to be noted that their frequency of occurrence is lower than the frequency of
occurrence of toppling failures in the region. The unstable blocks prone to toppling
failure are almost always associated with small to medium-sized blocks with a higher
frequency of occurrence. Therefore, even if the susceptibility levels or hazard zones
of different failure types are in the same category, the result will not be the same in
terms of its consequences. In particular, planar and wedge failures associated with
large to very large blocks tend to create a critical threat to those elements at risk (i.e.,
people, houses, historical structures, lifelines, etc.) and are expected to cause

catastrophic results.

The studies completed and presented herein comprise a detailed engineering
geological characterization case study applied to a discontinuous rock mass,
identification of the rock slope failure probabilities of complex failures, and
generation of hazard zonation maps. The results of the study are expected to serve as
a basis for the future risk assessment studies since the results establish a pioneer
hazard assessment study in the Mudurnu county center. In this regard, to achieve a
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complete zonation, rock fall susceptibility of the eastern side of the valley should
also be studied and hazard zones need to be defined. It should be noted that one of
the major difficulties encountered during the hazard assessment was the
unavailability of a well-documented inventory and thus, a proper magnitude-
frequency relation of the previous events. Therefore, to create an inventory and to
evaluate the return period of the events quantitatively, the application of a long-term
remote sensing monitoring method such as laser scanning (Lidar), Electronic
Distance Measurement (EDM), total station or systematic UAV flights; or in-situ
monitoring methods such as Time Domain Reflectometry (i.e., optical fiber systems)

would be useful to evaluate the risk by sophisticated methods.
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APPENDICES

A. Thin sections

Glauconite

Globotruncana

Glauconite
Quartz

Quartz

200 um

Globotruncana

Figure A 1: Thin sections of the pelagic limestone of Sector 4 (under PPL - plane
polarized light)
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Microfracture filled
with sparry calcite

Quartz

Quartz

si#® . 200 um

Figure A 2: Thin section of the pelagic limestone of Sector 10 (under PPL - plane
polarized light)
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B. Field survey measurements

Table B 1: Field scan-line survey measurements

Slope face Discontinuity
Coordinates orientation plane orientation
Dip Degree of Dip Persisten Spacing Aperture

Easting Northing Sector Dip direction weathering Dip  direction ce (m) (mm) (cm) Infilling Roughness Shape JRC
348258 4480725 2 54 90 slightly 44 270 very high 300 2 silty clayundulating rough 4 6-8
348258 4480725 2 54 90 slightly 54 280 very high 600 close no infill undulating smooth 3 4-6
348294 4480720 2 54 90 slightly 45 280 very high 280 15 clay undulating rough 5 8-10
348294 4480720 2 54 90 slightly 78 84 high 270 0.1 calcite  undulating smooth 2 2-4
348258 4480725 2 54 90 slightly 73 274 very high 300 close no infill smooth to rough 4 6-8
348294 4480720 2 54 90 slightly 40 285 very high 200 4 silty clay undulating rough 4 6-8
348294 4480720 2 54 90 slightly 80 85 high 110 close no infill undulating smooth 3 4-6
348294 4480720 2 54 90 slightly 79 180 high 340 0.5 calcite undulating smooth 3 4-6
348294 4480720 2 54 90 slightly 80 185 high 360 0.1 calcite undulating smooth 4 6-8
348294 4480720 2 54 90 slightly 43 275 high 500 0.5 clay undulating rough 4 6-8
348294 4480720 2 54 90 slightly 45 270 high 420 close no infill undulating smooth 4 6-8
348294 4480720 2 54 90 slightly 80 82 high 350 0.1 clay undulating smooth 3 4-6
348294 4480720 2 54 90 slightly 78 80 high 420 0.2 clay undulating smooth 3 4-6
348294 4480720 2 54 90 slightly 55 278 high 470 0.3 silty clayundulating rough 4 6-8
348294 4480720 2 54 90 slightly 74 260 high 530 close no infill undulating smooth 5 6-8
348294 4480720 2 54 90 slightly 42 265 high 450 0.1 no infill undulating rough 5 8-10
348294 4480720 2 54 90 slightly 80 168 high 650 0.3 clay undulating smooth 3 4-6
348294 4480720 2 54 90 slightly 82 170 high 690 0.1 no infill undulating smooth 2 2-4
348261 4480718 2 65 82 slightly 45 275 high 210 0.3 silty clayundulating rough 4 6-8
348261 4480718 2 65 82 slightly 35 270 high 320 1 silty clayundulating rough 4 6-8
348261 4480718 2 65 82 slightly 63 66 high 500 05 clay undulating smooth 3 4-6
348261 4480718 2 65 82 slightly 64 75 high 360 0.8 clay undulating smooth 3 4-6
348261 4480718 2 65 82 slightly 83 190 high 230 close no infill undulating smooth 2 2-4
348261 4480718 2 65 82 slightly 76 193 high 280 0.2 no infill undulating smooth 4 6-8
348261 4480718 2 65 82 slightly 39 270 high 370 12 clay undulating rough 4 6-8
348261 4480718 2 65 82 slightly 40 280 high 380 0.8 clay undulating smooth 5 8-10
348261 4480718 2 65 82 slightly 55 70 high 180 0.1 no infill undulating smooth 2 2-4
348261 4480718 2 65 82 slightly 50 69 high 200 close no infill undulating smooth 3 4-6
348261 4480718 2 65 82 slightly 80 180 high 350 close clay undulating rough 3 4-6
348261 4480718 2 65 82 slightly 85 175 high 300 close clay undulating rough 3 4-6
348261 4480718 2 65 82 slightly 42 262 high 430 close no infill undulating rough 4 6-8
348261 4480718 2 65 82 slightly 40 268 high 470 close no infill undulating rough 4 6-8
348261 4480718 2 65 82 slightly 80 92 high 430 0.2 clay undulating smooth 3 4-6
348261 4480718 2 65 82 slightly 75 95 high 480 0.1 clay undulating smooth 3 4-6
348261 4480718 2 65 82 slightly 68 170 high 800 close no infill undulating rough 4 6-8
348261 4480718 2 65 82 slightly 76 172 high 790 0.1 no infill undulating rough 4 6-8
348261 4480718 2 65 82 slightly 45 270 high 550 0.3 clay undulating rough 5 8-10
348261 4480718 2 65 82 slightly 38 275 high 500 close no infill undulating rough 5 8-10
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Table B1 (cont’d): Field scan-line survey measurements
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150
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250
130
150
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130
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140
320
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Table B1 (cont’d): Field scan-line survey measurements
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Table B1 (cont’d): Field scan-line survey measurements

348280 4480905 6 60 75 slightly 80 135 high 1200 0.1 no infill undulating rough 5 8-10
348280 4480905 6 60 75 slightly 82 140 high 1300 0.1 no infill undulating rough 6 10-12
348174 4481083 8 85 138 slightly 35 230 high 520 5 clay undulating rough 5 8-10
348174 4481083 8 85 138 slightly 64 58 high 760 0.5 no infill undulating smooth 4 6-8

348174 4481083 8 85 138 slightly 85 138 high 900 3 no infill smooth to rough 6 10-12
348174 4481083 8 85 138 slightly 36 244 very high 200 0.15 calcite undulating rough 5 8-10
348174 4481083 8 85 138 slightly 32 240 very high 120 0.12 clay undulating rough 5 8-10
348174 4481083 8 85 138 slightly 38 248 very high 450 close no infill undulating rough 6 10-12
348174 4481083 8 85 138 slightly 40 245 very high 460 close no infill undulating smooth 5 8-10
348174 4481083 8 85 138 slightly 44 232 very high 400 0.1 clay undulating rough 5 8-10
348174 4481083 8 85 138 slightly 32 230 very high 350 0.1 clay undulating rough 5 8-10
348174 4481083 8 85 138 slightly 60 65 high 190 0.2 no infill undulating smooth 4 6-8

348174 4481083 8 85 138 slightly 57 70 high 310 0.1 no infill undulating smooth 4 6-8

348174 4481083 8 85 138 slightly 75 70 high 420 0.1 clay undulating smooth 4 6-8

348174 4481083 8 85 138 slightly 70 68 high 300 close no infill undulating smooth 5 8-10
348174 4481083 8 85 138 slightly 65 64 high 650 close no infill undulating rough 5 8-10
348174 4481083 8 85 138 slightly 64 76 high 760 0.12 clay undulating smooth 4 6-8

348174 4481083 8 85 138 slightly 82 154 high 280 close no infill undulating smooth 6 10-12
348174 4481083 8 85 138 slightly 85 150 high 430 close no infill undulating smooth 6 10-12
348174 4481083 8 85 138 slightly 80 140 high 550 0.1 clay  undulating smooth 6 10-12
348174 4481083 8 85 138 slightly 78 142 high 380 0.12 clay undulating smooth 5 8-10
348174 4481083 8 85 138 slightly 83 140 high 640 01 no infill undulating rough 6 10-12
348174 4481083 8 85 138 slightly 84 140 high 870 01 clay  undulating smooth 6 10-12
348266 4480990 8 80 110 slightly 34 225 very high 280 0.2 silty clayundulating rough 5 8-10
348266 4480990 8 80 110 slightly 30 230 very high 300 0.15 clay undulating rough 6 10-12
348266 4480990 8 80 110 slightly 35 260 very high 480 close no infill undulating rough 6 10-12
348266 4480990 8 80 110 slightly 42 230 very high 500 close no infill undulating rough 5 8-10
348266 4480990 8 80 110 slightly 37 220 very high 150 0.1 silty clayundulating rough 5 8-10
348266 4480990 8 80 110 slightly 66 62 high 600 0.2 no infill undulating smooth 4 6-8

348266 4480990 8 80 110 slightly 62 67 high 400 close no infill undulating smooth 4 6-8

348266 4480990 8 80 110 slightly 64 80 high 800 0.1 clay undulating smooth 5 6-8

348266 4480990 8 80 110 slightly 81 160 high 520 close no infill undulating smooth 6 10-12
348266 4480990 8 80 110 slightly 78 162 high 350 0.1 no infill undulating rough 6 10-12
348266 4480990 8 80 110 slightly 85 165 high 1000 0.15 clay undulating rough 5 8-10
348266 4480990 8 80 110 slightly 36 214 very high 450 0.15 clay undulating rough 5 8-10
348266 4480990 8 80 110 slightly 32 210 very high 100 0.2 silty clay undulating smooth 5 8-10
348266 4480990 8 80 110 slightly 71 82 high 330 0.15 silty clay undulating smooth 4 6-8

348266 4480990 8 80 110 slightly 69 70 high 800 close clay undulating smooth 4 6-8

348266 4480990 8 80 110 slightly 86 133 high 940 0.2 no infill undulating rough 6 10-12
348266 4480990 8 80 110 slightly 83 173 high 970 0.1 no infill undulating rough 6 10-12
348266 4480990 8 80 110 slightly 38 234 very high 160 0.2 clay  undulating rough 5 8-10
348266 4480990 8 80 110 slightly 40 245 very high 350 05 silty clayundulating rough 5 8-10
348266 4480990 8 80 110 slightly 64 72 high 240 close no infill undulating smooth 4 6-8

348266 4480990 8 80 110 slightly 60 75 high 770 close no infill undulating smooth 4 6-8

348266 4480990 8 80 110 slightly 88 173 high 840 close no infill undulating smooth 6 10-12
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Table B1 (cont’d): Field scan-line survey measurements

348266 4480990 8 80 110 slightly 85 180 high 600 close no infill undulating smooth 6 10-12
348270 4481030 10 70 75 slightly 34 240 high 550 3 clay  undulating rough 7 12-14
348270 4481030 10 70 75 slightly 75 55 high 620 0.5 no infill undulating rough 4 6-8
348270 4481030 10 70 75 slightly 83 140 high 670 0.5 silty clayundulating rough 4 6-8
348270 4481030 10 70 75 slightly 38 210 very high 360 0.2 silty clayundulating rough 6 10-12
348270 4481030 10 70 75 slightly 45 210 very high 490 0.12 silty clayundulating rough 7 12-14
348270 4481030 10 70 75 slightly 30 225 very high 330 0.13 silty clay undulating smooth 5 8-10
348270 4481030 10 70 75 slightly 42 235 very high 400 0.1 silty clayundulating rough 6 10-12
348307 4481018 10 70 75 slightly 84 65 high 600 close no infill undulating smooth 4 6-8
348307 4481018 10 70 75 slightly 86 70 high 470 0.1 no infill undulating smooth 4 6-8
348307 4481018 10 70 75 slightly 80 72 high 380 0.1 clay undulating rough 3 4-6
348307 4481018 10 70 75 slightly 82 75 high 350 0.12 clay undulating rough 5 8-10
348307 4481018 10 70 75 slightly 85 140 high 460 0.2 clay undulating rough 3 4-6
348307 4481018 10 70 75 slightly 70 162 high 520 0.15 clay undulating smooth 3 4-6
348307 4481018 10 70 75 slightly 72 160 high 550 0.13 clay undulating smooth 4 6-8
348307 4481018 10 70 75 slightly 76 173 high 480 close no infill undulating rough 4 6-8
348307 4481018 10 70 75 slightly 74 145 high 650 close no infill undulating rough 4 6-8
348270 4481030 10 70 75 slightly 35 245 very high 720 close no infill undulating rough 6 10-12
348270 4481030 10 70 75 slightly 38 230 very high 680 close no infill undulating rough 6 10-12
348270 4481030 10 70 75 slightly 83 75 high 410 close no infill undulating rough 4 6-8
348270 4481030 10 70 75 slightly 75 80 high 370 close no infill undulating rough 5 8-10
348307 4481018 10 70 75 slightly 80 65 high 600 0.1 no infill undulating rough 5 810
348270 4481030 10 70 75 slightly 86 160 high 400 0.1 no infill undulating rough 3 4-6
348307 4481018 10 70 75 slightly 70 130 high 710 0.1 clay undulating rough 4 6-8
348307 4481018 10 70 75 slightly 80 160 high 670 0.1 clay undulating smooth 4 6-8
348270 4481030 10 70 75 slightly 42 232 very high 590 0.15 clay undulating rough 6 10-12
348307 4481018 10 70 75 slightly 45 220 very high 430 0.1 clay undulating rough 7 12-14
348307 4481018 10 70 75 slightly 34 225 very high 650 0.2 no infill undulating rough 7 12-14
348307 4481018 10 70 75 slightly 37 250 very high 700 close no infill undulating rough 6 10-12
348307 4481018 10 70 75 slightly 78 70 high 520 0.15 clay undulating smooth 4 6-8
348307 4481018 10 70 75 slightly 82 67 high 480 close no infill undulating rough 4 6-8
348307 4481018 10 70 75 slightly 76 65 high 510 0.14 clay undulating rough 5 8-10
348270 4481030 10 70 75 slightly 74 165 high 350 close no infill undulating rough 4 6-8
348307 4481018 10 70 75 slightly 74 125 high 590 close no infill undulating smooth 3 4-6
348307 4481018 10 70 75 slightly 40 225 very high 760 close no infill undulating smooth 6 10-12
348307 4481018 10 70 75 slightly 38 235 very high 580 close no infill undulating smooth 5 8-10
348307 4481018 10 70 75 slightly 36 230 very high 460 0.1 no infill undulating rough 7 12-14
348307 4481018 10 70 75 slightly 34 230 very high 670 0.13 clay undulating rough 7 12-14
348270 4481030 10 70 75 slightly 67 69 high 330 close no infill undulating rough 3 4-6
348270 4481030 10 70 75 slightly 86 70 high 500 0.1 no infill undulating rough 3 4-6
348307 4481018 10 70 75 slightly 85 72 high 650 0.15 clay  undulating rough 5 810
348307 4481018 10 70 75 slightly 83 68 high 400 0.2 no infill undulating rough 4 6-8
348270 4481030 10 70 75 slightly 65 150 high 400 close no infill undulating rough 3 4-6
348270 4481030 10 70 75 slightly 70 170 high 290 close no infill undulating rough 3 4-6
348307 4481018 10 70 75 slightly 86 165 high 450 0.1 no infill undulating rough 4 6-8
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C. Laboratory test sheets

Table C 1. Density-Unit Weight Determination sheet of Sector 4, 6, and 10,
respectively

METU - DEPARTMENT OF GEOLOGICAL | DENSITY - UNIT WEIGHT
ENGINEERING DETERMINATION (Caliper
ENGINEERING GEOLOGY LABORATORY Method)
) Tested by : Arzu ARSLAN
Date : 10.11.2021 KELAM
Specimen | D L w Volume W Density Unit Weight
Number* | (mm) | (mm) | (mm) | (cm®) (9) (g/cm®) (KN/m®)
MD4/2 29.51 | 42.50 | 39.98 | 50.14 133.28 | 2.66 26.08
MD 4/7 31.64 | 39.89 | 35.60 | 44.93 119.02 | 2.65 25.98
MD 4/8 27.32 | 41.26 | 31.54 | 35.55 94.39 | 2.65 26.04
MD 6/1 31.37 | 4111 | 33.22 | 42.84 113.30 | 2.64 25.94
MD 6/2 29.17 | 43.15 | 39.54 | 49.77 132.18 | 2.66 26.06
MD 6/3 29.73 | 42.35 | 37.91 | 47.73 126.94 | 2.66 26.09
MD 6/4 24.72 | 31.3 | 30.37 | 23.50 62.24 | 2.65 25.98
MD 10/4 | 32.00 | 46.20 | 44.13 | 65.25 172.30 | 2.64 25.91
MD 10/8 | 35.23 | 43.15 | 41.22 | 62.66 166.10 | 2.65 26.00
MD 10/11 | 29.10 | 45.92 | 42.25 | 56.46 149.91 | 2.66 26.05

*MD4, MD6 and MD10 represent the samples from Sectors 4, 6 and 10, respectively
Note: D, L and w are the depth, length and width of the prismatic specimen
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Figure C 1: The block samples of Sector 4 and Sector 10 before and after the Point
Load Strength Index testing
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Table C 2: Point Load Strength Index test sheet of Sector 4

METU - DEPARTMENT OF GEOLOGICAL ENGINEERING . . ~

ENGINEERING GEOLOGY LABORATORY POINT LOAD STRENGTH INDEX TEST

Date : 14.11.2021 Tested by : Arzu ARSLAN KELAM

SPe(imen Test D L W1 W2 w P P D I F Lsso
Number Type* | (mm) (mm) (mm) (mm) (mm) | (kgf) (KN) (MPa) (MPa)
MD4/1 b/ 35.15 43.06 40.53 38.10 39.32 | 1339 13.13 | 1759.52 7.4629 | 0.924 6.8958
MD4/3 bl 32.04 51.34 40.58 40.54 40.56 | 2087 20.47 | 1654.63 12.3692 | 0.9113 11.2723
MD4/5 bl 34.74 47.41 40.54 40.78 40.66 | 1634 16.02 | 1798.49 8.9097 | 0.9286 | 8.2734
MD4/6 b/ 30.14 43.95 39.43 41.37 40.40 | 1069 10.48 | 1550.37 6.7618 | 0.8981 | 6.0726
MD4/7 b/ 32.26 40.92 35.93 36.16 36.05 | 1002 9.83 1480.54 6.6370 | 0.8888 | 5.8990
MD4/9 b/ 39.71 40.02 40.68 39.37 40.03 | 1007 0.88 | 2023.68 4.8799 | 0.9536 | 4.6532
MD4/10 bl 39.12 41.90 41.61 40.88 41.25 | 1785 17.50 | 2054.38 8.5208 | 0.9568 | 8.1526
MD4/11 bl 41.40 44.55 42.69 43.20 42,95 | 2020 19.81 | 2263.72 8.7508 | 0.9779 | 8.5575
MD4/12 b/l 39.86 43.36 42.85 42.14 42,50 | 986 9.67 2156.68 4.4835 | 0.9673 | 4.3369
MD4/13 b/ 40.06 45.76 2.49 41.53 2.01 | 1129 11.07 | 2142.76 5.1670 | 0.9659 | 4.9908
MD4/14 bl 41.85 44.05 45.87 43.88 44.88 | 1558 15.28 | 2391.17 6.3897 | 0.9900 | 6.3260
MD4/16 b/ 42.71 45.73 44.23 45.52 44.88 | 1473 14.45 | 244031 5.9194 | 0.9946 | 5.8873
MD4/17 bl 41.23 42.74 41.67 41.96 41.82 | 1873 18.37 | 2195.11 8.3676 | 0.9712 | 8.1263
MD4/18 bl 42.90 44.51 4345 44.05 43.75 | 1222 11.98 | 2389.71 5.0147 | 0.9899 | 4.9641
MD4/19 b/ 32.37 42.87 3447 33.21 33.84 | 1350 13.24 | 1394.71 9.4923 | 0.8769 | 8.3242
MD4/20 b/ 43.04 43.58 43.57 43.22 43.40 | 1520 14.91 | 2378.06 6.2682 | 0.9888 | 6.1981

*b=block, //=parallel to plane of weakness, I=perpendicular to plane of weakness

Note: W is average width ((W;+W,)/2) of the specimen having unparallel dimension, D, is equivalent core diameter, I is point

load strength index of specmen tested, F is dimension correction factor, 1 is corrected point load strength index for 50 mm

Table C 3: Point Load Strength Index test sheet of Sector 10

METU - DEPARTMENT OF GEOLOGICAL ENGINEERING . - -
ENGINEERING GEOLOGY LABORATORY POINT LOAD STRENGTH INDEX TEST
Date : 14.11.2021 Tested by : Arzu ARSLAN KELAM
S_pe('imen Test D L w1 W2 W P P D I F Lo
Number Type* | (mm) (mm) (mm) (mm) (mm) | (kgh) (k™) (MPa) (MPa)
MD10/1 b/ 29.70 44.04 43.30 4527 44.29 | 1552 15.22 1674.65 | 9.0884 [ 0.9138 [ 8.3049
MD10/2 b// 27.69 42.80 43.86 46.09 4498 | 844 8.28 1585.64 | 5.2199 [ 0.9026 [ 4.7116
MD10/3 b/ 31.39 48.67 44.79 44.26 44.53 | 605 5.93 1779.53 3.3340 | 0.9264 | 3.0885
MD10/4 bl 32.92 46.37 45.25 46.75 46.00 | 714 7.00 1928.09 | 3.6315 | 0.9432 | 3.4254
MD10/5 b// 32.07 46.32 43.95 4249 43.22 | 966 9.47 1764.79 | 5.3679 | 0.9246 | 4.9633
MD10/7 b// 41.15 44.39 42.56 42.93 42,75 | 2079 20.39 2239.57 | 9.1035 | 0.9756 | 8.8810
MD10/8 b// 36.02 44.43 42.30 41.34 41.82 | 1466 14.38 1917.95 7.4958 | 0.9421 | 7.0619
MD10/9 b// 32.95 43.29 43.86 41.27 42,57 | 1407 13.80 1785.74 | 7.7267 | 0.9271 | 7.1634
MDI10/11 bl 30.75 46.83 44.89 41.06 42,98 | 657 6.44 1682.56 | 3.8293 | 0.9148 | 3.5029
MD10/12 b/ 32.09 44.80 37.28 36.08 36.68 | 989 9.70 1498.68 | 6.4715 | 0.8912 | 5.7677
MDI10/13 bl 31.55 41.05 38.81 38.16 3849 | 655 6.42 154597 | 4.1549 | 0.8975 | 3.7290
MD10/15 b// 36.42 44.29 40.98 42.23 41.61 | 1176 11.53 1920.28 | 5.9777 | 0.9434 | 5.6391
MD10/17 bl 30.77 43.58 40.56 39.32 39.94 | 881 8.64 1564.75 5.5214 | 0.8999 | 4.9690
MD10/19 b/ 28.52 42.36 41.63 4273 42.18 | 859 842 1531.67 | 5.4998 | 0.8956 | 4.9258
MD10/21 bl 28.55 42.63 32.78 3474 33.76 | 497 4.87 1227.21 3.9715 | 0.8521 | 3.3840
*b=block, //=parallel to plane of weakness, I=perpendicular to plane of weakness

Note: W is average width ((W,;+W,)/2) of the specimen having unparallel dimension, D, is equivalent core diameter, I is point

load strength index of specmen tested, F is dimension correction factor, | is corrected point load strength index for 50 mm
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Figure C 2: Slake Durability tested rock samples from Sectors 1, 2 and 4. The first
column shows a view of specimens before the test, whereas the second and third
columns present the condition of the specimen following the 1%t and 2" cycles,

respectively
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Table C 4: Slake Durability test sheet of Sector 1, Sector 2, Sector 4, Sector 6, and
Sector 8

SLAKE DURABILITY TEST
+ t 9 + 2 & & 3 3
3 - = S5 e S 25| e ©
£ E|l & o | 6& 1 Eg| Ed|g | g
> = = T D 5 © 3 S| F ~
Z (a) y— Y— ~ Y= ~ '% = % 6 X
P y— o - o - & o - & =0 = - * - ©
@ o @ T =2 T = 8 - 8 ° s | O
£ 2| 2E~| 2EZ| EEZ Rz S| ES|ES
S ©| 53| 5| o5 e | £5]13830|8°
2 | T2s| 223|828 =g| =2|3z|&®
7] = S| 260 | 2650 n'R R |l | Ha
MD1 | 2079.2 2539.3 2536.2 2535.2 99.3 99.1 | |
MD2 | 2079.2 2606.8 2603.2 2601.4 99.3 99.0 | |
MD4 | 2079.2 2574.2 2570.9 2569.0 99.3 98.9 1 ]
MD5 | 2099.0 2617.2 2613.8 2612.2 99.3 99.0 | |
MD8 | 2099.0 2688.7 2685.1 2681.2 99.4 98.7 | |

*Type I-Retained specimens remain virtually unchanged
Type l1-Retained specimens consist of large and small fragments
Type I11-Retained specimens are exclusively small fragments
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D. Rock mass classification system tables

Table D 1: Rock Mass Rating (RMR) system table (Bieniawski, 1989) along with
the values used for the discontinuous limestone

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS
Parameter Ranges of Values
Point-load For this low range — uniaxial compressive test is
strength | >10 MPa 4-10MPa 2-4MPa 1-2MPa "W range - U pressive tes
Strength of . preferred
N index
intact rock —
1 material Uniaxal
compressive| >250 MPa 100 — 250 MPa 50 - 100 MPa 25— 50 MPa 5-25 MPa 1-5MPa | <1MPa
strength
Rating 15 12 7 4 2 1 0
- - o
Drill core quality RQD - 90 %- 100 75%-90 % 509% - 75% 25% - 50 % <25%
2 (%) %
Rating 20 17 13 8 3
3 Spacing of discontinuities >2m 0.6-2m 200-600mm 60-200 mm <60 mm
Rating 20 15 10 8 5
Very rough " - Slickensided surfaces or Gouge <5 mm
Slightly rough surfaces | Slightly rough surfaces
surfaces ightly rough su Ightly rough su thick or
Not - . - .
Separation <1 mm Separation <1 mm Separation 1- 5 mm Continuous
Condition of continuous P P P Soft gouge >5 mm thick or Separation >5 mm
4 discontinuities (See E) No Slightly weathered walls | Highly weathered walls Continuous
separation
Unweathere
d wall rock
Rating 30 25 20 10 0
Inflow per
10munmel |y o <10 10-25 25-125 >125
length
(L/min)
Ground (Joint water
water pressure)/(
5 Maior 0 <0.1 0.1-02 02-05 505
principal
stress)
General | Completely
conditions dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
Strike and dip orientations Very favourable Favourable Fair Unfavourable Very unfavourable
Tunnels & 0 2 5 410 12
. mines
Ratings Foundation 0 2 7 15 25
Slopes 0 -5 -25 -50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 - 81 80 - 61 60 - 41 40 - 21 <21
Class number | 1 1l v \4
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK CLASSES
Class number | 1 11 v \4
Average stand-up time 20 yrs for 15 m span 1 year for 10 m span 1 week for 5 m span 10 hrs for 2.5 m span 30 min for 1 m span
Cohesion of rock mass (kPa) >400 300 - 400 200 - 300 100 - 200 <100
Friction angle of rock mass (deg) >45 35-45 25-35 15-25 <15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY CONDITIONS *
Discontinuity length (persistence) <lm 1-3m 3-10m 10-20m >20m
Rating 6 4 2 1 0
Separation (aperture) None <0.1 mm 0.1-1.0mm 1-5mm >5mm
Rating 6 5 4 1 0
Roughness Very rough Rough Slightly rough Smooth Slickensided
Rating 6 5 3 1 0
Infilling (gouge) None Hard filling <5 mm Hard filling >5 mm Soft filling < 5 mm Soft filling >5 mm
Rating 6 4 2 2 0
Weathering Unweathered Slightly weathered Moderately weathered Highly weathered Decomposed
Ratings 6 5 3 1 0
F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELING **
Strike perpendicular to tunnel axis Strike parallel to tunnel axis
Drive with dip — Dip 45 -90° Drive with dip — Dip 20 -45° Dip 45 -90° | Dip 20 - 45°
Very favourable Favourable Very favourable | Fair
Drive against dip — Dip 45 -90° Drive against dip — Dip 20 -45° Dip 0-20° - Irrespective of strike
Fair Unfavourable Fair
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Table D 2: Correction parameters and description of SMR classes (Romana, 1985)

Correction parameters for SMR related to joints

Type of failure* Correction parameter  Very favorable Favorable Normal Unfavorable Very unfavorable
P >30° 30°-20° 20°-10° 10°-5° <5°

w A >30° 30°-20° 20°-10° 10°-5° <5°

T >30° 30°-20° 20°-10° 10°-5° <5°
P/WIT Fy 0.15 0.40 0.70 0.85 1.00

P B <20° 20°-30° 30°-35° 35°-45° >45°
w B <20° 20°-30° 30°-35° 35°-45° >45°
P/W F, 0.15 0.40 0.70 0.85 1.00

T F, 1.00 1.00 1.00 1.00 1.00

P C >10° 10°-0° 0° 0°-(-10°) <(-10)°
w C >10° 10°-0° 0° 0°-(-10°) <(-10)°
T C <110° 110°-120° >120° - -
P/WIT Fs 0 -6 -25 -50 -60
*P=planar failure, W=wedge failure, T=toppling failure

Correction parameters for SMR related to methods of excavation

Excavation method Fy

Natural slope 15

Presplitting 10

Smooth blasting 8

Blasting or mechanical 0

Deficient blasting -8

Description of SMR classes

Class SMR Description _ Stability Failures Failure probability

| 81-100  Vdery good Completely stable  None 0

1 61-80 Good Stable Some blocks 0.2

11 41-60 Normal Partially stable Some joints or many wedges 0.4

\Y 21-40 Bad Unstable Planar or big wedges 0.6

\Y 0-20 Very bad Completely unstable Big planar or soil-like 0.9
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Table D 3: Q-slope table (Barton and Bar, 2015)

Rock Quality Designation description  RQD (%)%

A Very poor 0-25

B Poor 25-50
C Fair 50-75
D Good 75-90
E Excellent 90-100

# where RQD reported or measured as <10 (including zero), a
nominal value of 10 is used to evaluate Q-slope. RQD intervals
of 5, i.e., 100, 95,90, etc., are sufficiently accurate

Joint set number description Jn

A Massive, no or few joints 0.5-1

B One joint set 2

C One joint set plus random joints 3

D Two joint sets 4

E Two joint sets plus random joints 6

F Three joint sets 9

G Three joint sets plus random joints 12

H Four or more joint sets, random, heavily jointed 15

J Crushed rock, earthlike 20

Joint roughness number description

(a) Rock wall contact, (b) contact after shearing J
A Discontinuous joints 4
B Rough or irregular, undulating 3
C Smooth, undulating 2
D Slickensided, undulating 15
E Rough or irregular, planar 15
F Smooth, planar 1
G Slickensided, planar 0.5
(c)No rock wall contact when sheared

H Zone containing clay minerals thick enough to prevent rock wall contact 1

J Sandy, gravelly, or crushed zone thick enough to prevent rock wall contact 1

Descriptions refer to small-scale features and intermediate-scale features, in that order

Add 1.0 if mean spacing of the relevant joint set is greater than 3 m

J;= 0.5 can be used for planar, slickensided joints having lineations, provided the lineations are favorably
oriented for minimum strength

J; and J, classification are applied to discontinuity set or sets that are least favorable for stability both from the

point of view of orientation and shear resistance 1, where t=o,tan™(J/J,)

Joint alteration number description Ja
(a) Rock wall contact (no mineral filling, only coating)

A Tightly healed, hard, non-softening, impermeable filling, i.e., quartz or epidote 0.75
B Unaltered joint walls, surface staining only 1

C Slightly altered joint walls. Non-softening mineral coatings, sandy particles, clay free disintegrated rock, etc. 2

D Silty- or sandy-clay coatings, small clay disintegrated rock, etc. 3

E Softening or low friction clay mineral coatings, i.e., kaolinite or mica. Also chlorite, talc, gypsum, graphite, e 4

and small quantities of swelling clays
(b) Rock wall contact after some shearing (thin clay fillings, probable thickness~1-5 mm)

F Sandy particles, clay-free disintegrated rock, etc. 4
G Strongly over-consolidated, non-softening clay mineral fillings 6
H Medium or low over-consolidation, softening, clay mineral fillings 8
J Swelling clay fillings, i.e., montmorillonite. Value of J, depends on percent of swelling clay-size particles and 8-12

access to water
(c) No rock wall contact when sheared (thick clay/crushed rock fillings)

M Zones or bands of disintegrated or crushed rock and clay (see G,H, | for description of clay condition) 6,8, or 8-12
N Zones or bands of silty- or sandy-clay, small clay fraction (non-softening) 5
OPR __ Thick, continuous zones or bands of clay (see G, H, J for description of clay condition) 10,13, or 13-20
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Table D 3 (continued): Q-slope table (Barton and Bar, 2015)

O-factor description Set A Set B
Very favorably oriented 2 15
Quite favorable 1 1
Unfavorable 0.75 0.9
Very unfavorable 0.5 0.8

Causing failure if unsopported 0.25 0.5

Environmental and geological condition number

Pice Desert environment Wet environment Tropical storms Ice wedging
Stable structure; competent rock 1 0.7 0.5 0.9
Stable structure; incompetent rock 0.7 0.6 0.3 0.5
Unstable structure; competent rock 0.8 0.5 0.1 0.3
Unstable structure; incompetent rock 0.5 0.3 0.05 0.2

*When drainage measures are installed, apply J,,;X1.5, when slope reinforcement measures are installed, apply J,,ic-x1.3, and when drainage and
reinforcement are installed, apply both factors J,,j,x1.5x1.3

SRF, physical condition

Description SRF,
A Slight loosening due to surface location, disturbance from blasting or excavation 2.5
B Loose blocks, signs of tension cracks and joint shearing, susceptibility to weathering, severe disturbance from blasting 5

C As B, but strong susceptibility to weathering 10

D Slope is in advanced stage of erosion and loosening due to periodic erosion by water and/or ice-wedging effects 15

E Residual slope with significant transport of material downslope 20

SRF,, stress and strength

Description 6J/6% SRF,
F Moderate stress-strength range 50-200 2.5-1
G High stress-strength range "10-50 5-2.5
H Localized intact rock failure 5-10 10-5

J Crushing or plastic yield 2.5-5 15-10
K Plastic flow or strain softened material 1-2.5 20-15

SRF, major discontinuity

Favorable Unfavorable  Very Causing failure
SRF, unfavorable if unstopped
L Major discontinuity with little or no clay 1 2 4 8
M Major discontinuity with RQD14=0° due to clay and crushed rock 2 4 8 16
N Major discontinuity with RQng)=0b due to clay and crushed rock 4 8 12 24

*RQD100=1m perpendicular sample of discontinuity, >RQD4;=3m perpendicular sample of discontinuity

Q,u.,, Stability Chart

3

£

0

Slope Angle, p (degrees)

8

— G-Siope Equation

Figure D 1: Q-slope stability chart (Barton and Bar, 2015)
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E. Back-calculated shear strength parameters

Table E 1: c-¢ pairs of Sector 5 back-calculated by the Mohr-Coulomb failure
criterion

¢ (°) c (kPa) of wedge 1 ¢ (kPa) of wedge 2
25 3.6 6.8
27 34 6.4
30 3.2 5.7
35 2.8 4.5
38 2.6 3.8
41 2.3 3.1
44 2.0 2.3
46 1.8 1.7
51 1.3 0.2
55 0.8

Table E 2: c-¢ pairs of Sector 10 back-calculated by the Mohr-Coulomb failure
criterion

¢ (°) ¢ (kPa) of wedge 1 ¢ (kPa) of wedge 2
25 5.0 7.5
27 4.7 7.0
30 4.3 6.1
35 3.5 4.8
38 3.0 3.9
41 2.5 2.9
44 1.9 1.8
46 15 0.9
48 1.0 0.1
51 0.3
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Figure E 1: Variation of the c-¢ pairs in terms of the Mohr-Coulomb failure criterion
where the intersection point identifies the back-calculated shear strength parameters
of Sector 5
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Figure E 2: Variation of the c-¢ pairs in terms of the Mohr-Coulomb failure criterion
where the intersection point identifies the back-calculated shear strength parameters
of Sector 10
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Table E 3: c-¢ pairs of Sectors 5 and 10 back-calculated by the limit equilibrium
solution proposed by Hoek and Bray (1981)

¢ (°) ¢ (kPa) for wedge in c (kPa) for wedge in
Sector 5 Sector 10
25 1.67 2.12
30 1.58 2.0
35 1.47 1.88
38 14 181
42 131 1.70
44 1.25 1.62
46 1.19 1.56
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F. Report obtained from the application of the Seismic Hazard Map of Turkey

78/22, 4:58 PM Sismik Tehlike Haritasi Detay Raporu

AFAD’ PR

Tiirkiye Deprem Tehlike Haritalar Interaktif
Web Uygulamasi

Kullanici Girdileri

Rapor Baghiji: Mudurnu
Deprem Yer Harokefl Dizeyl DD-2 50 yikia agiima olasilifji %10 (telrarlanma periyodu 475 yil) clan deprem yer hareketl dizeyl
Yerel Zemin Simfi ZB Az ayrigmig, orta safjlam kayalar
Enlem: 40.466508°
Boylam 31.208324°
Ciktilar
§5 = 0.964 §,=0.292 PGA=0.398 PGV=26.914

S : Kisa perlyot harita spekiral vme katsayis! [boyutsuz]

$; : 1.0 sanlye periyot kin harlta spekiral vme katsayis! [boyutsuz]
PGA : En biyik yer hmesl [g]

PGV : En biyik yer hizi [cmisn]

hitps:/Adth.afad.gov.t' TDTH/detayliRapor.xhtm| 15
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7/6/22, 4:58 PM

Sismik Tehlike Haritasi Detay Raporu

Yerel Zemin Siniflan

Yerel Zemin
Sinifi

zC

veya Pl > 20 ve w > % 40 kogullarim saglayan toplamda
3 metreden daha kalin yumusak kil tabakasi ( C, < 25

kPa ) ieren profiller

Sahaya Gzel aragtirma ve dederlendirme gerektiren zeminler :

1) Deprem etkisi altinda gokme ve potansiyel gogme riskine sahip zeminler (sivilagabilir
zeminler, yliksek derecede hassas killer, gogebilir zayif cimentolu zeminler vb.),

2) Toplam kalinlig! 3 metreden fazla turba ve/veya organik igerigi yiiksek killer,

3) Toplam kalinigi 8 metreden fazla olan ylksek plastisiteli (P/ > 50) killer ,

4) Cok kalin (> 35 m) yumusak veya orta kat killer.

https:/tdth.afad.gov.tr/TDTH/detayliRapor.xhtml
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Ust 30 metrede ortalama
Zemin Cinsi N,
(Voo | S0 | (G
[m/s] cm] [kPa]
Saglam, sert kayalar > 1500 - -
Az aynigmig, orta saglam kayalar 760 - - -
1500
Cok siki kum, gakil ve sert kil tabakalan veya ayngmig, 360 - > 50 > 250
cok gatiakl zayif kayalar 760
Orta siki - siki kum, gakil veya gok kati kil tabakalari 180 - 15-50 70-
360 250
Gevsgek kum, gakil veya yumusgak - kati kil tabakalari <180 <15 <70



7/6/22, 4:58 PM Sismik Tehlike Haritas: Detay Raporu

Yerel Zemin Etki Katsayilari

Yerel Zemin Sinifi Kisa periyot bolgesi igin Yerel Zemin Etki Katsayisi Fg

SgS025 | Sg=050 | Sg=075 | S5=100 = Sg=125 | Sg2150

ZA 08 0.8 08 08 0.8 0.8
ZB ‘ 0.9 0.9 098 0.9 0.9 » 0.8
ZC 13 1.3 412 12 1z 1.2
ZD 16 14 12 11 1.0 1.0
ZE 24 1.7 13 1:1 0.8 0.8
ZF Sahaya ozel zemin davranig analizi yapilacaktir
Yerel Zemin Smifi ZB ve Sg =0.964 igin Fg=0.900
Yerel Zemin Sinifi 1.0 saniye periyot igin Yers/ Zemin Etki Katsayis F,
$,50.10 S,=0.20 $=030 @ $=040 | $§=050 | S,20.60
ZA 08 08 08 08 0.8 0.8
ZB 08 08 08 0.8 0.8 0.8
rie 15 15 15 15 15 14
zD 24 22 20 19 18 3.7
ZE 42 33 28 24 22 20
7F Sahaya ozel zemin davranig analizi yspilacakbr.

Yerel Zemin Sinifi ZB ve S; =0.292 i¢in F;=0.800

https://tdth.afad.gov.tr/TDTH/detayliRapor.xhtml
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7/6/22, 4:58 PM Sismik Tehlike Haritasi Detay Raporu

Tasarim Spektral ivme Katsayilari

Sps = Ss Fs = 0.964 x 0.900 = 0.868
Sp1 =51 Fy =0.292 x 0.800 = 0.234

Spg : Kisa periyot tasanm spektral ivme katsayisi [boyutsuz]

Spy : 1.0 sanlye perlyot igin tasanm spektral Ivme katsayisi [boyutsuz]

https:/Adth.afad.gov.tr’TDTH/detayliRapor.xhtm!
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718122, 4:58 PM Sismik Tehlike Haritasi Detay Raporu

Yatay Elastik Tasarim Spektrumu

n

T
ars Sae(T) = (0.4 + O.ﬁT—A) Sps

as

Sdg)

a2s Sue(T) = Sps

Sm
Sae = —_—
) @M=

S; Ty
Sae(T) = ?gL

Ty =022

To=0054(s) T,=0269(s) T, =68.000(s)

Diigey Elastik Tasarim Spektrumu

ars

It
S = (0.32 +0.48_— | 5
s uD(T) TAD) DS

o5, Saep(T) = 0.88pg

o
~

2 Saen(T) = 033»3%
Ts)

Ta

T
Tap = — TBD:TB

3

Tap=0.018{(8) Tap=0.080 () Tip =3.000(s)

hitps:/Adth.afad.gov.t' TDTH/detayliRapor.xhtm|
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G. Hazard assessment flow chart

Fature to

:

i

6»2

Figure G 1. Details of the process followed for the preparation of the hazard
assessment layers in ArcGIS software
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