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ABSTRACT

ASSESSMENT OF ROCK SLOPE STABILITY FOR A COASTAL AREA NEAR KUSADASI,
AYDIN, TURKEY

Kaya, Yavuz
M.Sc., Department of Geological Engineering
Supervisor: Prof. Dr. Tamer Topal
February 2013, 112 pages

The study area, which will be open to tourism in Kusadasi (Aydin), has steep and high cliffs
near the Aegean coast. In the area where some slidings and rockfall problems occurred in
the past the geological hazards should be investigated and nature-friendly remedial
measures should be taken. The aim of this study is to perform engineering geological studies
to:(i) search geological hazards, (ii) reveal the slope stability problems, (iii) recommend
nature-friendly solutions in order to prevent/minimize the hazards and (iv)compare the
results obtained from 2-D and 3-D rockfall analyses. To accomplish these tasks, the
geological survey was performed, the information about the discontinuities was collected by
means of scanline surveys, the rock samples were collected, the in-situ and laboratory tests
were carried out, the slope stability and rockfall analyses were performed for different slope
conditions, remedial measures were offered for the problematical areas considering the data
obtained and the results of 2-D and 3-D analysis were compared. Under the light of these
studies, rock removal, drainage, greening (vegetation), filling the caverns, wall building and
erosion prevention were offered as remedial measures. The comparison of the 2-D and 3-D
rockfall analyses shows that the end points and bounce height values are different for each
method. The differences between the 2-D and 3-D model originate from the slope geometry,
the algorithm used in the software and the different input parameters. According to the field
observations, the 2-D model is more realistic than 3-D model.

Keywords: rockfall, 2-D analysis, 3-D analysis, stability, Kusadasi, Turkey



Oz

KUSADASI YAKINLARINDAKI BiR KIYI BOLGESI iCIN KAYA SEV DURAYLILIGININ
DEGERLENDIRILMESI, AYDIN, TURKIYE

Kaya, Yavuz
Yiiksek Lisans, Jeoloji Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Tamer Topal
Subat 2013, 112 sayfa

Kusadasi'nda (Aydin) turizme agilacak olan bir alanin kiy1 kesiminde oldukga dik ve yiiksek
falezler bulunmaktadir. Yer yer kaymalar ve kaya diisme problemlerinin goriildiigii alanin
turizm agisindan kullanilabilir olabilmesi igin, bu alandaki jeolojik tehlikelerin arastirilmasi
ve miimkiin oldugunca doga dostu yaklasimlarla dnlemlerin alinmasi gerekmektedir. Bu
calismanin amaci, séz konusu alan ile ilgili miihendislik jeolojisi ¢alismas1 yapmak, var olan
jeolojik tehlikeleri arastirmak, sev duraylilig: ile ilgili sorunlariortaya koymak, varolan
tehlikeleri 6nlemek/en aza indirebilmek icin doga dostu ¢oziimler 6nermek ve 2 ve 3 boyutlu
kaya diisme analizlerinden elde edilen sonuglar1 kiyaslamaktir. Bu amaglar
gerceklestirebilmek icin, 6ncelikle sahada jeolojik incelemeler yapilmis, hat etiidii yardimiyla
siireksizlikler hakkinda bilgiler edinilmis, kayag¢ 6rnekleri alinmis, sahada ve laboratuvarda
deneyler yapilmis, farkli sev durumlart igin sev durayliik ve kaya diisme analizleri
yapilmis, elde edilen veriler dikkate alinarak problemli alanlar igin iyilestirme Onerileri
sunulmus ve 2 ve 3 boyutlu kaya diisme analizi sonuglar1 karsilagtirilmistir. Bu ¢alismalar
dogrultusunda, iyilestirme calismalar1 olarak, kaya temizleme, drenaj, yesillendirme
(bitkilendirme), oyuk doldurma, duvar yapimi ve erozyon onleme ¢alismasi onerilmistir. 2
ve 3 boyutlu kaya diisme analiz sonuglar1 karsilastirilmis, her iki yontem igin, kayaglarin
diistiikleri son noktalarin ve sigrama yiiksekliklerinin birbirinden farkli oldugu
goriilmistiir. Bu farklilik, sevin geometrisinden, yazilimda kullanilan algoritmadan ve farkl
girdi verilerinden kaynaklanmaktadir. Saha gozlemlerine gore, 2 boyutlu model 3 boyutlu
modelden daha gergekgidir.

Anahtar Kelimeler: kaya diismesi, 2 boyutlu analiz, 3 boyutlu analiz, duraylihk, Kusadasi,
Tiirkiye
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CHAPTER 1

INTRODUCTION

1.1 Purpose and Scope

The study area will be open to tourism and the steep and high cliffs near the coast pose a
great danger for the people. In the area, some slidings and rockfall problems were observed
in the past. Therefore, the geological hazards should be investigated and nature-friendly
remedial measures should be taken.

The study is centered on searching and analyzing the rockfall problems. Additionally, as a
part of the purpose of the study, nature-friendly solutions were recommended in order to
prevent/minimize the hazards, 2-D and 3-D analyses were carried out to analysis the rockfall
problems and the results obtained from 2-D and 3-D analyses were compared. These tasks
consist of geological survey, scanline survey, sample collection, the in-situ and laboratory
tests, slope stability and rockfall analyses, offering remedial measures and
comparing/discussing the 2-D and 3-Drockfall analyses results respectively.

1.2 Location, Physiography and Accessibility

Kusadas1 is located within the borders of Aydin Province in Turkey and is located 71
kilometers to the northwest of Aydin’s Centrum. Its distance to Izmir Centrum is
approximately 95 kilometers. Kusadas: city by the Aegean Sea is one of the most important
touristic centers of Turkey (Kusadas1 Municipality, 2010). The study area, which has a coast
in the Aegean region, is located about 5 km south-southwest of the Kusadasi county seat
(Figure 1.1). The study area, which has 0.24 km? area, has a flat morphology in general but it
steepens partially towards the coast and at the coast, it has highly steep cliffs (Figure 1.2).
The sharp topographical changes were observed from the coast to the higher regions. The
steep cliffs were observed especially in the western part of the region. After the first 20-25
meters from the sea level, the topography becomes gentle. The upper parts of the study area
represent a flat topography. The accessibility to the study area is possible by the Kusadasi-
Soke highway in all seasons.

1.3 Climate and Vegetation

A typical Mediterranean climate is dominant in the study area. It is hot and dry in summers
but mild and rainy in winters. According to the meteorological data (Table 1.1), the highest
temperature observed in the region was 44.6 °C in July (27.07.1987), the lowest temperature,
-6.0 °C in June (15.01.1973). The annual amount of precipitation is 618.0 kg/m?2. The highest
precipitation was reported in December (110.8 kg/m?) and the lowest precipitation was in



August (2.5 kg/m?). The seawater temperature varies between 15 °C and 24 °C in Kusadas1
and its close vicinity.

The study area is a green field compared to its immediate surroundings (Figure 1.3). The
area has scrub kind vegetation. Additionally, there are different tree species like black pine,
stone pine, olive, eucalyptus, phoenix, palm, calabrian pine, black cypreas, pepper and
locust.

Figure 1.1 Location map of the study area.

Figure 1.2 General view of the study area and the steep cliffs near the coast.
2



Table 1.1 Meteorological data of Aydin between the years 1970 and 2011 (DMI, 2012).

MONTHS

Jan.

Feb.

Mar.

Apr.

May

Jun. | Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Average
Temperature
O

8.2

9.1

11.9

15.8

209

26.0 | 284

274

23.4

18.3

12.9

9.3

The Highest
Average
Temperature
)

13.4

14.6

18.1

224

28.3

335 | 36.1

354

32.0

26.2

19.5

144

The Highest
Temperature
(6]

23.2

25.2

324

33.8

39.3

444 | 44.6

43.8

43.3

37.8

30.7

254

The Lowest
Average
Temperature
O

4.2

4.8

6.7

10.0

14.1

181 | 20.5

20.1

16.6

12.6

8.3

5.4

The Lowest

Temperature
O

4.6

84 | 134

13.7

7.6

2.0

The Average
Sunshine
Time (hour)

43

5.0

6.2

72

9.1

10.6 | 11.1

10.5

9.2

7.0

4.6

4.1

The Average
Rainy Day
Count

10.6

10.1

9.0

8.9

6.1

20 | 08

0.5

2.0

55

8.1

12.0

The Average
of Total
Monthly
Precipitation
Amount

(kg/m?)

98.3

924

69.6

53.6

33.5

13.1 | 4.0

2.5

11.5

449

83.9
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Figure 1.3 Appearance of dense vegetation in the study area (looking east).

1.4 Methods of Study

The study was conducted in five main stages. At the first stage, a detailed literature survey
was performed, the previous works were searched, topographical and geological data were
collected, and the topographical studies at the cliffs to complete the missing contour profiles
were directed.

In the second stage, geological studies and detailed scanline surveys all around the coast
were performed. At this process, Schmidt rebound measurements were carried out with
Schmidt Hammer from different levels of the rocks outcropping in the field. Many samples
were taken for the laboratory tests. Geological hazards like slide and rockfall were
investigated. Because of the different literature values of the coefficient of restitution which
is one of the most important parameters used in rockfall analyses, in-situ rockfall tests were
carried out by falling a total of 66 rock blocks along 2 different routes (profile 13 and profile
39).

In the third stage, for the purpose of use in the 2-D and 3-D analyses, unit weight, effective
porosity, water absorption and point load strength tests were performed on the samples
collected from the field.



In the fourth stage, slope stability and rockfall (2-D and 3-D) analyses for 43 profiles were
carried out. Rockfall analyses for the 43 profiles were repeated by using the computer
programs RocFall 4.0 (Rocscience, 2004c) and ROTOMAP32 (Scioldo, 1991). The accuracy of
the model was verified by comparing the results derived from the programs and the location
of the rock blocks fallen in the site before. 2-D and 3-D rockfall modeling were carried out
considering the all data obtained from the tests and analyses, using the computer programs
RocFall 4.0 (Rocscience, 2004c) and ROTOMAP32 (Scioldo, 1991) respectively. Finally, a
detailed comparison was made to discuss and evaluate the modeling results.

In the fifth stage, nature-friendly remedial measure suggestions were made to solve the
geological problems with the nature-friendly methods by considering the results of rockfall
analyses.

1.5 Previous Studies
The previous works about the study area are related to the regional geology.

Ercan et al. (1986) carried out a geological study for Soke-Selcuk-Kusadas1 region. They
established a detailed stratigraphy of rock units exposed in the region.

Yilmazer et al. (1994) carried out a geological study between Kusadasi and Davutlar. They
studied the western part of Biiyitk Menderes Graben, Soke-Kusadasi-Davutlar region. They
observed that a fault extending to the Kirazli and the faults passing from the south of
Tiirkoglu Hill. The general tectonism in the region has a tendency to E-W, NE-SW and NW-
SE according to the authors.

Unay and Goktas (1999) used the name “Kusadasi formation” to define a rock assemblage of
sandstone, mudstone, calcareous siltstone, marlstone, clayey limestone, and calcareous
claystone.

Giirer et al. (2001) studied Neogene basin around Soke-Kusadas: (western Anatolia) and its
bearing on tectonic development of the Aegean region. They presented detailed information
about the Kusadas: and Soke formations. They mentioned that The Kusadasi-Soke region is
located to the north of the Biiyiik Menderes River valley, where there is a large Neogene
outcrop. They observed that the basement consists of the metamorphic rocks of the
Menderes Massif. The Neogene cover sediments lie above the basement. They investigated
that the Kusadas1 formation which is in the middle unit consists chiefly of clayey limestone,
alternating with micritic limestone and marl. There are subordinate siltstones and
sandstones within the unit, which crop out extensively around Kusadas: and the
surrounding areas. The Kusadas: formation is medium to thinly-bedded and rather uniform.
It is about 300 to 400 m thick. The lower beds of the Kusadasi formation are transitional to
the underlying Fevzipasa formation.

Cakmakoglu (2007) studied pre-Neogene tectonostratigraphy of around Dilek Peninsula-
Soke-Selcuk. He prepared a 1/25.000 scale detailed geological map between 1992 — 1996 to
define the rock units of Menderes Massif around Dilek Peninsula, Séke, Ortaklar, Kusadasi
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and Selguk. The revision, correlation and compilation studies also carried out in these
studies. He defined the study area as Neogene sediments. The age of the Neogene sediments
are given in Middle Miocene and Late-Early Miocene.

Ring et al. (2007) carried out a detailed study about Cycladic blueschist unit in the eastern
Aegean, Greece, and Turkey. In their study, they defined the study area as Neogene
sediments.

Stimer et al. (2013) carried out a geological study about the tectonic evolution of the Soke
Basin. They gave detailed information about the Kusadas1 formation. They observed that the
best and most expanded sections of the Kusadasi formation are found along the main road
between the Soke and Kusadasi formations. The Kusadasi Formation is composed of a
clayey to micritic limestone-mudstone-marl-dominated sequence and also contains
sandstone, carbonaceous siltstone and calcareous claystone (Figure 1.4). It commences with
sandstones conformably above the Davutlar conglomerate; fine-grained conglomerates and
mudstone intercalations are common at the lower levels. The fine- to coarse-grained (locally
pebbly) sandstones are grey and massive to thick bedded. The mudstones are grey to light
green, massive to thin bedded (and laminated) and alternate with thin clayey limestone
beds. The marls are yellowish and thin to thick bedded, and alternate with thin to thick
bedded, beige micritic limestones and mudstone beds. The thickness of the unit is reported
as more than 115 (Siimer et al., 2013). The age of the formation, based on fossil content
(freshwater ostracods and gastropods) and radiometric age of the Hisartepe volcanics, is
suggested as Middle-Late Miocene age (Siimer et al., 2013).
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CHAPTER 2

BACKGROUND INFORMATION ON ROCKFALL

Because of the discontinuous nature of rock, the rock slope stability has a great importance
in terms of stability and safety in geotechnical engineering. This holds for both the design
and construction stages of the projects. The most widely used classification of the slope
movements was compiled by Varnes (1978). There are six basic considered types of slope
movements: Falls, topples, slides, lateral spreads, flows and complex movements. Currently,
a number of methods are being used for the assessment of slope stability and excavatability
(Hoek and Bray, 1981; Goodman, 1989; Pettifer and Fookes, 1994). Kinematical, limit
equilibrium and numerical analyses are generally preferred for the evaluation of the stability
of the rock slopes. Failure in rocks may be in the form of planar, wedge, topple, rotational
and rockfall. Because these movement types with the exception of rockfall are very well
documented in the literature and generally known by the researchers, the background
information on rockfall is included in this thesis.

2.1 Introduction

Rockfall can be described as the rapid movement down a slope of one or a few boulders.
(Varnes, 1978) (Figure 2.1). The rockfall may be formed because of jointing, weathering,
freeze-thaw, water effect, earthquake, or tree roots (Chen et al., 1994; Wasowski and Gaudio,
2000; Marzorati et al., 2002; Dorren, 2003; Topal et al., 2007; Krautblatter and Moser, 2009;
Wick et al., 2010). Rockfall threatens humans and can cause significant damage to structures
(Topal et al., 2012). For landuse planning in rockfall prone-areas, causes of rockfall events
and remedial measures should be considered (Raetzo et al., 2002; Agliardi and Crosta, 2003;
Corominas et al., 2005; Jaboyedoff et al., 2005; Straub and Schubert, 2008; Fell et al., 2008;
Agliardi et al., 2009). The dynamic processes of rockfall event may be free-fall, bouncing or
rolling, depending on the geometrical features and mechanical properties (friction,
roughness, rolling resistance, restitution characteristics, etc.) of the slope and rock blocks
(Ritchie, 1963; Agliardi and Crosta, 2003; Alejano et al., 2010). As the profile changes, two or
more of the rockfall modes may also be observed, depending on the different dynamic
processes. Additionally, initial velocity, weight and shape as well as the fragmentation of the
blocks and the properties of the slope-forming material may control rockfall event (Giani,
1992; Azzoni et al., 1995; Dorren, 2003).

2.2 Research on Rockfalls

The first research about rockfall was carried in 1963 by Arthur M. Ritchie. He noted that
there is a clear need for a means of predicting the stability of material on the surface of a rock
cut (Ritchie, 1963). After this work, many papers have been published about rockfall during
the past 30 years and considerable progress has been made in explaining the rockfall
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behavior. These works are about stopping boulders reaching roads and railway lines.
Effective methods like digging catch ditches, installing catch fences, or covering the whole
slope with a net are developed and analyzed to restrict boulders. Even though the basic
rockfall phenomenon is understood in recent times, rockfalls pose problems because of their
random behaviors (Rayudu, D.N.P., 1997) (Figure 2.2).

Figure 2.1 Different particle positions during a rockfall (Descoeudres et al., 1999).

Figure 2.2 Highway closure caused by rockfall in very strong, blocky granite from a height
of about 300 m (Dorren, 2002).
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2.3 Rockfall Mechanics
2.3.1 Causes of Rockfall

Rockfall occurs usually a cliff face (Figure 2.3). Detachment of rocks from bedrock slopes
starts the movement. The weathering in the bedrock slopes may cause fracturing, opening of
joints and therefore to promotion of rockfall (Dorren, 2003). Physical and chemical
weathering, and the bedrock type affect the degree of rockfall promotion (Schumm and
Chorley, 1964; Day, 1997). Except from the weathering, trigger mechanisms also cause
rockfall. The slope geometry and the rocks having potentially falling risk are the most
important factors determining whether or not a rock could fall (Dorren, 2003). The frost—
thaw activity is a well-known promoter and causes of rockfall (Grove, 1972; Porter and
Orombelli, 1980, 1981; Coutard and Francou, 1989; McCarrol et al.,, 1998; Matsuoka and
Sakai, 1999). The morphological and geological character of the cliff and rock surface
temperature fluctuations control the rockfall. Zellmer (1987), Bull et al. (1994) and Vidrih et
al. (2001) searched the relationship between seismic activity and rockfall. They come to a
conclusion that seismic activity triggered the rockfall. Additionally, animals like chamois can
cause rockfalls by climbing steep cliff faces (Dorren, 2003). According to these observations,
the causes of rockfalls can be gathered under topographical, geological and climatological
factors.

Figure 2.3 Fallen rocks in the study area.

11



2.3.2 Motion Types of Falling Rocks

The types of motion depend on the mean slope gradient (Figure 2.4). These motion types are
falling, bouncing and rolling.

a) Freefall of Rocks: This type of movement occurs on steep slopes. According to Ritchie
(1963) freefall occurs when the slope gradient exceeds 76°. In different field conditions this
value varies. For this reason Figure 2.4 shows that about 70° the motion of the rock gradually
transforms from bouncing to falling. During freefall of rocks translation of the center of rock
and rotation of the block around its center movements can occur. (Azzoni et al., 1995). Air
friction and collision with other falling rocks affect the velocity of a falling rock. According
to Bozzolo and Pamini (1986), there is no important effect of air friction on the movement of
the rock.

Figure 2.4 General modes of motion of rocks during their descent on gradients (Ritchie,
1963).

b) Movement at or near the Slope Surface: The decreasing of the mean slope gradient
causes colliding on the slope surface. This is defined as bouncing (Dorren, 2003). The
incompetent rocks may be broken during the first bounce (Bozzolo and Pamini, 1986). At
this first impact, the rocks lose their energy (Broilli, 1974; Evans and Hungr, 1993). When the
mean slope gradient is less than approximately 45°, bouncing movement transforms into
rolling. The rock is in contact with the slope surface while rolling (Hungr and Evans, 1988).
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The rotation of the rock is very fast during the transition between bouncing and rolling.
Another motion type is sliding. It generally occurs in the initial and final stages of a rockfall.
When the mean slope gradient increases, a sliding rock starts falling, bouncing or rolling. If
the mean slope gradient does not change while sliding, the rock usually stops because of
energy loss due to friction (Bozzolo and Pamini, 1986).

2.4 Comparison of Rockfall Models

To calculate runout zones of rockfall events, many different models can be used. All these
models can be classified in three main groups: (1) empirical models, (2) process based
models and (3) GIS-based models.

2.4.1 Empirical Models

This kind of rockfall models are generally based on relationships between topographical
factors and the length of the runout zone. These models are defined as statistical models
(Keylock and Domaas, 1999). Tianchi (1983) stated two relationships from 76 major rockfalls.
The first one is an inverse logarithmic correlation between the volume of the rockfall and the
ratio of the maximum vertical drop to the maximum horizontal distance travelled. The
second relationship is a positive logarithmic correlation between the volume of the rockfall
and the area covered by the fallen mass. On the basis of the two correlations, Tianchi (1983)
developed a model for a preliminary estimate of the extent of a threatening rockfall, if the
volume can be estimated. Toppe (1987) and Evans and Hungr (1993) suggest the
Fahrboschung principle (Heim, 1932) to predict runout zones of rockfall events. The
Fahrboschung is the angle between a horizontal plane and a line from the top of a rockfall
source scar to the stopping point for any given rockfall (Figure 2.5). It is important that the
line follows the falltrack of the boulder.

2.4.2 Process-based Models

In these models, the modes of motion of falling rocks are defined over slope surfaces. Kirkby
and Statham (1975) and Statham (1976) developed a process-based rockfall model. They
assume that rocks only slide over a talus slope surface. Keylock and Domaas (1999)
enhanced the “simple dynamics rockfall model”. This is a process-based model based on the
model of Kirkby and Statham (1975). In this model, the data presented by Domaas (1994) are
used. Keylock and Domaas (1999) concluded that the model did not appear to hold a
significant advantage over the empirical models tested in their study. In addition to the
models of Kirkby and Statham (1975) and Keylock and Domaas (1999), there is a large group
of process-based models that are rather similar (Wu, 1985; Bozzolo and Pamini, 1986; Hungr
and Evans, 1988; Bozzolo et al., 1988; Pfeiffer and Bowen, 1989; Kobayashi et al., 1990; Evans
and Hungr, 1993; Budetta and Santo, 1994; Chen et al., 1994; Azzoni et al., 1995, Chau et al.,
1998). All these models have three common factors. First, these models are two-dimensional
slope-scale models. For this reason, the simulation of lateral movement is not possible.
Secondly, the rockfall track was defined as a composite of connected straight lines with a
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slope angle equal to the measured mean slope gradient on the represented segment of the
rockfall track as visualized in Figure 2.6. Finally, motions were simulated as a succession of
flying phases and contact phases. The flying phase was simulated with a parabola equation
based on the initial velocity in x and y directions and the acceleration due to gravity. The
collision point of the rock on the slope surface was calculated with the intersection of the
parabolic flying function and the straight slope segments.

Figure 2.5 The Fahrboschung (F) and the minimum shadow angle (M) of a talus slope

(Dorren, 2003).
NS

b)

c)

Figure 2.6 The upper figure (1) shows the actual rockfall path (a) projected on a contour line
map. The lower figure (2) shows the slope segments (b) used in two-dimensional rockfall
models representing the actual slope of the rockfall path (c) (Dorren, 2003).
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Azzoni et al. (1995) developed a model based on the coefficient for the efficiency of collision.
The model was projected and calibrated with the experience and data obtained from several
field experiments in Italy. The model considered the falling rock as an ellipsoid (Figure 2.7)
and simulated bouncing, sliding and rolling based on the algorithms described by Bozzolo
and Pamini (1986). Energies before and after the bounce was calculated from the angular
velocity. Kobayashi et al. (1990) developed a model that simulated the contact phases with
different characterizations for bouncing and rolling. Bouncing was also based on the
coefficient for the efficiency of collision. Their main conclusion was that boulder shape is
important in governing the modes of motion, but variations in topography control the mode
of motion. All the above-described process-based slope-scale models did not simulate
multiple falling rocks and the complex interactions between them.

\ @,

\Vj @
/V

<y ~ @
dx

Figure 2.7 An ellipsoidal rock with initial angular velocity (wo) and initial velocity (Vo)
continues its fall with angular velocity (w) and velocity (V) after impact. The angle a is
determined by the ratio of the tangential distance (dx) to the normal distance (dy) between
the center of the rock and impact point (p) (after Bozzolo and Pamini, 1986; Azzoni et al.,
1995).
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2.4.3 GIS-based Models

These kind of models are either running within a GIS environment or they are raster-based
models for which input data is provided by GIS analysis. These models consist of three main
procedures. The first one is identifying the rockfall source areas in the region of interest, the
second one is determining the falltrack and the third one is calculating the length of the
runout zone (Hegg and Kienholz, 1995). Meissl (1998) developed two GIS-based rockfall
models using an empirical model for calculating the runout zone. The first model was
Schattenwinkel. This model was based on the minimum shadow angle principle (Evans and
Hungr, 1993). The second model of Meissl (1998) was called Geometrische Gefélle. This
model was based on the angle of the shortest line between the top of the rockfall source scar
and the stopping point. Apart from these principles both models were identical, since both
models used an identical module for calculating the falltrack and the source areas.

2.5 The Parameters Used in Rockfall Analyses
2.5.1 Bounce Height
This output mostly depends on the coefficient of restitution value, the weight of rock and

initial velocity. The bounce height values obtained from the field and models are used to
define the height of protective barriers, embankments (Figure 2.8), walls and ditches.

Figure 2.8 Appearance of a rockfall protection embankment (Maccaferri Ltd., 2013).
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2.5.2 Total Kinetic Energy

Total kinetic energy of a rock depends on the velocity and the weight of the rock. This
parameter is used to design the protective fences and barriers. The impact on the protection
system varies according to the kinetic energy of the rock. This variety depends on the kinetic
energy of the rock.

2.5.3 End Point

The end point of the rolling rocks depends on the slope geometry, initial velocity and slope
roughness. This kind of data is useful to define the proper placement of the protection
systems.

2.5.4 Coefficient of Restitution

This retarding capacity of the surface material is expressed mathematically by a term called
the coefficient of restitution. The value of this coefficient depends upon the nature of the
materials that form the impact surface. Clean surfaces of hard rock have high coefficients of
restitution while soil, gravel and completely decomposed rocks have low coefficients of
restitution. This is why gravel layers are placed on catch benches in order to prevent further
bouncing of falling rocks (Rocscience, 2004).

The coefficient of restitution for a material is defined as the ratio of outgoing velocity to the
incoming velocity.

R= | Voutgoing/ Vincoming |

A perfectly elastic material will have a coefficient of restitution of 1. An object striking this
material will rebound with the same speed. A perfectly inelastic material will have a
coefficient of restitution of 0. This means that an object striking this material will rebound
with zero velocity, i.e. it will come to a halt. All real materials have coefficients of restitution
between 0 and 1 (Rocscience, 2004).

The tangential coefficient of restitution (Rt) and normal coefficient of restitution (Rn) are the
two coefficient of restitution components of a material. The tangential coefficient defines the
ratio of the outgoing velocity (tangential to the surface) to the incoming velocity (tangential
to the surface). The normal coefficient defines the ratio of the outgoing velocity (normal to
the surface) to the incoming velocity (normal to the surface). The tangential coefficient of
restitution is generally equal to or larger than the normal coefficient of restitution.
Coefficients of restitution are often determined from back calculation of known rock paths
and rock endpoints. If you have observations of past rockfall events (knowing the starting
point, the end point, and the path of the rock) you can use these to help calibrate your
model. Once you have these "known" rock paths and endpoints, you can pick a value from
the coefficient of restitution table (pick the value that best describes your site — so you have a
decent starting point), and then adjust the coefficients of restitution in the model until the
rock paths in the model are similar to the observed rock paths (Rocscience, 2004). As a
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general rule, harder materials will have higher coefficients of restitution than softer
materials, and if the normal coefficient of restitution increases so will the tangential
coefficient of restitution.

Unfortunately, there is little data available, and it is difficult to draw anything but
broad conclusions from the data. For example, there are a lot of data points where the same
value of Rn (e.g. ~ 0.4) is paired with a wide range of Rt (e.g. 0.56 to 0.85) (Rocscience, 2004).

2.6 Possible Measures to Reduce Rockfall Hazards

It is neither possible nor practical to detect all potential rockfall hazards by any techniques
currently in use in rock engineering (Rocscience, 2012). In some cases, for example, when
dealing with boulders on the top of slopes, the rockfall hazards are obvious. However, the
most dangerous types of rock failure occur when a block is suddenly released from an
apparently sound face by relatively small deformations in the surrounding rock mass. If it is
accepted that it is not possible to detect or to prevent all rockfalls, then methods for
restraining those rockfalls, which do occur, must be considered. These methods are
illustrated in Figure 2.9.

a. berms b. rockshed

c. ditch

Figure 2.9 Possible measures to reduce the damage due to rockfalls (Spang, 1987).
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Berms (Figure 2.10) are very effective means of catching rockfalls, and are frequently used
on permanent slopes. However, berms can only be excavated from the top downwards and
they are of limited use in minimizing the risk of rockfalls during construction (Rocscience,
2012).

Figure 2.10 A typical berm structure designed for a cut slope (Merck, J., 2010).

Rocksheds or avalanche shelters are widely used on steep slopes above narrow railways or
roadways (Figure 2.11). It is generally advisable to place a fill of gravel or soil on top of the
rockshed in order to act as both a retarder and a deflector for rockfalls (Rocscience, 2012).

Figure 2.11 A rockshed structure constructed for a railway (Trainweb, 2000).
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Probably the most effective permanent rockfall protective system for most highways is the
construction of a catch ditch at the toe of the slope. The base of this ditch should be covered
by a layer of gravel to absorb the energy of falling rocks, and a sturdy barrier fence should
be placed between the ditch and the roadway.

Figure 2.12 A ditch structure form a highway (TranBC, 2010).

Installed below potentially loose and unstable rock faces catch fences (Figure 2.13 are
designed to catch falling rocks and boulders, stopping them falling onto infrastructure or
developments.

Figure 2.13 Impact moment of a rock to a fence (Geobrugg, 2013).
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CHAPTER 3

GEOLOGY AND ENGINEERING GEOLOGICAL PROPERTIES OF THE ROCKS
EXPOSED IN THE STUDY AREA

3.1 Geology

The study area is in the west of the Biiyiikk Menderes Graben. The Menderes Massif
metamorphics comprise the basement of the study area (Yilmazer et al., 1994).

Various geological units crop out in the study area and its close vicinity (Figure 3.1). They
are schist (Upper Paleozoic), marble (Middle Triassic-Cretaceous), meta-flysch (Upper
Cretaceous) and terrestrial carbonates (Middle-Upper Miocene) from the older to the
younger. The terrestrial carbonates are the unit observed in the study area. This unit is gray,
light brown, thin to thick bedded, moderately weathered, alternation of weak sandstone-
claystone-marl.

The study area is located on a tectonically active region (Yilmazer et al.,, 1994). The most
prominent structure of the study area is the PSF (Priene-Sazli Fault). Faults observed in the
NW block of the PSF footwall can be classified into two groups. The first includes a south-
dipping low-angle normal fault (Oyukdag1 detachment fault) that separates metamorphic
rocks in the footwall from ophiolitic rocks in the hangingwall. The second group is the
youngest structures and is characterized by high-angle fault surfaces (Karagedik, Yavansu,
Magriboglu, Pilav, Caferli, Agacli and Yamackoy faults) that can be categorized by their
strikes, dip/dip directions, and slip vectors (Figure 3.2) (Stimer et al., 2013).

Terrestrial carbonates
MIDDLE-UPPER MIOCENE

Meta-flysch

UPPER CRETACEOUS
Marble
JURA-CRETACEOUS

Marble

MIDDLE TRIAS-JURA
Schist

UPPER PALEOZOIC

Geological boundary

SCALE

0 0.28 0.56 0.84 1.12
——t——4—km

Figure 3.1 The geological map of the study area and its close vicinity (simplified from MTA
(2002)).
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Figure 3.2 The faults around the study area (modified from Siimer et al., 2013).
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The study area is located in the 1st degree earthquake zone (Figure 3.3) according to the
Earthquake Zoning Map of Turkey (GDDA (abrogated), 1996). The peak horizontal ground
acceleration value is greater than or equal 0.4g in the study area (GDDA (abrogated), 1996).
The main faults, fault zones and grabens around the study area can be seen in the Figure 3.4.

I 1st Degree (a > 0.40g)
O 2nd Degree (0.30g < a < 0.40g)
[ 3rd Degree (0.20g < a < 0.30g)
[ 4th Degree (0.10g < a < 0.20g)
[ Sth Degree (a < 0.10g)

@ County town

= County seat

= Township

Active faults (MTA)
Highway

Railway

River

Province border
Provincial border

AR

Figure 3.4 The main faults around the study area (modified from MTA, 2012).
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3.2 Engineering Geological Properties of the Rocks Exposed in the Study Area

In this section, the engineering geological properties of the rocks observed in the study area
will be given by means of the field and laboratory studies.

In the field studies, the terrestrial units were investigated in terms of engineering geological
properties, the data about the discontinuities were collected according to the Priest (1993) by
the help of the scan-profile survey carried out along 10 profiles (Figure 3.5), Schmidt
rebound hardness measurements were taken, sample collection was carried out for the
laboratory studies and rockfall tests were made in 2 different locations (Figure 3.5).

In the laboratory studies, unit weight, effective porosity, water absorption and point load
strength tests were performed on ten samples taken from the field according to ISRM (1981)
and (1985).

3.2.1 Field Studies

The terrestrial units in the study area are generally gray, light brown, thin to thick bedded,
moderately weathered. They consist of alternation of sandstone-claystone-marl. The
pervasive discontinuity is the bedding plane. Additionally, there are joints developed in 2
different directions. The major discontinuity sets obtained from the Dips 5.1(Rocscience,
2004a) software are presented in Figure 3.6. The changes observed in the major discontinuity
sets are related to the deformation of the layers and joints arising from the folding.

24



and rockfall test locations.

an-profile, sample

Figure 3.5 The sc

25



Schmidt
Concentrations
% of total per 1.0 % area

0.00~ 2.00 %
200~ 400 %
4.00~ 6.00 %
6.00 ~ 8.00 %

8.00 ~10.00 %
10.00 ~ 12.00 %
12.00 ~ 14.00 %
14.00 ~ 16.00 %
16.00 ~ 18.00 %

== 18.00 ~ 20.00 %

No Bias Correction
Max. Conc. = 18.5792%

Equal Area
Lower Hemisphere
1098 Poles
1033 Entries

S

Figure 3.6 Stereographic projection (lower hemisphere) of major discontinuity sets in the
study area.

In the first location, light brown, thin-bedded, moderately weathered, weak sandstone is
exposed (Figure 3.7). In this area, a slide occurred parallel to the bedding plane. The new
topography is therefore shaped parallel to the bedding plane and a small part of the
discontinuity plane had been remained because of the vegetation in the upper elevations.
The strike and dip values for the bedding plane, first joint and second joint are N56-80°E/22-
33°NW, NO1-11°E/70-72°NW and N63-86°W/47-77°SW, respectively. These major
discontinuity sets are given in Figure 3.8. According to the kinematic analysis (Figure 3.9),
any kind of failure is not expected at this location. The thickness of the layer changes
between land 50 cm. The layers are continuous and the surface of them is rough. The joints
have 35 — 180 cm spacing, tight to 1 mm aperture, and about 50 cm — 1 m persistence. The
average Schmidt hardness value for hard sandstone is38. However, the Schmidt hardness
measurements could not be taken from the softer levels because of the lack of rebounding.
The groundwater was not encountered in the area.
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Figure 3.7 Outcrops of thin-short bedded sandstone at the first location (looking west).
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Figure 3.8 Stereographic projection (lower hemisphere) of the major discontinuity sets in the
first location.
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Figure 3.9 Kinematic analysis results for the location 1.

In the second location, light gray, thin-bedded (1 — 5 cm), very weak sandy siltstone is
observed. The unit is like a soil rather than rock due to excessive weathering. The total
thickness of this weak zone is approximately 18 m. At the upper part of this zone, sliding
type (plane failure) movements and erosion could be seen (Figure 3.10). Strike/dip and
Schmidt measurements could not be taken because of the soil texture. The groundwater is
not encountered in the area.

In the third location, gray, thin to thick bedded, moderately weathered, alternation of weak
sandstone-claystone-marl unit is observed (Figure 3.11). Similar to the first location, a sliding
occurred parallel to the bedding plane. The new topography is now parallel to the bedding
plane and a small part remained because of the vegetation in the upper elevations. The strike
and dip values for the bedding plane, first and second joints are N75°E/34°NW, N75°E/80-
85°NW and NO1-12°E/85°NW, respectively. These major discontinuity sets are given in
Figure 3.12. According to the kinematic analysis results (Figure 3.13), any kind of failure is
not expected at this location. The thickness of the layers ranges between 2 and 30 cm. The
layers are continuous and their surfaces are rough. The joints have 1 — 3 m spacing, tight to 1
mm aperture, and about 50 cm — 1 m persistence. The oxidation marks on the joint surfaces
are occasional. The groundwater is not encountered in the area. The average Schmidt
hardness value of the unit is 42.
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Figure 3.10 Very weak sandy siltstone unit (the plants hanging on the upper part of the slope
because of the sliding and erosion can be seen) (looking northwest).

Figure 3.11 The alternation of thin bedded sandstone-claystone-marl in the third location
(looking northwest).
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Figure 3.12 Stereographic projection (lower hemisphere) of the major discontinuity sets in

the third location.
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Figure 3.13 Kinematic analysis results for the location 3.
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In the fourth location, gray, thin to thick bedded, slightly-moderately weathered, alternation
of weak sandstone-claystone-marl unit is exposed (Figure 3.14). The strike and dip values for
the bedding plane, first and second joints are N70°W/30°SW, NB80°E/50°SE and
N10°W/85°SW, respectively. The major discontinuity sets measured in the location are given
in Figure 3.15.According to the kinematic analysis (Figure 3.16), wedge failure is expected at
this location due to the bedding plane and joint 2. Because the dimension of the blocks
causing to the wedge failure is too small, the failure behaves as a rockfall. The thickness of
the layers ranges between 5 — 80 cm. The layers are continuous and their surfaces are rough.
The joints have 40 — 70 cm spacing, tight to 1 mm aperture and about 1 m — 2 m persistence.
The oxidation on the joint surfaces is occasional. The groundwater is not encountered in the
area. The Schmidt hardness value varies between 36 and 39.

Figure 3.14 The alternation of thin-bedded sandstone-claystone-marl in the fourth location
(looking west).
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Figure 3.15 Stereographic projection (lower hemisphere) of the major discontinuity sets in
the fourth location.
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Figure 3.16 Kinematic analysis results for the location 4.
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In the fifth location, gray, thin to thick bedded, slightly to moderately weathered, alternation
of weak sandstone-claystone-marl unit is exposed (Figure 3.17). Any sliding problem is not
expected because the cut is in dip direction but small-scale rockfalls exist. Because of the
erosion of weak material, undercutting of the unit may occur. The strike and dip values for
the bedding plane, first and second joints are N76°E/30°NW, N75°W/69°SW and
NO8°E/85°NW, respectively. The major discontinuity sets are given in Figure 3.18.According
to the kinematic analysis (Figure 3.19), wedge failure between the bedding plane and joint 1
is expected at this location. Because the dimension of the blocks causing to the wedge failure
is too small, the failure behaves like a rockfall. The thickness of the bedding ranges between
1 and 30 cm. The layers are continuous and their surfaces are rough. The joints have 15 - 50
cm spacing, tight to 2 mm aperture and about 20 cm — 3 m persistence. The oxidation marks
on the joint surfaces are occasional. The groundwater is not encountered in the area. The
average Schmidt hardness value is 42.

Figure 3.17 The alternation of thin-bedded sandstone-claystone-marl in the fifth location.
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Figure 3.18 Stereographic projection (lower hemisphere) of the major discontinuity sets in
the fifth location.
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Figure 3.19 Kinematic analysis results for the location 5.
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The sixth location has the same properties with the previous location. In this area, gray, thin
to thick bedded, slightly to moderately weathered, alternation of weak sandstone-claystone-
marl unit is observed (Figure 3.20). Any sliding problem is not expected because the cut is in
dip direction but small-scale rockfalls may occur. Because of the erosion of the weak
material, undercutting of the formation may occur. The strike and dip values for the bedding
plane, first and second joints are N65°E/24°NW, N70°W/72°SW and NOI1°E/77°NW,
respectively. These major discontinuity sets are given in Figure 3.21. According to the
kinematic analysis (Figure 3.22), any kind of failure is not expected at this location. The
thickness of the layer ranges between 1 and 30 cm. The layers are continuous and the surface
of them is rough. The joints have 10 — 20 cm spacing, tight to 1 mm aperture and about 20 cm
- 3 m persistence. The oxidation marks on the joint surfaces are occasional. The groundwater
is not encountered in the area. The average Schmidt hardness value is44.

Figure 3.20 The appearance of the alternation of thin-bedded sandstone-claystone-marl in
the sixth location (looking northwest).

35



Schmidt
Concentrations
% of total per 1.0 % area

0.00~ 4.00 %
400~ 850 %
8.50 ~13.00 %
13.00 ~ 17.50 %
17.50 ~22.00 %
22.00~26.50 %
26.50 ~ 31.00 %
31.00 ~ 35.50 %
35.50 ~40.00 %

[ =40.00 %

No Bias Correction
Max. Conc. = 42.8571%

Equal Area
Lower Hemisphere
140 Poles
140 Entries

Figure 3.21 Stereographic projection (lower hemisphere) of the major discontinuity sets in
the sixth location.
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Figure 3.22 Kinematic analysis results for the location 6.
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The seventh location has the same properties with the fifth location. In this area, gray, thin to
thick bedded, slightly to moderately weathered, alternation of weak sandstone-claystone-
marl unit is observed (Figure 3.23). Any sliding problem is not expected because the cut is in
dip direction but small-scale rockfalls may occur. The cavities are formed by undercutting of
the sea and a zone prone to fall is formed at the upper part of this zone. The strike and dip
values for the bedding plane, first and second joints are N80°W/20°NE, N85°W/85°SW and
N10°W/85°SW, respectively. These major discontinuity sets are given in Figure 3.24.
According to the kinematic analysis (Figure 3.25), any kind of failure is not expected at this
location. The thickness of the layers ranges between 1 and 50 cm. The layers are continuous
and their surfaces are rough. The joints have 10 — 40 cm spacing, tight to 1 mm aperture and
about 20 cm — 2 m persistence. The oxidation marks and calcite infilling on the joint surfaces
are occasional. The groundwater is not encountered in the area. The average Schmidt
hardness value is 39.

Figure 3.23 The appearance of the alternation of thin-bedded sandstone-claystone-marl in
the seventh location (looking northwest).
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Figure 3.24 Stereographic projection (lower hemisphere) of the major discontinuity sets in
the seventh location.
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Figure 3.25 Kinematic analysis results for the location 7.
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The eighth location has the same properties with the fifth location. In this area, gray, thin to
thick bedded, slightly-moderately weathered, alternation of weak sandstone-claystone-marl
unit is exposed (Figure 3.26). Any sliding problem is not expected because the cut is in dip
direction but small-scale rockfalls may occur. The cavities are formed by undercutting of the
sea and a zone prone to collapse is formed at the upper part of this zone. The strike and dip
values for the bedding plane, first and second joints are N58°E/30°NW, N18°W/88°SW and
N88°E/74°SE, respectively. These major discontinuity sets are given in Figure 3.27.
According to the kinematic analysis (Figure 3.28), any kind of failure is not expected at this
location. The thickness of the layers ranges between 1 and 50 cm. The layers are continuous
and the surface of them is rough. The joints have 10 — 30 cm spacing, tight to 1 mm aperture
and about 20 cm — 2 m persistence. The oxidation marks and calcite infilling on the joint
surfaces are occasional. The groundwater is not encountered in the area. The average
Schmidt hardness value is 44.

Figure 3.26 The alternation of thin-bedded, cavernous sandstone- claystone-marl in the
eighth location (looking west).
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Figure 3.27 Stereographic projection (lower hemisphere) of the major discontinuity sets in
the eighth location.
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Figure 3.28 Kinematic analysis results for the location 8.
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The ninth location has the same properties with the fifth location. In this area, gray, thin to
thick bedded, slightly to moderately weathered, alternation of weak sandstone-claystone-
marl unit is exposed (Figure 3.29). Any sliding problem is not expected because the cut is in
dip direction but small-scale rockfalls may occur. Quite big cavities (5 — 6 m depth) are
formed by undercutting of the sea. The strike and dip values for the bedding plane, first and
second joints are N43°E/23°NW, N85°W/75°SW and NO03°W/88°NE, respectively. These
major discontinuity sets are given in Figure 3.30.According to the kinematic analysis (Figure
3.31), any kind of failure is not expected at this location. The thickness of the layers ranges
between 1 and 40 cm. The layers are continuous and the surface of them is smooth. The
joints have 10 — 30 cm spacing, tight to 1 mm aperture and about 20 cm — 1 m persistence.
The oxidation marks on the joint surfaces are occasional. The groundwater is not
encountered in the area. The average Schmidt hardness value of the unit is 40.

Figure 3.29 The alternation of thin-bedded, cavernous sandstone-claystone-marl in the ninth
location (looking west).
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Figure 3.30 Stereographic projection (lower hemisphere) of the major discontinuity sets in
the ninth location.
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Figure 3.31 Kinematic analysis results for the location 9.
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The tenth location is located in the south of the study area. In this area, gray, thin to thick
bedded, slightly to moderately weathered, alternation of weak sandstone-claystone-marl
unit is exposed. Soil cover is much more than the other studied locations (Figure 3.32). The
small rock particles may fall from the cliff which is parallel to the strike of the slope. In this
section, it is possible to see small size undercutting. The strike and dip values for the
bedding plane, first and second joints are N20°E/19°NW, N72°E/70°SE and N28°W/87°NE,
respectively. These major discontinuity sets are given in Figure 3.33. According to the
kinematic analysis (Figure 3.34), any kind of failure is not expected at this location. The
thickness of the layers ranges between 1 and 20 cm. The layers are continuous and the
surface of them is rough. The joints have 10 — 30 cm spacing, tight to 1 mm aperture and
about 20 cm - 50 cm (sometimes up to 1 m) persistence. The oxidation marks on the joint
surfaces are occasional. The groundwater is not encountered in the area. The average
Schmidt hardness value is 17.

Figure 3.32 The alternation of thin-bedded sandstone-claystone-marl in the tenth location
(looking east).

43



Schmidt
Concentrations
% of total per 1.0 % area

0.00 ~ 4.00 %
400~ 850 %
8.50~13.00 %
13.00 ~ 17.50 %
17.50 ~22.00 %
22.00 ~26.50 %
26.50 ~ 31.00 %
31.00 ~ 35.50 %
35.50 ~ 40.00 %
=40.00 %

No Bias Correction
Max. Conc. = 38.4615%

Equal Area
Lower Hemisphere
130 Poles
130 Entries

Figure 3.33 Stereographic projection (lower hemisphere) of the major discontinuity sets in

the tenth location.
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Figure 3.34 Kinematic analysis results for the location 10.
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Beside the scan-profile survey, the coefficient of restitution, which is one of the most
important parameters affecting the rockfall analyses, was defined by the help of the rockfall
analyses. In the field, 66 block samples were fallen along the two different sections. The
detailed information about these analyses will be given in Chapter IV on “Slope Stability and
Rockfall Analyses”.

3.2.2 Laboratory Studies

In the laboratory studies, unit weight, effective porosity, water absorption and point load
strength tests were performed on ten samples taken from the field according to ISRM (1981)
and (1985). According to the tests performed on intact siltstone-marl (Table 3.1), 23.60 kN/m?
and 24.48 kN/m? are the dry and saturated unit weights, respectively. Effective porosity and
water absorption values are 9.01% and 3.89%, respectively. According to the point load
strength test results, Isso) value is 6.06 MPa. Because the claystone is very weak, the sampling
could not be performed. The terrestrial units have moderate unit weight and porosity with
respect to Anon (1979).

Table 3.1 Laboratory results of the samples taken from the field.

TESTS PERFORMED NUMBER OF SAMPLES | AVERAGE VALUE
Unit weight-dry (kN/m?) 10 23.60
Unit weight-saturated (kN/m?3) 10 24.48
Point load strength (MPa) 10 6.06
Effective porosity (%) 10 9.01
Water absorption by weight (%) 10 3.89
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CHAPTER 4

SLOPE STABILITY AND ROCKFALL ANALYSES

Planar failures occurred in the past were observed in the northern region of the study area.
Because the dip of the slope and dip of the layer are the same, planar failure is not expected
except in a very small area (Figure 4.1). The wedge failure is expected in the fourth and fifth
locations. Because the dimension of the blocks causing to the wedge failure is too small, the
failures behave as a rockfall. The toppling failure is not expected.

Figure 4.1 A small scale planar failure view from the field (looking west).

Because the cliffs at the coast are steep and high, detailed circular rock mass failure and
rockfall analyses were carried out along 43 cross-sections (Figure 4.2). Details of these
analyses will be given in the following sections.
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Figure 4.2 Locations of the cross-sections for the rock mass failure and rockfall analyses.

4.1 Rock Mass Stability Analyses

Limit equilibrium analyses were performed to investigate the mass stability of the cliffs
along 43 cross-sections. The required shear strength parameters for the limit equilibrium
analyses were obtained by using RocLab 1.0 (Rocscience, 2007). Geological Strength Index
(GSI) was defined as shown in Figure 4.3. Because of blocky structure and very poor surface
conditions, the GSI value was defined as 33. The uniaxial compressive strength (c) = 35 MPa,
Geological Strength Index (GSI) = 33, the intact rock parameter (mi) = 5 and Disturbance
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Factor (D) = 0.7 were used as input values in the RocLab software. The uniaxial compressive
strength value was obtained by correlating the average Schmidt hardness and unit weight
values. The shear strength parameters (c, ¢) were determined by considering the height of
every cross-section (Figure 4.4).
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Figure 4.3 The graph used for determining the GSI value (Rocscience, 2007).
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Analysis of Rock Strength using RocLab

Hoek-Brown Classification
intact uniaxial comp. strength (sigci) = 35 MPa
GSI=33 mi=5 Disturbance factor (D)=0.7
intact modulus (Ei) = 10500 MPa
modulus ratio (MR) = 300
Hoek-Brown Criterion
mb=0.126 s=0.0001 a=0.518
Mohr-Coulomb Fit
cohesion = 0.067 MPa friction angle = 37.80 deg
Rock Mass Parameters
tensile strength = -0.017 MPa
uniaxial compressive strength = 0.228 MPa
global strength = 1.430 MPa
deformation modulus = 428.49 MPa
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Figure 4.4 The shear strength values for a typical slope (Rocscience, 2007).

The obtained shear strength values were used in Slide 5.1 software (Rocscience, 2004b).
Limit equilibrium analyses were performed separately for three different conditions at every
slope cross-section (original slope, 5 m inclined slope and 5 m inclined one-benched slope).
The rock mass was divided into 30 slices and analyzed with Simplified Bishop Method.
Maximum horizontal ground acceleration value of 0.15g is considered for the analyses.
Because the groundwater is not encountered in the area, the analyses were performed in dry
conditions. The saturated unit weight value was used to represent the rainy conditions. The
typical examples of limit equilibrium analysis for the 39t profile of the original, 5 meter
inclined and 5 meter inclined one-benched slope are given in Figures 4.5, 4.6 and 4.7,
respectively. The factors of safety values for all slope types are much higher than 1.5 for all
three slope conditions (Table 4.1). That is why circular mass failures are not expected in the
cliffs of the study area.
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Figure 4.5 The result of limit equilibrium analysis for the 39th profile of the original slope.
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Figure 4.6 The result of limit equilibrium analysis for the 39th profile of the 5 meter inclined
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Figure 4.7 The result of limit equilibrium analysis for the 39th profile of the 5 meter inclined
one-benched slope.
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Table 4.1 The factor of safety values of the 43 profiles for three different slope conditions.

NUMBER SLOPE SLOPE BENCHED SLOPE
Profile 1 3.63 3.94 4.01
Profile 2 3.65 3.67 3.74
Profile 3 3.85 4.38 4.46
Profile 4 2.37 2.70 2.74
Profile 5 3.12 3.30 3.34
Profile 6 3.13 3.50 3.60
Profile 7 2.80 3.12 3.18
Profile 8.1 2.83 3.11 3.15
Profile 9.1 3.13 3.34 3.39
Profile 10 2.88 3.09 3.13
Profile 11 2.75 3.44 3.66
Profile 12 2.43 3.00 3.11
Profile 13 2.43 2.93 3.03
Profile 14 2.52 2.85 2.94
Profile 15 2.54 2.90 2.99
Profile 16 2.36 2.74 2.82
Profile 17 2.47 2.86 2.93
Profile 18 2.35 2.65 2.72
Profile 19 2.10 2.39 2.46
Profile 20 2.03 2.24 2.30
Profile 21 2.09 2.31 2.37
Profile 22 2.67 2.83 2.88
Profile 23 2.68 2.84 2.87
Profile 24 2.62 2.84 2.92
Profile 25 2.61 2.86 2.96
Profile 26 2.72 2.88 2.95
Profile 27 2.97 3.21 3.25
Profile 28 2.85 3.47 3.54
Profile 29 3.41 3.75 3.82
Profile 30 4.20 4.47 4.55
Profile 31 3.92 4.38 4.46
Profile 32 4.03 4.60 4.71
Profile 33 2.71 4.44 5.76
Profile 34 3.45 4.23 4.54
Profile 35 3.82 4.35 4.55
Profile 36 2.89 3.58 3.67
Profile 37 1.88 2.19 2.26
Profile 38 2.80 3.14 3.20
Profile 39 2.54 2.83 2.93
Profile 40 1.66 1.87 1.91
Profile 41 2.69 2.94 3.05
Profile 42 2.61 2.93 3.03
Profile 43 2.67 2.94 3.01
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4.2 Rockfall Analyses

2-D and 3-D rockfall analyses were performed respectively. Through the use of the data
obtained from these analyses, a comprehensive discussion was performed to compare the
results.

4.2.1 2-D Analysis

To perform the 2-D rockfall analyses, the dimensions of the blocks must be defined in the
field. The dimension of these blocks prone to fall was defined by analyzing the dimension
and positions of the fallen blocks and by the scan-profile survey data performed in ten
locations. In this context, the representative blocks were selected. A total of 66 rock blocks
were fallen along the profile 13 (Figures 4.8 and 4.9) and the profile 39 (Figures 4.10 and 4.11)
by dividing the number of rock blocks into two equal parts to define the normal and
tangential coefficient of restitutions (Rn and Rt). The RocFall 4.0 software (Rocscience, 2004c)
was used for the 2-D rockfall analyses. As a result of the back analysis of the blocks reached
up to coast, the Rn=0.28 + 0.06 and the Re= 0.72 + 0.13 for the profile 13 (Figure 4.12). For the
profile 39, the Rn=0.30 + 0.13 and the Re=0.64 + 0.24 (Figure 4.13).

Figure 4.8 The rockfall test photographs of the profile 13.
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Figure 4.10 The fallen blocks in the profile 39.
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Figure 4.11 Photograph of the slope at the profile 39.
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Figure 4.12 The back analysis result for the profile 13.
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Figure 4.13 The back analysis result for the profile 39.

The 2-D rockfall analyses were carried out along 43 profiles to define the rockfall end point.
The Rn and Rt values obtained from the profile 13 were used for the cross-sections between 1
- 17 and the Rn and Rt values obtained from the profile 39 were used for the cross-sections
between 18 — 43. The other parameters used in the analyses are given in Table 4.2. The 2-D
rockfall analyses were performed separately along 43 profiles for the original slope, 5 m
inclined slope and benched slope. The 2-D rockfall analyses for the original, 5 meter inclined,
5 meter inclined one-benched slope are given in Figure 4.14, 4.15 and 4.16, respectively.

Table 4.2 The parameters used in the 2-D rockfall analyses.

PARAMETERS VALUE

Total number of fallen blocks 1000
Friction angle (degrees) 20
Slope roughness 0
Block weight (kg) 88
Initial velocity (m/s) 1.5
Minimum velocity cut-off (m/s) 0.1
Number of throws 1000
Sampling interval 100

When the rocks were fallen from the original slope (Figure 4.17a) some blocks can reach up
to the sea. This also applies to the other slopes (Figure 4.17b,c,d). The end point, bounce
height, velocity and kinetic energy values for the four slope conditions are given in Tables
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4.4, 45, 4.6 and 4.7, respectively. The change in the velocity and kinetic energy values are
given in Figures 4.18 and 4.19, respectively. When the rockfall end points were considered in
all slope conditions (Figure 4.20), it is understood that the rockfall blocks act in falling mode
and stop in shorter distance in original slope conditions. On the other hand, rolling and
bouncing movements are dominant in the other slope conditions and the end points are
further. This condition may poses a danger for the people near the coast. In conclusion, the
stability of existing slope must be preferred with its original condition.
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Figure 4.14 2-D rockfall analysis for the original slope performed in the profile 39.
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Figure 4.15 2-D rockfall analysis for the 5 meter inclined slope performed in the profile 39.
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Figure 4.16 2-D rockfall analysis for the 5 meter inclined one-benched slope performed in the

profile 39.
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The maximum bouncing height is 5.75 m in the profile 33 (Table 4.3), and occurs at the
middle of the slope, where the falling movement results in fading. For this reason, the wall
which will be built considering the case mentioned above would be lower height.

Table 4.3 The maximum bouncing heights along the profiles.

PROFILE BOUNCING POINT MAX. BOUNCING HEIGHT

(m) (m)
1 20.64 0.03
2 26.19 0.07
3 19.61 0.51
4 20.25 0.45
5 32.12 0.22
6 34.85 0.08
7 29.97 0.21
8 28.49 0.12
9 33.74 0.09
10 32.49 0.17
11 18.40 0.77
12 16.91 2.37
13 19.88 3.23
14 15.93 2.06
15 18.74 3.27
16 17.42 3.23
17 21.05 0.84
18 20.48 0.72
19 22.25 3.48
20 19.24 3.99
21 26.04 4.79
22 26.71 0.83
23 29.75 0.59
24 35.60 0.94
25 28.09 0.60
26 34.82 0.22
27 27.48 0.46
28 18.52 0.67
29 17.85 1.02
30 15.49 0.05
31 16.53 0.31
32 15.23 0.73
33 15.42 5.75
34 14.03 1.07
35 22.32 0.81
36 16.91 0.63
37 20.22 2.05
38 22.40 1.35
39 30.42 1.77
40 26.35 0.80
41 23.24 0.99
42 24.93 1.60
43 26.26 2.50
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Figure 4.17 End points of the falling rocks according to the rockfall analyses: (a) Original

slope, (b) 5 m inclined slope,
— falling from lower bench.
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Figure 4.18 The velocity distribution map for 2D analysis.
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Figure 4.19 The kinetic energy distribution map for 2D analysis.
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Table 4.4 The end point, bounce height, velocity and kinetic energy values for the original

slope.
END POINT BOUNCE HEIGHT VELOCITY KINETIC ENERGY
PROFILE .
(m) (m) (m/s) G)
1 20.64 0.03 1959.61 5.77
2 26.19 0.07 1280.42 6.03
3 19.61 0.51 3292.99 7.64
4 20.25 0.45 4210.70 9.04
5 32.12 0.22 2474.35 6.85
6 34.85 0.08 2444.34 6.97
7 29.97 0.21 3578.18 7.81
8 28.49 0.12 3001.97 7.21
9 33.74 0.09 2509.75 6.93
10 32.49 0.17 3770.43 8.35
11 18.40 0.77 4520.05 8.73
12 1691 2.37 8714.14 14.05
13 19.88 3.23 10061.20 15.10
14 15.93 2.06 9060.56 13.01
15 18.74 3.27 9598.00 14.22
16 17.42 3.23 9019.04 14.25
17 21.05 0.84 5096.19 9.81
18 20.48 0.72 5642.96 11.53
19 22.25 3.48 13009.70 17.78
20 19.24 3.99 11989.00 16.15
21 26.04 4.79 11643.50 16.53
22 26.71 0.83 7710.25 13.84
23 29.75 0.59 4116.04 9.48
24 35.60 0.94 4546.96 10.08
25 28.09 0.60 5274.15 10.71
26 34.82 0.22 3001.84 8.10
27 27.48 0.46 3218.60 8.73
28 18.52 0.67 6765.08 11.79
29 17.85 1.02 6253.79 11.88
30 15.49 0.05 2159.48 6.60
31 16.53 0.31 2642.81 7.36
32 15.23 0.73 3779.22 9.35
33 15.42 5.75 6834.64 13.60
34 14.03 1.07 5975.94 11.45
35 22.32 0.81 4135.68 10.10
36 16.91 0.63 5646.04 10.65
37 20.22 2.05 8317.54 13.84
38 2240 1.35 7237.07 12.77
39 30.42 1.77 8088.54 13.91
40 26.35 0.80 3596.92 8.81
41 23.24 0.99 4711.39 10.52
42 2493 1.60 7785.08 13.00
43 26.26 2.50 10743.10 15.48
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Table 4.5 The end point, bounce height, velocity and kinetic energy values for the 5 meter
inclined slope.

END POINT BOUNCE HEIGHT VELOCITY KINETIC ENERGY
PROFILE .
(m) (m) (m/s) ()
1 24.33 0.04 6.06 1673.36
2 31.46 0.001 6.58 1981.32
3 28.76 0.04 6.53 1946.42
4 27.36 0.14 8.99 3647.65
5 40.89 0.23 11.18 5615.20
6 46.65 0.06 10.02 4507.43
7 43.14 0.30 12.50 7005.03
8 45.20 0.17 12.00 6443.70
9 43.86 0.12 12.12 6579.50
10 43.34 0.26 13.14 7691.90
11 29.47 0.47 12.44 6944.01
12 23.74 1.80 14.14 9038.57
13 26.67 1.17 14.57 9640.55
14 27.70 1.21 14.86 10014.60
15 27.76 1.11 14.71 9762.24
16 32.46 1.66 15.62 10965.37
17 32.83 1.10 15.49 10788.61
18 32.42 1.55 15.73 9368.06
19 32.76 2.85 17.64 11864.29
20 34.26 2.41 18.24 12583.49
21 36.95 2.54 18.15 12383.20
22 42.40 2.26 16.28 9920.83
23 45.09 1.05 14.02 7366.28
24 44.78 0.72 15.06 8687.79
25 44 .48 1.03 14.88 8326.61
26 48.10 1.05 14.20 7549.73
27 38.66 0.81 12.08 5473.01
28 29.94 1.01 11.48 4980.72
29 26.97 1.80 9.78 3612.07
30 23.52 0.12 6.30 1533.39
31 22.28 0.28 8.61 2819.79
32 19.41 0.38 8.38 2694.54
33 22.99 0.78 10.74 4361.26
34 23.01 0.46 9.30 3272.99
35 27.28 0.53 10.37 4075.19
36 28.41 0.98 12.23 5670.58
37 31.55 1.93 13.23 6629.88
38 29.03 1.65 13.69 7071.67
39 37.31 1.87 14.97 8852.02
40 37.54 1.67 14.68 8093.03
41 36.04 1.36 14.45 7820.84
42 40.78 1.13 14.54 7959.61
43 33.96 1.04 14.23 7608.42
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Table 4.6 The end point, bounce height, velocity and kinetic energy values for the benched
slope - falling from upper bench.

propig | ENDPOINT | BOUNCEHEIGHT VELOCITY KINETIC
(m) (m) (m/s) ENERGY (j)
1 10.68 0.11 6.40 1906.71
2 12.95 0.12 6.52 1947.23
3 27.14 0.13 6.58 1958.13
4 22.56 0.22 7.62 2669.03
5 38.07 0.56 9.08 4183.62
6 4557 0.7 8.43 3355.43
7 36.64 1.00 10.41 5655.17
8 4133 0.82 9.55 4661.93
9 4201 0.77 10.03 5165.92
10 4147 1.23 11.36 7180.39
11 2451 1.00 9.72 4641.96
12 19.57 0.95 10.05 5173.35
13 21.40 1.74 10.60 5756.93
14 21.02 148 11.08 6058.23
15 23.30 1.62 11.30 6027.35
16 26.49 2.24 13.21 8209.11
17 27.88 1.55 11.74 6464.84
18 2545 452 15.97 9892.43
19 26.55 4.98 16.23 10048.79
20 25.61 7.06 17.44 11598.39
21 27.99 6.88 17.88 12189.66
22 34.19 458 16.26 10442.41
23 40.03 1.82 11.71 5977.73
24 38.04 3.08 14.04 8046.23
25 33.99 2.92 14.50 9294.06
26 42.72 2.34 13.48 7484.20
27 37.03 112 9.94 4720.46
28 2371 1.33 9.82 3992.56
29 2243 0.56 8.40 272542
30 9.90 0.25 6.42 1604.97
31 17.78 0.86 7.66 2350.67
32 15.33 0.75 7.28 2156.73
33 19.75 1.16 9.27 3512.57
34 20.85 0.62 8.07 2755.89
35 22.40 0.94 8.82 3270.54
36 21.54 1.51 9.82 3842.15
37 22.69 2.09 11.98 5701.11
38 23.02 2.87 12.78 6465.71
39 2731 3.46 13.90 7891.49
40 32.76 4.29 15.22 9134.48
41 30.73 3.60 14.34 8725.13
42 33.61 291 13.63 7947.73
43 3091 2.73 13.75 8505.34
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Table 4.7 The end point, bounce height, velocity and kinetic energy values for the benched
slope - falling from lower bench.

propig | ENDPOINT | BOUNCEHEIGHT |  VELOCITY KINETIC
(m) (m) (m/s) ENERGY (j)
1 23.63 0.03 4.38 897.19
2 29.24 0.01 475 1056.68
3 27.95 0.005 4.67 1019.79
4 2352 0.09 6.43 1913.68
5 39.01 0.09 7.96 2903.71
6 4557 0.02 7.12 2307.47
7 37.57 0.15 8.75 3468.63
8 40.44 0.09 8.58 3335.13
9 42.94 0.06 8.65 3404.44
10 4147 0.12 9.33 3942.18
11 25.75 0.23 8.79 3519.89
12 21.09 0.49 9.91 4547.62
13 21.98 0.65 10.18 4705.22
14 22.36 0.61 10.31 4894.51
15 24.57 0.57 10.34 4885.78
16 25.75 0.60 10.96 5442.73
17 28.59 0.53 10.78 5337.18
18 24.75 0.79 10.98 4654.80
19 28.62 1.99 12.22 5818.08
20 2633 1.30 12.83 6392.25
21 29.48 1.69 12.73 6229.54
22 35.10 0.98 11.46 5008.11
23 41.04 0.75 9.80 3922.07
24 40.92 0.35 10.69 4408.60
25 33.99 0.43 10.69 4385.44
26 4373 0.58 10.25 3983.73
27 35.41 0.4 8.60 2811.60
28 28.14 0.55 8.01 2449.16
29 25.27 0.23 6.90 1822.10
30 22.46 0.07 4.61 847.09
31 2093 0.12 6.16 1482.92
32 16.59 0.12 5.98 1404.92
33 21.25 0.37 7.68 2276.80
34 2232 0.16 6.70 1754.15
35 22.94 0.30 7.37 2106.39
36 21.54 0.38 8.64 2929.55
37 2491 0.81 9.35 3371.06
38 25.02 0.75 9.65 3592.63
39 31.16 0.99 10.43 4158.82
40 31.28 0.89 10.54 4282.99
41 33.76 0.69 10.19 3967.94
42 35.40 0.60 10.24 4008.45
43 30.15 0.37 10.00 3832.05
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Figure 4.20 Map showing rockfall end points obtained from 2-D analy



4.2.2 3-D Analysis

In this study, 3-D analyses were performed using the ROTOMAP (Scioldo, 1991) software. It
is a three-dimensional software that is used for rockfall analysis and design of protective
systems. A statistical approach consists of the software background. Simulating a large
number of rockfalls can be hold on and, from the distribution of the average and maximum
kinetic energies, it identifies the proper places of the protective systems (GeoSoft, 2005).

Because the real behavior of boulders depends on apparently insignificant geometric and
mechanical details when rolling down a slope, the rockfall problem is quite complex. There
is no linear interaction between the slope geometry and the rock trajectories. The relation
between the initial conditions and fall trajectory is not directly proportional. Small changes
in the initial conditions cause big (and thus inconspicuous) differences in the final
conditions. This does not mean that there is no solution of the problem; the calibration of the
model is not possible with only a few simulations, therefore the forecasting of the path and
stop point of a single real boulder is not possible. In this case, a statistical approach is a
reasonable solution. In this way the stop points could not be considered individually
(GeoSoft, 2005).

The first phase is geometrical reconstruction of the slope. After the definition of the
topographic surface, the geological and geomorphological data collection is necessary.

Firstly, grid generation was performed to create a base for the model. The whole model was

run on the basis of this grid. The rockfall parameters used in the model are selected based on
the field conditions (Table 4.8).

Table 4.8 The rockfall parameters used in the 3-D model.

PARAMETERS VALUE
Flying limit angle (°) 9
Colliding limit angle (°) 9
Bouncing limit angle (°) 9
Number of starting points 20
Number of initial velocities 10
Minimum initial velocity (m/s) 0.5
Maximum initial velocity (m/s) 1.5
Number of initial directions 5
Maximum angular deviation (°) 40
Boulder mass (t) 0.083
Normal coefficient of restitution (Rn) 0.28 and 0.30
Tangential coefficient of restitution (R¢) 0.72 and 0.64
Friction coefficient of boulders 0.5
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4.2.2.1 The Rockfall Parameters Used in the 3-D Model

Flying limit angle (°): It is used to define flying moment of the boulders after the bounce.
For starting a boulder to fly, the angle of the trajectory must be greater than the limit angle.

Colliding limit angle (°): This limit angle is used to define flying moment of the boulders
over the slope. For starting a boulder to fly, increasing in the dip of slope must be greater
than the limit angle.

Bouncing limit angle (°): It is used to define impact moment of the boulders with the
ground and bounce. For starting a boulder to bounce, decreasing in the dip of the slope must
be greater than the limit angle.

Number of starting points: This parameter represents the starting points aligned along the
starting points. The boulders start from these points according to the unstable slope
geometry.

Number of initial velocities: This parameter represents the number of initial velocities for
every point. The boulders start from these points according to the unstable slope geometry.

Number of initial directions: This parameter represents the initial directions. These
directions are chosen in a given range around the dip direction. The simulations should be
carried out enormously. This causes good statistical results. In the simulation, different
velocities, directions and starting points should be used. To calculate the total number of
falling rocks, the following equation is used: “Number of initial directions * Number of
initial velocities * Number of starting points”

Minimum and maximum initial velocities (m/s): These parameters represent the initial
velocities of the boulders.

Maximum angular deviation (°): It defines the range of the interval around the dip
direction, in which the starting directions are chosen.

Boulders mass (t): This value is multiplied by the v%/2 value and related with the barriers
capacity. It is used to evaluate the design of protection system.

Starting angle (°): It must be between 0°and90°. When it is 0°, the parameter is overpassed
and the boulders start in a direction parallel to the ground.

Free fall height (m): It is used when the starting angle is bigger than 0°. This parameter
allows to simulate a block which start from a point placed over the ground level at the given
height (GeoSoft, 2005).
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In the geomechanical parameters menu, the area was divided into 3 parts according to the
Rn, Rt and friction coefficient values (Figure 4.21). The blue part represents the sea. The Rn, Rt
and friction angle (F.A) values were selected for this part 0.1, 0.9 and 0.9 respectively. The
red and green parts represent the profiles 1-17 and 18-43 respectively. For the red part, Rn =
0.28, Rt = 0.72 and friction angle = 0.5 and for the green part, Rn = 0.30, Rt = 0.64 and friction
angle = 0.5. The Rn and Rt values for the red and green parts were obtained from the back
analysis.

[ Py were=

B e = 2R L

Figure 4.21 Different Rn, Rt and Friction Coefficient values used in the ROTOMAP software.
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After selection of geomechanical parameters, the 43 detachment lines data were input.
Calculations were carried out by the help of all data inputted the software. The calculation
types can be seen in Figure 4.22.

ikt ROTOMAP 32 - examplerot2 - Ol x|

Project Edit | Calculate Print Exit Help

e e o ) T H [ v |l 91 21 [

fverage Energy Calculation
Maximum Energy Calculation
Minirum Trawvel-Time Calculation
Maximurn Height Calculation
Z(%,¥) Calculation

Calculation of the volume

Help

Figure 4.22 The calculation types in the ROTOMAP software.

4.2.2.2 The Calculations Performed in the ROTOMAP Software

Rockfall, stop point, average energy, maximum energy, minimum travel time, maximum
height and volume are calculated. The rockfall calculation, rockfall paths, end points and
bouncing height outputs are given in the Figures 4.23, 4.24, 4.25 and 4.26, respectively.
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Figure 4.23 Rockfall path calculation output.
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Figure 4.24 Rockfall trajectory map of the study area.
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CHAPTER 5

GENERAL EVALUATION

In this Chapter, the results obtained from the 2-D and 3-D analyses are evaluated. Field
studies, laboratory studies and remediation works constitute main steps in the study. 2-D
and 3-D analyses were carried out in the light of the results obtained from the field and
laboratory studies then accordingly remedial measures are suggested.

5.1 2-D Analysis& 3-D Analysis

The values obtained from 2-D and 3-D analyses show that there are some differences
between the end points (Figure 5.1) and bounce height values (Table 5.1). According to the
field observations, the 2-D model seems to be more realistic. In the 3-D model, the stop
points of the 43 locations are farther from the coast than 2-D model. This fact could be
attributed to the parameters selected in the 3-D analysis. The distance between the coast and
end points of the rocks in the 3-D model do not represent the real case observed in the field.
Both the field observations and the rockfall analyses performed at the locations 13 and 39
show that 2-D model reveals more realistic results. This can be attributed in terms of three
parameters:

5.1.1 Slope Geometry

Slope geometry is important in terms of the direction and movement of the rocks. Variability
in slope geometry makes accurate prediction extremely difficult. Small changes in the slope
geometry may cause major differences in the results. For the 2-D model, the trajectory and
slope are assumed as a straight profile. The inclination of the slope and the surface
roughness define the velocity of the rocks and movement type (rolling, bouncing or falling).
In 3-D model, the trajectory is not a straight profile. The movement and trajectory of the
rocks are defined by the slope geometry. The movement of the rocks is not represented in a
single profile. Dimensional changes affect the end points and bounce heights of the rocks.

5.1.2 Algorithm

RocFall (Rocscience, 2004c) which is the software used in 2-D modeling to calculate the rock
movement doing particle analysis. The particle analysis can be divided into three main parts:
the particle algorithm, the projectile algorithm, and the sliding algorithm. The validation of
all simulation parameters and preparation of initial conditions are done by the particle
algorithm. In the projectile algorithm, the rock has a velocity to move. To calculate the
movement of the rocks, the sliding algorithm is used. Sliding of the rocks can occur any part
of the slope. For the purpose of the sliding algorithm, the slope segment or barrier that the
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rock slides on, consists of a single straight-profile segment that has properties of slope angle
(®) and friction angle (®) (Stevens, 1998).

- 2D end point map

m 3D end point map

0 30 60 Meters
Lt

Figure 5.1 The end point boundaries of 2D and 3D analysis.
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For the 3-D modeling, the algorithm information could not be obtained and some software
bugs occurred while modeling in 3-D. In spite of these problems, the results obtained from
the models show that the algorithm of the programs are different. These differences produce
different results for the end point and bounce height values.

5.1.3 Input Parameters
Different input parameters cause changes in the results. The variation of these parameters
originates from the algorithm and software language used in the program. The end point

and bounce height values obtained from 2-D and 3-D analyses can be seen in Table 5.1. The
comparison of the input parameters used in the programs is given in Table 5.2.

Table 5.1 End point and bounce height values obtained from 2-D and 3-D analyses.

SECTION END PT. | END PT. (3- MAX. BOUNCE MAX. BOUNCE
(2-D) (m) D) (m) HGT. (2-D) (m) HGT. (3-D) (m)
1 20.64 20.44 0.03 0.00
2 26.19 25.32 0.07 0.00
3 19.61 24.95 0.51 0.00
4 20.25 19.22 0.45 0.08
5 32.12 38.59 0.22 0.00
6 34.85 35.95 0.08 0.00
7 29.97 33.15 0.21 0.00
8 28.49 30.50 0.12 0.00
9 33.74 37.23 0.09 0.00
10 32.49 56.02 0.17 0.00
11 18.40 20.09 0.77 1.00
12 16.91 29.51 2.37 1.40
13 19.88 27.74 3.23 0.80
14 15.93 29.05 2.06 1.60
15 18.74 30.19 3.27 1.60
16 17.42 34.37 3.23 0.80
17 21.05 25.14 0.84 0.80
18 20.48 30.80 0.72 0.60
19 22.25 27.62 3.48 0.40
20 19.24 39.53 3.99 0.80
21 26.04 18.82 4.79 2.60
22 26.71 55.04 0.83 2.20
23 29.75 49.32 0.59 1.80
24 35.60 43.63 0.94 0.00
25 28.09 42.18 0.60 0.00
26 34.82 44.34 0.22 0.00
27 27.48 30.82 0.46 0.00
28 18.52 26.96 0.67 0.00
29 17.85 24.61 1.02 0.40
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Table 5.1 (continued)

30 15.49 13.75 0.05 0.14
31 16.53 13.82 0.31 0.00
32 15.23 10.06 0.73 0.00
33 15.42 5.29 5.75 0.18
34 14.03 15.37 1.07 0.44
35 22.32 12.18 0.81 0.46
36 16.91 28.78 0.63 0.20
37 20.22 20.11 2.05 0.06
38 22.40 25.54 1.35 0.00
39 30.42 26.66 1.77 0.06
40 26.35 31.35 0.80 0.00
41 23.24 33.41 0.99 0.00
42 24.93 32.97 1.60 0.00
43 26.26 33.32 2.50 0.12

Table 5.2 The input parameters used in the models.

2-D 3-D

Total number of fallen blocks Flying limit angle (°)
Friction angle (°) Colliding limit angle (°)
Slope roughness Bouncing limit angle (°)
Block weight (kg) Number of starting points
Initial velocity (m/s) Number of initial velocities
Minimum velocity cut-off (m/s) Minimum initial velocity (m/s)
Number of throws Maximum initial velocity (m/s)
Sampling interval Number of initial directions
Rn Maximum angular deviation (°)
Rt Capacity (k])

Boulder mass (t)

Height of the nets (m)

Starting angle (°)

Free fall height (m)

Rn

Rt

Friction coefficient
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5.2 Recommendations
5.2.1 Block Removal

As it is seen in the rockfall analyses, the blocks falling from the cliffs can be dangerous,
particularly if the end points are considered. Today, the rock blocks with falling potential are
removed firstly in all rockfall remedial works in the world. In a similar vein, all rocks having
the potential of falling controlled by fracture must be removed. The intact fallen blocks can
be used in the wall built. After the opening the area in use, the controls at the study area
must be performed periodically at the end of each winter and the blocks having tendency to
fall must be removed if necessary.

5.2.2 Drainage

In the study area, there is a drain line at the crown of the cliffs but some deficiencies were
observed in the drain lines in some locations. Additionally, the drain profile turning with the
right angle (Figure 5.2) in the north of the study area is not suitable for draining the water in
the channel. In this context, the new drain profiles (top width = 50 cm, base width = 30,
depth = 40 cm) must be built (Figure 5.3) and the formers must be removed. In this way, the
drain profiles which always must be kept clear will prevent the rain water flow into the cliffs
and its damage.

Figure 5.2 Improper installation of the old drain line.
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Figure 5.3 Proposed drainage profiles.

5.2.3 Greening (Vegetation)

As it is mentioned before, the study area is quite green in comparison to its vicinity. Sliding
and rockfall problems do not occur in the areas where scrub kind vegetation is very dense.
For this reason, the greening of the poorly vegetated areas not only improve the surrounding
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beauty but will reduce geological hazards (sliding, erosion, rockfall etc.). The vegetation
must be planned as soon as possible. The suggested areas are given in Figure 5.4.

Figure 5.4 The map showing the areas required greening.

5.2.4 Filling the Caverns

The terrestrial units consisting of alternation of sandstone-claystone-marl have been carved

especially at the locations affected by the wave action (Figure 3.14). Small-scale collapsing

occurred in the areas with large caverns. Because these caverns are potentially dangerous,
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they must be filled fully as earliest as possible with the natural stones. These areas are shown
in Figure 5.5.

|

Figure 5.5 The map showing the areas at the coast to be filled.
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5.2.5 Wall Building

According to the rockfall analyses in the study area, many blocks reach up to the coast. This
situation would be dangerous for the people at the coast. The evaluation was carried out by
considering the bounce heights of the rock blocks and the nearest points to the coast were
defined where the energy of the block and bounce height are attenuated. The places of
optimal wall points were defined by the help of this approach. The places of the walls are
given in Figure 5.6.

By considering the environment, the intact rocks around the study area can be used to build
the wall. The wall height for the whole area is proposed as 1.5 m. The height of the wall at
the north of the study area must be up to 1.5 m. The blocks reaching the coast by crashing to
the rocks were observed in the in situ rockfall tests. Graveling should be performed about 30
cm thick at the back side of the wall to attenuate the energy of blocks and decrease the
bounce height. When the material collected from back of the wall is removed every year, the
wall can function for many years.

This wall will reduce the danger derived from rockfall and minimize the undercutting
formed at the coast. The vegetation can be applied on this wall by covering the whole wall.
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Figure 5.6 Rockfall barrier map of the study area.

5.2.6 Erosion Prevention

The slope in the north of the study area has the feature of a soft soil rather than a rock
(Figure 5.7). Soil erosion occurs occasionally. At the same area, there are densely spaced iron
rods to prevent the erosion. This approach prevented the erosion relatively but it could not
be effective because of the limited application area. Instead of iron rods, small terracing,
wooden roads (wire mesh) and deep-rooted vegetation must be applied. The area suitable
for erosion prevention works is given in Figure 5.7.
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Figure 5.7 The erosion prevention area.
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CHAPTER 6

CONCLUSIONS

This Thesis is aimed to investigate the rockfall problems, to recommend nature-friendly
solutions in order to prevent/minimize the hazards, to analyse the rockfall problems in 2-D
and 3-D and discuss the results obtained from 2-D and 3-D analyses. Based on the rockfall
analyses, field and laboratory studies, the following conclusions are achieved.

1. The study area which will be open to tourism in Kusadasi, Aydin has steep and high
cliffs near the coast.
2. The study area is in the western part of the Biiyiik Menderes Graben. The Menderes

Massif Metamorphics comprise the basement of the study area.

3. In the field studies, the terrestrial units in the study area were investigated in terms
of geological and geological hazards, the data about the discontinuities were
collected by the help of the scan-profile survey carried out along the 10 profiles.
From these studies, one bedding plane and two joints observed for every profile
except the profile 2.

4. In the laboratory studies, unit weight, effective porosity, water absorption and point
load strength tests were performed on the ten samples taken from the field. The
laboratory studies show that the terrestrial units have moderate unit weight and
porosity and low water absorption and point load strength values.

5. Rockfall analyses were performed 2-D and 3-D respectively. According to these
analyses, many blocks reach up to the coast and this situation would be dangerous
for the people at the coast. Based on the results obtained from the analyses, there are
some differences between the end point and bounce height values. According to the
field observations, the 2-D model is more realistic than 3-D model. The differences
between the 2-D and 3-D model originate from the slope geometry, the algorithm
used in the software and the different input parameters.

6. To protect the people from the geological hazards (sliding, erosion, rockfall etc.)
observed in the study area, block removal, drainage, greening, filling the caverns,
wall building and erosion prevention are suggested.
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