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ABSTRACT 

 

GENERATION OF AN EARLY WARNING SYSTEM FOR LANDSLIDE 

AND SLOPE INSTABILITY BY OPTICAL FIBER TECHNOLOGY  

 

 

Arslan, Arzu 

M.S., Department of Geological Engineering 

Supervisor: Prof. Dr. Haluk Akg¿n 

 

August 2015, 134 pages 

 

The purpose of this study is to develop an early warning system for all kinds of mass 

movements regardless of the failure mechanism and lithology type. For this purpose, 

an optical fiber system was preferred due to its superiority in field conditions and 

continuous data measurement capability. 

Two different optical fiber systems, namely, the Optical Time Domain Reflectometer 

(OTDR) and the Brillouin Optical Time Domain Analyzer (BOTDA) were 

experimented with alternative fiber cables and their competency was investigated for 

a real case landslide located in a hazard prone region in Bah­ecik Settlement Area in 

Kocaeli Province. Before the field experiment, the systems were tested first in 

laboratory scale. For the laboratory studies, a landslide simulation model having an 

inclination mechanism designed to represent a slope was used. After these 

experiments, their applicability in the field or for a real case was conducted. 

Experiments revealed that the OTDR allows sensitive measurement in laboratory 

scale but is not suitable for field application due to its energy loss based 

measurement nature. Therefore, the BOTDA system capable of measuring strain 

without power loss but detecting frequency shift was preferred for the field studies. 

Once the measurements from the optical fiber system were gathered, it was 

necessary to compare these results with the displacements that occurred on the 

studied mass. The displacements that take place in a small scale laboratory landslide 
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simulator are rather obvious; however this is not the case for field application. 

Therefore, slope stability analyses were conducted in order to compare the strain 

results collected from fiber cables with displacements on the moved mass. In order to 

accomplish this objective, a back analysis study was implemented to reach the 

mobilized shear strength parameters of the moved mass by utilizing three profiles. 

Then, the landslide was modeled based on deformation analysis via the finite 

element method to compute the displacements of the critical region within circular 

failure. The main purpose of the finite element analysis was to determine the most 

critical part of the failure region and to examine the sensitivity of the study by 

locating the optical fiber system at this region. Thus, the reliability of field results 

can be better understood. In conclusion, finite element modelling results showed that 

the displacement values calculated by modelling were in good agreement with those 

obtained through field monitoring with BOTDA. 

 

Keywords: Optical Fiber System, Landslide Monitoring, Early Warning System, 

Slope Stability, Bah­ecik Landslide, Kocaeli. 
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¥Z 

 

HEYELAN VE ķEV DURAYSIZLIĴI ERKEN UYARI SĶSTEMĶNĶN 

OLUķTURULMASINDA FĶBER OPTĶK TEKNOLOJĶSĶNĶN KULLANIMI 

 

 

Arslan, Arzu 

Y¿ksek Lisans, Jeoloji M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. Haluk Akg¿n 

 

Aĵustos 2015, 134 sayfa 

 

Bu ­alēĸmanēn amacē, kayma tipi ve litolojik birimden baĵēmsēz bir ĸekilde t¿m k¿tle 

hareketleri i­in bir erken uyarē sistemi oluĸturmaktēr. Bu ama­la, erken uyarē sistemi 

i­in fiber optik sistemler arazi koĸullarēnda kullanēm kolaylēĵē ve s¿rekli veri alma 

ºzellikleri sebebiyle tercih edilmiĸtir. 

¢alēĸmalar sērasēnda, iki farklē fiber optik sistem, Optik Zaman Alanē Yansēma ¥l­er 

(OTDR-Optical Time Domain Reflectometer) ve Brillouin Optik Zaman Alanē 

¢ºz¿mleyici (BOTDA-Brillouin Optical Time Domain Analyzer) kullanēlarak 

alternatif fiber kablolarēn ve ºl­¿m sistemlerinin Kocaeli ili Bah­ecik Mevkiiônde 

bulunan ve afete maruz bºlge ilan edilmiĸ ­alēĸma sahasē i­in uygulanabilirliĵi 

sēnanmēĸtēr. Saha ­alēĸmasē ºncesinde sistemler ile laboratuvar ortamēnda 

­alēĸēlmēĸtēr. Laboratuvar ­alēĸmalarē sērasēnda tasarlanan ve arazi koĸullarēndaki 

duraysēz bir ĸevi temsil edebilecek ĸekilde bir eĵim mekanizmasēna sahip olan 

heyelan simulasyon modeli kullanēlmēĸtēr. Sistemlerin arazi koĸullarēna uygunluĵu 

tespit edildikten sonra sistemin heyelan sahasēna uygulanmasē i­in ­alēĸmalara 

baĸlanmēĸtēr. ¢alēĸmalar laboratuvar ºl­eĵinde OTDR ile hassas ºl­¿mler 

alēnabileceĵini gºstermiĸtir, fakat sistem enerji kaybē prensibi ile ­alēĸtēĵē i­in saha 

uygulamasē i­in yeterli olmadēĵē tesbit edilmiĸtir. Bundan dolayē, gerinimi enerji 

kaybē deĵil, frekans kaymasē ile belirleyen BOTDA sistemi arazi uygulamalarē i­in 

tercih edilmiĸtir. 
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Fiber optik sistem ile ºl­¿mler yapēldēktan sonra elde edilen sonu­larēn sºz konusu 

k¿tle hareketi sonucunda oluĸan deplasman deĵerleriyle karĸēlaĸtērēlmasē 

gerekmektedir. Laboratuvar ºl­eĵinde yapēlan ­alēĸmalar sonucu oluĸan deplasman 

deĵerleri a­ēk bir ĸekilde belirlenebilmektedir, fakat durum ger­ek bir heyelan sahasē 

i­in bºyle a­ēk deĵildir. Bu sebeple, fiber optik sistemden elde edilen gerinim 

deĵerleri ile meydana gelen deplasmanlarēn karĸēlaĸtērēlmasē ĸev stabilitesi analizleri 

ile m¿mk¿n olmuĸtur. Bunun i­in, heyelan boyunca ­izilmiĸ ¿­ profilden geriye 

dºn¿k ­ºz¿mleme yapēlarak kayma anēnda malzemenin sahip olduĵu kesme 

dayanēmē parametrelerine ulaĸēlmēĸtēr. Daha sonra sonra heyelan, sonlu eleman 

yºntemi ile modellenerek dairesel kaymanēn olduĵu kritik  bºlgelerdeki deplasman 

deĵerleri hesaplanmēĸtēr. Sonlu eleman yºntemi uygulanmasēnda esas ama­ alanda 

en ­ok deplasmanēn beklendiĵi kritik olan bºlgelerin belirlenmesi ve fiber optik 

sistemin belirlenen bu bºlgelere yerleĸtirilerek ­alēĸmalarēn hasassiyetinin 

araĸtērēlmasēdēr. Bu sayede arazide yapēlacak ­alēĸmalardan elde edilecek sonu­larēn 

g¿venilirliĵi daha iyi anlaĸēlacaktēr. Sonu­ olarak, heyelan alanēnda modelleme 

­alēĸmalarē ile elde edilen deformasyon sonu­larē arazide fiber optik yºntemlerle elde 

edilen izleme/gºzlemleme sonu­larēyla karĸēlaĸtērēldēĵēnda uyumlu olduklarē 

anlaĸēlmaktadēr. 

 

Anahtar Kelimeler: Fiber Optik Sistemi, Heyelan Ķzleme, Erken Uyarē Sistemi, ķev 

Stabilitesi, Bah­ecik Heyelanē, Kocaeli. 
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CHAPTER  1 

 

 

1. INTRODUCTION  

 

 

 
1.1 Purpose and Scope 

Landslides are one of the most destructive natural hazards in the world and in 

Turkey. They are without a doubt a major natural hazard as important as earthquakes 

or floods (Akg¿n & Bulut, 2007; Gºk­e et al., 2008). Republic of Turkey Prime 

Ministry Disaster and Emergency Management Authority (AFAD) have conducted a 

study in terms of the number of affected settlements, number of occurrences, number 

of events that caused evacuation, and the number of people evacuated for several 

hazards between the years of 1950 and 2008 for Turkey (Table 1). The study shows 

that landslides are the primary type of disaster when the number of the affected 

settlements, occurrences and evacuation events are considered. In most cases, 

landslides are perceived as disasters triggered due to earthquake, flood, volcanic 

eruption or typhoon. However, they generally have greater socioeconomic impacts 

than recognized as they are the element of multiple hazard disasters. Landslides 

cause great economic loss in many countries around the world and this loss seems to 

grow with the increase in population and the utilization of unstable hillside areas to 

overcome the increasing demand for settlement areas. Moreover, landslides not only 

result in loss of lives but they also cause damage to residential areas, industrial 

complexes, agricultural lands, forests, and affect water quality of streams resulting in 

substantial economic losses (Schuster, 1996). 
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Table 1: Hazards occurred in Turkey between 1950-2008 and their results (Gºk­e et al., 2008) 

Hazards 

Number of 

Affected  

Settlements  

Number of 

Occurrence 

Number of Events 

That Have Led to 

Evacuation  

Number of 

People 

Evacuated 

Landslide 4161 (%34.18) 12794 (%42.63) 6347 
63969 

(%25.40) 

Rock Fall 899 (%7.38) 2769 (%9.23) 1367 
20836 

(%8.26) 

Flood 1861 (%15.23) 3873 (%12.91) 2249 
26081 

(%10.36) 

Earthquake 2952 (%24.25) 5267 (%17.55) 4807 
106838 

(%42.42) 

Others 665 (%5.46) 1076 (%3.59) 658 
8200 

(%3.25) 

Snow 

Avalanches 
207 (%1.7) 670 (%2.23) 292 

4112 

(%1.63) 

Multiple 

Hazards 
1427 (%11.73) 

2967 (%6.89) 1058 
19102 

(%7.57) 

Unclassified 1491 (%4.97) 704 2723 (%1.1) 

Total 12172 30007 17482 251861 

 

 

Studies regarding landslides have become more important with the realization of the 

correlation between the number of landslides and adversely affected structures. Due 

to these reasons, awareness about landslides and importance given to the concept of 

risk assessment have been increasing, and correspondingly, early warning systems 

have started to gain more attention (Li et al., 2012; Liu et al., 2010; Pei et al., 2011). 

Today, there are many techniques to monitor landslides and/or potential slope 



 3 

instabilities and they have their advantages and disadvantages. Inclinometers, 

tiltmeters, extensometers, ground based LIDAR, satellite images, and air 

photography are examples of techniques used for landslide monitoring (Savvaidis, 

2003; Pei et al., 2011). Rather than early warning, these methods are used to detect 

subsequent deformation. Among these, optical fiber systems have superiority over 

aforementioned systems in terms of their easy and fast data transfer, smaller 

dimensions, light weight, sensitivity to strain and temperature change, wide band 

range, resistance to environmental and electromagnetic effects, low cost and real 

time monitoring properties (Wang et al., 2008; Gupta, 2012; Measures, 2001). 

Optical fibers have been used since 1800s but their usage in early warning systems 

of landslides is a fairly new concept (Al-Azzawi, 2007). 

 

The purpose of this thesis is to develop an early warning system for landslides that is 

related to neither failure mechanism nor lithology type by combining the strain 

results collected from fiber cables with displacements on moved masses. For this 

purpose, optical fiber systems are preferred due to their superiority in field 

conditions and continuous data measurement capabilities. In this study two different 

optical fiber systems were experimented with alternative fiber cables and their 

competency for a real case landslide area was investigated. Before the field 

experiment, systems were tested first in laboratory scale and then in the field. For the 

laboratory studies, a landslide simulation model having an inclination mechanism 

designed to represent a slope was used. Field application of the system was 

performed in a landslide hazard prone region in the Bah­ecik Settlement Area in the 

Kocaeli Province. The region is located in the south of the city where the topography 

is mountainous. 

 

1.2 The Study Area 

The study area is located within the borders of Kocaeli Province, Baĸiskele District, 

Bah­ecik Settlement Area. The location map of the region is given in Figure 1. 
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Kocaeli is located within the Eastern Marmara Region of Turkey and it has an 

economic importance due to its industrial capacity. Kocaeli is an industrial city with 

factories pertaining to especially the chemical industry along with the metal, 

automotive, and machine industries. Kocaeli is bounded by the Black Sea and 

Ķstanbul from the north, Sakarya from the east, Bursa from the south and Ķstanbul 

and Yalova from the west. 

 

 

 

Figure 1: Location map of the study area (Google Inc., 2015) 

 

 

Kocaeli is one of the important cities of Turkey due to its high rank in the country 

economy, geographical position and population. According to Gºk­e et al. (2008) 

Kocaeli does not rank first in terms of the number of the landslides that have 

occurred to date. Although that is expected to affect landslide hazard analysis 

positively, risk is higher than expected as Kocaeli is important in terms of economy, 

location, and population. As a result, Kocaeli is determined as one of the priority 

areas in terms of landslide hazard and risk.  

 

North Anatolian Fault System (NAFS) is a right lateral strike slip fault that has a 

length of 1500 km and separates Anatolian Plate located at South from Eurasia Plate 
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located at North.Kocaeli is one of the cities that affected from this fault system. 

Therefore, earthquakes should be considered as a major triggering mechanism for 

landslides occurred in Kocaeli. Distribution of landslides occurred around the study 

area and faults present can be seen in the Figure 2. According to Duman et al. (2006) 

landslides reactivated after 1999 Ķzmit earthquake has an effect on hazard 

distribution together with shallow landslides formed. 

 

According to the Republic of Turkey Prime Ministry Disaster and Emergency 

Management Authority (AFAD) database, the reported landslides that have occurred 

between the years 1960 and 2006 in Kocaeli is given in Table 2 on a district basis. 

The numbers given may be uncertain since the table was prepared according to the 

reported events (Gºk­e et al., 2008).  
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Table 2: List of the landslides occurred in Kocaeli between 1960-2006 gathered from AFAD 

database (Gºk­e et al., 2008) 

Province District  Number of Landslides 

 

Kocaeli 

Gebze 12 

Merkez 37 

Gºlc¿k 12 

Kandēra 1 

Karam¿rsel 28 

Kºrfez 2 

Yarēmca 4 

Total Number of Landslides 96 

 

 

The study area is located at the border of the Baĸiskele district. Baĸiskele is not 

present in Table 2 since it was founded in 2008, but it lies within the borders of 

Merkez where most of the landslides have occurred. 

 

Landslides can be triggered by the intense precipitation, snow melt, earthquakes and 

human activities.. The climate and precipitation regime has an effect on landslides. 

Also, human activities that include construction of engineering structures like roads 

and tunnels have a remarkable impact in Kocaeli. In addition, seismic activity should 

be considered due to its proximity to the NAFS. 

 

Apart from the economic importance of Kocaeli, the study area was selected due to 

its critical location in terms of landslide risk. In 2010, a landslide occurred and the 

region was announced as a hazard prone area by the AFAD in 19.02.2013 because 

the landslide was threatening a house that was located in its crown area (Figure 3). 
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Figure 3: General geometry of the landslide and the house affected 

 

 

Figure 4a through 4c give Google Earth images of the study area before and after the 

landslide as well as the house affected for the years 2009, 2011, and 2015, 

respectively. Field observations and measurements showed that the mass movement 

located at the study area has a width of 120 m and height of 40 m. 
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Figure 4: Appearance of the study area dated on a) 11.04.2009 (before), b) 05.08.2011 (after), c) 

07.05.2015 (after). 

  

a 

b 

c 
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1.3 Physiography 

The catchment basin of the study area trapped by the Gulf of Ķzmit, Ķznik Lake and 

Sakarya River is formed by the plateaus with varying topographic heights. This area 

is geomorphologically differentiated from the Kocaeli Peninsula by the important 

topographic heights such as Naldºken (1125 m), Dikmen (702 m), Karlēk (892 m) 

and especially Kartepe Mountain with an elevation of 1601 meters. Southern parts of 

Kocaeli have steeper slopes compared to the northern parts. 

 

On the southern region, volcanic formations are abundant and these volcanic units 

composed of andesites and dacites are located within the catchment basin which is 

formed by the high mountains and plateaus, and extends through the NE and E 

direction until they reach Gºlc¿k and Maĸukiye. The regions where volcanic units 

located are the areas where events such as landslides and rock falls are expected.  

 

On the southern part, the region between Hersek Delta and the western part of 

Gºlc¿k is generally observed as a typical high cliff beach. Some low coasts are also 

present around Karam¿rsel, Ereĵli and Yalēdeĵirmendere. On the other side of the 

bay, on the east and west of this cliffed region, low coasts are observed in larger 

areas. On the eastern part, the coast between the Gºlc¿k region and the end of the 

gulf of Ķzmit forms an alignment of transported sediments due to numerous streams. 

On the western part, the alluvial sedimentation that forms the Hersek and Laledere 

deltas penetrate towards the sea, thus forming the low coast at that region (Kocaeli 

Environment and Urbanization Directorate, 2011). 

 

1.3.1 Climate 

Kocaeli has a mild climate along the coasts of Black Sea and Gulf of Ķzmit, and 

harsh climate at mountainous regions. It can be said that Kocaeli has a transition 

climate between Mediterranean climate and Black Sea climate. Winters are not warm 
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as Mediterranean climate and summers are not as wet as Black Sea climate. 

According to the Turkish State Meteorological Service (2014), the annual average 

temperature of the last 64 years is 15.0ÁC. January is the coldest month with an 

average temperature of 6.3ÁC and July is the warmest month with an average 

temperature of 23.7ÁC. The average values of temperature, sunshine duration, rainy 

days and precipitation is given in Table 3 on a monthly basis. In addition, the 

average monthly temperature and precipitation are presented in Figure 5. 

 

 

Table 3: Average values of temperature, sunshine duration, and precipitation data in Kocaeli 

for the 1950-2014 period (Turkish State Meteorological Service, 2014). 
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Month 

January 6.3 9.7 3.3 2.3 17.6 93.2 

February 6.7 10.7 3.5 3 15.6 73.3 

March 8.6 13.2 4.9 4.6 14.1 73.4 

April  13.1 18.5 8.9 5.3 11.9 52.3 

May 17.5 23.2 12.9 7.2 9.9 45.4 

June 21.7 27.5 16.8 8.6 8.3 52.8 

July  23.7 29.5 19.1 9.3 5.8 37.6 

August 23.7 29.6 19.2 9.6 5.3 43.6 

September 20.4 26.2 16.1 7.1 7.1 52 

October 16 20.8 12.5 4.5 11.8 89.9 

November 11.9 16.2 8.6 3.4 12.7 81.5 

December 8.5 11.9 5.6 2.3 16.4 108 
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Figure 5: Monthly average precipitation and temperature values of Kocaeli between the years 

1950-2014 (Turkish State Meteorological Service, 2014) 

 

 

The annual precipitation distribution of Kocaeli for the years between 1981 and 2010 

is shown in Figure 6. Accordingly, the average annual precipitation is 799.5 mm. 

The annual precipitation data shows that Kocaeli has received precipitation far over 

the average in the years 1981, 1997, and 2010 since 1981 with a nearly 14 years of 

recurrence period. 
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Figure 6: The annual areal precipitation of Kocaeli (Turkish State Meteorological Service, 

2014)  

 

 

From the data of Figure 6, it can be seen that the amount of precipitation in 2010 is 

higher than that of the preceding and following years. In addition, the average 

monthly precipitation values show that December has the highest amount followed 

by January. In 2010, the December precipitation of Kocaeli was measured as 124.5 

mm which was drastically more than the average value of 108 mm. The daily 

precipitation data obtained from the Turkish State Meteorological Service database 

shows that thirteen days of December were rainy. The precipitation in this period 

varied from 0.6 mm to 28.4 mm and reached the peak value on December 10, 2010. 

The precipitation graphics of the related days are presented in Appendix A. 
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CHAPTER  2 

 

 

2. GEOLOGICAL SETTING AND ENGINEERI NG 

GEOLOGICAL ASSESSMENT OF THE STUDY 

AREA 

 

 

 
2.1 Introduct ion 

Kocaeli is surrounded by the topographic heights of the Kocaeli Peninsula on the 

north, Armutlu Peninsula on the south and divided into two with the North Anatolian 

Fault System (NAFS) by the gulf of Ķzmit which is an extension of the Marmara Sea 

and also the sedimentary basin. This is the main reason why Kocaeli is examined in 

three different geomorphological regions which are the Kocaeli peninsula to the 

north, Armutlu peninsula to the south and the gulf of Ķzmit at the center (Kocaeli 

Environment and Urbanization Directorate, 2011). 

 

Kocaeli has two geologically important tectonic and structural assemblies. One of 

them is the Kocaeli Peninsula containing the Ķstanbul Paleozoic and the Kocaeli 

Triassic units that are located at the north of the gulf of Ķzmit. According to ķengºr 

and Gºr¿r (1983) the Kocaeli Peninsula was detached from the Moesia platform. 

The other assembly is the Armutlu Peninsula which is a part of the Sakarya Zone. 

Kocaeli is located on the tectonic assembly called the Ķstanbul Zone together with 

the Ķstanbul and Kocaeli Peninsulas which are natural extensions of each other. Also, 

the gulf of Ķzmit is located on the east west directional active graben where the North 

Anatolian Fault System and the Marmara Graben System are interacted. 
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The Sapanca Lake is located at the eastern part of Kocaeli while Kocaeli and 

Armutlu Peninsula are located at the north and south, respectively. The ages of the 

formations found in the Kocaeli Peninsula vary between Ordovician and Quaternary 

(Gedik et al., 2005) and the units of the Armutlu Peninsula are found in the age 

interval of Triassic to Quaternary and dominated by ophiolites and metamorphic 

units (Gºnc¿oĵlu et al., 1986). There is no chance to observe a continuity, 

concordance or correlation since these two units are separated by the North 

Anatolian Fault System. 

 

2.2 General Geology and Seismotectonics 

The units that outcrop in the Kocaeli Peninsula are composed of Paleozoic and 

Permian-Triassic aged allochthonous units, Late Cretaceous-Eocene aged semi-

autochthonous units, and Oligocene-Miocene and Pliocene-Quaternary aged 

autochthonous units (Gedik et. al., 2005). There are two Paleozoic aged sequences 

and three Permian-Triassic sequences in the Kocaeli Peninsula. The units of these 

different aged sequences have originally deposited at various locations and later have 

come together as tectonic slices. The Paleozoic units were subjected to tectonic 

movements during terrestrial sedimentation and have located in their place as 

tectonic slices with transgressive Permian-Triassic units on them. At the Western 

Pontides, the age of this placement should be older than Late Jurassic as there are 

Late Jurassic-Middle Eocene aged units that rest unconformably on this unit. As the 

result of tectonism, faults rather than folded structures were formed in Kocaeli 

(Gedik et. al., 2005). 

 

Armutlu Peninsula is situated in NW-Anatolia and composes the western part of the 

Pontides. The peninsula is bordered with two main branches of NAFS and it is 

approximately located on Mesozoic aged Intra-Pontide Suture. There are several 

different units representing the formations starting from Paleozoic outcropped within 

the borders of Armutlu Peninsula. Precambrian-Early Paleozoic aged Pamukova 
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Metamorphics compose the basement of the region. Sedimentary and volcano-

sedimentary units that cover the basement are Early Triassic Taĸkºpr¿ Formation, 

Late Paloecene-Middle Eocene aged Ķncebel Formation, and Eocene aged Sarēsu 

Formation. Fēstēklē Granodiorite settled during Eocene. At the upper parts, Late 

Miocene aged Kēlē­ Formation, Late Miocene-Early Pliocene aged Yalakdere 

Formation, Pleistocene aged marine platform sediments and Quaternary alluviums 

(Akartuna, 1968; Gºnc¿oĵlu, 1990). These formations can be classified as two main 

geological units. One of them is pre-Cenomanian metamorphic basement that made 

up of Pamukova Metamorphics and Ķznik Metamorphics. Other geologic unit is a 

non-metamorphic cover with a discontinuous Cenomanian-Pliocene stratigraphic 

column. (Gºnc¿oĵlu et. al., 1992). Figure 7 shows a generalized regional geological 

map of the study area and its surroundings. 

 

 

 

Figure 7: Regional geology map of study area (Modified from Gedik et. al., 2005) 
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Kocaeli is located in a region that is tectonically active and according to the study 

made by the Earthquake Research Center study of the Ministry of Public Works and 

Settlement in 1996, the study area is located in a first degree earthquake zone where 

the expected peak horizontal ground acceleration is greater than 0.40g (Figure 8). 

 

 

 

Figure 8: Map showing seismic zonation for Kocaeli (Earthquake Research Center, 1996). 

 

 

The NAFS is one of the major tectonic structures of Turkey that disconnect the 

Eurasia Plate that is located at the  north from the Anatolian Plate that is located at 

the south and has a length of 1500 km. The NAFS is a right lateral strike-slip fault 

system. Kocaeli and thereby the study area is located in the NAFS. This fault system 

has created a 125-145 km surface rupture as the 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 Kocaeli is the fault zone created on November 

Study Area 
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12, 1999, namely, the D¿zce earthquake with moment magnitude of 7.2. This fault 

zone has a length of 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 in 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 between 30 km (Barka, 1996) and 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; ¥zt¿rk 

et al., 1985). Major earthquakes around the study region and their focal mechanism 

analysis are given by Figure 9. 
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Figure 9: Major earthquakes and focal mechanism analysis within and around the study area 

along the NAFS (Cambazoĵlu, 2012). 

 

 

2.2.1 Local geology 

The units that outcrop in and around the study area belong to the Sarēsu and Ķncebel 

formations. As a consequence, only the details of the characteristics of these 

formations will be explained. 

 

The Sarēsu formation is a volcano-sedimentary sequence that is commonly observed 

in the middle part of the Armutlu Peninsula. It is composed of andesitic lava and 

agglomerate. The sequence is found most typically around the Sarēsu Village and 

outcrops as a northeast-southwest oriented line that divides the peninsula into two 

pieces. The sequence contains different lithological order in different places due to 

development process of the volcanism. The formation generally starts with a 5-10 m 

thick sedimentary level onto metamorphic rocks. This level is composed of 
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conglomerate, mudstone, sandstone and limestone. Conglomerate is made up 

ofquartz fragments and is grain supported. Mudstone contains quartz and limestone 

fragments. Limestone has the characteristics of packstone with lithoclastic, 

bioclastic, nummulite and quartz grains in it. This sedimentation is the 1000 meters 

thick part located on top of the basement sequence and is generally composed of 

pyroclastic and epiclastic rocks. Pyroclastics have normal, reverse or symmetrical 

grading while fine or coarse grained tuff has andesitic tuff and rock fragments in 

different sizes. Pyroclastic flow deposits are found in alternation with symmetrical 

graded or ungraded lahar deposits. Some levels of the sequence contain huge 

andesite blocks and pebbles of epiclastic deposits that probably have the 

characteristics of beach conglomerate. Lava flows within the sequence that are found 

at the upper levels and have a thickness of 5 meters show an alternation with 

pyroclastic rocks. Lava flows are composed of andesitic volcanic rocks with 

plagioclase, pyroxene and hornblende phenocrysts. Tuffs contain plagioclase, glass 

and fluidal textured volcanic fragments within a glass matrix. Lahar deposits which 

formed as a result of pyroclastic flow having normal or symmetrical grading have 

developed irregular unconformity planes by scratching the flow surfaces. All this 

sequence is cut by basalt dykes that are observed especially in the upper levels. 

Basalts have augite and plagioclase and appear to be much fresher than andesite. 

 

The Sarēsu formation is located on metamorphic rocks with a thin level of basal 

conglomerate, and has a tuff and sandstone alternation at its contact with the Ķncebel 

flysch. Limestone and sandstone specimens located at the lowest level of the 

volcanic sequence and metamorphic unconformity shows that the sequence 

developed starting from Lutetian (Erendil et. al., 1991). 

 

The Ķncebel Formation is a Paleocene-Eocene aged formation seen generally at the 

south of Karam¿rsel. The formation unconformably covers the metamorphic units 

and forms a 3000 m thick sequence in the Ķncebel Village and dips towards 

northwest. The Ķncebel formation starts with a basal conglomerate layer composed of 
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pebbles of the units that overlay and its color is observed to be purple, gray or yellow 

according to underlying unit. The Ķncebel formation is generally composed of a 

flysch sequence of sandstone, mudstone, marl, and conglomerate. However, it can 

contain volcanic lithologies, namely light colored tuffs and andesitic agglomerate in 

the upper parts of the sequence. Due to the presence of this volcanic level, the 

Ķncebel formation is interpreted to occur in alternation with the Sarēsu formation 

(Gºnc¿oĵlu et al., 1992). 

 

2.3 Engineering Geological Assessment of the Study Area 

The study area is located within a valley that lies within the stream bed of the Sarēlēk 

Stream. A three-dimensional stratigraphic model of the region prepared by the 

Rockworks v.16 (Rockware, 2013) is given in Figure 10. 

 

 

 

Figure 10: Three-dimensional stratigraphic  model of the study area 

 

 

Study Area 
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A field study conducted in order to understand the general geological and 

engineering geological properties of the region revealed that the lithology in the 

study area consists of an alternation of sandstone and marl. Figure 11 shows a close-

up view of the lithology. According to the field observations, this unit is correlates 

with the Paleocene-Eocene aged Ķncebel formation. 

 

 

 

Figure 11: A close-up view of the Ķncebel formation 

 

 

The sandstone marl alternation sequence contains scattered and non-persistent 

discontinuity sets. Small scale folds are observed in the field. As explained in 

Section 2.2, the study area is located within a tectonically active region, or in other 

words, in a shear zone. Figure 12 shows a view of the folded and sheared structures 
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and discontinuities that are present within the sandstone-marl alternation sequence in 

the study area. 

 

 

 

Figure 12: Folded structures and small scale non-persistent scattered discontinuities present in 

the study area 

 

 

2.3.1 Engineering geological investigation 

Several boreholes have been driven in the vicinity of the study area in previous 

geotechnical studies conducted by private companies. Table 4 gives the coordinates, 

depth and groundwater level of the boreholes located in the vicinity of the landslide 

region. The engineering geological borehole logs are given in Appendix-B. 
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Table 4: The coordinates, depth and groundwater level of the boreholes 

Borehole 

Number 
X Y Z 

Depth 

(m) 

Groundwater 

Depth from 

Surface (m) 

SK5 492103.631 4503627.344 209.585 12.00 - 

SK9 491609.017 4503564.437 136.944 12.00 3.00 

SK10 491623.3 4503456.893 155.678 12.00 - 

SK11 491624.15 4503416.77 159.929 12.00 - 

SK12 491484.971 4503483.266 118.705 18.00 3.00 

SK13 491402.697 4503446.256 119.547 18.00 3.00 

SK14 491336.562 4503354.646 122.674 18.00 3.00 

SK15 491287.681 4503189.871 145.695 10.00 3.00 

SK16 491295.539 4503084.843 158.755 12.00 - 

SK17 491313.861 4503264.014 138.109 21.00 4.00 

SK18 491404.1 4503277.226 138.26 21.00 4.00 

SK19 491256.442 4503243.465 133.987 10.00 4.00 

SK21 492362.247 4503265.973 209.223 13.00 - 

SK22 492295.662 4503154.601 192.723 12.00 9.00 

 

 

The engineering geological characterization of the studied region was accomplished 

with 201 m of boring data resulting from a total of 14 boreholes. Note that these 

boring data were obtained from adjacent to the landslide location. According to the 

boring results, there is a 1-2 m thick soil cover on the upper levels of the Ķncebel 

formation and this soil cover is underlain by a sandstone siltstone marl sequence. 

The groundwater was encountered on nine of the fourteen boreholes at a depth 

generally varying from 3 to 4 m from the ground surface. 
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A sequence made up of sandstone and siltstone alternation occurs within the 

boundaries of the landslide. The sequence is generally tectonically deformed and 

disintegrated although in several locations of the landslide it outcrops as detached 

blocks (Figure 13). The sandstone has a yellowish brown color while the siltstone is 

greenish grey. They possess weak to very weak strength and are moderately to 

highly weathered (ISRM, 1981). The siltstone is weaker and more weathered than 

the sandstone layers. Scattered discontinuity sets are present in the area. 

Discontinuity surfaces are slickensided with clay infilling and possess small 

persistence according to ISRM (1981). 

 

 

 

Figure 13: Disintegrated lithology and firm blocks of Ķncebel Formation 

 

 

A discontinuity survey was utilized by collecting only local level of discontinuity 

data from detached blocks. The collected discontinuity data was plotted by using the 



 27 

DIPS v.6 (Rocscience Inc., 2012) to understand whether there is any identifiable 

structural pattern of the pole concentration or not (Figure 14). The obtained scattered 

plot of discontinuities implies that discontinuities present in the region do not 

represent any identifiable structural pattern. Therefore, a circular type of slope 

failure is likely in the region (Hoek and Bray, 1981). 

 

 

 

Figure 14: Pole plot of scattered discontinuities in the landslide area 

 

 

From the boring data, the solid core recovery (SCR), rock quality designation (RQD) 

and point load strength values of the borehole cores along with the depth, 

groundwater depth from the surface and weathering condition is given in Table 5. 

Thereby, the SCR value ranges between 13% and 40% while the RQD is between 

0% and 10% that classifies the unit as very poor rock (disintegrated/decomposed 

rock). The units are moderately to highly weathered (ISRM, 1981). 
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Table 5: Engineering geological characteristics gathered from borehole data 

Borehole 
Depth 

(m) 

Ground Water  
Point Load 

Strength  SCR 

(%)  
RQD (%) 

Weathering 

Degree Depth From 

Surface (m) 
Index (MPa) 

SK5 12 -  -  13 0 
Moderate to 

high 

SK9 12 3 5.13 20 0 
Moderate to 

high 

SK10 12 -  0.27 21 3 
Moderate to 

high 

SK11 12  - 0.32 25 10 Moderate 

SK12 18 3 2.81 40 10 Moderate 

SK13 18 3 0.45 24 1 
Moderate to 

high 

SK14 18 3 4.98 22 3 Moderate  

SK15 10  3 2.44 15 2 
Moderate to 

high 

SK16 12 -   - 17 0 
Moderate to 

high 

SK17 21 4 2.71 17 0 
Moderate to 

high 

SK18 21 4 4.31 18 0 
Moderate to 

high 

SK19 10 4 3.54 18 2 
Moderate to 

high 

SK21 13  - 0.1 20 4 
Moderate to 

high 

SK22 12  9  - 1 0 
Moderate to 

high 

 

 

Since the project site is located in a tectonically deformed zone and since the pole 

plot distribution shows scattering, the rock mass could be treated as an irregularly 

jointed, highly foliated and very deformable soil-like material, from an engineering 

geology point of view. 

 

The Geological Strength Index (GSI) is a system of a rock mass characterization 

developed with the Hoek-Brown failure criterion to meet the need for a reliable input 

data into numerical analyses and analytic solutions for designing tunnels, slopes or 
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foundations in rocks (Marinos et al., 2005). The GSI enables users to interrelate 

intact rock properties with in-situ rock mass values with respect to visual assessment 

of the rock mass, appreciating influence of geology on its mechanical properties 

(Marinos & Hoek, 2000). In the study area, the GSI value was selected as 20 (very 

poor category) according to field condition of the rock mass (Figure 15).  

 

 

 

Figure 15: GSI table for heterogenous rock masses giving surface condition of discontinuities 

and composition and structure (Rocscience Inc., 2014) 

 

 

Table 6 gives the results obtained from the RocLab v.1 (Rocscience Inc., 2014.). At 

the table sigt, sigc, sigcm, Erm, are the rock mass parameters representing rock mass 

tensile strength, uniaxial rock mass compressive strength, global rock mass 

compressive strength, and rock mass deformation modulus, respectively. Also, sigci, 

mi, GSI, D, and MR stand for unconfined compressive strength of intact rock, the 

intact rock parameter, the geological strength index, the disturbance factor and 
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modulus ratio. In addition, mb is a reduced value of material constant mi, and s, and a 

are Hoek Brown constants.  

 

 

Table 6: Geomechanical rock mass paramaters from the RocLab software (Rocscience Inc., 

2014) 

Rock Mass Parameters Hoek Brown Classification 

sigt -0.001 MPa sigci 9 MPa 

sigc 0.027 MPa GSI 20 

sigcm 0.410 MPa mi 9 

Erm 100.78 MPa D 0.5 

Failure Envelope Range MR 375 

Application Slopes Hoek Brown Criterion  

Mohr -Coulomb Fit mb 0.199 

c 0.022 MPa s 2.33e-5 

33.88х  a 0.544 

 

 

GSI system applied by using field study observations and measurements was 

resulted with a cohesion (c) value of 22 kPa and internal friction angle ( ) value of 

34 degrees. Figure 16 shows the rock strength analysis results of the GSI system  

from RocLab software. 
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Figure 16: Analysis of rock strength from RocLab software. 
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CHAPTER  3 

 

 

3. SLOPE STABILITY  

 

 

 
3.1 Introduction  

Cruden (1991) defines landslide as "the movement of a mass of rock, debris or earth 

down a slope." 

 

The purpose of slope stability analysis is to reach safe and economic design of any 

related structure such as excavations, embankments, earth dams, and landfills. Slope 

stability analysis contains both identification of geological, material, environmental 

and economic parameters and understanding of nature, magnitude and frequency. 

 

Slope stability analysis aims to: 

 Understand development and form of a mass movement 

 Analyze short-term and long-term stability 

 Assess landslide possibility 

 Find failure mechanism and effect of environmental factors 

 Redesign with back analysis for planning, design and remediation 

 Examine seismic loading effect. 

 

Slope stability analysis takes into account factors such as topography, geology, 

material properties, and neutrality. A slope can be either a natural slope or a man-

made engineered slope. Natural slopes are those formed as a result of landscapes and 

these could be triggered by changes in topography, groundwater level, stress, 
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strength as well as seismicity and weathering. Engineering slopes originates from 

man-made structures like embankments, cut slopes and retaining walls (Abramson et 

al., 2002). 

 

Slope movement occurs as a result of increase in shear stress or decrease in shear 

strength of the rock mass. Shear stress of a slope increases due to removal of 

support, overloading, transitory effects, removal of material from toe of the slope, 

and increase in lateral pressure. Reduction of shear strength is related to change in 

material properties, due to changes of weathering, pore pressure, and structural 

changes. In addition, preexisting discontinuities found in a slope region such as 

faults, bedding planes, foliations, cleavages, sheared zones, and dikes weaken the 

residual soil and the weathered bedrock (Abramson et al., 2002). 

 

3.2 Modes of Failure 

Varnes (1978) classifies landslides according to type of movement and type of 

material. Simplified version of Varnes classification is given in Table 7. Based on 

this table any landslide could be identified with two criteria: the first one describes 

the material and the second one describes the type of movement. 
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Table 7: Modes of slope failure (Varnes, 1978). 

Type of Movement 

Type of Material 

Bedrock 

Engineering Soils 

Predominantly 

Coarse 

Predominantly 

Fine 

Fall Rock Fall Debris Fall Earth Fall 

Topple Rock Topple Debris Topple Earth Topple 

Slide 
Rotational 

Rock Slide Debris Slide Earth Slide 

Translational 

Spread Rock Spread Debris Spread Earth Spread 

Flow Rock Flow Debris Flow Earth Flow 

Complex Combination of two or more principal types of movement 

 

 

According to Varnesô classification, material composing a landslide can be rock or 

soil. Soil is further divided into two groups as debris and earth. Rock corresponds to 

a firm mass that was intact before the movement while soil could be described as an 

aggregate of solid materials like minerals and rocks that formed in situ due to the 

weathering of rock or that are allochthonous (i.e., transported from somewhere else). 

Soil has two subgroups based on particle size. 1) soil mass is called earth if 80% or 

more of the particles are smaller than sand-size particles (2mm) and 2) called debris 

if 20% to 80% of material are larger than 2mm. (Cruden and Varnes, 1996). 

 

3.3 Methods of Slope Stability Analysis 

Gathering information about engineering properties of material present at landslide 

area is a basic step of slope design. There are numerous analyses methods but none 

of them are applicable for all slope failures as the internal stress state of the region 
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and the stress strain relation before and after a mass movement could not be defined 

with certainty. Today most of the methods use limit equilibrium analysis in which 

failure is assumed to be incipient with a safety factor of one. There are other 

complex methods such as finite element method (FEM) and boundary element 

method (BEM) which require a complete model of subsoils and extensive laboratory 

tests to determine soilôs constitutive parameters. Due to its easy implementation limit 

equilibrium methods are preferred although they neglect stress-deformation 

increments or decrements of slope masses. Conventional slope stability analysis is 

based on the limit equilibrium concept and it gives a factor of safety which is a 

unitless measure of stability. Limit equilibrium formulation gives statistically 

indeterminate solution, so it is not possible to compare it with a closed form solution 

directly. However, factor of safeties obtained from different methods could be 

compared (Abramson et al., 2002). 

 

Moment equilibrium is not satisfied by Janbuôs simplified method while Bishopôs 

simplified method does not satisfy horizontal force equilibrium. FS calculated by 

these two methods are 15% percent different than Spencerôs and the Morgenstern-

Price method which consider complete force and moment equilibrium. Bishopôs 

simplified method for circular failure surface gives more or less the same result 

(difference is less than 5%) with more rigorous methods. But, Janbuôs simplified 

method is used for noncircular failures and it underestimates the factor of safety as 

much as 30% compared to more rigorous methods. The methods which satisfy 

complete equilibrium such as Janbuôs rigorous, Spencer or Morgenstern-Price 

methods are more complex (Abramson et al., 2002). Morgenstern-Price method is 

preferred as the method is applicable to both circular and noncircular failures and it 

satisfies force equilibrium in x and y and moment equilibrium to determine more 

realistic results. In this study, the limit equilibrium analysis was established by using 

this method. 
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One of the main purposes of this thesis study was to assess the deformation analysis 

by using finite element method and compare these data with the field monitoring 

results. In order to implement a finite element model rock mass strength parameters 

are needed (i.e., shear strength and elastic parameters). Additionally, geotechnical 

laboratory test results that were mentioned previously provide the index parameters 

of the intact rock, but the case dealt in the field is related to rock mass properties. 

GIS was used to overcome the data need and then, back analysis was conducted to 

determine shear strength parameters of the material. After mobilized shear strength 

parameters are determined by back analysis, it is important to reach deformation 

results that will be the correlative parameter with monitoring results. 

 

3.4 Back Analysis 

Stability analysis is performed to reach a factor of safety for slopes with known 

parameters in general, but they can be used to find shear strength values of a failed 

slope. In order to establish a back analysis, the slope stability analysis needs to be 

performed in a reverse order by a known factor of safety value; assumed 1 at the 

time of failure. This reverse order analysis is called back analysis (Bromhead, 1992). 

 

Back analysis procedure develops an analytical model of a slope failed or about to 

fail and the model contains five components. 

1.  Landslide geometry with ground surface, slip surface, and material 

boundaries 

2.  Pore water pressures on the sliding surface at the time of failure (required for 

effective stress analysis) 

3. External loads acting on the slope at the time of failure 

4. Unit weights of the materials involved in the landslide 

5. Strength of materials along the failure surface. 
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In general, the first four parameters could be evaluated by field and laboratory 

studies with certain accuracy and the fifth component could be obtained by back 

analysis by assuming that the factor of safety equals 1. Back analysis provides 

information about the shear strength parameters of a slope for future design that 

could not be reached by conventional laboratory tests (Abramson et al., 2002). 

 

3.5 Mechanism of the Landslide in the Study Area 

The data gathered showed that the units forming the landslide are classified as poor 

and very deformable soil-like lithology. It is known that the landslide occurred on 

December 10, 2010. There was heavy precipitation before and during the day the 

landslide occurred and the water level of the Sarēlēk stream increased with the 

precipitation that led to flooding. 

 

Also, there was no sign of a seismic activity within a 100 km circle around the study 

area during the period of 01.01.2010 and 31.01.2011 according to the Kandilli 

Observatory and Earthquake Research Institute (KOERI) database (Figure 17). The 

data regarding the earthquakes that occurred in a 100 km circumference of the region 

is given in Appendix C. Hence, it could be concluded that the landslide was triggered 

by intense precipitation due heavy rainfall that caused the deformable soil-like 

landslide material to saturate and the increase of water flow at the toe of the slope 

leading to a landslide phenomenon. 
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Figure 17: Earthquake catalogue of 2010 (KOERI  http://www.koeri.boun.edu.tr/sismo/2/en/) 

 

 

Deformational characteristics are important for characterizing the landslide and real 

case rock mass parameters are required to calculate the deformations. Hence the 

landslide has been modeled by finite element analysis that requires rock mass 

parameters (i.e., shear strength and elastic parameters) and these parameters could be 

calculated by back analysis along with the GSI results. Therefore, at first a back 

analysis was implemented to calculate the mobilized shear strength parameters of the 

landslide, and then the area was modelled through finite element analysis. To 

determine the landslide geometry prior to failure, a digital elevation model of the 

area was created from the topographical contours (Figure 18). 

 

 

Study Area 
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Figure 18: Digital elevation model of the study area and its surrounding 

 

 

From the digital elevation model three cross sections (AAô, BBô, CCô) were created 

along the landslide that were parallel to the slope movement direction and the 

cohesion-internal friction angle pairs at the time of failure (i.e., satisfying a factor of 

safety value of 1.0) were computed. Figure 19 gives the location and orientation of 

the cross sections of the landslide. 
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Figure 19: Locations and orientations of the cross sections of landslide. 

 

 

Figure 20, Figure 21 and Figure 22 shows the profiles obtained by cross sections 

AAô, BBô and CCô, respectively. 

A 

Aô Bô Cô 

B 
C 
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Figure 20: Profile along AAô 

 

 

 

Figure 21: Profile along BBô 

 

A 

Aô 

B 

Bô 
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Figure 22: Profile along CCô 

 

 

Once the cross sections were created, the back analysis was performed through limit 

equilibrium solution by the Morgenstern-Price method using the Slide v.6 software 

(Rocscience Inc., 2010). A fully saturated mass (representing heavy rainfall and 

flooding conditions) together with a 30 kPa of surcharge to represent the surcharge 

of the houses that are located in and behind the crown area (two-storey residential 

buildings). Figure 23, Figure 24 and Figure 25 represent the back calculated results 

of the limit equilibrium analyses of the cross-sections AAô, BBô and CCô. 

 

 

Cô 

C 
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Figure 23: cô- ô pair satisfying FS=1.0 for the profile AAô 

 

 

 

Figure 24: cô- ô pair satisfying FS=1.0 for the profile BBô 
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Figure 25: cô- ô pair satisfying FS=1.0 for the profile CCô 

 

 

The cô- ô pairs calculated as the result of back analysis are tabulated in Table 8. In 

addition, a graphical representation of these pairs can be seen in Figure 26. 

 

 

Table 8: cô- ô pairs satisfying FS=1.0 limit equilibrium condition for the three sections 

AA'  BB' CC' 

c' (kPa) ϥ όϲύ c' (kPa) ϥ όϲύ c' (kPa) ϥ όϲύ 

36 18.0 38 20.0 29 19.80 

17 28.0 25 25.0 18 28.60 

10 32.5 11 31.0 9 35.10 

8 33.9 5 33.4 6 37.20 
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Figure 26: cô- ô pairs obtained by back analysis 

 

 

The center of gravity of the intersection triangle was selected to determine c and  

values from the back analysis graph where the c and  values were determined as 19 

kPa and 27Á, respectively. The back analysis results provide the result of shear 

strength parameters at the time of failure and these results are relatively consistent 

with the values obtained from the rock mass calculation of GSI (c=22 kPa and  = 

34Á). 

 

In order to locate possible critical failure surface and to define the most critical part 

of the slope, deformation characteristic of the real case conditions of landslide was 

evaluated by using finite element method by the aid of Phase2 v.8 software package 

(RocScience Inc., 2011). For the landslide, deformable soil-like rock mass lithology 

without any preferred failure planes were modeled to be isotropic in the finite 

element analysis.  
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In order to understand the effect of groundwater in the landslide area, sensitivity 

analyses were performed with different scenario levels of groundwater. Figure 27 

shows the deformation contours obtained by the finite element solution for the 

present case groundwater situation. Figure 28 displays the deformation contours for a 

partly saturated groundwater condition can be possible during a heavy rainfall 

precipitation. Lastly, Figure 29 gives the deformation contours for fully saturated 

condition that can be represented the worst case scenerio.  

 

 

 

Figure 27: Displacement contours of the landslide for present situation 

 

 

These different scenarios show that the larger deformations generally locate at the 

middle and toe part of the slope and deformation value near the surface of the 

landslide ranges from 7.20 mm to 9.90 mm (top to bottom) in the present case while 

it is in between 7.20 mm and 10.5 mm (top to bottom) for partially saturated and 

between 7.80 mm and 10.8 mm (top to bottom) for fully saturated model. Although 

these analyses performed to determine critical failure surface in terms of 
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deformation, the results will be compared with the field monitoring data in the 

following chapters. 

 

 

 

Figure 28: Displacement contours of the landslide for partially saturated condition 

 

 

 

Figure 29: Displacement contours of the landslide for the worst case scenerio  
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CHAPTER  4 

 

 

4. LANDSLIDE AND SLOPE MONITORING 

SYSTEM 

 

 

 
4.1 Introduction  

Although the history of optical fiber dates back to the 1700s with the invention of 

optical telegraph, it is being used in communication systems since 1977 (Al-Azzawi, 

2007). Today optical fiber systems have many different areas of usage ranging from 

telecommunication to structural health monitoring, from monitoring of petroleum 

and natural gas pipelines to early warning systems of engineering structures. Some 

examples of these are telecommunication services such as cable television, high-

speed internet, wireless transition, remote monitoring, surveillance; military 

application such as communication, command and control of ships and aircrafts, 

links for satellite ground stations; monitoring and sensing of engineering structures, 

gas and DNA sensors; lighting systems. Having such a large area of applications, 

requirements for fiber cables can be coated according to different requirements 

(temperature, chemicals or radiation resistant) to make them resistant to application 

environment. 

 

4.2 Optical Fibers 

An optical fiber is a transmission medium that conducts the light from cableôs one 

end to another in order to transfer it along a long distance. Optical fibers are thin 

cables composed of core and cladding, and their material is generally plastic or glass 

(silica). Fiber optic cables are made up of two main parts as core and cladding that 

covers the core. In addition to these two layers, a coating is coiled to protect the core 

and the cladding. Figure 30 shows the basic structure of an optical fiber cable. 
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Figure 30: Basic structure of fiber cable; a) core, b) cladding, c) coating (Modified from Hayes, 

2006). 

 

 

Lightôs transmission through a fiber is based on the Snellôs law (Snellius, 1621). 

Snellôs equation explaining the relation between index of refraction and incidence 

angle of light is given by Equation 1. Also, critical angle calculation is given by 

Equation 2. Critical angle is a parameter related to total internal reflection. As the 

index of refraction of the core is slightly higher than that of the cladding, light 

launched through the cable travels within the core. This phenomenon is called total 

internal reflection (TIR). Figure 31 represents the light traveling between two 

mediums and shows the structure of the total internal reflection. 
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Figure 31: Light travel  path possibilities between two medias (retrieved from 

http://farside.ph.utexas.edu/teaching/302l/lectures/node129.html) 

 

 

In order to obtain data through a fiber optic system, the fiber cable itself can be used 

or sensitive regions, namely sensors can be deployed within the cable with a certain 

interval for the desired application. Optical fiber sensors can be classified into three 

groups as point, distributed, and quasi-distributed sensors. Point sensors measure 

changes from certain points on fiber cable. Conversely, distributed sensors make 

measurements along the cable, so they are capable of representing distribution of 

spatial changes. These types of sensors use Raman and Brillouin scattering 

principles. Quasi-distributed sensors are somewhere between point and distributed 

sensors; in such a way that information comes from certain points on the cable but 

data acquisition occurs along the cable (Grattan et al., 2000). Selection of sensors 

depends on the parameter to be measured (deformation, temperature, moisture, etc.), 

utilized device, and desired measurement sensitivity. 
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4.2.1  Classifi cation of optical fibers 

Although optical fibers are classified generally into two main groups as multimode 

and single mode cables they can be classified according to their production material, 

structure, function and performance. 

 

According to the manufacturing materials, optical fibers can be classified generally 

as; silica fiber, compound glass fiber, plastic optical fiber, infrared fiber and crystal 

fiber. The most common materials used for fiber cable manufacturing are silica 

(SiO2) and composite glass fiber composed of silicate, phosphate and fluorite. 

According to their structure, fibers are divided into step-index fibers, graded index 

fibers (GRIN), double cladding fibers (DCF), photonic crystal fibers (PCF), 

polarization maintaining fibers (PMF) and large aperture fibers. According to the 

function and performance, fibers are grouped into two categories as single mode 

fiber (SMF) and multimode fiber (MMF) (Fang et al., 2012). A single mode fiber has 

a core diameter ranging from 4 Õm to 10 Õm and this core diameter is small when 

compared to the wavelength of light. Due to the small core diameter, light could 

travel only in a single path or mode within a single mode fiber. On the other hand, 

multimode fibers have larger core diameter ranging from 25 Õm to 150 Õm allowing 

light to travel in many paths or modes (Iten, 2011). 

 

4.2.2  Advantages of optical fibers 

Optical fibers have superiority over conventional methods in terms of several 

characteristics, namely easy and fast data transfer, small diameter, light weight, 

sensitivity to strain and temperature change, wide band range, resistance to 

environmental and electromagnetic effects, and low cost (Wang et al., 2008; Gupta, 

2012; Measures, 2001). 
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Powers (1997) gives the advantages of fiber optic as wide bandwidth, light weight 

and small size, immunity to electromagnetic interference, lack of electromagnetic 

interference crosstalk between channels, lack of sparking, compatibility with solid 

state sources, and low cost. 

 

Bandwidth is the measure of the frequency range width of a medium that depends on 

carrier frequency. Optical fibers have higher frequencies than other methods which 

make them superior. Bandwidth of a fiber cable can be of several THz and this 

allows transfer of data from many different sources, so that they are applicable to a 

wide range of fields. Fiber optics have small dimensions and low density that allow 

them to be light and small in size. This property is an advantage in field application 

especially when the considered length is long. These physical characteristics result in 

an ease of the transportation of the cable since it is possible to install the cable in 

smaller areas. Electromagnetic interference is a problem for data transfer and it is 

almost impossible to avoid in electric related features and applications. Optical fiber 

technology is immune to electromagnetic interference which is why they can be 

implemented anywhere without being affected from electromagnetism. Furthermore, 

optical fiber cables are applicable to hazardous areas as they do not spark. Due to 

this characteristic, they can be safely used for any application without changing the 

application route. This property of optical fiber cables allows them to be utilized in 

flammable and toxic gas environments. Optical fibers are compatible with modern 

electronic components as a result of their material and dimensions (Powers, 1997). 

The main superiority of the optical fibers are their capability to transport more data 

to in longer distances faster than any other medium (Hayes, 2006). Electromagnetic 

radiation does not affect optical fibers, thus allowing data transfer with smaller noise 

and error. Furthermore, unlike metallic conductors, utilization of fiber optics in the 

fields of sensor applications, medical applications, industrial applications, subject 

illumination, and image transport is possible (Hayes, 2006). 
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4.3 The Utilized Optical Fiber System 

Today, optical fiber systems are being used to monitor buildings, bridges, tunnels, 

dams, slopes, pipelines, gas tanks, and ships for detection of changes in acceleration, 

chemicals/gases, color, distance, force, humidity, magnetic/electric field, 

movement/displacement, linear and angular position, pressure, and radiation (Altuĵ, 

2007). It is possible to detect these changes as chemical and physical properties 

affecting the intensity, scattering and polarization of light traveling within the fiber. 

These measurements are achieved by analyzing the amplitude, frequency, phase and 

polarization of the backscattered light. 

 

Scattering is the dispersion and loss of incident light due to hitting any unexpected 

material such as irregularities caused from fiber production. There are three major 

scatter types concerning optical fibers; Rayleigh, Brillouin, and Raman. Rayleigh 

scattering is a linear scattering while Brillouin and Raman scatterings are nonlinear 

(Y¿cel et al., 2014). Rayleigh scattering is the result of very small irregularities 

within the fiber that have smaller dimensions than the wavelength of transmitted 

light. These irregularities show their effect in the refractive index as fluctuations. As 

a consequence, Rayleigh scattering occurs in almost all directions. Brillouin 

scattering could be identified as an interaction between acoustic wave and pumped 

wave. It is revealed as a result of the interaction of pumped light moving within the 

fiber and acoustic waves formed thermally and spontaneously. Raman scattering is 

the product of interaction between the light launched to fiber and molecular vibration 

modes of the medium. It could be described as scattering of light from phonons 

(Mafang, 2011). 

 

An optical fiber system is not composed of only fiber cables but it also contains a 

device that launches light into the cable and collects backscattered light and in some 

cases sensitive regions called sensors. There are several different types of devices 
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used with an optical fiber system. During this study, time domain reflectometry was 

used as a source and receiver. 

 

4.3.1 Optical fiber system util ized with OTDR 

Time domain reflectometry is a phenomenon based on a deformation on a cable due 

to any effect, and ground motion in the case of a landslide. The motion is determined 

by monitoring the pulsed lightôs backscattering time (Yan et al., 2010). An Optical 

Time Domain Reflectometer (OTDR) is one of these devices that is invented by 

Barnoski & Jensen (1976). Its purpose is to detect, locate and measure events at any 

location on a fiber array. An OTDR sends the light to cable and collects 

backscattered light. By using amplitude, the return time of backscattered light can be 

determined (Fang et al., 2012). An OTDR gives the location of reflection that 

corresponds to a change in a cable due to any effect in terms of decibel (dB). 

 

Decibel is a logarithmic unit and is used for the expression of the ratio of physical 

quantities. In the earlier years, power was measured in terms of milliwatts and loss 

was measured in decibels (dB). Over the years, dB started to be used for all 

measurements for convenience (Hayes, 2006). A decibel is a unit used for the 

comparison of power units and could be defined as the ratio of the input optical 

power to the output optical power (measured) for a certain wavelength. The number 

of decibels is defined with Equation 3 (Mohammed et al., 2013). 

 

 

 
 

(3) 
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As the equation implies, dB is a logarithmic scale and every10 dB represents 10 

times ratio. Therefore, 10 dB means a ratio of 10 times, 20 dB means a ratio of 100 

times, 30 dB means a ratio of 1000 times and so on (Hayes, 2006). 

 

4.3.2 Optical fiber system util ized with BOTDA 

A Brillo uin Optical Time Domain Analyzer (BOTDA) was the second device used in 

this study. It is again a distributed optical fiber sensor but it works with the Brillouin 

scattering principle. These systems are named as time domain systems as they use 

time interval between launched and backscattered light similar to the Optical Time 

Domain Reflectometer (OTDR) (Ohno et al., 2001). The main difference between 

the OTDR and the BOTDA is the adopted scattering principle, such that while the 

OTDR uses Rayleigh scattering the BOTDA uses Brillouin scattering. Brillouin 

scattering is a measure of a frequency shift caused from the difference between the 

launched and the backscattered light (Halley, 1987). The OTDR detects changes on 

the cable in terms of an energy loss (decibel loss), on the other hand, the BOTDA 

detects changes in terms of frequency (Thyagarajan and Ghatak, 2007). 

 

Brillouin Optical Time Domain Analyzer (BOTDA) requires two laser beams having 

opposite directions in a fiber cable layout. One of them is the light launched to the 

cable and the other is the backscattered light. When the frequency difference 

between these two laser beams equals the Brillouin frequency of the fiber, a peak 

forms on the result graph (Xiaofei et al., 2011). The working principle of the 

Brillouin based time domain analysis can be seen in Figure 32.  
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Figure 32: Measurement procedure of BOTDA taken from one of the experiments. The figure 

at the right  hand corner is taken from Ohno et al. (2001) 

 

 

Different from the OTDR, the BOTDA detects changes occurred within fiber array 

as a frequency shift and this difference is an advantage that will be explored and 

explained in the following sections. The BOTDA has advantages such as high 

precision, easy layout setting, strong anti-interference, and distributed mode (Shiqing 

and Qian, 2011). The BOTDA technology is preferred due to its high measurement 

precision, high measurement range and high spatial resolution in temperature and 

strain measurements. 

 

There are two types of Brillouin sensors: Brillouin optical time domain analyzer 

(BOTDA) and Brillouin optical time domain reflectometer (BOTDR). In BOTDA, a 

pulsed pump light is launched from one end of the fiber cable while a probe light is 

launched from the other end (Horiguchi et al., 1989). In BOTDR, on the other hand, 

a pulsed light is launched from one end and Brillouin backscattered light is observed 
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at the same end (Horiguchi et al., 1995). The device used during thesis study was a 

BOTDA which requires both ends of the cable for measurements. 

 

As mentioned before, the Brillouin frequency shift is related to the launched light 

and the acoustic wave. Equation 4 shows the Brillouin frequency shift calculation. 

 

 

  (4) 

 

 

where, n=refractive index 

Va= velocity of acoustic wave 

ɚ= wavelength of light 

and velocity of acoustic wave is formulated as given in Equation 5. 

 

 

  (5) 

 

 

where, E=Youngôs modulus 

ɟ= density of fiber 

k=Poissonôs ratio 
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The Brillouin frequency is affected from temperature and strain as acoustic wave 

velocity is related to the material density, and this effect is the result of the material 

density that is dependent on temperature (thermal expansion) and deformation 

(strain) (Iten, 2011). 

 

As the equations imply, the acoustic wave velocity, thereby Brillouin frequency is 

dependent on strain (Figure 33). If longitudinal strain, Ů, occurs in an optical fiber so 

does Brillouin frequency shift. This relation can be represented by Equation 6. 

 

 

 
 

(6) 

 

 

Therefore, the Brillouin frequency shift can be used to determine the change in strain 

(Ohno et al., 2001). 
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Figure 33: Brillouin frequency shift due to strain (Ohno et al., 2001) 

 

 

The BOTDA operates in a similar manner to the OTDR method, i.e., the BOTDA 

uses time domain analysis by observing backscattered light. As a result, any Z 

distance where scattered light is generated can be determined by the relation given in 

Equation 7. 

 

 

 
 

(7) 

 

 

where, c=light velocity 

T= time elapsed between launching and backscatter 

By using this equation, BOTDA detects the location of strain change. In addition, 

there is another important concept for accurate determination of location of change: 
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spatial resolution. Spatial resolution is a measure of accuracy of the location and can 

be formulized by Equation 8.  

 

 

  (8) 

 

 

where, Ű=pulse width. As can be seen from the equation, higher spatial resolution 

ensures higher accuracy (Ohno et al., 2001). 
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CHAPTER  5 

 

 

5. METHODOLOGY  

 

 

 
5.1 Introduction  

This study was initiated with the Techno-Initiative Capital Support Program of the 

Ministry of Science, Industry and Technology (Geolab Geotechnics, 2012) and 

continued with the Research and Development, Innovation and Industrial 

Application Support Program of the Republic of Turkey Small and Medium 

Enterprises Development Organization with the title of Risk Assessment, Monitoring 

and Early Warning System of Landslide and Slope Stability (HAMA Engineering, 

2014). During these experiments a fiber optic system using an Optical Time Domain 

Reflectometer that is based on energy loss was used. The OTDR system was very 

sensitive as a point sensor and it was sufficient for laboratory studies, however its 

field application was not satisfying due to several reasons. In order to overcome the 

limitations of the OTDR, a new system based on Brillouin frequency shift was used 

owing to the support of the National Earthquake Research Program (UDAP) of the 

Republic of Turkey, Prime Ministry Disaster and Emergency Management Authority 

(AFAD) (Project No: UDAP-¢-14-02). 

 

Consequently, as two different procedures were followed to establish the monitoring 

system, studies performed during this thesis are explained below under two main 

headings; as studies with the OTDR (Section 5.2) and studies with the BOTDA 

(Section 5.3).  
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5.2 The OTDR Monitor ing System 

The Optical fiber system used during the initial stage of this study was composed of 

optical fiber cables, sensor embedded to the cable and the OTDR. As previously 

explained, an OTDR is a device that sends a laser into the cable and collects 

backscattered light (Fang et al,, 2012). The OTDR detects the location of reflection 

(decibel loss) by using the amplitude and the backscattered lightôs arrival time. A 

JDSU MTS 6000 model OTDR was used in this study (Figure 34). 

 

 

 

Figure 34: Optical Time Domain Reflectometer (OTDR) 

 

 

As mentioned before, there are two cable types according to their function and 

performance, namely 1) single mode fiber (SMF) and 2) multimode fiber (MMF). 

Their core sizes differ and multimode cables have larger core diameters than single 

mode ones. Larger core enables transfer of light arriving with different angles while 
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single mode cables could only transfer light coming with a right angle. To compose 

the optical fiber system using OTDR, these two cable types were used together to 

form sensors. The sensors are the sensitive regions generated by splicing cables 

having different sizes and characteristics. Several combinations were tested and the 

optimum arrangement was found as placing a single mode fiber between two 

multimode fiber cables (Kelam et al., 2013). Figure 35 explains the structure of the 

sensor.  

 

 

 

Figure 35: Basic structure of the heterecore 

 

 

The logic behind the sensors is the mode difference in fiber cables where multimode 

cables have larger modes and higher core diameters than single mode fibers 

(Watanabe et al., 2000). Multimode cables can accommodate light coming with 

different angles as a result of their larger mode diameter while single mode cables 

transfer light with a right angle. Due to this diameter change, the light launched from 

the source (i.e., OTDR) travels through the multimode cable and some of the light is 

lost when it arrives to a sensor point as the fiber mode changes. This loss enables 

sensitive regions to be formed. 
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Figure 36: The utilized fusion splicer (Fujikura FSM 60S) to fuse two cables without signal loss 

 

 

During the fusion process, a Fujikura FSM 60S model fusion splicer (Figure 36) was 

used to splice the cables and also the Fujikura CT-30 model high precision cleaver 

(Figure 37) was used to cut the cables at a right angle in order to minimize extra 

losses which may originate from the sensor itself. 
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Figure 37: Cleaver used to cut the fiber cables properly 

 

 

During this study, several cable pairs were spliced and their sensitivities were 

analyzed in order to decide the most suitable cable pair. The OTDR shows changes 

in cable as decibel losses. Table 9 gives the decibel loss values of different cable 

pairs for certain displacements. In addition, graphs of given displacement values can 

be seen as Figure 38, Figure 39 and Figure 40. 
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Table 9: Losses of different cable pairs based on displacement 

Displacement 
Loss of Loss of Loss of 

62.5-G652D-62.5 62.5-DSF-62.5 62.5-NZDSF-62.5 

Initial 3,329 3,143 4,011 

1cm 3,866 3,980 4,827 

2cm 4,612 4,238 5,408 

3cm 5,522 4,620 5,780 

4cm 6,390 5,175 5,544 

5cm 7,127 5,315 6,084 

6cm 7,330 5,434 6,351 

7cm 7,623 5,336 6,481 

8cm 8,367 5,400 6,487 

9cm 7,789 5,377 6,516 

 

 

 

Figure 38: Energy loss and displacement relation for the cable pair of 62.5 and G652D 
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Figure 39: Energy loss and displacement relation for the cable pair of 62.5 and DSF 

 

 

 

Figure 40: Energy loss and displacement relation for the cable pair of 62.5 and NZDSF 

 

y = -39.869x2 + 578.11x + 3358.1 

RĮ = 0.9696 

0

1.000

2.000

3.000

4.000

5.000

6.000

0 2 4 6 8 10

E
n

e
rg

y
 L

o
s
s
 (

d
B

) 

Displacement (cm) 

Energy Loss With Changing Displacement 

62.5-DSF-62.5 

y = -22.851x2 + 431.87x + 4506.2 

RĮ = 0.9378 

0

1.000

2.000

3.000

4.000

5.000

6.000

7.000

0 2 4 6 8 10

E
n

e
rg

y
 L

o
s
s
 (

d
B

) 

Displacement (cm) 

Energy Loss With Changing Displacement 

62.5-NZDSF-62.5 



 70 

As Table.9 and Figure 38, Figure 39 and Figure 40 indicate the 62.5 and G652D 

fiber cable pair was the most sensitive one due to its higher loss that resulted from 

the same effect.  

 

After the cable pairs were selected, the system with heterecores was first tried in a 

laboratory scale prior to the field application. The aim was to check the system by 

implementing it into a small scale area. In addition, this step gave an opportunity to 

understand unexpected situations that could be encountered in the field. Laboratory 

studies conducted on a laboratory scale experimental set-up called landslide 

simulator has been designed for this study to represent an ordinary soil slope in order 

to observe the performance and reliability of the optical fiber sensors, to test their 

sensitivities and to calibrate the collected OTDR data by performing deformation 

measurements. A landslide simulator is basically a large container composed of two 

identical trays each having a length of 2 m and width of 3 m. The depth of the tray 

changes linearly between 0.2 to 0.4 m representing the toe and the scarp of a slope. 

Both of the trays had an inclination mechanism that gave an opportunity to study 

with either single or both trays. Figure 41 presents a sketch of one of these trays. The 

inclination mechanism of the trays is operated with a manual pulley hoist. The trays 

can be moved vertically to create an inclination of a desired angle up to 45Á to 

represent ideal mass movement conditions for the material used. The trays have a 

foot that holds the simulator 25 cm above the ground level. The base of the trays has 

three integrated barriers with a height of 20 mm to prevent any unexpected failure 

caused by material and tray interface. In addition, the side panels were designed with 

small holes on them to facilitate deployment of the optical fiber cables and their 

connections to the measurement device. 

 

 



 71 

 

Figure 41: Representative sketch of laboratory experimental set-up. a) soil barrier having a 

height of 20 mm, b) soil-model interface, c) optical fiber cable holes, d) chain hoist to lift the 

model up and down in a controlled fashion, e) model feet for balancing, f) stopper to control 

mass movement 

 

 

In order to study with laboratory landslide simulator the tray was filled with sand 

material and the sieve analysis results of the sand used are presented by Table 10 and 

Figure 42. 
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Table 10: Sieve analysis data 

Test sieve 
Mass 

retained 

(g) 

Cumulative 

mass retained 

(g) 

Cumulative 

% retained 

Cumulative 

% passing 

ASTM 

Sieves 

Sieve Size 

(mm) 

No.4 4.750 23 23 4.637096774 95.36290323 

No.10 2.000 175 198 39.91935484 60.08064516 

No.20 0.850 138 336 67.74193548 32.25806452 

No.40 0.425 73 409 82.45967742 17.54032258 

No.60 0.250 46 455 91.73387097 8.266129032 

No.140 0.106 34 489 98.58870968 1.411290323 

No.200 0.075 4 493 99.39516129 0.60483871 

Pan 3 496 100 0 

 

 

 

Figure 42: Sieve analysis result for the sand used 
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From the sieve analysis, D60, D30, and D10 values were calculated as 1.871, 0.750, 

and 0.269, respectively. By using these data, the coefficient of uniformity and the 

coefficient of curvature were calculated by using Equation 9 and Equation 10. 

 

 

 
 

(9) 

 

 

 
 

(10) 

 

As a consequence, the sand is classified according to unified soil classification 

system (USCS) as well graded sand, gravelly sands with little or no fines (SW). The 

USCS table is given in Appendix D. 

 

Figure 43 and Figure 44 show the landslide simulator before and after movement 

based on inclination, respectively.  
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Figure 43: OTDR sytem measurement in landslide simulator before a movement based on 

inclination  

 

 

 

Figure 44: OTDR sytem measurement in landslide simulator after a small movement based on 

incination 
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Laboratory tests showed that the OTDR system is a sensitive and useful system for 

laboratory scale measurements. After the laboratory experiments were completed the 

aim was to implement the system to a landslide area. However, this aim could not be 

accomplished with the OTDR and this fiber optic setup due to the fragile structure of 

heterecores and the limited number of usable heterocores as a result of high energy 

loss. The laboratory test with the OTDR, on the other hand, allows finding a relation 

between the energy loss and displacement (Equation 11). 

 

 

  (11) 

 

 

Since the system constructed with the OTDR efficiently responses to the 

displacements occurred in a short distance that can be scanned by using three 

heterocore sensors, it is obvious that application of this monitoring system in large 

scale landslides is not that suitable because as shown in the table, even a single 

heterocore sensor reacts to a 1 cm displacement with a 3dB loss which indicates a 

power loss around 50%. It means that after the system senses a 3
rd

 displacement, the 

maximum remaining power is around 10% of the initial one. That is why the device 

has had problems in taking measurements after the 3
rd

 point and sensed the fourth 

point as the cable end (Arslan et al., 2014). This problem could be resolved by 

combining optical amplifiers to the sensors but that wouldnôt be a cost effective 

solution. 

 

Because of this problem it was realized that to monitor a large scale area, the system 

utilized should be loss-independent which means that it should use a different 

parameter than the intensity of the light. All these facts directed the project to 

construct a new system by using BOTDA which enables to detect absolute and 
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relative strains along an entire cable free of power loss by observing frequency shifts 

which will be given in detail in the following titles. 

 

5.3 The BOTDA Monitor ing System 

It is possible to reach displacement results by using the OTDR by the correlation of 

the decibel losses recorded in a laboratory environment by the aid of a sensitivity 

analysis (Kelam et al., 2013). Unfortunately, the dB loss logic behind the OTDR 

makes its usage difficult in field applications as the power of light decreases with 

every loss. These disadvantages make calibration of the OTDR results complicated 

and less accurate. To overcome such negative effects and to increase efficiency and 

accuracy, Brillouin-OTDR (BOTDA) systems that detect strain and temperature 

changes have started to be used as an alternative (Wu et al., 2002). 

 

The BOTDA requires two laser beams having opposite directions in a fiber cable 

layout. One of them is light launched to the cable and the other is backscattered light. 

A peak point manifests itself on the resulting measurement graph when the 

frequency difference between these two lasers coincides to the Brillouin frequency 

of a fiber  (Xiaofei et al., 2011). 

 

The strain and temperature changes cause the peak point to form in a different 

position than that of its former position. This change is observed as a frequency shift 

of the peak point. The BOTDA system is capable of acquiring measurements along a 

long fiber layout with a high accuracy. Due to this advantage, in addition to strain 

measurement, BOTDA can be used for monitoring of deformation in engineering 

structures (Xiaofei et al., 2011; Yin et al., 2010). 

 

Studies were conducted with a Distributed Strain and Temperature Sensor (DSTS) 

device manufactured by OZ Optics, Ltd. Similar to the OTDR system studies, the 

BOTDA experiments were initiated in a laboratory environment with sensitivity 

measurements. As a result of these initial experiments, the relationship between 
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displacement and strain that is presented in Table 11. Based on the relation given in 

the table third order polynomial equation is proposed in Figure 45. 

 

 

Table 11: Displacement and strain relation  

Displacement (cm) Microstrain  

6 78.27 

8 219.49 

10 219.50 

12 282.77 

14 282.73 

17 379.69 

20 628.43 

22 843.44 

 

 

 

Figure 45: Strain changing with respect to displacement 
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After acquiring this calibration relationship, studies on the landslide simulator were 

initiated. Figure 46 and Figure 47 show before and after condition of the experiment, 

respectively. 

 

 

 

Figure 46: Initial state of the BOTDA system on the laboratory simulator before sliding 

 

 

 

Figure 47: Appearance of the BOTDA system after given inclination after sliding 
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As can be observed from the figures, mass movement occurred and the resultant 

strain was recorded by the BOTDA. Figure 48 shows the results acquired at the end 

of the experiment where the graph gives the strain resulting from slopes with varying 

inclination. Blue line represents initial strain present on fiber cable and red, green 

and yellow lines represents the strain conditions when the landslide simulator 

inclined to 10ϲ, 20ϲ and 30ϲΦ 

 

 

 

Figure 48: Microstrains formed due to changing inclination of the landslide simulator (red line 

represents the measurement taken at 10Á inclination, green represents 20Á and yellow represents 

30Á inclination). 

 

 

5.4 Field Application of the Monitor ing System 

Field application of the system was implemented at the landslide region that is 

located in the Bah­ecik Settlement Area of Baĸiskele District, Kocaeli Province, 
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Turkey. The landslide in question is in a valley created by the Sarēlēk Stream and in 

its crown area there exists a two storey house which was evacuated. To monitor this 

slope, a fiber cable system starting from a point behind the crown was used. The 

cable system encircles the landslide, and then comes back to the starting point. In 

order to monitor shallow movements occurring on the slope, wooden stakes with a 

length of 2 m are used. Initially, the wooden stakes were driven 1 m on and around 

the failure surface. After that, the optical fiber cables were coiled around these 

anchored wooden stakes. During the construction of network between the stakes the 

optical fiber cable was deployed below 10 cm of the ground surface (Figure 49). 

 

 

 

Figure 49: Close up view showing fixing of the cable on a wooden pole 
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Figure 50: A view of opening stage of guidance channels 

 

 

Figure 50 shows the implementation procedure of the fiber cable between the two 

wooden poles. The cables were installed by opening guidance channels. Figure 51 

and Figure 52 show the final configuration of the deployed system in the field. 

Figure 53 gives the appearance of the read out unit of the system in the container 

cabin. 
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Figure 51: Layout of the deployed fiber cables and fixing points (from toe to scarp) 

 

 

 

Figure 52: Layout of the deployed fiber cables and fixing points (from scarp to toe) 
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A total of 15 stakes were used and the cable fixed to these poles covers the cable 

length between 2005 and 2056 meters. The stakes were tried to be deployed as 

equally spaced as possible. These stake locations were decided based on the 

deformation analysis explained and given in slope stability chapter (Chapter 3.5) in 

order to find the most critical region where the largest mass movement can occur 

(Figure 54). 

 

 

 

Figure 53: The monitoring unit of the field set up in the container 
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Figure 54: Landslide geometry shown together with deformation contours and cable fixing 

points 

 

 

After the system was deployed, a base measurement was taken and the system was 

initialized to monitor the slope. Figure 55 gives the measurement of the entire cable 

length while Figure 56 shows the region where the cable was deployed into the 

landslide. In Figure 55 and Figure 56 letters A and B are the markers representing 

the borders of the deployed length. The optical fiber cable used for field application 

can be seen in Appendix E. 

 



 85 

 

Figure 55: Baseline measurement of the whole cable 

 

 

 

Figure 56: A close up view of the related portion of the cable along with  the representative daily 

measurements taken during three days 
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Table 12 gives the microstrain results reached by the measurements performed in the 

field. The corresponding part of the cable is between the markers A and B as shown 

in the graph and the displacement results were obtained by the end of a three day 

monitoring in the field.  

 

 

Table 12: Microstrain results gathered from field monitoring and corresponding displacements 

Measurement 

Location 

Displacement 

(cm)  
Microstrain  

2020.51 m 

0.84 -530.42 

0.83 -532.3 

0.59 -580.21 

2042.57 m 

0.90 -519.16 

0.68 -561.017 

0.62 -572.72 

2046-2053 m 

0.87 -524.77 

0.85 -526.651 

0.71 -555.21 

 

 

According to the deformation measurements obtained at the initial stage of the 

monitoring in Bah­ecik Landslide, it is difficult to reach a concrete result such a 

short period of time. When the results of the numerical analysis and recorded strains 

are compared, it can be said that the field test results are relatively consistent with 

the numerical analysis results. However, it should be noted that the main reason of 

the deformation analysis is to detect the most critical failure surface area of the slope 

to determine the field monitoring boundaries and to test different groundwater level 

conditions that can be encountered during the field applications. As natural, the 

strain measurement obtained by BOTDA gives relatively lower strain than the 

deformation analysis. This may be a result of the emplacement time required for the 

cable to settle after the system was deployed. Therefore, in order to come up with 
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firm results, sensitivity analysis should be continued in the field and the monitoring 

should be implemented for a longer period such as 3 or 5 months. 
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CHAPTER  6 

 

 

6. DISCUSSION AND CONCLUSIONS  

 

 

 

The main aim of the thesis study is to construct an early warning system by using 

optical fiber technology. Optical fiber systems were preferred because of their 

advantages over other methods like small size, wide bandwidth, immunity to 

electromagnetic interference, resistance to environmental conditions, easy data 

transfer, low cost, and real time monitoring. Although, the adopted technology has 

not been used as an early warning system yet, the conducted laboratory and field 

experiments show that it is capable of determining any type of mass movement. 

 

At the initial stages of the study which had started with the Techno-Initiative Capital 

Support Program of Ministry of Science, Industry and Technology and continued 

with Research and Development, Innovation and Industrial Application Support 

Program of Republic of Turkey Small and Medium Enterprises Development 

Organization supports, an optical fiber system using the OTDR as a measurement 

device was used with bare fibers. The experiment with the OTDR system led to 

determine the sensor generation stage, test stage of its usefulness in the laboratory 

and the field implementation stage. The sensors were generated and the system was 

tested in laboratory scale by using a landslide simulation model having an inclination 

mechanism designed to represent a slope. 

 

The system utilized with the OTDR was very sensitive as a point sensor and it was 

capable of measuring the strain in terms of centimeters. Although the system was 

sufficient for laboratory studies, it was not applicable to the field as power loss based 
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measurement caused only three sensors to be used. In order to overcome the 

limitations of the OTDR, a new system based on the Brillouin frequency shift was 

used by the support of the National Earthquake Research Program (UDAP) of 

Republic of Turkey, Prime Ministry Disaster and Emergency Management Authority 

(AFAD). By the BOTDA system, the same procedure was followed. First, the 

system was tested in the laboratory simulator and then applied to field study. 

Laboratory studies performed led to a conclusion that the system was suitable for a 

landslide monitoring study and measurements resulted with a nonlinear relation 

between the strain and displacement. Following the laboratory scale studies, the 

system was applied to a landslide region in the Kocaeli Province, Baĸiskele District, 

Bah­ecik Settlement Area. This area was selected, because of its critical situation in 

terms of landslide risk. In 2010, a landslide occurred and the region was announced 

as a hazard prone area by the Republic of Turkey Prime Ministry Disaster and 

Emergency Management Authority (AFAD) as the landslide was threatening a house 

that was located in the crown area. The BOTDA monitoring system was 

implemented to the landslide by deploying optical fiber cables with the help of fixing 

points and measurements were collected for few days. 

 

The study area is located in a valley that lies within the stream bed of the Sarēlēk 

stream that is situated in a shear zone and the field observations showed that the 

units present in the area is the Paleocene-Eocene aged Ķncebel formation composed 

of sandstone-siltstone-marl alternation. The engineering geological assessment of the 

region was made by a field discontinuity scan-line survey and engineering geological 

boring logs. According to obtained field data, the formation is classified as very poor 

rock mass having soil-like lithology characteristics and it was highly weathered. The 

GSI rock mass classification system was used to reach the rock mass parameters 

required for the deformation analysis. 

In order to understand the triggering mechanism of the landslide, initially, the 

seismic activity around the study area was examined and it was concluded that there 

has not been any important seismic activity that was capable of triggering the 
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landslide. After this information, the Turkish State Meteorological Service database 

revealed that in December, 2010 there was a drastic increase in the rainfall 

precipitation values at Kocaeli. The average precipitation was 124.5 mm for 

December, 2010 while the average of the December precipitation was 108 mm. In 

addition, the precipitation reached a peak value with a daily precipitation of 28.4 mm 

on December 10, 2010 which might have been the triggering mechanism of the 

landslide. 

 

The displacements take place in a small scale laboratory landslide simulator is rather 

obvious; however this is not the case for field application. Therefore, slope stability 

analyses were conducted.For this particular objective, a back analysis was 

implemented to reach the mobilized shear strength parameters of the moved mass by 

using three profiles. The back analysis was implemented by considering saturated 

condition at the time of failure and the surcharge of the houses that are located at the 

crown of the landslide. Then, the landslide was modeled based on deformation 

analysis via the finite element method to compute the displacements. The main 

purpose of applying finite element solution was to understand deformation 

characteristics of the field and to locate the place where the most deformation might 

occur. Accordinly, the monitoring system was deployed to the region to monitor the 

slope movement determined by deformation analysis. Another aim of the finite 

element solution was to evaluate the effect of grounwater level that can possibly be 

changed the stability results during the field monitoring study.  

 

These results showed that the displacement values calculated were in fairly well 

agreement with those obtained through field monitoring within a small period of 

time. Although the field measurements performed was the preliminary study and the 

area should be monitored for a longer time period to reach the conclusive 

deformation results, the limited data measured in the study area was quite 

reasonable. The optical fiber monitoring system detected a displacement interval of 
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0.59-0.90 cm and the deformation analysis gave displacement values between 0.72-

0.99 cm. 

 

  



 93 

CHAPTER  7 

 

 

7. RECOMMENDATIONS  

 

 

 

This thesis study demonstrated that the optical fiber system is a reasonable tool as a 

landslide monitoring. At the end of the thesis, the monitoring result that is suitably 

compare with the deformation analysis was obtained. Also, calculated deformation 

results will be useful to understand anticipated excessive precipitation conditions in 

the future for the monitoring study. As mentioned previously, this study will 

continue to characterize slope movement through monitoring for a prolonged period 

of time as needed. 

 

During the study period, preliminary results were gathered from the monitoring. 

Besides, deformation analysis conducted to locate the most critical failure surface in 

the study area. Results obtained from the both analysis present similar results but 

may not be representative as cables require an emplacement time to settle after the 

system was deployed. Therefore, in order to come up with firm results, sensitivity 

analysis should be continued in the field and the monitoring results should be 

implemented for a longer period of time. In addition, groundwater level on the 

region should be monitored as the landslided has triggered by precipitation of 

rainfall. For this purpose, a few piozometers might be deployed in the study area to 

control the results. In this period, deformation analysis will be detailed and 

monitoring system will be converted to an early warning system by asigning treshold 

displacement values to the system and controlling it with a GPRS system for 

remotely access monitoring or any other system that can replace it. 
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APPENDIX A  

 

 

DAILY PRECIPITATION GRAPHS OF KOCAELI 

FOR DECEMBER, 2010 

 

 

 

 

Figure A 1: Precipitation graph of December 5, 2010 
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Figure A 2: Precipitation graph of December 10, 2010 

 

Figure A 3: Precipitation graph of December 11, 2010 
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Figure A 4: Precipitation graph of December 12, 2010 

 

Figure A 5: Precipitation graph of December 13, 2010 
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Figure A 6: Precipitation graph of December 14, 2010 

 

Figure A 7: Precipitation graph of December 16, 2010 
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Figure A 8: Precipitation graph of December 17, 2010 

 

Figure A 9: Precipitation graph of December 19, 2010 
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Figure A 10: Precipitation graph of December 26, 2010 

 

Figure A 11: Precipitation graph of December 27, 2010 
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Figure A 12: Precipitation graph of December 28, 2010 

 

Figure A 13: Precipitation graph of December 29, 2010 

Hours 

Hours 

P
re

c
ip

it
a
ti
o
n

 (
m

m
) 

P
re

c
ip

it
a
ti
o
n

 (
m

m
) 



 110 

  



 111 

APPENDIX B 

 

 

BOREHOLE LOGS  
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