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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 . Hal uk Ak

August2015,134 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 systenwas preferred due tats superiority in field conditions and

continuous data measurement capapilit

Two different optical fiber systems, namgilye Optical Time Domain Reflectometer
(OTDR) and the Brillouin Optical Time Domain Analyzer (BOTDA) were
experimented with alternative fiber cables and their competsasinvestigatedor

a real case |l andslide | ocated in a hazar
Kocaeli Province. Before the field experiment, the systems were tested first in
laboratory scale. For the laboratory studies, a landslide simulatiosl thading an
inclination mechanism designed to represent a slope was used. After these
experiments, their applicability in thBeld or for a real case was conducted.
Experiments revealed that the OTDR allows sensitive measurement in laboratory
scale but $ 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 frothe optical fiber system were gathered, it was
necessary to compare these results with the displacertieiteccurred on the

studied mass. The displacements that take place in a small scale laboratory landslide



simulator are ratheobvious; however this isnot the case for field application.
Therefore, slope stabilitpnalyses wereonducted in order to compare the strain
results collected from fiber cables with displacements on the movedimasder to
accomplish thisobjective, a back analysis study svémplemented to reach the
mobilized shear strength parameters of the moved mastliaing three profiles.
Then, the landslide was modeled based on deformation analysis via the finite
element method to compute the displacemenhte critical region whin circular
failure. The main purpose of the finite element analysis was to determine the most
critical part of thefailure region andto examine the sensitivity of the study by
locating theoptical fiber systemat this region Thus, the reliability of ield results

can be better understood. In conclusiamie element modellingesults showed that

the displacement values calculatedmodellingwere in good agreement with those
obtained through field monitoringith BOTDA.

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

Sl ope Stability, Bah-eci k Landsl i de, Kocael
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¥Z

HEYELAN VE KEV DURAYSI ZLI JI ERKEN UYAR
OLUKTURULMASI NDA FKBER OPTKK TEKNOLOJKSK

Arslan, Arzu
Yé¢éksek Lisanss|l UOpol B ¢ M¢ghendi
Tez Y°neticisi: Prof . Dr . Hal uk

AJ u s201%,434 sayfa

Bu -al ékmanén amacé, kayma tipi ve |litol
hareketl er. i -in bir erken uyareée sistemi
I -ibnerfiopti k sistemler arazi kokul |l ar énd:
°zelli kleri sebebiyle tercih edilmikktir.
¢al ékmal ar sérasénda, iki farkleée fiber o

(OTDR-Optical Time Domain Reflectometer) ve Briliom Opti k Zaman
¢°z¢ml eyi c-Bri(lB@Tub An Optical Ti me Domai n
alternati f fiber kabl ol ait én Bab- ¢+ kmMseVk

bul unan ve afete maruz bl ge il an ediln
Ssénanméext er . Saha -al ékmase °ncesinde
-al ékéel mekt ér . Laboratuvar -al ékmal ar & ¢
durayseéez bir Kevi t emsi | edebi | emlarek KkKek
heyelan simulasyon modeli kull anél mékter
tegi t edil di kt en sonra sistemin heyel an
bakl anmexkt ér . ¢tal ékmal ar | aboratuvar ° |
al énabi |l emieqtiinr, gfskaetr si stem enerji kay
uygul amasé i-in yeterl:]| ol madejée tesbit
kaybeée dejil,, frekans kaymasé ile belirle
tercih edil miktir.
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Fiberoptik sistemi | e ©°1| - ¢ml er yapél déktan sonra el de

k¢t e hareket. sonucunda ol ukan depl as mat
gerekmektedir. Laboratuvar °| -ejinde yapel ar
dejerlerida-bkl brterekil mektedir, fakat duru
i-in b°yle a-ek dejildir. Bu sebepl e, fibe
dejerl eri il e meydana gelen depl asmanl arén |

il e m¢gmke¢en onl mu-it ru,iooybnddy dnlz a g -profikden geriye

d°ng¢k -%z¢ml eme yapél ar ak kay ma anénda ma |
dayanéemé par amet Dahh sanrasonea heyelangogll edant € r .

y © ntile modellenerekd ai r e s el k a kritkabr® é ng e d deglasijak i

dejerl eri .ISeoxnd pl aennneéxatnéry ®° nt e mi uygul anmasén

en - ok @&ap Ibaeskirigroldn b °i llegnebelirlenmesive fiber optk

sstemn bel irl enenere par l ekkge i-lal ékmainiar én hasa:
arackt erBlsapadsmé @aeti de yapél acak -z:adrek-madragrdan ¢
geveni b ir g daShoanuir yibkamih & né inadebaEmiet nedra.

- al e k malde adilezdeforlhasyors onuat areéde fi ber optik yo°nt
edil en izl eme/ g°zl eml e me syomiw -oldle kF @y € a kar K

anl akél maktadeéer

Anahtar Kelimeler: FibeOptik Sistemi, Heyelarkleme, ErkerlJy a & és t e mi kev
St abiliteHdyelBamhe,ecHd&kcael.
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CHAPTER 1

INTRODUCTION

1.1 Purposeand 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; G° k- e
Ministry Disaster and Emergency Management Authority (AFAD) have conducted a
study in terms of the number of affected settlements, nuaflmacurrences, number

of events that caused evacuation, and the number of people evacuated for several
hazards between thears 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 disestgiggered 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 countriesratdhe 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 daentm 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 occurredin Turkey between 19562008and their results( G° k - e et

Number of Number of Events| Number of
Number of
Hazards Affected That Have Ledto| People
Occurrence )
Settlements Evacuation Evacuated
_ 63969
Landslide 4161 (%34.18) 12794 (%42.63) 6347
(%25.40)
20836
Rock Fall 899(%7.38) 2769 (%9.23) 1367
(%8.26)
26081
Flood 1861 (%15.23) 3873 (%12.91) 2249
(%10.36)
106838
Earthquake 2952 (%24.25) 5267 (%17.55) 4807
(%42.42)
8200
Others 665 (%5.46) 1076 (%3.59) 658
(%3.25)
Snhow 4112
207 (%1.7) 670 (%2.23) 292
Avalanches (%1.63)
Multiple 19102
2967 (%6.89) 1058
Hazards (%7.57)
1427 (%11.73)
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

2



instabilites and they have their advantages and disadvantages. Inclinometers,
titmeters, extensometers, ground based LIDAR, satellite images, and air
photography are examples of techniques used for landslide monitoring (Savvaidis,
2003; Pei et al., 2011). Rathéran 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 sttaand 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 usagglinwarning systems

of landslides is a fairly new concept (Akzawi, 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
resultscollected 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 systms 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 lanit# simulation model having an inclination mechanism
designed to represent a slope was used. Field application of the system was
performed in a | andslide hazard prone re
Kocaeli Province. The region is locatedlime south of the city where the topography

iS mountainous.

1.2 The Study Area

The study area is | ocated within the bor

Bah-eci k Settl ement Ar e a. The | ocati on m:



Kocaeli islocated 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 machinmdustries. Kocaeli is bounded by the Black Sea and
Kstanbul from the north, Sakar yaanbtilr om t he

and Yalova from the west.

[ 9K 2
'\/‘}K@\am.zu}:oqe‘} A
.

Figure 1: Location map of the studyarea (Google Inc., 201%

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

economy, geographical position and popul ati
Kocaeli does not rank first in terms of the number of the landslides that have

occurred todate. 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 déndslide hazard and risk.

North Anatolian Fault System (NAF$ a right lateral strike slip fault that has a
length of 1500 km andeparateénatolian Plate located at South fratarasiaPlate
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located at NorthiKocaeli is one of the cities that affecté@m this fault system.
Therefore,earthquakes should be considered amagor triggering mechanism for
landslidesoccurred in KocaeliDistribution of landslides occurred around the study
area and faults present can be seen in the FRjérecording to Duman et al. (2006)
landslides reactivateca f t e r 1999 Kz mi t earthquake

distribution together with shallow landslidesmed.

According to the Republic of Turkey Prime Ministry Disaster and Emergency
Management Authort (AFAD) database, the reported landslides that have occurred
between the years 1960 and 2006 in Kocaeli is giveralsle 2on a district basis.

The numbers given may be uncertain since the table was prepared according to the
reported eveRdd®. (G°k-e et al
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Table 2: List of the landslides occurredin Kocaeli between19662006 gathered from AFAD

database( G° k- e et al ., 2008)

Province District Number of Landslides
Gebze 12
Merkez 37
G° | cg¢ 12
Kocaeli Kande !
Kar amyg 28
Kerfe 2
Yar eém 4
Total Number of Landslides 96

The study area is |l ocated at the border

present in Table 2 since it was founded2D08, but it lies within the borders of

Merkez where most of the landslides have occurred.

Landslides can be triggered by tméeinse 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 addgmamic activityshould

be considered due 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 th® AFA9.02.2013 because

the landslide was threatening a house that was locatecchown aregFigure 3).



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,
respectivelyField observations and measurements showedlibamdass movement
located at thestudy area has a width 820 mandheight of 40m.



Google-earth

Google earth

Figure 4: Appearance of the study areadated ona) 11.04.2009(before), b) 05.08.2011after), c)
07.05.2015after).



1.3 Physiography

The catchment basin of tleet udy area trapped by the Gulf o
Sakarya River is formed by the plateaus with varying topographic heights. This area

is geomorphologically differentiated from the Kocaeli Peninsula by the important
topographic height(d4126c¢cim) as DNamehke¢ 702 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 abunalaethese 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 unti.|l they reach G°l c¢gktsand Makuk

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

G°l c¢k is generally observed as a typical hi
preseat around Karam¢grsel, Erejli and Yal édej i

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

areas. On the eastern part, t he coast bet we
gul f ddrmskrzafignment 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 Uranization Directorate, 2011).

1.3.1 Climate

Kocael i has a mild climate along the <coasts
harsh climate at mountainous regions. It can be said that Kocaeli has a transition

climate between Mediterranean climate and Black 8emt. 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 | ast 64 yeamwshan s 15.
average temperature of 6. 3AC and July
t emper at ur e avdrage2valued & @mperature, sunshine duration, rainy
days and precipitation is given in Table 3 on a monthly basis. In addition, the

average ranthly temperature and precipitation are presented in Figure 5.

Table 3: Average values of temperature, sunshine duration, and precipitatiodata in Kocaeli
forthe 19502014 period(Turkish State Meteorological Service 2014).

9 ~ 9 ~ 9~ - 0 c

Value fi'f’%ﬁ %5‘32 %ggi %é% %’g E%E‘E

e27 g22 2227 828 22 Eent

Month < g T E - g <ps5 TZ| =1+
[ [ [ A al
January 6.3 9.7 3.3 2.3 17.6 93.2
February 6.7 10.7 35 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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Monthly Average Precipitation and Temperature
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Figure 5: Monthly average precipitation and temperature values of Kocaeli between the years
19502014 (Turkish State Meteorological Service2014)

The annual precipitation distribution of Kocaeli for the years between 1981 afid 201

is shown in Figure 6. Accordingly, the average annual precipitation is 799.5 mm.
The annual precipitation data shows that Kocaelirbasived 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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Annual Areal Precipitation

1100 +

Precipitation (mm)

s=a Precipitation = Average (1981-2010): 799.5 mm

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 Januaryln 2010, the December precipitation of Kocaeli was measured as 124.5
mm which wasdrastically more than the average value of 108 mm. The daily
precipitation data obtained from the Turkish State Meteorological Service database
shows that thirteen days &fecember 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

GEOLOGICAL SETTING AND ENGINEERI NG
GEOLOGICAL ASSESSMENT OF THE STUDY
AREA

2.1 Introduction

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 SystenfNAFS)by t he gul f of Kzmit which is a
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 peninsulatoéh sout h and the gqgulf of Kz

Environment and Urbanization Directorate, 2011).

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

them is the Kocael: Peninsul a &aaeli ai ni n
Triassic units that are | ocated at the n
and G°r ¢r (1983) t he KocaelMoesimatiorrms ul a

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

Kocael i is |l ocated on the tectonic assem
the Kstanbul and Kocael:/ Peninsulas whi c|
the gulf of Kzmit is | ocated on the east

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 th&ocaeli Peninsula vary between Ordoviciam &uaternary

(Gedik et al., 200pand the units of the Armutlu Peninsula are found in the age
interval of Triassic to Quaternary and dominated by ophiolites and metamorphic
uni t s (G°nce¢go] |l u e nho chahce ,to olksBrd64a) contintity,e r e
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
Perman-Triassic aged allochthonous units, Late Cretacémeene aged semi
autochthonous units, and OligoceMecene and PliocerQuaternary aged
autochthonous unit€Gedik et. al.,2005) There are two Paleozoic aged sequences
and three Permiairiassic segences 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 sedineion and have located in their place as
tectonic slices with transgressive Permiarassic units on them. At the Western
Pontdes, the age of this placement should be older than Late Jurassic as there are
Late JurassiMiddle Eocene aged units that restconformably 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 NMhatolia and composes the western part of the
Pontides. The peninsula is boreérwith two main branches of NAFS and it is
approximately located on Mesozoic aged kRa@ntide Suture. There are several
different units representing the formations starting from Paleozoic outcropped within

the borders of Armutlu Peninsula. Precambifizmly Paleozoic aged Pamukova
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Metamorphics compose the basement of the region. Sedimentary and volcano
sedi mentary wunits that cover the basemen
Late Paloecen®li ddl e Eocene aged Kncebel suFor mat
For mati on. Féstéekle Granodiorite settl ed
Mi ocene aged Kel é- FEarty nPioteneo aged Yhlakteee Mi 0 ¢
Formation, Pleistocene aged marine platform sediments and Quaternary alluviums
(Akartuna¢e¢dpPled8, BGIN0). These formations
geological units. One of them is p@&anomanian metamorphic basement that made

up of Pamukova Metamorphics and Kzni k Me
nonmetamorphic cover with a discortious CenomaniaRliocene stratigraphic
column. ( G° nc ¢ drigdreur steows. genaralizegegidnal@alogical

map of thestudyarea and its surroundings.
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Figure 7: Regional geology map of studyarea (Modified from Gedik et. al., 2003
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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 degribejeake zone where

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

N
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2nd Degree

3rd Degree

4th Degree

[0 5thDegree
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———  Active Faults [MTA, 1932}
.—.— Roads
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—— District Boundary

—— Province Boundary i Sapanca

i A Km
- [—
EARTHQUAKE RESEARCH CENTER, ANKARA

Figure 8: Map showing seismic zonation for KocaeliEarthquake Research Center, 1996

The NAFS is one of the major tectonic structures of Turkey that disconnect the
EurasiaPlate thatis locatedat the north from the AnatoliaRlate that is locatedt

the south and has a length of 1500 km. The NAFS is a right lateral-gipkiault
system. Kocaeli and thereby the study area is lodgatdee NAFS. This fault system

has created a 12045 km surface rupture as the result of the August 17, 1999
Kocaeliearthquake 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, 2003arris et al., 2002; Duman et al., 2005, Emre et al.,

2011). Anotheseismic source around Kocaeli is the fault zone created on November
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12, 1999, namel vy, the D¢zce earthquake
zone has a length of 30 to 45 km (Duman et al., 2005). In addition, there is another
seismic source creatéy theAbant (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 anthtopek, 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) tbairced near the
study area continues between the Abant
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

alongthe NAFS( Cambazojlu, 2012).

2.2.1 Local geology

The units

that outcrop in and around the st

formations. As a consequencenly the details of the characteristics of these

formations will be explained.

The Sareéesu
in the middle part of

agglomerateT h e

f o o-sedimantargequesce that iy aprinngoalyhobserved
the Armutlu Peninsula. It is composed of andesitic lava and

seqguence is found most typically

outcrops as a northeasbuthwest oriented line that divides the peninsula into two

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

development procesd the volcanism. The formation generally starts with BH05m

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.dstone 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 agenirally 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 alternatitim 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 @icanic 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 dykbsit are observed especially in the upper levels.
Basalts have augite and plagioclase and appear to befrasbrthan andesite.

The Sarésu formation is | ocated on met a
conglomerate, and has a tuff and sandstohet er nat i on at iits cont
flysch. Limestone and sandstone specimens located at the lowest level of the
volcanic sequence and metamorphic unconformity shows that the sequence

developed starting from Lutetiakrendil et. al. 1991).

T h excebiel Formation is a PaleocelBecene aged formation seen generally at the

south of Karam¢gr sel . The formation uncor
and for ms a 3000 m thick sequence I n t
nort hwest . Ttoestakswaitheabashl cohglomenae 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 Kncebel f
flysch sequence of sandstone,dstone, marl, and conglomerate. However, it can

contain volcanidithologies namely light colored tuffs and andesitic agglomerate in

the upper parts ofthe sequenceDue to the presence of this volcanic level, the

Kncebel formationiins al heempt eoad wi 6 hotbher S
(G°nc¢gojlu et al., 1992).

2.3 Engineering Geologcal Assessmenbf the StudyArea

The study area i1s | ocated within a valley th
Stream. Athreedimensional stratigraphic moldef the region prepared by the

Rockworksv.16 (Rockware, 203) is given in Figure 10.

Stratigraphy

INI\Mum
I Sansu Formation
llncebel Formation

Figure 10: Three-dimensional dratigraphic model of the study area
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A field study conducted in order to understand theneral 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 observationss tmit is correlates

with the PaleocenE o cene aged Kncebel formati on.

Figure 11: Acloseup vi ew of the Kncebel formatio

The sandstone marl alternation sequence contstasteredand non-persistent
discontinuity sets. Small scale folds are observed in the field. As explained in
Section 2.2, the study area is located withtectonicallyactive region, or in other
words, in a shear zone. Figure 12 shows a view of the feldddshearedtructures
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anddiscontinuities that are present within the sandstoad alternation sequence in

the study area.

Figure 12 Folded structures and small scal@on-persistentscattereddiscontinuities present in
the study area

2.3.1 Engineering geologicalinvestigation

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 yiohthe landslide

region. Theengineering geologicdlorehole logs are given in Appeneix
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Table 4: The coordinates, depth and groundwater level of the boreholes

Borehole Depth Groundwater
Number X Y Z m 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 geologicalharacterizatiorf the studiedregion was accomplished
with 201 m ofboring data resulting from a total of 14 borehol&kte that these
boring data were obtained from adjacent to the landslide loc#&murding to the

boring results, there is a-2 m

formation and thissoil cover is underlain by a sandstone siltstora| sequence.

The groundwater was encountered mine of the fourteen boreholes at a depth

t hick

SOOI

generallyarying 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 gendsddtgnically deformed and
disintegrated although in several locations of the landslide it outcrogstashed
blocks (Figurel3). 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 weatheredISRM, 1981) The siltstone is weaker and more weathered than
the sandstone layersScatteed discontinuity ses are present in the area.
Discontinuity surfacesare slickensided with clay infilling and possess small

persistence according to ISRI¥981).

Figure 13 Disintegrated lithologya nd f i r m b | oForknaionof Kncebel

A discontinuity survey was utilizetly collectingonly local level of discontinuity
datafrom detached block§ he ollected discontinuity data was plotted by usihg
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DIPS v.6 (Rocsciencelnc., 20129 to understandvhether there isny identifable
structural patterof the pole concentrationr not(Figure14). The obtainedscatteed
plot of discontinuitiesimplies that discontinuities present in the regiao not
representany identifiable structural patternTherefore,a circular type of slope

failureis likely in the regionHoek and Bray, 1981).

Color Density Concentrations

220 - 330
330 - 440
440 - 550
550 - 660

770 - &80
880 - 950
9.90 - 1100
Maximum Density | 10.54%
Contour Data | Pole Vectors
Contour Distribution | Fisher
Counting Circle Size | 1.0%

Plot Mode | Pole Vectors
Vector Count | 13 (12 Entries)

Hemisphere | Lower

W E Projection | Equal Angle

Figure 14: Pole plot ofscattereddiscontinuities in the landslide area

From the boring datahé solid core recovery (SCR), rock qualtigsignatioRQD)

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% and10% that classifies the unit as very poor rock (disintegrated/decomposed
rock). The units are moderately to highly weath€i8&RM, 1981)

27



Table 5: Engineering geological characteristics gathered from boreholdata

Ground Water Point Load
Depth Strength SCR Weathering
Borehole RQD (%)
(m) | Depth From (%) Degree
Index (MPa)
Surface (m)
SK5 12 - . 13 0 Modt_arate tg
high
SK9 12 3 513 20 0 Moderate to
high
SK10 12 - 0.27 21 3 Moderate to
high
SK11 12 - 0.32 25 10 Moderate
SK12 18 3 281 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 Mod(_arate to
high
SK17 21 4 271 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 Modgrate to
high

Since the project site is locatéd a tectonically deformeaoneand since the pole
plot distribution shows scatteringhe rock mass could be treatedaasrregularly

jointed, highly foliated and very deformaldeil-like materiaJ from an engineering

geology point of view.

The Geological Strength Index (GSI) is a system of a rock mass characterization
developed with the HoeBrown 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 isitu 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 areahe GSl valuewas selected as Z0ery

poor categoryaccording to field condition of theck masgFigure 15).

SURFACE CONDITIONS OF DISCONTINUITIES

Rock Type: v GSI Selection: IzU l I 0K I
VERY | gooD | FAIR | POOR | VERY
COMPOSITION AND STRUCTURE GOOD POOR
A. Thick bedded, very blocky sandstone / /
The effect of pelitic coatings on the bedding 70
A planes is minimized by the confi of
the rock mass. In shallow tunnels or slopes
these bedding planes may cause structurally 60
controlled instability. /
\ i ; .\ | E. Weak /
| B. sano- | C. Sand- V550 D. Siltstone |7~} siltstone 50
y stone with |~ . | Stone and or silty shale | or clayey 7 8 n
/=== thin inter- |-~ siltstone in -~ (| with sand- 157 L) shale with
“| layers of ~7%| similar ) stone layers [ | sandstone
v siltstone 7| amounts [ = layers 6
o
A4

C,D, E and G - may be more or \b_k :

less folded than llustrated but

“|'F. Tectonically deformed, intensively / 30
this does not change the strength.

£ folded/faulted, sheared clayey shale

Tectonic deformation, faulting and = or siltstone with broken and deformed
loss of continuity moves these . % | sandstone layers forming an almost
categories to F and H. ‘= (| chaotic structure / 0

"\ H. Tectonically deformed silty or
clayey shale forming a chaotic 0
structure with pockets of clay.
Thin layers of sandstone are
A transformed into small rock pieces.

| G.Undisturbed silty
{55~ or clayey shale with
| or without a few very
thin sandstone layers

Figure 15: GSI table for heterogenous rock massegiving surface condition of discontinuities
and composition and structure(Rocsciencdnc., 2014)

Table 6 gives the results obtained from the RocLab v.1 (Rocscience Inc., 2014.).
the table sigt, sigc, sigcm, Erm, are the rock mass parameters répgesark mass
tensile strength, uniaxial rock mass compressive strength, global rock mass
compressive strengtAndrock mass deformation modulugspectivelyAlso, sgci,

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, gis a reduced value of material constantands, and a

are Hoek Brown constés

Table 6: Geomechanical rock mass paramaterBom the RocLab software (Rocsciencdnc.,

2014

Rock Mass Parameters Hoek Brown Classification

sigt -0.0aL MPa sigci 9 MPa
sigc 0.027 MPa GSl 20
sigcm 0.410MPa mi 9
Em 100.78MPa D 0.5
Failure Envelope Range MR 375
Application Slopes Hoek Brown Criterion

Mohr -Coulomb Fit mb 0.199
c 0.022 MPa S 2.33e5
o 33.8& 0.544

GSI system applied by using field study observations and measuremasts
resulted with acohesion (cljalue of22 kPaand internafriction angle ¢) value of
34 degreesFigure 16shows the rock strength analysis resoltshe GSI system

from RocLabsoftware.
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Major principal stress (MPa)

Analysis of Rock Strength using RocLab

Hoek-Brown Classification
0.38 intact uniaxial comp. strength (sigci) = 9 MPa
GSI=20 mi=8 Disturbance factor (D)= 0.5
% intact modulus (Ei) = 3375 MPa
modulus ratio (WR) = 375
0.34 Hoek-Brown Criterion
mb=0.177 s=233e5 a=0544
s Mohr-Coulomb Fit
cohesion = 0.018 MPa _ friction angle = 34.84 deg
656 Rock Mass Parameters
tensile strength = -0.001 MPa
uniaxial compressive strength = 0.027 MPa
0.281 global strength = 0.335 IPa
LI deformation modulus = 100.78 MPa
0264 i
0241
022}
020
0181 -+
0.16
0.14
0.12 FERRER:
7
&
=
?
2
2
1
5
3
4
&

000 002 0.04 0.06 0.08 0.00 0.02 004 006 0.08 010 012 014 0.16 018 020
Minor principal stress (MPa) Normal stress (MPa)

Figure 16: Analysis of rock strengthfrom RocLab software.
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CHAPTER 3

SLOPE STABILITY

3.1 Introduction

Cruden (1991) defiredandslideas 'the movement of a mass of rock, debris or earth
down a slopg

The purpose of slope stability analysis is to reach safe and economic design of any
relatedstructure 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 stabilly analysis aims to:

¢ Understand development and form of a mass movement

¢ Analyze shorterm and longerm stability

e Assess landslide possibility

e Find failure mechanism and effect of environmental factors

¢ Redesign with back analysis for planning, designrentediation

e 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 arestfaysned 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
manmade structures like embankments, cut slopes andirgfavalls (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 ofenat 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 islogpe 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 Falure

Varnes (1978) classifielandslides according to type of movemend agpe of
material. Simplified version of Varnes classification is giweable 7. Basedon
this table any landslide could be identified with ter@eria: the first one describes

thematerial andhesecond one descebthetype of movement
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Table 7: Modes ofslopefailure (Varnes, 1978)

Type of Material
Type of Movement Engineering Soils
Bedrock Predominantly Predominantly
Coarse Fine
Fall Rock Fall Debris Fall Earth Fall
Topple Rock Topple Debris Topple Earth Topple
Rotational
Slide 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

Accor di ng classficatfoa, rmmaterigl @omposing 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 matals 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 particlesra smaller than sarsize 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 landslid
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 notdxe defin
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) whichrequire a complete model of subsoils and extensive laboratory
tests to determine soildéds constitutive paran
equilibrium methods are preferred although they neglect siefesmation
increments or decrements obgé 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 gdde 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 Janb
simplified mehod does not satisfy horizontal force equilibrium. FS calculated by

these two methods are 15% percent -di fferent
Price method which <consider compl ete force
simplified method for circular flure surface gives more or less the same result
(difference is |l ess than 5%) with more rigc
method is used for noncircular failures and it underestimates the factor of safety as

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

compl et e equilibrium such as J aHriteu 6 s rigor
methods are more complex (Abramson et al., 200@ygensterAPrice method is

preferred as the methodagplicableto both circular andhoncircula failures andt

satisfies force equilibrium ix and y and moment equilibrium to determine more

realistic resultsln this study, theimit equilibrium analysis was establishleg using

this method.
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One of the main purposes of this thesis study wasdess 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 parametersjioAalty, geotechnical
laboratory test results that were mentioned previously provide the index parameters
of the intact rock, but the case dealt in the fieldeisted torock mass properties.

GIS was usedot overcome the data neadd then backanalysis 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 monitorisglts.

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 stadilitlysis 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 slipe & 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. Exterral 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 cedin 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 conviemial laboratory tests (Abramson et al., 2002).

3.5 Mechanism of the Landsidein the Study Area

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

andvery deformable soilike 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 leveltbte Sar él ék stream increase

precipitation that led to flooding.

Also, therewas o sign of aseismic activity withinra 100 km circle around the study
area during theperiod of 01.01.2010 and 31.01.2011 accordingtiie Kandilli
Observatory and Earthquake Research Institi@HRI) databasd€Figure 17. The

data regarding the earthquakbatoccurredn a100 km circumference of the region

is givenin AppendixC. Hence it could be concluded that the landslide was triggered
by intense precipitatiordue heavy rainfallthat caused theleformable soilike
landdide material to saturate and the increase of water flow at the toe of the slope

leading toalandslidephenomenon.
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Figure 17: Earthquake catalogue of 201qKOERI http://www.koeri.boun.edu.tr/sismo/2/enj

Deformational characteristics are important ¢ébaracterizinghe landslideandreal

case rock mass parameters ezquired to calculate the deformatior$ence the
landslide has been modeled bijnite elementanalysisthat requiresrock mass
parametersi.g., shear strengthnd elastiparametersand these parameters could be
calculated by back analyséong with the GSI resultsTherefore, at first a back
analysis was implemented to calculate the mobilized shear strength parameters of the
landslide ard then the area was modelled through finite element analysis. To
determine thdandslidegeometry prior to failure, a digital elevation model of the

area was created from the topographical contours (Fif)re
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Figure 18: Digital elevation model of the study area and its surrounding

From the digital elevation mod#ireecross section§ A A 6 , B Biérecredied 0 )
along thelandslide that were parallel to the slope movement direction toel
cohesioninternal frictionangle pairs at the time of failure (i.e., satisfying a factor of
safety value of D) were computedrigure 19 gives thelocation and orientation of

the cross sectioref the landslide.
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Figure 19: Locations and orientations of the cross sectionsf landslide.

Figure 20, Figure 21 and Figure 22 shows the profiles obtainedtdsg sections
AA6, BB6 and CCb6, respectively.
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Figure222 Prof il e along CC6

Once the cross sectiomgre createdtheback analysisvas performed througlmit

equilibrium solutionby the MorgensterAPrice methodusingthe Slide v.6 software
(Rocscience Inc. 2010. A fully saturated masgrepresenng heavy rainfall and
flooding conditions}ogether witha 30 kPa of surchargetrepresenthe surcharge
of the houseshat are locatedin and behindhe crownarea(two-storey residential
buildings) Figure 23, Figure 24 and Figure 25 repregbatback calculatetesuls

of thelimit equilibrium analyse®f thecrosss ect i ons AA6, BBO
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pai r s astlzelresult bfddcle athalysisetabulatedn Table 8. In

addition,agraphical representation ofebepairs can be seen Figure 26.

Table8: c-a6 pai r s s abdlimsdgyilibrinn comdiBon for the threesections
AA' BB' ccC
c' (kPa) o4 o6 ¢ c (kPa) o4 o6 ¢ c'(kPa) ou o
36 18.0 38 20.0 29 19.80
17 28.0 25 25.0 18 28.60
10 325 11 31.0 9 35.10
8 33.9 5 33.4 6 37.20
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Cohesion versus Internal Friction Angle
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The center of gravity othe intersection trianglevas selected to determine c apd
valuesfrom the back analysis grapfhere thec and¢ values were determined 49
kPa and27A respectively.The tack analysisresuls provide the result of shear
strength parameters at the time of failure arebdinesultsarerelatively consistent
with the values obtained frome rock mass calculation @Sl (c=22 kPa and =

344).

In order tolocate possibleritical failure surfaceand to define the most critical part
of the slopedeformation characteristiof thereal case conditions ¢dndslidewas
evaluated by usinfinite element method by thed of Phase2s.8 software package
(RocScience In¢.201)). For the landslidedeformable soilike rock mass lithology
without any preferred failur@laneswere modeled to be isotropia the finite

element analys.

46



In order to understand the effect of groundwarethe landslide areasensitivity
analyses were performed witliffdrent scenariolevels of groundvater. Figure 27
shows the deformation contours obtained by the finite element solution for the
presentasegroundwatesituation Figure 28displays the deformation contours #or
partly saturatedgroundwatercondition can be possible durirgy heavy rainfall
precipitation Lastly, Figure D gives the deformation contours for fully saturated
condition that can beepresentethe worst case scenerio
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Figure 27: Displacement contoursof the landslide for present situation

These different scenarioshow that thdarger deformatiors generally locatat the
middle and toepart of the slope and deformation value near the surface of the
landsliderangesfrom 7.20 mm to 9.90 mrftop to botom) inthe present case while

it is in between 7.20 mm and 10.5 mop to bottom)for partially saturated and
between 7.80 mm and 10.8 ntop to bottom)or fully saturated modellthough

these analyses performed to determine critit@lure surfacein terms of
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deformation the results will becompared with

following chapters.

the field

monitorindata in

the
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Figure 28: Displacement contours of the landslide for partlly saturated condition
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Figure 29: Displacement contours of the landsliddor the worst case scenerio
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CHAPTER 4

LANDSLIDE AND SLOPE MONITORING
SYSTEM

4.1 Introduction

Although the history of optical fiber dates back to the 1700s with the invention of
opticaltelegraph, it is being used in communication systems since 197Xz¢awi,

2007). Today optical fiber systems have many different areas of usage ranging from
telecommunication to structural health monitoring, from monitoring of petroleum
and natural gasipelines to early warning systems of engineering structures. Some
examples of these are telecommunication services such as cable televisioen, high
speed internet, wireless transition, remote monitoring, surveillance; military
application such as communiaaii 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 tedaaccording 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 mediu
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-igure30 showsthe basic structure of an optical fiber cable.
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250

Figure 30: Basic structure of fiber cable a) core, b) cladding, ¢) coatindModified from Hayes,
2006).

Lightos transmission through a fiber is bas
Snell s equation explaining the relation be
angle of light is given by Equation 1. Also, critical angle calculation is given by

Equaton 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

internd reflection (TIR). Figure 3 represents the light traveling between two

mediums and shows the structure of the total inteafkdction.

. Ny
sinf@, = n—zsm 6, (1)

. np
sinf, = - 2)
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Figure 31: Light travel path possibilities between two medig(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 classifietthieéo
groups as point, distributed, and qudistributed 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
spdial changes. These types of sensors &eman and Brillouin scattering
principles. Quastdistributed sensors are somewhere between point and distributed
sensors; in such a way that information comes from certain points on the cable but
data acquisition amrs along the cabl@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 Clasdfication of optical fibers

Although optical fibers are classified generally into two main groups as multimode
and single mode cabléisey can be classified according to their production material,

structure, function and performance.

According to the manufacturing materials, optical fibeas 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

(Si0;) and composite glass fiber composed of silicate, graispand fluorite.

According to their structure, fibers are divided into stegex fibers, graded index

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

polarization maintaining fibers (PMF) and large aperture fibers. Accordirthe

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 Om to 10 Om
compaed 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,

mul ti mode fibers have | arger core diameter r

light to travelin many paths or modes (lten, 2011).

4.2.2 Advantages of ptical 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 andemperature 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) givethe advantages dfiber opticas wide bandwidth, light weight
and small sizeimmunity 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 thfe frequency range width of a medium that degsean
carrier frequencyOpticalfibers have higher frequenciéisan other methodwhich
make themsuperior. Bandwidth of a fiber cabtan be of several THz anthis
allows transferof datafrom many different sourcesothatthey are applicable to a
wide range of fieldsFiber optics hae small dimensionsand low density thatllow
them to be light and small in size. This propestyn advantage in field application
especially when the considered length is |oFtese physical characteristics resalt
an ea® of the transportation othe cablesinceit is possible toinstall the cablen
smaller ares Electromagnetic interference is a praobléor data transfer and it is
almost impossible to avoia electric related featuremnd applicationsOptical fiber
technologyis immune to electromagnetic interéncewhich is why they carbe
implemented anywhere withobeingaffeced from electromagnetisnturthermore,
optical fiber cables are applicable to hazardous areas asithaegtspark. Due to
this chaacteristic they @nbe safely used for any application without changimg
applicationroute. This property of optical fiber cables allows them to be utilized in
flammable and toxic gas environmenBptical fibers are compatible with modern

electronic components as a resulttadir material and dimensiorfPowers, 1997)

The mainsuperiorityof the optical fibers areheir capability to transport more data

to in longer distances faster than any other medjHiyes, 2006 Electromagnetic
radiation desnot affect optical fibersthus allowing data transfarith smallernoise

and error.Furthermore, unlike metallic conductors, utilization of fiber opticghim
fields of sensor applications, medical applications, industrial applications, subject

illumination, and image transpagtpossible(Hayes, 2006).
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4.3 The Utilized Optical Fiber System

Today, optical fiber systems are being used to monitor buildings, brilgesls,

dams, slopes, pipelines, gas tanks, and ships for detection of changes in acceleration,
chemicals/gases, color, distance, force, humidity, magnetic/electric field,
movement/ di spl acement, ' i near and angul ar
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; Ragfte Brillouin, and Raman. Rayleigh

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

(Y¢cel et al ., 2014) . Rayl eigh scattering

within the fiber that have smaller dimensionsrnththe 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 betvamustic 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 bdrmolecular 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 ctdlbackscattered light and in some

cases sensitive regions called sensors. Taeregveral 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 systemutilized 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 | i gh.tAd®ptidalacksca
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
backscttered 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 logathmic unit and is used for the expression of the ratio of physical
guantities. 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 convenen (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 (keommed et al., 2013).

P:
dB = 1ozog10?l (3)
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As the equation impliegiB is a logarithmic scale and everyl0 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 utlized with BOTDA

A Brillouin 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 intervalbetween 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 scatterinbe 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 (dekibss), 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 tim laginched 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 ef th
Brillouin based time domain analysis can be seen in Figlre 3
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Figure 32 Measurement procedure of BOTDA taken from one of the experimentsThe figure
at the right hand corner is taken from Ohno et al. 001

Different fromthe 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 settingrang antiinterference, and distributed mode (Shiqging
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 fronthe 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 requres 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.

vg = 2nV, /A (4)

where, n=refracte index
Va= velocity of acoustic wave
&= wavelength of I ight

and velocity of acoustic wave is formulatedgagen in Equation 5.

V,= EQA-k)/A+k)(A-2k)p (5)

wher e, E=Youngds modul us

density of fiber

“—
I

Poi ssondés ratio

=~
I
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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 (Figur&8)3l f | ongi tudi nal strain, U,

does Brillouin frequency shift. This relation can be represdndtquation 6.

dvg € (6)
de

vg € =vg 0 +

Thereforethe Brillouin frequency shift caibe used to determirtee changen strain
(Ohno et al., 2001).
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Figure 33: Brillouin frequency shift due to strain (Ohno et al.,2007)

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.

cT (7)
2n

where, c=light velocity
T=time elapsed between launching &adkscatter

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

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

be formulized byEquation8.

_ & (8)
AZ = on
wher e, U =.pAs tas be seen flomhhe equation, higher spatial resolution

ensures highaaccuracy (Ohno et al., 2001).
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CHAPTER 5

METHODOLOGY

5.1 Introduction

This study was initiated with the Techiatiative Capital Support Program of the
Ministry of Science, Industry and Technolog§eolab Geotechnics, 2012nd
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 Systent candslide and Slope StabilifHAMA 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 sefficfor 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 Earthquit&search Program (UDAP) of the
Republic of Turkey, Prime Ministry Disaster and EmageManagement Authority
(AFAD) (Project No: UDARC-14-02).

Consequently, as two different procedures were followed to establish the monitoring
system, studies performeturing 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 Monitoring System

The Optical fiber system used during the initial stage of this studyamaposed 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

(deci bel | oss) by wusing the amplitude and th
JDSU MTS 6000 model OTDR was used in this study (Figdye 3

Figure 34: Optical Time Domain Reflectometer (OTDR)

As mentioned before, there ateo 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 ot Bgriving with different angles while
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single mode cables could only transfer light coming itight angle. To compose

the optical fiber system using OTDR, these two cable types wexktagether to

form sensors. Theessors are the sensitive regiogsnerated 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). Fig8Beexplains the tsucture of the

sensor

Figure 35: Basic structure ofthe heterecore

The logic behind the sensors is thededifference in fiber cables where multimode
cables havelarger modes andhigher core diameters than single mofileers
(Watanabe et al., 2000Multimode 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 fusetwo cables withoutsignal loss

During the fusion process, a Fujikura FSM 60S model fusion splicer (Figuread
used to splice the cables and also the FujikureB€™odel high precision cleaver
(Figure ¥) was usedo 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 PagrOTDR shows changes

in cable as decibel lossefable9 gives the decibel loss values of different cable
pairs forcertain displacements. In addition, graphs of given displacement values can

be seen abigure 3B, Figure39 and FiguretO.
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Table 9: Losses of different cable pairdased ondisplacement

Displacement Loss of Loss of Loss of
62.5G652D-62.5 62.5DSF-62.5 62.5NZDSF-62.5
Initial 3,329 3,143 4,011
lcm 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
Energy Loss With Changing Displacement
62.5G652D-62.5
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Figure 38 Energy loss and displacement relation for the cable pair of 62.5 and G652D
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Figure 40: Energy loss and displacement relation for the cable pair of 62.5 afdZDSF
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As Table9 and Figure 38, Figure 3 and Figure40 indicatethe 62.5 and G652D
fiber cable pair was the most sensitive one dukstbigher bssthatresulted from
thesame 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.aaidition, this step gave an opportunity to
understand unexpected situations that could be encountered in the field. Laboratory
studies conducted on a laboratory scale experimentalipseatalled landslide
simulator has been designed for this study to reptesn ordinary soil slope in order

to observe the performanead 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 basicalgrge 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 thategav opportunity to study

with either single or both trays. Figuré gresents 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 der ed angl e up
represent ideal mass movement conditions for the material used. The trays have
foot that holdghe simulator 25 cm above the ground level. hhse of the trays has
three integrated barriers with a height of 20 mm to preventuaeypected 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.
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Figure 41: Representative sketch of laboratory experimental setip. a) soil barrier having a

height of 20 mm, b) soilmodel interface, c) optical fiber cable holes, d) chain hoist to lithe

model up and downin a controlled fashion, e) model feet for bancing, f) stopper to control
mass movement

In order to study with laboratory landslide simulatioe tray was filled withsand
materialand he sieve analysis results of the sand used are presented by Table 10 and

Figure 2.
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Table 10: Sieve analysis data

Test sieve .
Mass Cumulative
ASTM Sieve Size retained mass retained | Cumulative | Cumulative
Sieves (mm) (9) (9) % retained | % passing
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 0.075 493 99.39516129 0.60483871
Pan 496 100 0
Sieve Analysis Graph of Sand
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90 //
__ 80
g /
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Figure 42: Sieve analysis result for the sand used
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From the sieve analysis,s§) D3o, and Do values were calculated as 1.871, 0.750,
and 0.269, respectively. By using these data, the coefficient of uniformity and the
coefficient ofcurvature were calculated by usiBguation 9and Equation 10.

Dg, 1871 ©)
Cu===""""_ 6955
“=D, 0269
Day)? 0.75)2 10
Cq (D30)° (0.75) _ 1118 (10)

" DgoDyo  (1.871)(0.269)

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 igiven inAppendix D.

Figure 43 and Figured44 show the landslide simulator before and afterovement
based on inclinatigrrespectively
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Figure 43: OTDR sytem measurement in landslide simulator before a movemebased on
inclination

Figure 44: OTDR sytem measurement in landslide simulatogafter a small movementbased 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 laboratgpgrexents 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 heteroasrasresult of high energy
loss.The laboratory test with the OTDR, on the other hatidwsfinding a relation
between the energy loss and displacement (Equatijon

y = —68.99x% + 1224.9x + 2574.3 (12)

Since the system constructed with the OTDRdficiently 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 imaliee ¢ven 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 senSetisplacement, the

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

has had problems in taking measurements after "theoBit and sensed the fourth

point as the cable en@Arslan et al, 2014) This problem could be resolved by
combining optical amplifiers to the sen:

solution.

Because of this problem it was realized that to monitor a large scale area, the system
utilized should be lossidependent which means that it should use a different
parameter than the intensity of the light. All these facts directed the ptoject
construct a new system by using BOADQvhich 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 théollowing titles.

5.3 The BOTDA Monitoring 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 usge 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, Brilloun-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 grapn whe
frequency diférence between these two lasesscidesto 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 observedraguency 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 engigeeri
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 taatory environment with sensitivity

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

the table third order polynomial equatiorpi®pose in Figure45.

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

Microstrain Displacement Relation
900
850 v
800 = 0,4705% 17,0038 + 217,11
O 750 y =0, -17, + 11x 700,79 /
_ 700 wy [ n>cdcor y4
650
c 600
= 550 ///
s 500 S
— 450
— 400 /
»n 350 /
300 —
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200 = —
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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 8 and Figure 4 show before and after condition of the experiment,

respectively.

Figure 46: I nitial state of the BOTDA system on the laboratory simulatorbefore sliding

Figure 47: Appearance of the BOTDA system after given inclinatiorafter sliding
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As can be observed from the figuresass movement occurred and the resultant
strain was recorded by the BOTDA. Figui@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 straipresent on fiber cable and red, green
and yellow lines represents the strain conditions when the landslide simulator
inclined to 1@ 20cand 3@ ¢

m Strain ChangeSun Jul 19 18:41:29 2015

Movement
Cable ends direction

1511.15

11151

Strain [ue]

483 349

Area of interest where
sliding occured

Length of the optical fiber

561378 -0.55625 $.5012% 11.5587 17.6163 23EMaT

o
Qi @ MARKER Distance [m]

Figure 48: Microstrains formed due to changing inclination of the landslide simulato(red line
represents the measurement taken &t Oirclination, green represent2 0 A  yellovdrepresents
3 Oirclination).

5.4 Field Application of the Monitoring System

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

| ocat ed i n t he Bah-eci k Settl ement Ar ea
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Turkey. The Il andslide in question is i
its crown area there existdwo storey house which was evacuated. To monitor this
slope, a fiber cable system starting from a point behind the crown was used. The
cablesystem 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 suface. After that, the optical fiber cableswvere coiled around these
anchored wooden stakd3uring the construction of network between the stakes the

optical fiber cable was deployd&elow 10 cm of the groursurface(Figure 8).

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. BRigure 5
and Figure 52 show the final configuration of the deployed system in the field.
Figure 3 gives the appeance 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 pointgfrom toe to scarp)

Figure 52: Layout of the deployed fiber cablesand 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 werdedebased 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 ).

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 base measurement was taken and the system was
initialized to monitor the slopé&igure % gives the measurement of the entire cable
length while Figure % shows the region wherthe cable was deployed into the
landslide.In Figure % and Figure b lettersA and B are the markers representing
the borders othe deployed lengthThe @tical fiber cable used for field application
can be seen in Appendix
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Figure 56: A close up view of the elated portion of the cablealongwith the representative daily
measurementdaken during three days
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Table 12 gives the microstraiasultsreachedy the measurementserformedn the
field. The corresponding part of the cable is betweemthkersA and Basshown
in the graph and the igplacementesultswere obtained by the end of a three day

monitoringin the field

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

Measurement Displacement | .. .
Location (cm) Microstrain
0.84 -530.42
2020.51 m 0.83 -532.3
0.59 -580.21
0.90 -519.16
2042.57 m 0.68 -561.017
0.62 -572.72
0.87 -524.77
20462053 m 0.85 -526.651
0.71 -555.21

According to thedeformationmeasurements obtained at the initial stage of the
monitoring inBah- e c i k L & is diffidult td macha concrete resukbuch a
short period of timeWhen the results of the numerical analysis and recorded strains
are comparedt can be said thahe field testresultsarerelatively consistent with
the numerical analysis resultslowever, it should be noted that th®in reason of
the deformation analysis i® detect the mosgtritical failure surface areaf the slope

to determine the fieldnonitoring boundaries and to test differegrtoundwater level
conditions that can be encounterédring the field applicatiom As natural, the
strain measuremenbbtained by BOTDA gives relatively lower strain thanthe
deformation analysis. This may bheesult ofthe emplacement time requirddr the
cable to settle after the systemas deployed Therefore, in order to come upittv
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firm results, sensitivity analysis should be continued in the fieldtla@anonitoring

should be implemented for a lagrgperiod such as 3 or 5 months.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

The main aim of thehesisstudy is to construct an early warning system by using
optical fiber technologyOptical fiber systens 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 costandreal time monitoring. Although, the adoptegthnology 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 stage®f the studywhich hadstarted withthe Technalnitiative 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
Organizationsupports an optical fiber system usinthe OTDR as a measurement
devicewas used with bare fibersThe eperiment withthe OTDR systemled to
determine thesensorgeneratbn stage, test stage dafs usefulness in the laboratory
andthefield implemenation stage The £nsors were generated and the system was
testal in laboratory scale by using a landslide simulation model having an inclination

mechanism designed to represent a slope

The ystem utilized withthe 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 studiet,was not applicable tthefield as power loss based

89



measurement caused only three sensors to be Useokder to overcomehe
limitations ofthe OTDR, a new system based the Brillouin frequency shift was

used by the support ahe 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. Firgte
system was tested in the laboratory simulator and #ypgslied to field study.
Laboratorystudiesperformed led to @onclwsion that the systenwas suitable for a
landslide monitoring study antheasurements resulted with a nonlinear relation
between the strain andisplacementFollowing thelaboratory scale studigshe
systemwasapplied to a landslide regiontheK o c a e | i Province, Baki s ke
Bah-eci k Se Thslaranas setected, becausd its critical situationin

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 thedislide was threatening a house

that was located in the crown aredhe BOTDA monitoring system was
implemented to the landslide by deploying optical fiber cables with the help of fixing

points andneasurements were collected fiew days.

The study areaslocatelina val l ey that l'ies within the s
streamthat is situatedn a shear zonand the field observationshowed thathe

units present in the area thkePaleoceeEocene aged Kncebel format.
of sandstonsiltstonemarl alternationThe engineering geological assessment of the

regionwasmade byafield discontinuityscanline survey andengineering geological

boringlogs. According to obtaineéield dat, theformation is classified as very poor

rock masshavingsoil-like lithology characteristicand it was highly weatheredhe

GSI rock mass classification systewas used to reactihe rock mass parameters

required forthedeformation analysis.

In order to understandhe triggering mechanism of the landslidmitially, the
seisnic activity aroundthe study area was examined ahevas concluded that there

has not been anymportant seismic activity that wascapableof triggerng the
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landslide. After tis information the Turkish State Meteorological Service database
revealed that in DecemheR010 there was a drastic increase the rainfall
precipitation valuesat Kocaeli. The aerage precipitation was 124.5 mm for
December2010 while the average tfie December precipitatiowas 108 mm.In
addition,the precipitation reached a peak value with a daily precipitation of 28.4 mm
on December 10, 2010 whichight have beerthe triggeringmechanismof the
landslide.

The displacements takdace in a smallcale laboratory landslide simulatorrather
obvious;however this is not the case for field application. Therefore, slope stability
analyses wereconducted=or this particular objective, a back analysis was
implemented to reach the mobilized shear strength parameters of the moved mass by
using three profilesThe kack analysisvas implemented by consideringaturated
condition at the time of failure and tkarchargeof thehouses that ardocatel at the
crown of the landslideThen, the landslide was modeled based on deformation
analysis via the finite element method to compute the displacenémsmain
purpose of applying finite element solution was to understand deformation
characteristics of the field and to loc#ie place where the most deformationght
occur. Accordinly, the monitoringsystemwasdeployedto the region tanonitor the
slope movementetermined bydeformation analysis. Another aim of the finite
element slution was toevaluatethe effect of grounwater levéthat 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 obtaineddhgh field monitoring within a small period of
time. Although the field measurementserformedwasthe preliminarystudyand the

area should be monitored for a lemgtime period to reachthe conclusive
deformation results the limited data measured in the study area wpste

reasonableThe qotical fiber monitoring system detected igplacemeninterval of
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0.59-0.90 cmandthe deformation analysis gawtisplacemenvaluesbetween 0.72
0.99 cm.
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CHAPTER 7

RECOMMENDATIONS

This thesis study demonstratéhat the optical fiber system is a reasonable tool as a
landslide monitoringAt the end of the thesishe monitoring result that isuitably
compare with theleformation analysis was obtaing&lso, calculated deformation
resuls will be usefulto understandnticipated excessive precipitation conditiams

the future for the monitoring studyAs mentioned previous)ythis study will
continue to characterize slope movement through monitoring for a prolonged period

of time as neesd.

During the study perigdpreliminary resultswere gathered fromthe monitoring.
Besidesdeformationanalysis conducted to locate the most critfedlire surface in

the studyarea Results obtained frorthe both analysispresentsimilar resultsbut

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 monitorasylts should be
implemented for a longer periodf time. In addition, groundvater level on the
region should be monitored as the landslided has triggered by precipitdtion
rainfall. For this purposea fewpiozometes might be deployedin the studyareato
control the resultsin this period deformation analysis will be detailed and
monitoring system will be converted to an early warning system by asigning treshold
displacementvalues to the system and controlling it with a GPRS sydi@m
remotely access monitorirgy any oher system that can replace it
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APPENDIX A

DAILY PRECIPITATION GRAPHS OF KOCAELI
FOR DECEMBER, 2010
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Figure A 1: Precipitation graph of December 5, 2010
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Figure A 3: Precipitation graph of December 11, 2010
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Figure A 4: Precipitation graph of December 12, 2010
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Figure A 5: Precipitation graph of December 13, 2010
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Figure A 7: Precipitation graph of December 16, 2010
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Figure A 10: Precipitation graph of December 26, 2010
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Figure A 11: Precipitation graph of December 27, 2010
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