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ABSTRACT 

 

LANDSLIDE ASSESSMENT AND STABILIZATION STUDY ALONG THE 

TARSUS – POZANTI MOTORWAY KM: 21+200 – 21+730 SECTION 

(TEKİR REGION) 

 

Asan, Ecem Cansu 

Master of Science, Geological Engineering 

Supervisor: Prof. Dr. Haluk Akgün 

 

December 2019, 255 pages 

 

A mass movement occurred along Km 21+200 – 21+730 (Tekir Region) of the Tarsus 

– Pozantı Motorway and vicinity especially due to the geomechanical properties of 

the units, and surface and groundwater effects. The purposes of this thesis study are 

to describe the geological-geotechnical characteristics of the landslide, to determine 

the geometry of the sliding mass and shear strength parameters, and to recommend an 

appropriate remediation method to provide stability. 

For fulfilling these purposes, in-situ site investigations (boreholes, inclinometer 

measurements, etc.) and laboratory tests were performed on the units of the Çukurbağ 

Formation (conglomerate, sandstone, siltstone and claystone), which forms the 

bedrock of the study area. 

In the light of the results of these investigations and test results, the shear strength 

parameters of the sliding mass were estimated at critical sections of the model by using 

the back analysis method. Furthermore, by applying limit equilibrium methods, slope 

stability analysis were performed for the static and dynamic (seismic) conditions. As 

a result of these studies, the most proper stabilization method (i.e., ground water level 

reduction, rock buttress application and relocation of the existing river) were deemed 
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necessary the long term stability of the landslide. Four alternatives of rock buttress 

design were suggested. 

In addition, the slope stability analysis of the four alternatives of remediation design 

by using limit equilibrium were compared with respect to the cost of the construction 

through evaluating the results. 

 

Keywords: Landslide, Inclinometer, Back analysis, Slope stability, Limit equilibrium 

analysis, Remediation  
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ÖZ 

 

POZANTI – TARSUS OTOYOLU KM: 21+200 – 21+730 (TEKİR MEVKİİ) 

ARALIĞINDAKİ HEYELANIN DEĞERLENDİRİLMESİ VE ÖNLEME 

ÇALIŞMASI 

 

Asan, Ecem Cansu 

Yüksek Lisans, Jeoloji Mühendisliği 

Tez Danışmanı: Prof. Dr. Haluk Akgün 

 

Aralık 2019, 255 sayfa 

 

Bu araştırma kapsamında Adana İlinin Pozantı İlçesi’ne bağlı Tekir Kasabası 

içerisinden geçmekte olan Tarsus – Pozantı Otoyolu Km: 21+200 – 21+730 kesiminde 

mevcut yol kesitinde ve çevresinde, birimlerin jeomekanik özelliklerine, yüzey ve 

yeraltı suyu etkilerine bağlı olarak bir kütle hareketinin meydana geldiği arazi 

gözlemlerinde tespit edilmiştir. Bu heyelana ilişkin jeolojik-jeoteknik 

değerlendirmeler, hareket eden kütlenin geometrisi, kayma parametreleri ve hareketi 

durdurmaya yönelik uygun iyileştirme önerileri belirlenecektir. 

Bu bağlamda, temel kayası olarak belirlenen Çukurbağ Formasyonuna ait kumtaşı, 

çakıltaşı, silttaşı ve kiltaşı birimlerinin egemen olduğu bu alanda yerinde-saha (in-situ) 

çalışmaları (sondajlar, inklinometre ölçümleri, vb.) ve bu çalışmalardan elde edilen 

örnekler üzerinde gerekli laboratuvar deneyleri gerçekleştirilmiştir. 

Çalışma alanından alınan farklı kritik kesitler üzerinde gerçekleştirilen geriye dönük 

analizler ile hareket eden kütlenin kesme dayanımı (shear strength) parametreleri 

belirlenerek limit denge yöntemi ile heyelanın statik ve dinamik (deprem) durum 

analizleri yapılmıştır. Yapılan çalışmalar sonucunda en uygun kazı ve iyileştirme 

(topuk destekleme, suyun drenajı, mevcut derenin relokasyonu, vb.) önerileri 

belirlenmiştir. Çalışma kapsamında dört farklı topuk destek tasarımı önerilmiştir. 
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Ek olarak heyelan için topuk destek tasarımlarının limit denge yöntemi ile 

çözümlerine ait sonuçlar, yapım maliyetleri bağlamında kıyaslanmış ve 

değerlendirilmiştir. 

 

Anahtar Kelimeler: Heyelan, İnklinometre, Geriye dönük çözümleme, Şev duraylılığı, 

Limit denge çözümleri, İyileştirme 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. Purpose and Scope 

Stability problems were determined along the Km 21+200 – 21+730 section (Tekir 

Region) of the Tarsus – Pozantı Motorway and vicinity especially due to the traffic 

load imposed by heavy tonnage vehicles along with the contribution of factors such 

as topographic – atmospheric conditions and the adverse geomechanical properties of 

the geologic units along the highway area. To describe the geological and geotechnical 

characteristics of the landslide, to determine the geometry of the sliding mass, the 

shear strength parameters and the groundwater level, and to recommend an 

appropriate remediation method(s) to stabilize the landslide, in-situ site investigations 

were performed. A total of 31 boreholes were drilled in the landslide area of which 12 

of them included inclinometer measurements. Laboratory geotechnical tests were 

performed on the units of the Çukurbağ Formation (conglomerate, sandstone, siltstone 

and claystone), which forms the bedrock of the study area. 

In this thesis study, all of the results obtained have been evaluated and the shear 

strength parameters of the sliding mass were estimated as based on the critical sections 

of the model by using the back analysis method. Slope stability analyses have been 

performed by applying limit equilibrium methods for the static and pseudo-static 

(dynamic) conditions. Finally, these analyses have been compared and the results have 

been evaluated. 

1.2. Location of the Study Area 

The project is located in the Akçatekir district of the Pozantı Town of Adana. The 

location of the study area is given in Figure 1.1. 
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Figure 1.1. Location of the study area (Google Earth view) 

 

1.3. Climatic Conditions 

The project site contains the Bolkar Mountains and Aladağlar, that start within the 

borders of the Pozantı district and is located in the transition area of the Mediterranean 

and Central Anatolian terrestrial temperature regimes. Because of the coastal zone 

around this mountainous mass, the average temperature during winter does not fall 

below 10°C. However, in the winter season due to the increase in elevation, the 

temperature drops to around 5°C. In the summer, the temperature varies between 25-

30°C. The average annual temperature of Pozantı is 14.0°C. The hottest month of 

Pozantı is July with an average temperature of 24.6°C, while the coldest month is 

January with an average temperature of 3.7°C (Öcal, 2015).  

Considering the precipitation characteristics of the Pozantı district, it is observed that 

the region is in a transition area. The characteristics of the Mediterranean precipitation 

regime are observed in the coastal regions, while the semi-terrestrial precipitation 

regime is effective in the inland areas. In the Mediterranean precipitation regime, the 

wettest months are December and January which implies that the rainiest season is 
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winter. The summer season is the period with the least rainfall. During the winter, low 

pressure systems on the Eastern Mediterranean Sea affect the slopes of the Taurus 

Mountains and plenty of precipitation falls in the area. In addition, the subtropical high 

pressure conditions affect in the region during the summer and lead to a decrease in 

the precipitation. Figures 1.2 and 1.3 present the mean annual temperature and mean 

annual precititation in Pozantı for 2019. The mean annual precipitation of Pozantı for 

2019 is 686.0 mm as presented in Figure 1.3. 

 

 

Figure 1.2. Mean temperature values of the Pozantı District (Climate Data, 2019) 
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Figure 1.3. Mean precipitation values of the Pozantı District (Climate Data, 2019) 
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CHAPTER 2  

 

2. GEOLOGY OF THE STUDY AREA 

 

2.1. Local Geology and Stratigraphy 

The study area and its vicinity are located to the east of the Ecemiş Fault Zone, which 

defines the boundary between Eastern and Central Taurides. At the western part of the 

Ecemiş Fault Zone, the Bolkardağı Unit and the deposits of the Namrun Tectonic Slice 

(recrystallized limestone and dolomitic limestone of Upper Permian Karlıyığıntepe 

Formation) outcrop. At the eastern part of the zone, the deposits of the Aladağ Unit 

(limestone of the Jurassic-Cretaceous Çamlık Formation), Bozkır Unit (harzburgite, 

dunite, pyroxenite, gabbro, and diabase dyke metamorphics of the Upper Cretaceous 

Pozantı - Karsantı Ophiolite Nappe), and the units contained by the Ecemiş Fault 

Corridor Basin (conglomerate, sandstone, siltstone of the Oligocene – Lower Miocene 

Çukurbağ Formation and bituminous coal bearing marl, claystone, siltstone of the 

Lower Miocene Burç Formation) were observed. 

The Carboniferous – Upper Cretaceous Bolkardağı Units, overlain by the units of the 

Carboniferous – Upper Cretaceous Namrun Tectonic Slice (Alan et al., 2004b) with a 

tectonically unconformable boundary, form the base of the project area. The deposits 

of the Upper Devonian – Upper Cretaceous Aladağ Unit are also tectonically 

overlying the units of the tectonic slice. Around the western Pozantı, Oligocene – 

Lower Miocene deposits are underlain by all of these units unconformably, along the 

corridor formed by Ecemiş Fault Zone. Figures 2.1, 2.2 and 2.3 present the tectonic 

relationship between the units at the study area, the regional geological map and 

stratigraphic section of the study area and the vicinity, respectively. 
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Figure 2.1. Diagram illustrating the tectonic relationship between the units, slice and tertiary deposits 

at the study area and the vicinity (Alan et al., 2011) 
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Figure 2.3. The stratigraphic section of the study area and the vicinity (simplified from Yetiş, 1978) 
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2.1.1. Geology of the Study Area 

The Çukurbağ formation (Tomç) forms the base of the study area. Talus (Qym), that 

has been deposited because of the dislocation of the Ecemiş fault zone, was observed 

extensively on the top of Çukurbağ formation. Figure 2.4. shows the geological units 

observed at the vicinity of the study area. 

 

 

Figure 2.4. A view of the units observed in the project area 

 

2.1.1.1. Çukurbağ formation (Tomç) 

Yetiş (1978) named the sandstone, claystone and conglomeratic sandstone units, 

which fill the Ecemiş Corridor, as Çukurbağ formation. The typical cross-section of 

the Çukurbağ formation is around the Çukurbağ Village of the Çamardı district of the 

Niğde Province. The units are widely observed around the Pozantı district and the 

Tekir plateau. 

The major units of the Çukurbağ formation are marl, claystone and conglomeratic 

sandstone. At the base of the unit, brown, green and dark red colored, medium-thick 

and cross-bedded, polygenic conglomerate and gravelly sandstone are observed. This 

section is overlain by green-gray colored, thin-medium bedded sandstone, siltstone 

and claystone units. 
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Çukurbağ formation overlies the geological units of the Bolkardağı unit, Aladağ unit, 

Namrun Tectonic Slice, Kızılcadağ Ophiolitic Melange and Olistostrome and Pozantı 

- Karsantı Ophiolite unconformably. The formation is transitional with the Early 

Miocene Burç formation.  

The thickness of the Çukurbağ formation is estimated to be about 300-350 m. Since 

no paleontological evidence that could assign an age to the formation was available, 

the age of the formation was attempted to be determined stratigraphically. According 

to the stratigraphic position of the formation, the geological age of the Çukurbağ 

formation is attributed to the Oligocene – Early Miocene age (Alan et al., 2007). 

Considering the lithological characteristics, the Çukurbağ formation is indicated be 

deposited in a stream environment. 

The unit could be correlated with the Aktoprak formation (Demirtaşlı et al., 1973), the 

lower levels of the Karsantı formation (Schmidt, 1961) and the Gildirli formation 

(Schmidt, 1961 as quoted by Alan et al., 2011). 

2.1.1.2. Talus (Qym) 

The unit, which is observed extensively on the slopes in front of the steep topographic 

elevations and faults, consists of poorly sorted, poorly graded, loosely cemented 

materials (MTA, 2011). The talus is mainly represented by gravelly and clayey levels. 

Gravels and boulders in some places mostly originate from limestone. 

2.2. Tectonics and Structural Geology 

The study area and its vicinity are located to the east of the Ecemiş Fault Zone. It 

defines the boundary between the Eastern and Central Taurides. The Ecemiş Fault 

Zone which is a right-lateral strike slip fault, cuts the Eastern Taurides and leads to 

the bordering of different types of rock in Central Anatolia where Upper Triassic, 

Paleozoic, Mesozoic and Cenozoic units are situated in the study area. The Paleozoic 

and Mesozoic Era are represented by Upper Paleozoic – Lower Mesozoic 

Karlıyığıntepe formation and Jurassic – Cretaceous Çamlık limestone, respectively, 
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and these units constitute the base rock of the area. The Upper Cretaceous Pozantı - 

Karsantı Ophiolite Nappe represents Mesozoic, which was settled by a tectonic drift. 

During the Permian period, the study area was covered by a smooth sea (Paleo-tethys). 

Since the beginning of the Upper Triassic, the sea became shallower and more 

turbulent (i.e., due to the closure of the Paleo-tethys) and in this facies, the Paleozoic 

– Upper Cretaceous siliciclastic intercalated Taurus Carbonate Platform was deposited 

(Özgül, 1976; Yetiş, 1978; Demirtaşlı et al., 1984; Tekeli et al., 1984). During the Late 

Cretaceous, the Mesozoic Bolkar and Aladağ carbonate platforms were tectonically 

overlain by the ophiolitic rocks and the mélange (Yetiş, 1978; Yetiş and Demirkol, 

1984; Lytwyn and Casey, 1995, Dilek et al., 1999 a,b; Dilek and Moores, 1990). The 

Cenozoic Era starts with the Çukurbağ formation, which contains terrestrial sediments 

of the river facies. The grains of the formation originated from the ophiolite at the base 

and from limestone towards the upper part of the formation (Jaffey and Robertson, 

2005). The Çukurbağ formation is overlain by the Miocene Burç formation, which 

consists of lacustrine sediments that have originated from limestone in a very limited 

area. 

2.3. Geomorphology 

The Pozantı district is geologically located in the Southern Taurus which is formed in 

the Alpine Himalayan Orogenic Belt. The district is located on the valleys of the 

graben fields that have formed during the geological formations of the Bolkar 

mountains and Aladağlar and within the area, bounded by the Ecemiş and Akçatekir 

faults. The district borders are located on the Bolkar mountains. The boundaries of the 

district are separated from the border of Niğde with Karınca mountain (2.206 m) in 

the northwest, while separated with Medetsiz tepe (3.524 m), Aksivri tepe (2.856 m) 

and Akarca tepe (2.204 m) in the west, and Kesiktaş tepe (2.002 m) in the south from 

the Mersin Çamlıyayla borders. 

The Bolkar mountains of the Middle Taurus lie in the southwest-northeast direction 

between Mersin and Ereğli, while the western ridges of the Pozantı district lie within 
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this mountain. The Ecemiş and Tekir grabens separate the Bolkar mountains and 

Aladağlar that are settled in the Çakıt valley and have caused development of the 

Pozantı and Akçatekir plateau settlements. The Körkün river flows within the Ecemiş 

graben on Aladağlar (Öcal, 2015). 

2.4. Hydrogeology 

The most efficient surface water resources around the project area are Çakıt and 

Körkün rivers. These two streams supply water to the Seyhan dam reservoir and their 

regimes are irregular. These streams, which have an increase in flow rate with the 

melting of snow in the spring, dry up in the summer. Within the scope of the research 

studies performed around the study area, springs were determined in some parts of the 

region. 

The formations exposed in and around the study area retain groundwater depending 

on their lithological characteristics. At the same time, these units may allow 

groundwater circulation along the crack systems, joint sets and faults that they contain. 

2.5. Seismicity 

Previous of The Hazard Map of Turkey, which was prepared in 1996, was renovated 

by the AFAD Earthquake Research Department and was published in the Resmi 

Gazette on March 18, 2018. The new map was published on January 1, 2019. Figure 

2.5 shows the project area on the renewed map. 

The map is prepared according to the peak ground acceleration (PGA) values of 

Turkey for the different probabilities of exceedance levels by using probabilistic 

seismic hazard analysis methods. For this project the return period was selected as 475 

years, since the peak ground acceleration that is expected to exceed 10% in 50 years 

is the standard design earthquake used as the ground motion level (TBDY, 2018). 

According to this map, the PGA value of the study area was established as 0.186 g. 
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Figure 2.5. Seismicity of the study area and its vicinity (AFAD, 2018) 

 

The Ecemiş Fault Zone is located as an active fault system in the vicinity of the project 

area. The Ecemiş Fault is a left lateral strike-slip fault, 600 km long and 3-20 km wide. 

This fault zone is separated from the right lateral strike-slip North Anatolian Fault 

Zone (KAFZ) near Refahiye. Figure 2.6 presents an Active Fault Map of the study 

area and its vicinity. 
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Figure 2.6. Active fault map of the Adana-Pozantı region (Emre et al., 2013) 

 

For the study area, seismic data for earthquakes that have occurred in a 50 years’ 

period with a magnitude of the range of 3.5 – 9.0 within a radius of 100 km of the 

project site were taken from the Earthquake Query System of Boğaziçi University, 

Kandilli Observatory and Earthquake Research Institute (KOERI), Regional 

Earthquake – Tsunami Monitoring and Evaluation Centre. The distributions of these 

earthquakes are shown in Figure 2.7. Table 2.1. presents a list of these earthquakes. 

According to the data from KOERI, a major earthquake occurred in Hasanbeyli - 

Sarıçam (Adana) at the date of 27.06.1998 with a magnitude of 6.3. 

 

 

 



 

 

 

15 

 

 

 F
ig

u
re

 2
.7

. 
E

ar
th

q
u

ak
es

 w
it

h
 a

 m
ag

n
it

u
d

e 
g

re
at

er
 t

h
an

 3
.5

 t
h

at
 h

av
e 

o
cc

u
rr

ed
 i

n
 t

h
e 

st
u
d

y
 a

re
a 

an
d

 i
ts

 v
ic

in
it

y
 (

T
h

e 
ea

rt
h
q

u
ak

e 
d

at
a 

is
 o

b
ta

in
ed

 f
ro

m
 K

O
E

R
I 

(2
0
1

9
) 

an
d

 m
o

d
if

ie
d

 f
ro

m
 E

m
re

 e
t 

al
.,

 2
0
1

3
 o

n
 t

h
e 

A
rc

G
IS

 s
o

ft
w

ar
e)

 

 

 

 

  

S
tu

d
y
 A

re
a

 



 

 

 

16 

 

Table 2.1 The list of earthquakes with a magnitude greater than 3.5 close to study area (KOERI, 

2019) 

 

 

No    Date
Depth

(km)
Magnitude No    Date

Depth

(km)
Magnitude No    Date

Depth

(km)
Magnitude

1 2019.04.12 15.1 3.5 69 2007.11.22 7.5 3.6 137 1999.02.12 31.0 3.9

2 2019.02.02 14.9 4.6 70 2007.09.25 6.8 3.6 138 1999.01.28 0.0 3.7

3 2019.01.04 1.5 3.6 71 2007.07.15 18.0 3.7 139 1999.01.15 18.0 4.5

4 2018.10.10 20.4 3.9 72 2007.07.01 17.7 3.7 140 1999.01.14 12.0 3.5

5 2018.10.10 13.1 3.7 73 2007.05.14 7.6 4.0 141 1998.12.13 1.0 4.0

6 2018.08.06 13.7 3.7 74 2007.05.06 22.5 3.8 142 1998.12.04 14.0 4.3

7 2017.08.28 22.0 3.7 75 2007.02.22 21.0 4.1 143 1998.11.22 19.0 3.6

8 2017.05.15 2.1 3.6 76 2007.02.03 24.6 3.6 144 1998.10.03 5.0 3.9

9 2017.02.10 5.8 3.9 77 2006.12.24 25.3 3.8 145 1998.10.01 3.0 4.0

10 2016.09.21 5.4 3.7 78 2006.04.06 5.0 3.7 146 1998.09.30 77.0 3.5

11 2016.07.16 5.0 3.8 79 2006.04.06 1.0 4.0 147 1998.09.20 17.0 4.1

12 2016.04.07 5.0 4.1 80 2006.03.08 5.0 3.6 148 1998.09.20 0.0 3.5

13 2016.01.04 22.6 3.9 81 2006.03.01 5.4 3.5 149 1998.08.24 20.0 3.6

14 2015.08.23 2.2 4.0 82 2006.01.22 6.4 4.1 150 1998.08.24 29.0 4.1

15 2015.08.07 10.9 3.5 83 2006.01.22 15.1 3.5 151 1998.08.20 70.0 3.6

16 2015.08.07 5.0 3.6 84 2005.12.12 21.6 3.5 152 1998.08.12 10.0 3.6

17 2015.07.29 20.2 5.2 85 2005.10.28 3.7 3.5 153 1998.08.03 23.0 3.6

18 2015.02.18 21.6 3.6 86 2005.09.30 18.0 3.5 154 1998.07.27 10.0 3.6

19 2015.01.06 5.4 3.9 87 2005.09.02 49.2 3.5 155 1998.07.17 16.0 3.7

20 2014.12.07 5.0 3.6 88 2005.04.05 16.2 3.6 156 1998.07.15 8.0 4.0

21 2014.03.02 12.6 3.5 89 2005.01.25 23.7 4.0 157 1998.07.13 9.0 3.8

22 2014.03.02 7.5 4.1 90 2004.10.12 25.0 3.7 158 1998.07.13 12.0 3.8

23 2013.11.01 5.0 3.5 91 2004.10.05 12.0 3.5 159 1998.07.05 81.0 3.9

24 2013.07.27 20.8 3.7 92 2004.09.28 9.0 4.2 160 1998.07.04 20.0 4.5

25 2012.12.30 10.6 3.9 93 2004.09.06 9.0 3.5 161 1998.07.04 35.0 5.1

26 2012.09.26 10.8 3.6 94 2004.09.04 4.0 3.5 162 1998.07.01 11.0 3.7

27 2012.09.16 17.4 3.6 95 2004.08.18 8.0 4.5 163 1998.06.30 10.0 3.7

28 2012.09.16 18.7 4.7 96 2004.07.06 27.0 3.5 164 1998.06.29 6.0 3.9

29 2012.09.15 8.6 3.8 97 2004.07.04 10.0 3.6 165 1998.06.28 11.0 4.1

30 2012.08.22 5.0 3.8 98 2004.05.09 9.0 3.8 166 1998.06.28 70.0 3.9

31 2011.10.01 3.0 3.5 99 2004.03.23 10.0 3.5 167 1998.06.28 86.0 3.5

32 2011.09.30 5.0 4.5 100 2004.02.23 24.0 3.5 168 1998.06.28 6.0 4.9

33 2011.06.29 16.3 4.5 101 2003.10.09 30.0 3.5 169 1998.06.27 21.0 4.1

34 2011.04.23 11.2 4.0 102 2003.09.22 27.0 3.6 170 1998.06.27 78.0 3.7

35 2010.11.22 5.0 3.6 103 2003.09.02 6.0 3.5 171 1998.06.27 10.0 3.5

36 2010.10.26 8.0 3.9 104 2003.08.12 10.0 3.7 172 1998.06.27 10.0 4.0

37 2010.08.05 2.6 4.4 105 2003.04.07 10.0 3.5 173 1998.06.27 7.0 3.5

38 2010.07.07 7.8 3.7 106 2003.01.06 9.0 3.5 174 1998.06.27 8.0 4.1

39 2010.07.05 4.7 3.6 107 2002.12.09 13.0 3.5 175 1998.06.27 13.0 3.5

40 2010.03.18 5.0 3.5 108 2002.10.22 10.0 3.5 176 1998.06.27 32.0 4.2

41 2010.03.08 5.0 4.0 109 2002.10.20 10.0 3.7 177 1998.06.27 18.0 6.3

42 2010.01.24 2.3 3.6 110 2002.10.04 2.0 3.5 178 1998.03.29 4.0 3.9

43 2009.08.25 4.3 3.6 111 2002.09.30 32.0 3.6 179 1998.01.03 2.0 4.1

44 2009.08.23 4.6 3.5 112 2002.09.29 6.0 3.8 180 1997.10.18 1.0 3.5

45 2009.08.23 10.0 3.6 113 2002.07.23 32.0 3.5 181 1997.09.03 10.0 3.8

46 2009.08.03 7.3 3.7 114 2002.06.27 15.0 3.7 182 1997.05.28 5.0 3.5

47 2009.07.24 6.4 4.7 115 2002.05.25 24.0 3.5 183 1997.01.07 21.0 3.5

48 2009.05.11 5.4 3.6 116 2002.04.30 10.0 4.1 184 1997.01.06 0.0 4.2

49 2009.04.25 12.9 3.5 117 2002.03.29 39.0 3.8 185 1996.09.24 28.0 4.1

50 2009.04.17 5.4 3.5 118 2002.03.27 10.0 3.6 186 1996.09.12 0.0 3.8

51 2009.03.22 10.2 3.6 119 2002.02.13 10.0 3.6 187 1995.10.29 5.0 4.1

52 2009.01.28 2.0 3.5 120 2001.12.11 6.0 3.5 188 1995.06.22 15.0 4.0

53 2008.10.21 7.2 3.7 121 2001.11.12 10.0 4.2 189 1995.04.25 13.0 4.2

54 2008.08.25 26.6 3.6 122 2001.10.18 19.0 4.8 190 1995.04.24 0.0 4.4

55 2008.05.26 7.3 3.5 123 2001.07.31 4.0 3.9 191 1995.04.14 21.0 3.8

56 2008.05.25 5.6 3.6 124 2001.06.20 10.0 4.0 192 1994.02.10 17.0 4.9

57 2008.03.28 8.1 3.6 125 2001.01.27 10.0 3.9 193 1994.01.03 26.0 5.0

58 2008.03.28 6.1 3.5 126 2000.10.13 4.0 3.7 194 1991.10.07 33.0 4.4

59 2008.03.28 7.2 3.6 127 2000.05.30 5.0 4.0 195 1990.10.17 24.0 4.2

60 2008.03.27 6.8 3.6 128 2000.04.03 1.0 3.8 196 1989.10.15 10.0 3.7

61 2008.03.27 6.6 3.6 129 2000.03.08 9.0 3.9 197 1989.07.20 61.0 4.0

62 2008.02.27 19.9 3.5 130 2000.03.06 14.0 3.8 198 1985.12.21 33.0 4.4

63 2008.01.01 5.0 4.1 131 2000.03.06 84.0 3.7 199 1985.12.21 33.0 4.6

64 2007.12.24 5.4 3.8 132 1999.12.06 12.0 3.6 200 1982.08.05 46.0 4.4

65 2007.12.23 4.0 4.1 133 1999.09.27 32.0 3.5 201 1982.05.20 33.0 4.0

66 2007.12.19 6.6 3.6 134 1999.06.10 12.0 4.5 202 1982.04.24 59.0 4.2

67 2007.12.19 5.3 3.6 135 1999.05.05 6.0 4.0 203 1979.12.28 47.0 5.1

68 2007.12.18 8.1 3.5 136 1999.02.14 0.0 3.5 204 1974.06.26 45.0 3.9
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CHAPTER 3  

 

3. ENGINEERING GEOLOGICAL INVESTIGATIONS AND ENGINEERING 

GEOLOGICAL CHARACTERIZATION 

 

Engineering geological investigations, which consisted of in-situ investigations (i.e., 

surface observations and engineering geological mapping, boreholes, SPT, 

inclinometers) and geotechnical laboratory tests, along with the engineering 

geological characterization of the geo-material in the landslide area are specified in 

this section. 

3.1. Engineering Geological Mapping 

Based on the surface observations and previous studies in the study area, an 

engineering geological map was prepared. The boundaries of the formations 

(Landslide Material (Hm), Talus (Qym) and Çukurbağ formation (Tomç)), which 

were observed to be present in the study area, the boundary of the sliding mass and 

the locations of the boreholes were decided upon as presented in Figure 3.1. 
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3.2. In-Situ Investigations 

3.2.1. Boreholes 

To study the area geologically and geomechanically, and to investigate the landslide 

mechanism and to determine the engineering geological properties of the units and the 

groundwater level, a total of 546 meters of drilling has been carried out in 31 locations. 

The boreholes and in-situ tests have been performed by taking into consideration 

Research Engineering Services Technical Specification (2005) prepared by General 

Directorate of Highways. The soil and rock (core) samples were recovered and were 

kept in core boxes. In order to determine the groundwater level, the circulation water 

in the boreholes has been poured with a “bailer” bucket at the end of the shift, and the 

next day, the water level in the wells has been measured and the depth of groundwater 

has been recorded. 

Table 3.1 presents a summary of the boreholes locations and coordinates. The 

borehole logs and the photographs of the core boxes are presented in Appendix A and 

B, respectively. 
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Table 3.1. A summary of the boreholes  

 

 

3.2.2. In-Situ Tests 

In - situ experiments, performed within the scope of the project studies, are explained 

in this section. In this context, standard penetration (SPT) and inclinometer 

measurements were performed in the boreholes. 

3.2.2.1. Standard Penetration Test (SPT) 

In order to determine the geotechnical properties, such as the strength and the density 

of the soil units and the weathered upper levels of the rock units observed in the study 
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area, Standard Penetration Tests (SPT) have been performed according to ASTM 

standards (D1586-11) and General Directorate of Highways, Research Engineering 

Services Technical Specification (2005). A summary of the SPT results along with the 

detailed records of the SPT results are given in Appendix C. 

3.2.2.2. Inclinometer Measurements 

Special pipes with a total length of 432 m have been placed in 12 boreholes in order 

to perform inclinometer measurements. The readings have been carried out by means 

of a digital probe, installed through these special pipes and the data obtained has been 

converted into graphics on the computer. The graphical results are presented in 

Appendix D. 

3.3. Laboratory Tests 

In order to determine the classification and engineering properties of the soil units and 

the completely weathered rock units obtained from the boreholes, the following 

laboratory tests have been performed: 

- Natural water content (ASTM, D2216-19) 

- Atterberg limits (Liquid Limit, Plastic Limit and Plasticity Index) (ASTM, 

D4318-17) 

- Sieve analyses (ASTM, D6913M-17) 

- Unified Soil Classification (USCS) 

In addition, on the rock core samples recovered from boreholes for determination of 

the physical and mechanical properties of the rock units, the following rock mechanics 

laboratory tests have been performed: 

- Uniaxial Compressive Strength (UCS) (ASTM, D2938-95(2002)) 

- Modulus of Elasticity determination (ASTM, D3148-02) 

- Poisson’s ratio (ASTM, D7012-13) 

- Unit weight (ASTM, D7263-09(2018)) 

The results of the laboratory tests are presented in Appendix E. 
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3.4. Characteristics of the Landslide 

Engineering geological characterization studies were performed to assess the slope 

stability problems that were observed along the Tarsus - Pozantı Motorway where, the 

presence of a mass movement has been determined by the mobilization of Talus 

(Qym) and artificial fill material (Yd). In this context, for the determination of the 

landslide mechanism and causes, sliding plane geometry of the sliding mass, the 

results of the geological and geotechnical investigation studies are summarized below. 

Figure 3.1 presents an engineering geological map of the landslide. The crown of the 

landslide mass is located at the left side of the road in the direction of kilometer 

increase, within approximately 300 meters from the road axis. It has been mobilized 

in the E direction from the crown that has formed on the slope at an elevation of 

+1200.00. The maximum width of the sliding mass is measured to be 500 meters at 

the toe of the landslide. 

In accordance with the borehole and inclinometer measurements, the location of the 

sliding plane was determined to be in Talus (Qym). In study area, the landslide 

material is observed as clayey gravel with sand (GM), sandy clay with gravel (CL) 

and mostly limestone originated blocks. The characteristics of the landslide material 

refer to the material type of debris. In addition, the mechanism of the landslide has a 

major and single non-circular failure surface. Thus, the type of movement could be 

classified as “Debris Slide”, with respect to the classification of Varnes (1978). 

Km: 21 + 200 - 21 + 730 section of the project site consists of artificial fill material 

(Yd), Talus (Qym) and Çukurbağ formation (Tomç). The sliding mass of the project 

route in the range of Km: 21 + 200 - 21 + 730, which consists of the sandstone, 

conglomerate, claystone and siltstone units of the Çukurbağ formation (Tomç) and 

Talus (Qym), has been developed as a result of the topographic, geomechanical, 

atmospheric, tectonic, heavy traffic load, surface and groundwater conditions. 

As a result of the initiation of mass movement, tension cracks have formed along the 

road and some deformations in the form of settlement and undulations along the 
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roadside have occurred, which have adversely affected the flow of traffic on the road. 

In the study area, it has been determined that some of the drainage ditches on the 

roadside have been unusable due to damage resulting from the mass movement. In 

addition, it has been established that due to the lack of drainage (i.e., uncontrolled 

surface water penetration), the surface waters interacted with the landslide mass, that 

led to a decrease in the effective stress and hence, increased the chances of slope 

failure. In the dwellings that are situated in the close vicinity of the study area, 

especially those that are located at the boundary of the moving mass, cracks and 

fractures have been observed on the walls and backyards of the houses along with 

within the retaining walls on the roadside (Figures 3.2 and 3.3). 

 

 

Figure 3.2. Deformations on the road structures along the mass movement 
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Figure 3.3. Cracks on the walls of an house that is situated along the mass movement 

 

3.5. Engineering Geological Characterization 

A total of 31 boreholes with a total length of 546 m have been drilled in the landslide 

area. Inclinometers have been installed in 12 of the boreholes, of which 10 were 

situated in the sliding mass and 2 were outside of the landslide area (CPS-21i, and 

CPS-22i). The results of the inclinometer measurements are summarized in Table 3.2 

and given in detail at Appendix C. According to the inclinometer readings, the 

displacement of the sliding mass varies from 2.06 mm to 15.49 mm. The depth of the 

landslide material is in between the range of 5.30 m to 32.80 m. The maximum 

velocity of the landslide is observed at Borehole CPS-09i to be 0.14 mm/day. 
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Table 3.2. The summary of inclinometer readings 

 

 

3.5.1. Engineering Geological Description of the Units 

For the determination of the physical and mechanical properties of the units and for 

specifying the geotechnical parameters, in-situ and laboratory tests have been 

performed. The engineering geological description of the Talus (Qym), Artificial Fill 

(Yd) and Çukurbağ Formation (Tomç) are summarized in this section. 

3.5.1.1. Artificial Fill (Yd) 

The artificial fill (Yd), which varies in thickness from 0.15 to 10.40 m in the landslide 

area, generally constitutes the main body of the motorway and the fill area on the side 

of the road. This unit generally consists of topsoil, tree roots, road asphalt fill and 

sandy clayey gravel and sandy gravelly clay levels. The sandy clayey gravel portion 

consists of gray to dark gray colored, wet, fine to coarse grained, angular to semi-

angular, fine and fine to coarse sands originated from mostly limestone and 

occasionally other rocks. The sandy gravelly clay portion consists of brown to grayish 

brown colored, stiff, moist, medium to highly plastic clays with fine to coarse grained, 

angular to semi-angular, fine to coarse grained sands and gravels. Traces of rubbles - 

blocks of limestone origin up to a maximum thickness of 30 cm have been identified 

within the unit. 

Starting Date Ending Date

Duration of 

Measurement 

(day)

Displacement 

(mm)

Depth 

(m)

Velocity 

(mm/day)

CPS-04i 42.00 42.00 5/30/2016 9/16/2016 109 9.66 22.20 0.09

CPS-05i 45.00 45.00 6/8/2016 9/17/2016 101 2.46 32.80 0.02

CPS-07i 48.00 48.00 5/30/2016 9/16/2016 109 10.36 27.80 0.10

CPS-09i 36.00 36.00 5/29/2016 9/16/2016 110 15.49 16.25 0.14

CPS-10i 30.00 30.00 5/22/2016 9/16/2016 117 9.62 11.30 0.08

CPS-11i 42.00 42.00 6/1/2016 9/16/2016 107 6.08 26.75 0.06

CPS-12i 42.00 42.00 5/24/2016 9/16/2016 115 10.20 7.30 0.09

CPS-14i 39.00 39.00 6/5/2016 9/16/2016 103 5.94 5.30 0.06

CPS-15i 30.00 30.00 5/22/2016 9/16/2016 117 3.46 6.30 0.03

CPS-16i 24.00 24.00 5/18/2016 9/16/2016 121 2.06 7.80 0.02

CPS-21i 24.00 24.00 6/5/2016 9/17/2016 104 - - -

CPS-22i 30.00 30.00 5/18/2016 9/16/2016 121 - - -

Inclinometer 

Depth 

(m)

Borehole

Depth 

(m)

Borehole

ID

Sliding Mass
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The results of the laboratory tests that have been performed on the disturbed samples 

obtained by Standard Penetration Tests (SPT) on the artificial fill (Yd) levels are as 

follows: 

SPT (N)     8 ≤ SPT (N) ≤ 35 

Water content (Wn)    4.50 % ≤ Wn ≤ 17.70 % 

Liquid limit (LL)    NP 

Plasticity index (PI)    NP 

Sieve analysis (+4)    36.00 % ≤ + 4 ≤ 70.00 % 

Sieve analysis (-200)    % 9.20 ≤ – 200 ≤ % 30.10 

Soil classification    (USCS) ML, GM, GW – GM, GP – GM 

The artificial Fill (Yd) unit is permeable depending on the amount of granular material 

it contains. 

3.5.1.2. Talus (Qym) 

In the study area, Talus (Qym), which has a thickness ranging between 1.95 and 27.40 

meters in the boreholes, is mainly represented by gravelly and clayey levels. The sandy 

clayey gravel portion consists of various colored (gray, dark gray, cream or beige), 

dense, wet, fine to coarse grained, angular to semi-angular, generally limestone, 

locally brecciated limestone pebbles and fine to coarse grained sands. 5 to 10% of the 

unit consists of large limestone blocks with a maximum length of 150 cm. The sandy 

gravelly clay portion consists of reddish to dark, occasionally light brown colored, 

moist, medium to high plastic clays with angular to semi-angular, hard to fragile 

pebbles and fine to coarse grained sands. There are coarse grained recrystallized 

limestone pebbles with a dimension of up to 10x10 cm. In addition, transported large 

limestone blocks have been identified in the boreholes. 
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The results of the laboratory tests that have been performed on the disturbed samples 

obtained by Standard Penetration Tests (SPT) on the talus (Qym) levels are as follows: 

SPT (N)     8 ≤ SPT (N) ≤ 35 10 ≤ SPT (N) ≤ 60 

Water content (Wn)    % 2.00 ≤ Wn ≤ % 40.90 

Liquid limit (LL)    % 25 ≤ LL ≤ % 70 

Plasticity index (PI)    % 6 ≤ PI ≤ 40 

Sieve analysis (+4)    % 3.20 ≤ +4 ≤ % 69.60 

Sieve analysis (-200)    % 6.60 ≤ –200 ≤ % 89.10 

Soil classification  (USCS) CL, CL/CH, GC, GM, GP – GM, GW – 

GM 

Talus (Qym) holds groundwater due to the granular material it contains and is 

permeable in terms. 

3.5.1.3. Çukurbağ Formation (Tomç) 

Çukurbağ formation (Tomç), which forms the bedrock in the study area, is observed 

in varying thicknesses between 3.55 to 17.70 meters in the boreholes and is generally 

represented by conglomerate, sandstone, sandstone–siltstone alternation and 

claystone-sandstone alternation units. Conglomerates are gray to beige to dark gray 

colored, moderately hard (partly friable), moderately weak (partly very weak), 

moderately weathered (partly very weathered), moderately dense to not cemented. It 

contains fine to medium grained, semi-rounded to semi-angular pebbles of various 

origin in the carbonate clay / silt matrix. Siltstones are greenish to light brown colored, 

moderately weak and moderately weathered. Sandstones in the sandstone-siltstone 

alternation are greenish light brown to dark gray colored, moderately weak, slightly 

to moderately weathered, fine to coarse grained, with carbonate / silt matrix. Siltstones 

are greenish light brown to dark gray colored, weak to medium strong, low to medium 

weathered. Claystone alternations are gray to dark gray to occasionally yellowish light 
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brown colored, moderately weak, slightly weathered. Sandstones in the claystone-

sandstone are gray to light gray colored, medium strong to weak, slightly weathered, 

fine to coarse grained, moderately cemented with a carbonate matrix. 

The Total Core Recovery (TCR), Rock Quality Designation (RQD) results and the 

laboratory test results obtained from the drilling operations on the Çukurbağ formation 

(Tomç) are presented below: 

Total Core Recovery (TCR)   % 65 ≤ TCR ≤ % 100 

Rock Quality Designation (RQD)  % 0 ≤ RQD ≤ % 70 

Pressuremeter limit pressure (Pln)   43.00 kgf/cm2 ≤ Pln ≤ 47.00 kgf/cm2 

Pressuremeter modulus (Ep)    220 MPa ≤ Ep ≤ 4049 MPa 

Uniaxial compressive strength (qu)  5.00 MPa ≤ qu ≤ 28.00 MPa 

Unit weight (γ)     23.54 kN/m3 ≤ γ ≤ 24.52 kN/m3 

Elasticity modulus (Ei)    1.20 GPa ≤ Ei ≤ 7.30 GPa 

The units observed in the study area hold groundwater according to their lithological 

and structural characteristics. The permeability degree of the sandstone and 

conglomerate levels of the Çukurbağ formation (Tomç) area are permeable to low 

permeable, and claystone and siltstone levels are non-permeable. On the other hand, 

the rocks belonging to this unit allow groundwater circulation due to their 

discontinuous nature. 

3.5.2. Determination of the Geotechnical Parameters 

3.5.2.1. Empirical Approaches for Effective Parameters 

The geotechnical parameters of the Landslide Material (Hm) and Talus (Qym) were 

determined based on empirical approaches. The geomaterials that these units 

constitute were generally classified as CL and GM, and the parameters were 

determined by considering clayey levels in order to stay on the safe side. 
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Unit Weight (ɣ) 

For determination of the unit weight of the sandy gravelly, medium to high plastic, 

firm to stiff clay (CL) portion of Talus (Qym) and Landslide Material (Hm), Table 3.3 

was used (Das et al., 2015). According to Table 3.3 the unit weight of these materials 

could be accepted as:  

ɣ : 18 kN/m3 

 

Table 3.3. Typical values for bulk and saturated unit weights (Das, et al., 2015) 

 

 

Long term (effective) shear strength parameters 

Effective internal friction angle: 

For the determination of the effective internal friction angle of the clayey materials of 

the Talus unit (Qym), various relations were used. 
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The suggested range of effective internal friction angle for soils and rocks according 

to the Australian Standards (AS 4678-2002) is presented in Table 3.4. According to 

these standards, the effective internal friction angle ranges from 17° to 32°. 

 

Table 3.4. Effective internal friction angle for some soils and rocks as suggested by AS 4678-2002 

 

 

According to Sorenson and Okkels (2013), there is a relation between the plasticity 

index of the normally consolidated clay materials and the effective internal friction 

angle (Figure 3.4) and this relation is formulated as: 

 𝜙′
𝑝𝑒𝑎𝑘

= 43 − 10𝑙𝑜𝑔𝑃𝐼 (6.1) 

 

where 

ϕ’peak : peak effective internal friction angle, and 

PI : plasticity index. 

The mean PI of the talus material is 26.35 from the laboratory test results. After the 

calculation was performed, the peak internal friction angle was found as: 

ϕ’peak= 28.79°. 
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Figure 3.4. Peak effective internal friction angle versus PI for normally consolidated clays (After 

Sorenson and Okkels, 2013) 

 

Also a correlation between ϕ’ and PI was suggested by Bowles (1988) based on data 

from several resources for normally consolidated clays (Figure 3.5). From the curve 

for undisturbed clays on the graph, the effective internal friction angle was determined 

to be: 

ϕ’=28° 
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Figure 3.5. Correlation between peak and residual effective internal friction angles and plasticity 

index PI for normally consolidated clays (Bowles,1988) 

 

As a result, for the Talus (Qym), the effective internal friction angle was determined 

as: 

ϕ’=28° 

For the Landslide Material (Hm), the peak shear strength parameters should not be 

used. Because of the failure has already occurred, the material is in residual state. 

Therefore, the residual shear strength parameters should be determined. 

As mentioned above, Bowles (1988) also suggested a correlation between ϕ’ and PI 

for the residual clays. From Figure 3.5, the residual effective internal friction angle is 

determined as: 

ϕ’res=10° 

In addition, Holtz and Kovacs (1981) have documented the variation of residual and 

peak effective internal friction angles for normally consolidated clays based on the PI 

of these materials as presented in Figure 3.6. In accordance with the graph, the residual 

effective internal friction angle is determined as: 

ϕ’res=19.5° 
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Figure 3.6. Variation of peak and residual effective internal friction angles with plasticity index for 

normally consolidated clays (Holtz and Kovacs, 1981) 

 

Figure 3.7 presents the study of Kenney (1967) as quoted by Tiwari and Mariu (2000) 

that presents residual internal friction angle vs. liquid limit. The study represents the 

results of testing undisturbed soil samples that were recovered from the sliding 

surfaces of five different landslide areas in Japan to determine the residual shear 

strength parameters of these materials. The residual internal friction of the Landslide 

Material (Hm) was determined from Figure 3.7 as: 

ϕres=16.5° (Average LL = 53.56 from the laboratory test results) 
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Figure 3.7. Relationship between residual internal friction angle and liquid limit (Kenney, 1967 as 

quoted by Tiwari and Mariu, 2000) 

 

Stark and Eid (1994) developed a correlation of residual friction angle with liquid 

limit, clay-size fraction and effective normal stress (Figure 3.8). Assuming that the 

maximum effective normal stress for the Landslide Material (Hm) is approximately 

600 kPa (i.e., since the maximum depth of the sliding mass is 32.80 m and the unit 

weight of the soil is 18 kN/m3, this leads to a normal stress of approximately 600 kPa). 

The approximate clay fraction of the soil is 43.44%. From Figure 3.8, the residual 

internal friction angle was determined as: 

ϕres=13° 
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Figure 3.8. Secant residual internal friction angle relationship with liquid limit, clay-size fraction and 

effective normal stress (Stark and Eid, 1994) 

 

As a result, the mean residual internal friction angle for the Landslide Material (Hm) 

from the four different assessments presented above is given as: 

ϕ’=14.75° ≈ 15° 

Effective cohesion value: 

To determine the cohesion value of the Talus (Qym), different tables from different 

studies were used. 

From Australian Standards (AS 4678-2002), for the mentioned range of the effective 

internal friction angle in Table 3.4, the effective cohesion of the material should be in 

the range of 0 to 10 kPa. 

In addition, Table 3.5 presents soil properties suggested by the National Engineering 

Handbook of the United States Department of Agriculture (USDA) for undrained and 

drained conditions. For clays, the drained strength parameters are important for long-

term conditions. Therefore, effective cohesion of the soil in study area should be in 

the range of 0 to 4.75 kPa (0 – 100 lbf/ft2). 
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Table 3.5. Estimated soil properties (USDA, 2007) 

 

 

As a result, c’ of the Talus is determined as 5 kPa. 

In the article of Zydroń and Zawisza (2011), the shear strength investigations of soils 

in various landslide areas have been performed. For some of the test soils, the residual 

cohesion values have been obtained as non-zero, but did not exceed 10 kPa. Carrubba 

and Fabbro (2008), Gullà et al. (2004) and Wen et al. (2007) have been also aqcuired 

non-zero residual cohesion values for soils of slide zones. According to Lupini et al. 

(1981), the residual cohesion values that have been provided from ring shear tests on 

natural soil samples, vary in between 0 and 8 kPa that is unrelated to other soil 

properties. 

 

On the other hand, for the Landslide Material (Hm), the residual effective cohesion 

should be taken as 0, because of the presence of a pre-existing shear surface resulting 

from the movement of the soil mass. The bonding between the particles have been 

removed because of the movement and the clay particles have oriented parallel to the 

direction of the shear. The residual internal friction angle controls the frictional 

resistance. Stark and Eid (1994) recommended that the effective cohesion should be 
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selected as 0 for the first-time sliding situations. According to Smoltczyk (2002), the 

residual shear strength has been defined by residual internal friction angle, solely. Also 

this situation has been defined by Atikson (1993) as the cohesion in the state of 

previously sheared is zero. In addition, Skepmton (1964), Bishop (1971) and Kimura 

et al. (2014) have suggested the residual internal friction angle differs with respect to 

the soil properties and magnitude of normal stress that provided by cohesion value is 

equal to 0.  

The selected long term shear strength parameters for the Talus (Qym) and Landslide 

Material (Hm) to perform stability analysis are summarized in Table 3.6. 

 

Table 3.6. The long term shear strength parameters that used for the stability analysis 

 

 

 

Long Term Shear 

Strength 

Parameters

Reference

Determined 

value of 

parameter

Paramter 

that used for 

analysis

AS 4678-2002 17° - 32°

Sorenson and Okkels (2003) 29.79°

Bowles (1988) 28°

Bowles (1988) 10°

Holtz and Kovacs (1981) 19.5°

Tiwari and Mariu (2000) 16.5°

Stark and Eid (1994) 13°

AS 4678-2002 20° - 30°

USDA (2007) 31°

Zydroń and Zawisza (2011) 0 - 10 kPa

Carrubba and Fabbro (2008)

Gullà et al. (2004)

Wen et al. (2007)

Lupini et al. (1981) 0 - 8 kPa

Stark and Eid (1994)

Smoltczyk (2002)

Atikson (1993)

Skepmton (1964)

Bishop (1971)

Kimura et al. (2014)

0 kPa

c' for Landslide 

Material (Hm)
0 kPa

c' for Talus (Qym) 5 kPa

φ' for Landslide 

Material (Hm)
15°

≠ 0 kPa

φ' for Talus (Qym) 28°
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3.5.2.2. Empirical Approaches for Rock Mass Parameters 

To estimate the shear strength parameters (c – ϕ) of the Çukurbağ formation (Tomç), 

some published results of rock mass shear strength were used. Hoek and Bray (1977) 

suggested a relationship between internal friction angle and cohesion with respect to 

the geological conditions of the rock mass (Figure 3.9). The points on the figure refer 

the back calculated shear strength parameters at failure of various locations with local 

geological conditions. 

According to the given figure, the Çukurbağ formation (Tomç) that consists of 

conglomerate-sandstone and claystone-siltstone units in the study area has similar 

characteristics with the given shear strength parameters shown at points 16 and 19. 

The formation consists of soft rock with undisturbed hard rock. The clay content is 

appreciable at the claystone-siltstone level, though the conglomerate-sandstone levels 

are partly unjointed and the clay content is low at these levels. Considering all these 

characteristics of the rock mass, it should be located within the area marked on the 

graph. The shear strength parameters of rock mass at the study area are suggested as: 

c = 100 – 200 kPa 

ϕ = 20° – 30° 
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Figure 3.9. Relationship between friction angle and cohesive strength mobilized at failure for slopes 

analyzed in the table given below the figure (Hoek and Bray, 1977) 
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3.6. Rock Mass Classification 

The rock mass classification methods utilized were the Rock Mass Rating (RMR) and 

the Geological Strength Index (GSI). 

3.6.1. Rock Mass Rating (RMR) 

For the Çukurbağ formation (Tomç), the RMR Classification of Bieniawski (1989) 

was performed (Table 3.6) and the total RMR value was calculated. The given ratings 

of each parameter are summarized in Table 3.8. 

From results of the UCS tests applied to the core samples, the strength of the intact 

rock has been in the range of 2 to 35 MPa and the mean result was calculated to be 

15.7 MPa. As indicated in Table 3.7, the rating of strength of intact rock material was 

determined to be 2. 

From the field observations, the RQD value has been estimated as 50%. Hence the 

RQD is in the range of 25% - 75%, and the rating was evaluated to be 10. 

Since the mean discontinuity spacing was determined to be 200 mm, the rating of this 

parameter was assigned a value of 8. 

During field studies, water discharges at various locations in the landslide area have 

been observed and the unit appeared to be wet at certain locations at the ground 

surface. Therefore, the general condition of groundwater has been assigned wet 

condition and a rating of 7 has been given for the groundwater condition. 

Considering the field observations, there were many bedding plane surfaces, which is 

the major discontinuity of the rock mass. Hence, the persistence of the discontinuity 

parameter was selected with respect to the bedding plane, which has a length of > 20 

m, and the rating of this parameter should be selected as 0. Since the apertures of the 

discontinuities were in between 1 – 5 mm, a rating of 1 was used for this parameter. 

The roughness of the discontinuity surfaces has been determined to range in between 

rough to slightly rough. As a result of this, the rating of the roughness parameter was 

assigned a value of 4. Since the infilling material was soft gouge, a rating of 2 was 
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assigned for the infilling parameter. Finally, since the rock mass has been observed to 

be slightly to moderately weathered in the study area, the rating of this parameter was 

selected as 4. 

When all these parameters have been evaluated together, the RMR value was 

determined as 40 for this rock mass. 
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Table 3.7. Rock Mass Rating (Bieniawski, 1989) for the Çukurbağ formation (Tomç) 
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Table 3.8. The assigned ratings of the parameters of the RMR System for the Çukurağ formation 

(Tomç) 

 

 

According to the total rating, the rock mass has been classified as “poor rock” and the 

cohesion and internal friction angle values for this rock mass is in between the range 

of 100 – 200 kPa and 15° – 25°, respectively. 

3.6.2. Geological Strength Index (GSI) 

The GSI table proposed by Hoek et al. (2013) was applied to the rock mass that was 

observed at study area and vicinity. The RQD of the rock mass has been estimated as 

50% in the field. For this version of the GSI, the joint conditions, proposed by 

Bieniawski (1979) were used and since the total rating for the joint conditions was 

determined to be 11, the GSI was approximately determined to be 41 for this rock 

mass unit (Figure 3.10). 

Field 

Observation
Range of Value Rating

15.7 MPa 1 - 50 MPa 2

50% 25% - 75% 10

200 mm 60 mm - 600 mm 8

7

Discontinuity length 

(Persistence)
0

Separation (Aperture) 1

Roughness 4

Infilling (Gauge) 2

Weathering 4

40±5

Groundwater

Spacing of discontinuities 

RQD

Strength of intact rock 

material

Parameter

TOTAL :

Slightly - Moderately weathered

Soft filling < 5 mm

Rough - Slightly rough

1 - 5 mm

> 20 m

Wet
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Figure 3.10. Geological Strength Index (Hoek et al. 2013) for the sandstone-conglomerate unit of the 

Çukurbağ formation (Tomç) 
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3.7. Rock Strength Analysis 

For the determination of the strength parameters of the rock masses, the RocData 

sofware was used. This software provides the shear strength parameters based on the 

Hoek-Brown failure criterion (2002). With the obtained data from study area and the 

laboratory test results, the parameters given below were used for the estimation of the 

shear strength parameters: 

- Uniaxial compressive strength (σci), 

- Geological Strength Index (GSI), 

- Intact rock parameter (mi), 

- Disturbance factor (D), 

- Intact modulus (Ei), 

- Unit weight (ɣ). 

The mean uniaxial compressive strength of the intact rock (UCS) was determined to 

be 15.7 MPa. As described above, the GSI has been determined to be 40. The intact 

rock parameter (mi) was selected as 7, which indicate the mean value of the intact rock 

parameters of claystone and sandstone. For the undisturbed in-situ rock masses, the 

disturbance factor was assigned as 0. The intact modulus was used as mean value of 

the elastic modulus results from laboratory tests, namely, 3100 MPa. Finally, the unit 

weight of the rock mass, as obtained from laboratory testing, was used as 24 kN/m3. 

The parameters used for the shear strength parameters of the rock mass are presented 

in Table 3.9.  

 

Table 3.9 Input rock mass parameters 

 

UCS of intact 

rock 

(σci) (MPa)

GSI

Intact rock 

parameter

(mi)

Disturbance 

factor 

(D)

Intact 

modulus

(Ei) (MPa)

Unit weight 

(γ) (kN/m
3
)

15.7 40 7 0 3100 24
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The representative graphs and the results are given in Figure 3.11. 

 

 

Figure 3.11. RocData results for the claystone-sandstone unit of the Çukurbağ formation (Tomç) 

 

As a result, the shear strength parameters of the rock mass were estimated as: 

c = 334 kPa 

ϕ = 31° 
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The selected shear strength parameters for the Çukurbağ Formation (Tomç) to perform 

stability analysis are summarized in Table 3.10. 

 

Table 3.10. The shear strength parameters of the Çukurbağ Formation (Tomç) that used for the 

stability analysis 

 

 

 

Shear 

Strength 

Parameter

Reference

Determined 

value of 

parameter

Paramter 

that used for 

analysis

Hoek and Bray (1977) 100 - 200 kPa

Bieniawski (1989) 200 kPa

Hoek et al. (1995) 339 kPa

Hoek and Bray (1977) 20° - 30°

Bieniawski (1989) 25°

Hoek et al. (1995) 31°

31°

200 kPa

φ

c
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CHAPTER 4  

 

4. GEOTECNICAL ASSESSMENT AND STABILIZATION OF THE 

LANDSLIDE 

 

4.1. Slope Stability Analysis Methods 

4.1.1 Limit Equilibrium Analysis 

Slope stability analysis is one of the fundamental topics of geotechnical engineering. 

The movements in both naturally and artificially formed slopes affect human life 

directly. The primary goals of geotechnical engineers is revealing the causes and 

consequences of slope movements, taking necessary precautions and determination of 

the slope safety numerically for the purpose of preventing/minimizing fatalities and 

financial losses. 

The factor of safety of the slopes is calculated based on the balance of the driving and 

resisting forces. When the factor of safety is equal to or greater than the 1.00, the slope 

is accepted as stable. That implies that the driving forces acting on the slope are equal 

to or smaller than the resisting forces (Eqn 4.1). 

 𝐹𝑆 =
Σresisting forces

Σdriving forces
=

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
≥ 1.00 (4.1) 

 

To perform an analytical solution of the stability of a slope, some information, which 

are given below, are required (Hunt, 2005): 

- The location and geometry of a potential or existing failure surface which is 

controlled by material type and structural features. 

- Distribution of the materials within and underneath the slope: 

 homogeneous (the properties are more or less similar in all 

directions) 
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 non-homogeneous (soils are stratified and rock masses contain 

major discontinuities). 

- Material types and representative shear strength parameters: 

 granular, cohesionless soils and clean rock joints (c=0); 

 soils or rock joints with cohesion (c,ϕ); 

 fissured clays, soils and rock masses with preexisting failure 

surfaces (ϕr); and  

 soft clays with undrained conditions (ϕ=0). 

- Drainage conditions: drained or undrained conditions in short-term 

(construction) or long-term (post-construction or natural slope) (total versus 

effective stress analysis). 

- Distribution of piezometric levels along the potential failure surface and an 

estimation of the maximum value that may be effective. 

- Geometry of the slope. 

Slope stability analysis was examined for the first time following the researches on 

cohesion and internal friction angle defined by Coulomb (1773). Although a number 

of methods are available for slope stability analysis, the two most commonly used 

methods are the limit equilibrium analysis and the finite element method (FEM). Limit 

equilibrium analysis which is based on the determination of the failure surface with 

the minimum factor of safety among countless calculations of possible failure surfaces 

is the most preferred method. A simple shaped sliding surface is accepted in this 

analysis and it is assumed that the remaining surface moves on this surface. 

A number of developed methods that are based on limit equilibrium analysis are 

summarized in Table 4.1. 
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Table 4.1. A number of developed methods that are based on limit equilibrium analysis (Abramson et 

al., 2002) 

 

 

The difference between these methods, which are based on the division of the shearing 

mass into slices, is in difference in the assumptions they employ in regards to the static 

and moment equilibrium equations. 

4.1.1.1. Ordinary Method of Slices 

The “Ordinary Method of Slices” method, which is also known as the “Swedish Slice 

Method”, is the oldest slice method used. As the method is simple, it provides 

convenience for hand calculations. The shear force is applied by the slices to each 

other and the normal forces are neglected. The existing forces are the weight of the 

slice, the normal force perpendicular to the base of the slice and shear forces parallel 

to the base. A central O-point is determined and the safety factor is calculated from 

the moment equation written relative to the O-point. 

For the application of this method, the sliding mass is divided into n number of vertical 

slices (Fig. 4.1). To obtain a single safety factor, the force of the sliding surface is 

moved slightly by the boundary conditions for the sliding body. To determine the 

x y
Hand 

Calculation

Computer 

Calculation

Ordinary Method of 

Slices (OMS)
No No Yes Circular Resultant parallel to base Yes Yes

Bishop's Simplified 

Method
No Yes Yes Circular Horizontal Yes Yes

Janbu's Simplified 

Method
Yes Yes No

Circular

 Non-circular

Horizontal correction 

factor
Yes Yes

Spencer's Method Yes Yes Yes
Circular

 Non-circular
Constant inclination No Yes

Morgenstern-Price 

Method
Yes Yes Yes

Circular

 Non-circular
X/E=λf(x) No Yes

Force 

Equilibrium
Method

Practical
Assumptions about 

Interclice Forces

Shape of 

Failure 

Surface

Moment 

Equilibrium
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problem, assumptions for inter-slice forces are used. The safety factor calculation is 

based on the force and/or moment equilibrium (Zhu, 2003). 

 

 

Figure 4.1. Forces acting on slice (Abramson, 2002) 

 

In this method, if the pore water pressure in the environment is too high or if the slope 

is shallow, the errors increase extremely. However, it has the advantage over other 

methods that it can be applied to variable layered slopes with different internal friction 

angles. 
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4.1.1.2. Bishop’s Simplified Method 

This method was developed by Bishop at Imperial College, London, in 1955. For each 

of the slices, moment equilibrium is ensured around the center of the circle with force 

equilibrium in the vertical direction. While this method takes the normal forces 

between the slices into account, it neglects the shear forces between slices. For non - 

homogeneous slopes with a circular slip surface, this method is suitable (Abramson, 

2002). With the simplifications made afterwards, the method emerged as the 

Simplified Janbu Method. Figure 4.2 represents the forces acting on a slice. 

 

 

Figure 4.2. Slice with forces for the Simplified Bishop method 

 

The following equation expresses the forces in the vertical direction (Duncan, 2014) 

(Eqn 4.2): 

 Ncosα+ S sinα− W = 0 (4.2) 

 

From this equilibrium, the normal force can be calculated by Eqn 4.3: 

 
N =

W − (1/F)(c′Δl − uΔltanϕ′)sinα

cosα + (sinαtanϕ′)/F
 

(4.3) 
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Finally, the factor of safety can be determined from Eqn 4.4: 

 

F =
Σ [

c′Δlcosα + (W − uΔlcosα)tanφ′

cosα + (sinαtanφ′)/F
]

ΣWsinα
 

(4.4) 

 

4.1.1.3. Janbu’s Simplified Method 

This method, developed by Janbu in 1956, provides a solution that can be applied to 

the sliding surface for any case and provides the conditions of force equilibrium. The 

method was later reviewed by discarding some details and was named as “Janbu’s 

Simplified Method”. “Janbu’s Simplified Method” obtains a factor of safety by 

assuming the equilibrium of the horizontal forces instead of moment equilibrium. This 

method, which neglects the shear force between the slices, considers the effect of the 

slices on each other and accounts for it by considering horizontal force equilibrium. 

Figure 4.3 shows the forces acting on a slice for the Janbu’s simplified method. 

 

 

Figure 4.3. Slice with forces for the Simplified Janbu Method 

 

The factor of safety can be calculated from Eqn 4.5: 

 
F =

Σ(c′l + (N − ul)tanφ)secα

ΣWtanα + ΣΔE
 

(4.5) 

 



 

 

 

55 

 

4.1.1.4. Spencer’s Method 

In 1967, Spencer proposed a system of two equations based on moment and horizontal 

force equilibrium. This method which assumes that the ratio of the normal and shear 

forces between the slices as constant is an iterative approach that computes the ratio 

which provides moment and horizontal force equilibrium simultaneously (Spencer, 

1967). The Spencer’s method, which assumes that the ratio of the normal (E) and shear 

(T) forces between slices as constant, asserts that the equations that provide moment 

and horizontal force equilibriums are satisfied. In other words, the same factor of 

safety is obtained from both. Equation 4.6 shows the interslice shear force. Figure 4.4 

shows the forces acting on a slice. 

 T = Etanθ (4.6) 

 

 

Figure 4.4. Slice with forces for the Spencer’s method 

 

4.1.1.5. Morgenstern-Price Method 

In this method, which is developed by Morgenstern and Price in 1965, similar to the 

Spencer method, shear and normal forces between the slices are defined by different 

functions. It is possible to define the force function as a constant for half-sine, 

trapezoid and or functions produced by the user. For this force function, computation 

of the interslice forces is performed by using iteration, until the moment (Fm) and force 

(Ff) equations are equal to each other (Eqns 4.7 and 4.8; Figure 4.5). The constant 
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chosen function makes this method equivalent to the Spencer method and the same 

safety numbers are obtained. 

 𝐹𝑓 =
[(c′l + (N − ul)tanϕ′)secα]

Σ(W − (T2 − T1))tanα + Σ(E2 − E1)
 

(4.7) 

 

 𝐹𝑚 =
Σ(c′l + (N − ul)tanϕ′)

ΣWsinα
 

(4.8) 

 

 

Figure 4.5. Slice with forces for the Morgensten – Price method 

 

As a summary, the Morgenstern-Price method: 

- Takes inter-slice shear and normal forces into account. 

- Obtains equations based on both moment equation and force equation. 

- Uses force function based on user preference for the interslice forces, 

especially in computer programs. 

4.1.2. Selection of the Appropriate Slice Method 

Although the principles of the slope stability methods are similar, they use different 

assumptions, and give different results of safety factor.  

Table 4.2 gives a summary of the slope stability analysis methods and their usefulness 

by Duncan et al. (2005). 
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Table 4.2. Summary of the procedures for limit equilibrium slope stability analysis and their 

usefulness (modified from Duncan et al. 2005) 

 

 

Since the shear surface was determined as non-circular, the Ordinary method of slices 

and the Bishop’s simplified method are suitable for the landslide that occurred in study 

area. Since the Janbu’s Simplified Method ignores the interslice forces, the accuracy 

of this method is less than Spencer’s and Morgenstern-Price’s methods. In addition, 

these two methods use moment equilibrium with force equilibrium to obtain safety 

factor equations.  

On the other hand, The Morgenstern-Price method is the most extensive and adaptable 

method since the force function could be defined by user, while the Spencer’s method 

uses this function as constant. 

As a result, the Morgenstern-Price method was preferred for the slope stability 

analysis of the study area for more realistic and rigorous results (Duncan et al., 2005). 

4.2. Pseudo-Static Analysis 

Earthquakes create dynamic normal and shear stresses on potential failure surfaces in 

a slope. Dynamic stresses, combined with existing static shear stresses, may exceed 

the existing shear strength in the ground and create inertial instability in the slope. 
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Numerous methods have been proposed for the analysis of inertial instability. The 

main difference between these methods is the degree of accuracy in representing 

earthquake motion and dynamic response of the slope. The safety factor of seismic 

slope calculated by pseudo-static analysis is similar in many respects to the safety 

factor found in limit equilibrium analysis for a static slope. 

The seismic stability, used primarily for the soil structures, is analyzed by the pseudo-

static approach, which began in the 1920s, where the effects of the earthquake were 

represented by constant horizontal and/or vertical accelerations. Pseudo-static 

approach was used by Terzaghi (1950) for the first time to apply seismic slope 

stability. In pseudo-static analyses, the effects of earthquake shaking are usually 

represented by pseudo-static accelerations that produce inertial forces. The magnitude 

of the pseudo-static forces of the horizontal (Fh) and vertical (Fv) components are 

calculated by the following equations (Eqn 4.8 and 4.9). 

 
𝐹ℎ =

𝑎ℎ𝑊

𝑔
= 𝑘ℎ𝑊 

(4.8) 

 

 
𝐹𝑣 =

𝑎𝑣𝑊

𝑔
= 𝑘𝑣𝑊 

(4.9) 

 

where: 

Fh : horizontal force,  

Fv : vertical force,  

ah : horizontal peak ground acceleration,  

av : vertical peak ground acceleration,  

kh : horizontal seismic coefficient,  

kv : vertical seismic coefficient,  

W : total weight of the landslide material, and  

g : gravitational acceleration. 
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Since the vertical component of the pseudo-static force has an effect on both the 

driving and resisting forces, its effect on the safety coefficient is very low. Thus, the 

vertical component of the pseudo-static force is neglected.  

The results of the pseudo-static analysis are critically dependent on the value of the 

seismic coefficient kh. The most important and difficult part of the pseudo-static 

stability analysis is the selection of an appropriate pseudo-static coefficient. The 

seismic coefficient controls the pseudo-static force on the sliding mass; therefore, the 

value of the seismic coefficient should be related to the magnitude of the force 

developing within the potentially unstable material. Peak accelerations are effective 

only in a short time. Therefore, in practice, pseudo-static coefficients are generally 

used far below the amax value. Table 4.3 summarizes the methods suggested by various 

authors for pseudo-static analysis. 

 

Table 4.3. Suggested methods for performing pseudo - static screening analyses (Duncan et al., 2014) 
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An evaluation of the landslide area in terms of seismicity revealed that a major 

earthquake occurred in the Hasanbeyli-Sarıçam region with a magnitude of 6.3 in 

1998. From the Earthquake Hazard Map of Turkey, the PGA value is estimated as 

0.186 g. 

According to Seed (1979), the reference acceleration is 0.75g for the earthquakes with 

a magnitude of approximately 6.5. The maximum peak ground acceleration (amax) is 

calculated as 0.099 by multiplying the reference acceleration (0.75 g) and acceleration 

multiplier (0.133). 

Kavazanjian (1997) has suggested a amax value which is half of the PGA value for 

soils, which leads to a value of amax being equal to 0.093. 

The Earthquake Building Regulations of Turkey that have been revised in 2018 state 

that the amax value is dependent on the Short Period Design Spectral Acceleration 

Coefficient (SDS) and Topographic Amplification Coefficient (ST). The SDS value 

has been determined from the interactive Earthquake Hazard Map as 0.622. The ST 

value has been ignored, since the suggestions of regulations for this coefficient have 

not been satisfied (the slope is not located on a side of a steep valley or the sliding 

surface is not close of the top of the hill). From the relation that is proposed by 

regulations, the amax value has been determined as 0.124. 

The estimated amax values from the approaches are very close to each other 

(approximately 0.1 g). As a result, for the pseudo-static analysis, the amax value could 

be used as 0.1g for this study. 

4.3. Back Analysis 

Determination of the shear strength parameters of the landslide material at equilibrium 

can be performed by using the back-analysis method. To perform this method, initially 

the subsurface conditions (type of materials, thickness and shear strength of various 

layers, ground water surface, slope geometry, etc.) should be determined. Secondly, 

representative cross-sections should be located and oriented parallel as much as 
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possible to the direction of the maximum movement and include all relevant materials 

and structures. After that, the type and location of the failure surface based on ground 

surface observations, slope inclinometer data and subsurface features should be 

defined followed by performing the appropriate stabilization method. To determine 

the back-calculated shear strength parameters of the problematic layer, the shear 

strength parameters should be varied until the factor of safety equals approximately 1. 

The back-calculated shear strength parameters (ϕ') and the results of the laboratory 

strength testing on representative samples should be compared to ensure agreement. 

Also, comparing the back-calculated shear strength parameter (ϕ') with empirical 

correlations could be performed. If the landslide is not a paleo-landslide, empirical 

correlations for the residual shear strength should be used to verify the back-calculated 

shear strength depending on the level of progressive failure that has contributed to the 

landslide. The back-calculated residual shear strength should be in agreement with the 

measured or estimated residual shear strength. 

A back analysis has been performed for three different cross-sections at the study area 

(Figure 3.1) in order to determine the shear strength parameters of the landslide 

material that provide a Factor of Safety equal to 1.00. 

The back analysis was performed for the three cross-sections, which represent and 

include the landslide area, to determine the shear strength parameters (c - ϕ) at the 

equilibrium state by using Slide 6.0 software. Table 4.4 and Figure 4.6 represent the 

results of the c - ϕ pairs that satisfy a Factor of Safety equal to 1.00. Figures 4.7 - 4.12 

show a graphical presentations of the results for each section. 

The centroid of triangle in Fig. 4.6, that is shaped by the trendlines of the results of 

these three cross-sections, on the graph implies the shear strength parameters of the 

landslide material:  

c = 2.25 kPa, ϕ = 9.75° 
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Table 4.4. c – ϕ pairs that satisfy a F.S. = 1.0 for each section 

 

 

 

Figure 4.6. c-ϕ pairs obtained from back analysis for the three cross sections 1-1’, 2-2’ and 3-3’ in 

Figure 3.1 

 

c (kPa) φ (°) c (kPa) φ (°) c (kPa) φ (°)

0.10 10.79 0.10 10.21 0.10 10.20

1.00 10.40 1.00 9.99 1.00 10.04

5.00 8.63 5.00 9.00 5.00 9.34

8.00 7.30 8.00 8.25 8.00 8.80

Section 3 - 3'Section 2 - 2'Section 1 - 1'
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Figure 4.7. Back Analysis of Cross Section 1-1’ (Exported from Slide 6.0) 
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Figure 4.9. Back Analysis of Cross Section 2-2’ (Exported from Slide 6.0) 
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Figure 4.11. Back Analysis of Cross Section 3-3’ (Exported from Slide 6.0) 
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4.4. Remediation Methods for the Landslide 

The most practical solution to avoid driving forces and to reduce their effects is to 

prevent the movement with placing a load at the toe of the slope. The easiest way to 

avoid movement is the construction of a rock buttress to the toe, which depends on the 

size of the moving mass. Constructing a reinforced concrete protective wall or placing 

concrete or steel piles from surface to the bedrock are more permanent solutions. 

On slopes with a critical angle, the inclination should be reduced to eliminate the 

impact of additional loads and excavations that would unbalance the equilibrium. The 

additional load on the upper part of the slope should be removed; the slope surface 

should be flattened or terraced. In addition, the excavation along the slope to reduce 

the effect of the sliding force will result in a reduced shear stress on the sliding mass. 

Since most of the landslides are caused by the effect of water, a well designed and 

built surface and subsurface drainage system need to be established. When the surface 

water and groundwater are detracted from the slope, the pore water pressure decreases 

and the cohesion increases. Thus, the regulation of the drainage system is the most 

important solution for the remediation of the landslides. 

To protect the slope surfaces, steep slopes should be protected from external 

influences and from the infiltration of surface water. Terraces should be formed on 

slope surfaces and these terraces should be afforested to prevent abrasion. In addition, 

slope surfaces should be germinated, cobbled, smeared with shotcrete. 

By hardening the material on the slope that tends to slide, the internal resistance of the 

mass can be increased. This method is more effective in flow type mass movement. 

The aim of the method is preventing the movement by bonding the grains to each other 

with cementing or using chemicals (Öztürk, 2002). 

4.5. Slope Stability Assessments 

With respect to the geometry and the velocity of the landslide, the topographic 

conditions of the region, the construction of a rock buttress, which is the most widely 
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used method to prevent landslide, was preferred for long term stability. An excavation 

to reduce the sliding force was not deemed applicable due to the presence of the 

settlement in the Tekir district.  

Rock buttress construction is a method that is applied for increasing the resisting 

forces acting on the sliding surface. For preventing the movement, the buttress 

provides a dead weight near the toe of the sliding mass (Figure 4.13; Abramson et al, 

2002). 

 

 

Figure 4.13. Rock buttress used to control an unstable slope (Schuster and Krizek, 1978) 

 

Rock buttresses may contain benching or shear keys to provide additional resisting 

forces for buttresses (Figure 4.14). The aim of this structure is to shift the critical slip 

surface to deeper and stronger material. The construction of the shear key is a very 

practical method for the cases that the stronger material is only a few meters under the 

soft material. On the other hand, the construction of this structure should be carefully 

performed since the excavation of a trench should be performed at the toe of the sliding 

mass. The trench should be excavated in small sections as possible at a time.  
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Figure 4.14. Sketch of buttress fill and a shear key for remediation of a landslide (Rogers, 1992) 

 

For all stabilization methods, a proper drainage design should be considered to prevent 

landslides. The drainage study should be applied at the surface and in the subsurface 

carefully to reduce the effect of water on the sliding material. To divert the surface 

waters, generally v shaped, concrete lined ditches placed at strategic locations such as 

at the crown of the sliding mass, are used. The subsurface drainage methods are more 

variable. To decrease the effect of the groundwater on the slipping surface, drain 

blanket placement, usage of cut off drains or horizontal drains, and boring relief wells 

could be used. Subsurface drainage blankets are thin well-draining soil layers with a 

perforated pipe between the layers and they are proper methods to stabilize poor 

quality saturated soils underlain by better quality soils. Cut-off drains are suitable for 

the sites where the groundwater is very close to the surface. The aim of this method is 

catching the runoff from the upper slope and collecting it in channels. Horizontal 

drains are applicable methods when the groundwater level is deep. To reduce the 

seepage pressure in the slope, the horizontal drains can be used in variable lengths that 

are related to the geometry of the slope. Relief wells are suitable methods where the 

groundwater level has a great depth and excavation methods and horizontal drains are 

not applicable due to high costs or construction difficulties. The disposal of the water 

is performed by surface pumping and discharge channels from these wells. The relief 
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wells can be used with horizontal drains at the top of these wells to dispose water 

(Abramson et al., 2002). 

In the light of this information, firstly, a channel design study was performed for 

relocation of the existing river located at the toe of the sliding mass. Subsequently, 4 

different rock buttress designs were studied in order to stabilize the sliding mass. It 

was aimed to establish the effect of this geometry on the factor of safety by changing 

the geometry of the excavation at the toe of the sliding mass for the construction of 

the determined rock buttress design. In this study, a standard slope angle (1Y/2D) and 

total slope height (40 m) were selected for the buttress. In order to increase the stability 

of a structure this high and to facilitate the construction activities, benches were 

designed on the slope of the buttress at a height of 20 m and the width of these benches 

were determined to be 3 m. 

All excavations were designed as stages to ensure the stability of both the buttress and 

the excavation. The alternatives specified for the excavation are as follows: 

For the 1st alternative, the excavation stages of the landslide material from the toe was 

designed as 4 m bench and 4 m wall excavations with a slope of 1H/1V. In addition, 

the shear key structure was planned for an 8 m depth (Figures 4.16 - 4.18). 

For the 2nd alternative, the excavation stages of the landslide material from the toe was 

designed as 4 m bench and 4 m wall excavations with a slope of 1H/1V. This 

alternative was planned without a shear key structure (Figures 4.19 - 4.21). 

For the 3rd alternative, the excavation stages of the landslide material from the toe was 

designed as 4 m bench and 2 m wall excavation, that were perpendicular to each other. 

In addition, the shear key structure was planned for an 8 m depth (Figures 4.22 - 4.24). 

For the 4th alternative, the excavation stages of the landslide material from the toe was 

designed as 4 m bench and 2 m wall excavation, that were perpendicular to each other. 

This alternative was planned without a shear key structure (Figures 4.25 and 4.27). 
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In addition, Figure 4.15 represents the schematic view of the suggested drainage 

method on the benches that are planned for the excavation at the toe. 

 

 

Figure 4.15. Drainage system could be used on benches that designed for the excavation (modified 

from Rogers, n.d.) 

 

4.6. Slope Stability Analyses and Results 

The stability analysis was performed for Section 3-3’ (Figure 3.1) which was also used 

for the back analysis for the landslide. To perform limit equilibrium analysis, 

RocScience Slide 6.0 software was used, with application of Morgenstern and Price 

method. The failure surface, which has been obtained from the inclinometer data, was 

used for all stages of the limit equilibrium analysis. Figures 4.17-4.28 show the slope 

stability analysis results of the 4 different buttress design alternatives. 

For performing the stability analysis, a minimum factor of safety value of 1.50 and 

1.10 were used for the static and pseudo-static conditions, respectively. These values 

have been provided by the Research Engineering Services Technical Specification 

(2014) of General Directorate of Highways (KGM). In addition, it should be noted 

that, Seed (1979) was suggested the minimum factor of safety value as 1.15 for the 
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magnitude of the earthquake is approximately 6.5, though the value of 1.0 was 

suggested by Kavazanjian (1997) (Table 4.3). 

The material parameters that are used for the limit equilibrium analysis are given at 

Table 4.5. The determination of the shear strength parameters of the units have been 

explained in Chapter 3 in detail. For the strength parameters of the fill material, several 

approaches of different researches were considered. According to Long and George 

(1966), a buttress design was selected for the analysis of the sections at Anchorage, 

that was affected by the Great Alaska Earthquake, and the internal friction angle and 

unit weight of the gravel buttress have been selected as 40° and 22 kN/m3 (140 lb/ft3). 

Mejia, Sun and Leung (2005) used the unit weight, effective cohesion and effective 

internal friction angle parameters of the rock fill layer of the Butt Valley Dam as 21.2 

kN/m3, 0 kPa and 40°, respectively, for limit equilibrium analysis. Similarly, Yıldız 

and Gürdil (2012) suggested these parameters for the design of Kairakkum Dam as 

22.5 kN/m3, 0 kPa and 42°, respectively. Brian et al. (2006) have used buttress 

parameters after assessing the approaches of different researchers (i.e., Saboya & 

Byrne, 1993 Barton and Kjaernsli, 1981; Charles and Watts, 1980; Marsal, 1973; 

Marachi et al., 1973; Leps, 1970) and selected the internal friction angle as 46.8° and 

the unit weight as 17.8 kN/m3. Avşar et al. (2014) assigned unit weight, cohesion and 

internal friction angle values for a landslide remediation study in Giresun through rock 

buttressing as 20.86 kN/m3, 0 kPa and 35°, respectively. When all these results were 

evaluated together, the parameters were chosen as follows: γ=22.5 kN/m3, c=0 kPa 

and ϕ=40°. 
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Table 4.5. The material parameters that were used for the limit equilibrium analysis 
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Figure 4.17. Limit equilibrium analysis results of Section 3-3’ for the 1st alternative of buttress design 

– static condition (Exported from Slide 6.0) 

 

Figure 4.18. Limit equilibrium analysis results of Section 3-3’ for the 1st alternative of buttress design 

– pseudo-static condition (Exported from Slide 6.0) 
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Figure 4.20. Limit equilibrium analysis results of Section 3-3’ for the 2nd alternative of buttress 

design – static condition (Exported from Slide 6.0) 

 

Figure 4.21. Limit equilibrium analysis results of Section 3-3’ for the 2nd alternative of buttress 

design – pseudo-static condition (Exported from Slide 6.0) 
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Figure 4.23. Limit equilibrium analysis results of Section 3-3’ for the 3rd alternative of buttress design 

– static condition (Exported from Slide 6.0) 

 

Figure 4.24. Limit equilibrium analysis results of Section 3-3’ for the 3rd alternative of buttress design 

– pseudo-static condition (Exported from Slide 6.0) 
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Figure 4.26. Limit equilibrium analysis results of Section 3-3’ for the 4th alternative of buttress design 

– static condition (Exported from Slide 6.0) 

 

Figure 4.27. Limit equilibrium analysis results of Section 3-3’ for the 4th alternative of buttress design 

– pseudo-static condition (Exported from Slide 6.0) 
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The results of these 4 alternatives are summarized in Table 4.6. There are no major 

differences between the excavation design alternatives with or without shear key 

construction. 

 

Table 4.6. The limit equilibrium analysis results of the buttress design alternatives 

 

 

4.7. Discussion of the Design Alternatives for the Rock Buttress 

The alternatives that were recommended for the toe excavation of the landslide 

material for the rock buttress was compared with respect to the costs of the excavation 

and required fill material for construction in order to decide which alternative is more 

convenient. The volume calculations of excavation and required fill material for the 

construction were performed for the 4 alternatives. For the calculation of the cost, the 

unit price list of the General Directorate of State Hydraulic Works (DSI), Dams and 

HEPP Department (2019) was utilized. B-15.301 and B-15.312 items were preferred 

for the excavation, transportation and deposition of soils and excavation, 

transportation and replacement of rock fill material, respectively. The unit price of the 

item of B-15.301 is 3.83 TL, while the item of B-15.312 is 22.99 TL. 

Table 4.7 summarizes the calculated volumes and costs of the excavation and required 

fill material for the buttress alternatives. 

 

 

Static 

Condition

Pseudo-Static 

Condition

1 2.034 1.142

2 2.025 1.137

3 1.977 1.110

4 1.972 1.108

Factor of Safety

Alternative
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Table 4.7. Calculated volumes and costs of the excavation and required fill material for rock buttress 

 

 

According to these results, the design alternatives without shear key structure have 

lower cost than the construction with shear key ones, because the volume of 

excavation and the hence, required fill material volume is less. However, the 

excavation and construction elevation in the valley cannot be planned to be decreased 

to further lower elevations due to certain restrictions (i.e., presence of the Adana-

Pozantı Motorway, proper drainage design and relocation design of the existing river 

controlled by the settlement above the valley) leading to the fact that the buttress 

structure will be placed directly on the talus (Qym) unit. In long term, the non-

homogeneous distribution of the units contained in talus (Qym) may cause differential 

settlement and hence, deformation on the buttress structure. For this reason, it is 

important to situate the structure on strong rock. In this context, although the cost of 

construction of shear key is higher, it is deemed to be more appropriate to choose the 

design with shear key considering long-term stability. 

As a conclusion, the 3rd alternative with a shear key structure is deemed to be more 

proper to select, considering the long-term stability of the rock buttress and the total 

cost of the entire construction process (excavation of landslide material and 

construction of rock buttress). 

 

Static 

Condition

Pseudo-

Static 

Condition

Excavation

(m
3
)

Required fill 

material for 

buttress

(m
3
)

Excavation

(TL)

Required fill 

material for 

buttress

(TL)

TOTAL

1 2.034 1.142 837,088 2,132,475 3,206,045 49,025,600 52,231,645

2 2.025 1.137 680,838 1,953,650 2,607,608 44,914,414 47,522,021

3 1.977 1.110 840,388 2,116,450 3,218,684 48,657,186 51,875,870

4 1.972 1.108 707,150 1,981,463 2,708,385 45,553,823 48,262,207

Factor of Safety

Alternative

Calculated Volume Calculated Cost
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CHAPTER 5  

 

5. SUMMARY AND CONCLUSIONS 

 

Stability problems were determined along the Km 21+200 – 21+730 section (Tekir 

Region) of the Tarsus – Pozantı Motorway and vicinity, especially due to the traffic 

load imposed by heavy tonnage vehicles along with the contribution of factors such 

as topographic, atmospheric conditions and the adverse geomechanical properties of 

the geologic units in the highway area. 

In the context of determining the engineering geological properties of the geological 

units and the groundwater level and investigation of the geotechnical problems, 

geological observations have been performed and a detailed engineering geological 

map of the study area has been prepared. 31 boreholes with total length of 549.09 

meters of which 12 of them contained inclinometers have been drilled. A total of 352 

standard penetration tests (SPT) have been performed as in-situ tests. Laboratory 

geotechnical tests have been performed on 42 rock and 342 soil samples. With respect 

to the in-situ observations and in-situ and laboratory tests, the landslide material (Hm), 

artificial fill (Yd), talus (Qym) and Çukurbağ formation (Tomç) have been established 

to represent the units of the landslide area. The geometry, sliding surface, velocity and 

mechanism of the landslide have been established in the light of these investigation 

studies. The geotechnical parameters of the units have been determined by using 

laboratory test results, empirical approaches from literature, rock mass classifications 

and RocData 4.0 Software. The back analysis method has been performed for the 

determination of the shear strength parameters of the landslide material (Hm) by using 

three sections that represent the sliding mass. As a result of the back analysis 

performed by using the Morgensten-Price method, the shear strength parameters of 

the landslide material have been obtained as c = 2.25 kPa and ϕ = 9.75°, respectively. 
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In consideration of the remediation of the landslide, 4 different alternatives of 

excavation stage design for rock buttress construction with a proper drainage system 

have been analyzed. The limit equilibrium analysis of these alternatives has been 

compared with respect to the cost of excavation of the landslide material and 

construction of the rock buttress. In addition, the effect of the shear key structure has 

been considered. The 3rd rock buttress alternative with 4 m bench and 2 m wall 

excavations perpendicular to each other and an 8 m deep shear key structure has been 

selected. 

In conclusion, the long-term stability of the landslide, that occurred at the Pozantı – 

Tekir region, has been provided in the light of these investigation and stability 

analyses. 
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C. Summary of the Standard Penetration Test (SPT) Results 

 

0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 0.50 0.71 35 50 - R

SPT-2 1.00 1.45 27 46 32 78

SPT-3 1.50 1.95 18 20 25 45

SPT-4 2.00 2.45 12 25 29 54

SPT-5 2.50 2.95 16 31 24 55

SPT-6 3.00 3.45 11 8 16 24

SPT-7 3.50 3.95 11 19 20 39

SPT-8 4.00 4.35 13 16 50 R

SPT-9 4.50 4.95 14 10 10 20

SPT-1 0.50 0.95 18 19 12 31

SPT-2 1.00 1.45 22 15 18 33

SPT-3 1.50 1.95 15 13 10 23

SPT-4 2.00 2.45 8 7 7 14

SPT-5 2.50 2.95 4 5 5 10

SPT-6 3.00 3.45 3 6 7 13

SPT-7 3.50 3.95 7 7 4 11

SPT-8 4.00 4.35 20 6 8 14

SPT-9 4.50 4.95 7 8 7 15

SPT-1 0.50 0.95 37 28 9 37

SPT-2 1.00 1.10 50 - - R

SPT-3 2.00 2.45 29 35 31 66

SPT-4 2.50 2.95 32 29 41 70

SPT-5 3.00 3.45 21 42 39 81

SPT-6 3.50 3.95 36 26 36 62

SPT-7 4.00 4.45 29 22 22 44

SPT-8 4.50 4.88 45 32 50 R

SPT-1 1.50 1.95 13 12 20 32

SPT-2 3.00 3.45 22 18 17 35

SPT-3 4.50 4.95 14 13 12 25

SPT-4 6.00 6.45 12 20 24 44

SPT-5 7.50 7.95 19 22 23 45

SPT-6 9.00 9.45 23 39 36 75

SPT-7 10.50 10.95 17 31 39 70

SPT-8 12.00 12.45 8 9 13 22

SPT-9 13.50 13.95 1 16 22 38

SPT-10 15.00 15.29 40 50 - R

SPT-11 16.50 16.56 50 - - R

SPT-12 18.00 18.13 50 - - R

SPT-13 19.50 19.90 31 34 50 R

SPT-14 22.50 22.95 16 15 20 35

SPT-15 24.00 24.45 30.28 35 28 63

SPT-16 25.50 25.95 10 24 28 52

SPT-17 27.00 27.36 24 44 50 R

SPT-18 28.50 28.95 19 22 33 55

SPT-19 30.00 30.45 25 29 40 69

CPS-01

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-02

CPS-03

CPS-04i
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 1.50 1.77 10 50 - R

SPT-2 3.00 3.45 7 8 10 18

SPT-3 4.50 4.95 25 20 40 60

SPT-4 6.00 6.10 50 - - R

SPT-5 7.50 7.64 50 - - R

SPT-6 9.00 9.02 50 - - R

SPT-7 13.50 13.60 50 - - R

SPT-8 21.00 21.45 7 10 12 22

SPT-9 22.50 22.95 5 5 10 15

SPT-10 24.00 24.45 7 13 14 27

SPT-11 25.50 25.55 50 - - R

SPT-12 28.50 28.95 17 28 34 62

SPT-13 30.00 30.45 12 19 26 45

SPT-14 31.50 31.95 14 22 33 55

SPT-15 33.00 33.45 10 14 17 31

SPT-16 34.50 34.90 8 14 15 29

SPT-17 36.00 36.45 20 26 26 52

SPT-18 37.50 37.70 25 50 - R

SPT-19 39.00 39.40 16 15 50 R

SPT-1 0.50 0.95 31 35 29 64

SPT-2 1.00 1.13 50 - - R

SPT-3 1.20 1.25 50 - - R

SPT-4 2.00 2.45 12 24 37 61

SPT-5 2.50 2.95 13 14 12 26

SPT-6 3.00 3.45 14 13 11 24

SPT-7 3.50 3.95 28 19 12 31

SPT-8 4.00 4.35 19 17 50 R

SPT-9 4.50 5.15 25 37 46 83

SPT-1 1.50 1.95 6 8 6 14

SPT-2 3.00 3.45 3 4 3 7

SPT-3 4.50 4.95 3 4 5 9

SPT-4 6.00 6.02 50 - - R

SPT-5 10.50 10.95 9 16 19 35

SPT-6 12.00 12.10 50 - - R

SPT-7 13.50 13.95 20 14 11 25

SPT-8 16.50 16.95 25 21 24 45

SPT-9 18.00 18.05 50 - - R

SPT-10 28.75 29.20 14 20 22 42

SPT-11 31.00 31.45 12 17 25 42

SPT-12 33.00 33.40 25 31 50 R

SPT-1 0.50 0.78 29 50 - R

SPT-2 1.00 1.45 10 7 10 17

SPT-3 1.50 1.95 13 13 13 26

SPT-4 2.00 2.45 10 9 8 17

SPT-5 2.50 2.52 50 - - R

SPT-6 3.00 3.45 8 40 16 56

SPT-7 3.50 3.95 16 10 8 18

SPT-8 4.00 4.35 13 33 24 57

SPT-9 4.50 4.95 8 9 36 45

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-05i

CPS-06

CPS-07i

CPS-08
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 1.50 1.95 4 6 5 11

SPT-2 3.00 3.45 6 5 6 11

SPT-3 4.50 4.62 50 - - R

SPT-4 6.00 6.45 6 5 6 11

SPT-5 7.50 7.95 7 5 4 9

SPT-6 9.00 9.45 16 14 11 25

SPT-7 10.50 10.95 13 17 20 37

SPT-8 12.00 12.03 50 - - R

SPT-9 13.50 13.58 50 - - R

SPT-10 15.00 15.45 18 24 35 59

SPT-11 16.50 16.95 9 12 14 26

SPT-12 18.00 18.45 16 17 40 47

SPT-13 19.50 19.72 18 50 - R

SPT-14 21.00 21.45 13 25 33 58

SPT-15 22.50 22.95 24 32 40 72

SPT-16 24.00 24.45 18 20 24 44

SPT-17 25.50 25.95 17 18 24 42

SPT-18 27.00 27.42 7 12 50 R

SPT-19 28.50 28.60 50 - - R

SPT-20 31.00 31.29 45 50 - R

SPT-1 1.50 1.95 18 32 22 54

SPT-2 3.00 3.45 16 15 19 34

SPT-3 4.50 4.95 11 14 30 44

SPT-4 6.00 6.45 13 20 23 43

SPT-5 7.50 7.95 23 24 14 38

SPT-6 9.00 9.45 23 23 22 45

SPT-7 10.50 10.62 50 - - R

SPT-8 12.00 12.45 3 4 5 9

SPT-9 13.50 13.95 11 10 22 32

SPT-10 15.00 15.11 50 - - R

SPT-11 16.50 16.95 22 28 21 49

SPT-12 18.00 18.45 4 8 9 17

SPT-13 19.50 19.55 50 - - R

SPT-14 22.50 22.54 50 - - R

SPT-15 24.00 24.37 10 35 50 R

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-09i

CPS-10i
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 1.50 1.95 3 4 4 8

SPT-2 3.00 3.45 5 6 6 12

SPT-3 4.50 4.95 8 26 7 33

SPT-4 6.00 6.45 7 3 9 12

SPT-5 7.50 7.95 14 18 17 35

SPT-6 9.00 9.45 9 10 12 22

SPT-7 10.50 10.60 50 - - R

SPT-8 12.00 12.45 5 5 9 14

SPT-9 13.50 13.95 11 12 12 24

SPT-10 16.50 16.75 12 50 - R

SPT-11 18.00 18.45 11 11 14 25

SPT-12 19.50 19.78 12 50 - R

SPT-13 22.50 22.67 35 50 - R

SPT-14 24.00 24.45 39 47 40 87

SPT-15 25.50 25.95 26 23 28 51

SPT-16 27.00 27.45 15 21 18 39

SPT-17 28.50 28.85 20 23 50 R

SPT-18 30.00 30.45 5 8 9 17

SPT-19 31.50 31.95 6 9 39 48

SPT-20 33.00 33.05 50 - - R

SPT-21 34.50 34.55 50 - - R

SPT-22 36.00 36.05 50 - - R

SPT-1 1.50 1.95 2 3 4 7

SPT-2 3.00 3.45 3 2 3 5

SPT-3 4.50 4.95 0 10 7 17

SPT-4 6.00 6.45 6 5 10 15

SPT-5 7.50 7.95 5 7 11 18

SPT-6 9.00 9.45 47 14 15 29

SPT-7 10.50 10.95 9 12 14 26

SPT-8 12.00 12.45 13 29 24 53

SPT-9 13.50 13.95 23 30 47 77

SPT-10 15.00 15.45 10 32 37 69

SPT-11 16.50 16.95 18 20 24 44

SPT-12 18.00 18.45 10 12 23 35

SPT-13 19.50 19.95 10 30 21 51

SPT-14 21.00 21.30 8 31 50 R

SPT-15 22.50 22.95 10 12 26 38

SPT-16 24.00 24.45 18 29 40 69

SPT-1 0.50 0.63 50 - - R

SPT-2 1.00 1.45 10 12 15 27

SPT-3 1.50 1.95 13 10 11 21

SPT-4 2.00 2.45 11 12 9 21

SPT-5 2.50 2.95 21 15 9 18

SPT-6 3.00 3.45 10 12 18 30

SPT-7 3.50 3.82 17 28 50 R

SPT-8 4.00 4.13 50 - - R

SPT-9 4.50 4.95 16 23 25 48

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-13

CPS-11i

CPS-12i
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 0.50 0.74 12 50 - R

SPT-2 1.00 1.45 8 3 7 10

SPT-3 1.50 1.95 3 4 6 10

SPT-4 2.00 2.45 4 5 6 11

SPT-5 2.50 2.95 4 6 8 14

SPT-6 3.00 3.45 4 6 9 15

SPT-7 3.50 3.95 3 5 8 13

SPT-8 4.00 4.45 4 6 8 14

SPT-9 4.50 4.95 6 11 12 23

SPT-1 1.50 1.75 40 50 - R

SPT-2 3.00 3.45 6 5 21 26

SPT-3 6.00 6.45 20 32 22 54

SPT-4 7.50 7.95 24 36 37 73

SPT-5 9.00 9.45 16 30 40 70

SPT-6 10.50 10.95 27 26 20 46

SPT-7 12.00 12.45 9 13 19 32

SPT-8 15.00 15.20 14 50 - R

SPT-9 18.00 18.45 20 33 28 61

SPT-10 19.50 19.67 13 50 - R

SPT-11 21.00 21.45 19 23 36 59

SPT-12 21.50 21.90 25 45 50 R

SPT-13 22.50 22.95 16 45 50 R

SPT-14 25.50 25.85 20 35 50 R

SPT-1 1.50 1.95 2 2 2 4

SPT-2 3.00 3.45 4 4 6 10

SPT-3 4.50 4.95 14 7 10 17

SPT-4 6.00 6.45 5 7 10 17

SPT-5 7.50 7.95 6 11 22 33

SPT-6 9.00 9.03 50 - - R

SPT-7 10.50 10.95 21 24 20 44

SPT-8 12.00 12.39 25 21 50 R

SPT-9 13.50 13.54 50 - - R

SPT-10 15.00 15.45 13 22 28 50

SPT-11 16.50 16.64 50 - - R

SPT-12 21.00 21.45 20 30 32 62

SPT-13 22.50 22.95 10 14 23 37

SPT-1 1.50 1.95 1 1 1 2

SPT-2 3.00 3.45 4 9 12 21

SPT-3 4.50 4.82 8 21 50 R

SPT-4 7.50 7.85 18 22 50 R

SPT-5 9.00 9.45 4 5 6 11

SPT-6 10.50 10.95 7 10 11 21

SPT-7 12.00 12.45 5 10 13 23

SPT-8 13.50 13.70 14 50 - R

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-13A

CPS-14i

CPS-15i

CPS-16i
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 0.50 0.95 21 40 36 76

SPT-2 1.00 1.45 18 21 18 39

SPT-3 1.50 1.95 11 10 8 18

SPT-4 2.00 2.45 5 4 9 13

SPT-5 2.50 2.95 7 5 4 9

SPT-6 3.00 3.45 6 13 17 30

SPT-7 3.50 3.95 9 17 24 41

SPT-8 4.00 4.45 11 26 34 60

SPT-9 4.50 4.95 9 20 24 44

SPT-1 0.50 0.63 50 - - R

SPT-2 1.00 1.45 36 22 25 47

SPT-3 1.50 1.54 50 - - R

SPT-4 1.70 2.13 15 25 50 R

SPT-5 2.20 2.23 50 - - R

SPT-6 3.00 3.32 18 25 50 R

SPT-7 3.50 3.83 29 44 50 R

SPT-8 4.50 4.95 19 30 22 52

SPT-1 0.50 0.95 18 22 18 40

SPT-2 1.00 1.45 23 12 13 25

SPT-3 1.50 1.95 7 3 3 6

SPT-4 2.00 2.20 3 50 - R

SPT-5 2.50 2.95 7 10 9 19

SPT-6 3.00 3.45 25 12 12 24

SPT-7 3.50 3.95 26 18 16 34

SPT-8 4.00 4.45 11 18 26 44

SPT-9 4.50 4.95 10 15 18 33

SPT-1 0.50 0.77 19 50 - R

SPT-2 1.00 1.45 3 3 3 6

SPT-3 1.50 1.95 13 14 12 26

SPT-4 2.00 2.45 14 13 14 27

SPT-5 2.50 2.95 20 24 24 48

SPT-6 3.00 3.45 16 36 23 59

SPT-7 3.50 3.95 15 21 30 51

SPT-8 4.00 4.45 14 15 18 33

SPT-9 4.50 4.95 12 34 50 R

SPT-1 1.50 1.95 17 23 20 43

SPT-2 3.00 3.45 17 10 11 21

SPT-3 4.50 4.95 6 12 10 22

SPT-4 6.00 6.45 23 36 44 80

SPT-5 7.50 7.95 14 16 14 30

SPT-6 9.00 9.27 35 50 - R

SPT-7 10.50 10.95 21 33 40 73

SPT-8 12.00 12.20 12 50 - R

SPT-9 13.50 13.95 7 10 11 21

SPT-10 15.00 15.24 27 50 - R

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-19

CPS-20

CPS-21i

CPS-18

CPS-17
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 1.80 2.25 10 11 12 23

SPT-2 3.00 3.45 7 6 9 15

SPT-3 4.50 4.95 12 15 22 37

SPT-4 6.00 6.45 13 15 16 31

SPT-5 9.00 9.45 29 40 29 64

SPT-6 10.50 10.95 8 10 12 22

SPT-7 12.00 12.45 9 15 14 29

SPT-8 13.50 13.55 50 - - R

SPT-9 16.50 16.95 12 39 42 81

SPT-10 18.00 18.29 16 50 - R

SPT-11 19.50 19.88 20 26 50 R

SPT-1 0.50 0.63 50 - - R

SPT-2 1.00 1.20 26 46 13 59

SPT-3A 1.25 1.70

SPT-3B 1.25 1.70 8 11 24 35

SPT-4 1.75 2.20 32 34 29 63

SPT-5 2.25 2.70 18 31 25 56

SPT-6 2.75 3.16 38 42 50 R

SPT-7 3.20 3.65 26 39 20 59

SPT-8 4.00 4.45 22 38 46 84

SPT-9 4.50 4.95 19 17 21 38

SPT-10 6.00 6.45 11 16 16 32

SPT-11 7.50 7.95 18 13 14 27

SPT-12 8.00 8.45 10 16 29 45

SPT-13 9.00 9.45 12 21 19 40

SPT-14 10.50 10.95 4 4 8 12

SPT-15 12.00 12.45 10 15 21 36

SPT-16 15.00 15.28 20 50 - R

SPT-17 16.50 16.95 17 28 48 76

SPT-18 18.00 18.43 24 34 50 R

SPT-1 0.50 0.79 31 50 - R

SPT-2 1.00 1.45 7 12 26 38

SPT-3 1.50 1.95 15 50 18 38

SPT-4 2.00 2.45 14 15 15 30

SPT-5 2.50 2.95 21 42 50 R

SPT-6 3.00 3.45 26 25 50 R

SPT-7 3.50 3.95 25 41 37 78

SPT-8 4.00 4.45 22 18 16 34

SPT-9 4.50 4.95 13 20 40 60

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-22i

CPS-23

CPS-24
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0 - 15 cm 15 - 30 cm 30 - 45 cm

SPT-1 0.50 0.57 50 - - R

SPT-2 0.60 0.73 50 - - R

SPT-3A 1.00 1.25

SPT-3B 1.00 1.25 32 50 - R

SPT-4 1.50 1.88 12 9 50 R

SPT-5 3.00 3.45 21 25 33 58

SPT-6 4.50 4.55 50 - - R

SPT-7 6.00 6.45 20 36 25 61

SPT-8 7.50 7.82 19 32 5 R

SPT-9A 9.00 9.22

SPT-9B 9.00 9.22 35 50 - R

SPT-1 0.50 0.95 35 22 37 59

SPT-2 1.00 1.45 25 33 28 61

SPT-3 1.50 1.90 24 42 50 R

SPT-4 2.00 2.45 30 43 44 87

SPT-5 2.50 2.95 16 21 25 46

SPT-6 3.00 3.45 18 33 34 67

SPT-7 4.50 4.78 36 50 - R

SPT-1 0.50 0.95 44 48 36 84

SPT-2 1.00 1.45 32 36 49 85

SPT-3 1.50 1.95 35 35 38 73

SPT-4 2.00 2.45 21 21 35 56

SPT-5 2.50 2.53 50 - - R

SPT-6 3.00 3.45 18 19 24 43

SPT-7 4.50 4.95 16 17 21 38

SPT-1 0.50 0.58 50 - - R

SPT-2 1.00 1.45 13 11 18 29

SPT-3 1.50 1.95 13 18 26 44

SPT-4 2.00 2.45 17 13 14 27

SPT-5 2.50 2.95 13 12 14 26

SPT-6 2.95 3.40 8 13 14 27

SPT-7 4.50 4.95 17 43 34 77

SPT-1 0.50 0.78 29 50 - R

SPT-2 1.00 1.45 12 18 15 33

SPT-3 1.50 1.95 11 12 7 19

SPT-4 2.00 2.45 5 4 6 10

SPT-5 2.50 2.95 4 5 7 12

SPT-6 2.95 3.40 5 9 8 17

SPT-7 4.50 4.95 10 9 12 21

SPT-1A 0.50 0.95 28 30 19 49

SPT-1B 0.50 0.95

SPT-2 1.00 1.45 13 13 9 22

SPT-3 1.50 1.95 17 13 12 25

SPT-4 2.00 2.45 6 10 12 22

SPT-5 2.50 2.95 8 10 10 20

SPT-6A 3.00 3.10

SPT-6B 3.10 3.45 5 8 25 33

SPT-7 4.50 4.95 10 13 17 30

Sample 

Type

Borehole

ID

Depth

(m)

SPT Blow Numbers
SPT-N

Value

CPS-29

CPS-30

CPS-25

CPS-26

CPS-27

CPS-28
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D. Inclinometer Readings 
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E. Laboratory Test Results 
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