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ABSTRACT 

 

ASSESSMENT OF CONSOLIDATION SETTLEMENTS IN KARACABEY 

SOFT CLAYS: ESTIMATED AND MONITORED BEHAVIOUR  

 

 

 

¢elik, Gºzde 

Doctor of Philosophy, Geological Engineering 

Supervisor : Prof. Dr. Tamer Topal 

Co-Supervisor: Prof. Dr. Ahmet Orhan Erol 

 

 

September 2020, 360 pages 

 

 

Settlement of highway embankments constructed over clayey soft soils is a major 

problem encountered in maintaining highway facilities. Accurate estimation of 

consolidation settlement amounts and times has been a challenge for engineers in 

practice.  

In this study, field settlement measurements of 26 stations between 600 and 750 

days of durations in Karacabey NC clays and comparison of these measured 

magnitudes of settlements with calculated settlements from oedometer tests are 

assessed. The correlation between predicted settlements using oedometer test data 

and observed settlements in the field is proposed. Stroud approaches are compared 

with the coefficients of volume compressibility back calculated and their trend is 

presented. The relationship between tip resistance (qc) of cone penetration test and 

constrained modulus is investigated.  

The magnitudes of final settlements are estimated by using Asaoka and Hornôs 

extrapolation methods including 70% of the monitored settlement data. 
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Furthermore, time data versus field settlement are used to predict the primary 

consolidation amounts. Equations providing correction factors to the magnitudes of 

settlements, calculated by oedometer results, are formed to estimate the magnitudes 

of settlements that would occur in the field. Karacabey clays exhibit typical 

secondary consolidation behaviors. Tertiary consolidation behaviors are also 

observed in 11 of  total 26 stations. Cs/Cc and Ct/Cc ranges are recommended for 

engineering practices to predict the secondary and tertiary consolidation 

settlements.  In addition, the relationship between the compression index (Cc) and 

the secondary and tertiary consolidation coefficients (Cs-Ct) is investigated, and 

relations, in which laboratory data and idealized geological profile geometry are 

evaluated as numerical parameters, are proposed. Studies have shown that there is a 

nonlinear relationship rather than a linear one between independent variables and 

targeted dependent variables, and iterative non-linear regression analysis are 

performed to drive the assumed equation model. 

 

Keywords: consolidation settlement prediction, clay, tertiary consolidation, soft 

soils, Karacabey 
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¥Z 

 

KARACABEY YUMUķAK KĶLLERĶNDEKĶ KONSOLĶDASYON 

OTURMALARININ DEĴERLENDĶRĶLMESĶ: TAHMĶN EDĶLEN VE 

G¥ZLEMLENEN DAVRANIķI 

 

 

 

¢elik, Gºzde 

Doktora, Jeoloji M¿hendisliĵi 

Tez Yºneticisi: Prof. Dr. Tamer Topal 

Ortak Tez Yºneticisi: Prof. Dr. Ahmet Orhan Erol 

 

 

Eyl¿l 2020, 360 sayfa 

 

Yumuĸak killi zeminler ¿zerinde inĸa edilen karayolu dolgularēnēn oturmasē, 

karayolu olanaklarēnēn korunmasēnda karĸēlaĸēlan ºnemli bir problemdir. 

Konsolidasyon oturma miktarlarēnēn ve zamanlarēnēn doĵru tahmin edilmesi, 

pratikte m¿hendisler i­in zorluk teĸkil etmektedir.  

Bu ­alēĸmada, 26 istasyona ait Karacabey normal konsolide killerdeki 600 ile 750 

g¿n arasēndaki saha oturma ºl­¿mlerinin, ºdometre deneyi sonu­larēndan 

hesaplanan oturma miktarlarēnēn karĸēlaĸtērēlmasē deĵerlendirilmiĸtir. ¥dometre 

deneyi sonu­larē kullanēlarak ºngºr¿len oturma miktarlarē ile sahada gºzlemlenen 

oturma miktarlarē arasēndaki baĵēntē ºnerilmiĸtir. Stroud yaklaĸēmlarē ile geri 

analizlerden elde edilen hacimsel sēkēĸma katsayēsē arasēndaki eĵilim sunulmuĸtur. 

Konik penetrasyon deneyinden elde edilen koni u­ direnci (qc) ve ºdometrik mod¿l 

arasēndaki iliĸki araĸtērēlmēĸtēr.  

Asaoka ve Horn ekstrapolasyon yºntemlerinden, gºzlemlenen oturma verisinin 

%70ôi kullanēlarak nihai oturma miktarē tahmin edilmiĸtir. Ayrēca, oturma 
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miktarēna karĸēn karekºk zaman ve oturma miktarēna karĸēn logaritmik zaman 

grafikleri birincil oturma miktarlarēnē tahmin etmek i­in kullanēlmēĸtēr. ¥dometre 

sonu­larē ile hesaplanan oturma miktarlarēna d¿zeltme faktºr¿ saĵlayan denklemler 

oluĸturularak, sahada meydana gelecek oturma miktarlarēnēn tahmin edilmesi 

saĵlanmēĸtēr. 

Karacabey killeri tipik ikincil oturma davranēĸē gºstermektedir. 26 istasyonun 

11ôinde ¿­¿nc¿l oturma davranēĸlarē gºzlemlenmiĸtir. M¿hendislik 

uygulamalarēnda ikincil ve ¿­¿nc¿l oturmalarēn tahmin edilmesi i­in Cs/Cc ve Ct/Cc 

aralēklarē ºnerilmiĸtir. Ek olarak, sēkēĸma indisi deĵerleri (Cc) ile ikincil ve ¿­¿nc¿l 

sēkēĸma katsayēlarē (Cs-Ct) arasēndaki iliĸki araĸtērēlmēĸ olup, laboratuvar verileri ile 

idealize jeolojik profil geometrisinin sayēsal parametre olarak deĵerlendirildiĵi 

baĵēntēlar ºnerilmiĸtir. Ger­ekleĸtirilen ­alēĸmalar, baĵēmsēz deĵiĸkenler ile 

hedeflenen baĵēmlē deĵiĸkenler arasēnda doĵrusal bir iliĸkinden ziyade doĵrusal 

olmayan bir iliĸki olduĵunu gºstermiĸ ve varsayēlan denklem modelini ­ºzmek i­in 

iterative doĵrusal olmayan regresyon analizleri ger­ekleĸtirilmiĸtir. 

 

Anahtar Kelimeler: konsolidasyon oturma tahmini, kil, ¿­¿nc¿l konsolidasyon, 

zayēf zeminler, Karacabey 
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CHAPTER 1  

1 INTRODUCTION   

For engineering approaches, soil is defined as the uncemented aggregate of mineral 

grains and decayed organic matter (solid particles) with liquid and gas in the empty 

spaces between the soil particles (Das, 2008). When a soil is loaded, deformation 

will occur due to stress changes. The total vertical deformation resulting from the 

load is called settlement. In general, the soil settlement caused by load may be 

divided into three broad categories with respect to mode of occurrences; immediate 

settlement, primary consolidation settlement and secondary consolidation 

settlement. The uniform settlement and differential settlement are the settlement 

types classified according to uniformity. Soils have both elastic and plastic 

deformation. If this deformation is retained when the load is released, it is said to 

have plastic deformation and consolidation settlement falls in this category. 

Conversely, settlement due to elastic compression of soil is usually reversible and 

immediate settlement is calculated by elastic theory. 

Evaluation of expected settlements depends on the consolidation parameters 

obtained from laboratory and field tests. Consolidation parameters have 

inaccuracies resulting from sample disturbance, sample size, experiment errors and 

engineering approaches.  Furthermore, both the magnitude of loading and the 

deformation characteristics of the subsoil exhibit variations, which results in non-

uniform settlement of the subsoil. The non-uniform settlements result in 

unevenness of the road and this cause to decrease in traffic safety and driving 

comfort. 
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1.1 Problem Statement 

The term clay is used as a rock term and also particle size term. As a rock term, it 

implies a natural earthy and fine-grained material which develops plasticity when 

mixed with a limited amount of water. As a particle size term, clay fraction is 

composed of particles having diameter less than 4Õm (1/256 mm) according to 

Wentworth scale. The estimation of consolidation settlements of embankments 

constructed on clayey, compressible soils is a critical issue for engineering projects. 

Accurate estimation of settlements renders possible tight optimization of design 

and construction schedule. If settlements continue past the expected duration, 

construction cost and deadline may be adversely affected. If settlements continue 

after paving, structural performance may be reduced to such a level that, early 

renewal of pavement would be required. 

In order to make a reasonable estimation for consolidation magnitude and rate in 

analytical calculations, consolidation parameters should be assigned correctly. The 

oedometer test or empirical approaches can be used to obtain consolidation 

parameters. However, in laboratory tests, small homogeneous samples which only 

consist of clay are used while in reality, the soil profile consists of sand lenses and 

these lenses lead to quicker dissipation of pore water pressure and so result in 

quicker settlement. Back analysis from test embankment gives the most reasonable 

consolidation parameters when compared to laboratory tests, so that future 

estimations on consolidation become easier. 

1.2 Research Objectives 

The main objectives of this study are; 

- To check the compatibilities of soil compressibility parameters obtained 

from field tests empirically, from oedometer tests and from test 

embankments, 
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- To check the applicability of Skempton-Bjerrum correction factors, which 

are defined in ranges, in consolidation calculations, 

- To evaluate the applicability of semi-empirical methods available in 

literature (Asaokaôs method, Hornôs method) to predict the final settlement 

by using monitoring results, 

- To present the secondary and tertiary behaviors of Karacabey clay, 

- To recommend Cs/Cc and Ct/Cc ranges for engineering practices, 

- To obtain non linear correlation between independent variables; SPT N, PI, 

wN, LL and dependent variables mv(field) /mv(stroud), 

- To obtain a correlation between cone tip resistance (qc) and Ŭm, 

- To obtain correlation between independent variable; LI and dependent 

variables which is the ratio of Primary and Tertiary Consolidation 

Coefficients (Ct/Cc), 

- To obtain an equation that defines the relationship between independent 

variables (wN, LL, ɚ, ɣ) and dependent variables So/Sp (the ratio of field 

settlement to predicted settlement). 

1.3 Scope 

The scope of this study can be expressed as analytical calculation of consolidation 

settlements for 26 test embankments constructed in Bursa-Susurluk Section 

between Km: 139+100 ve Km: 160+000 of Gebze-Ķzmir Highway Project. And 

then, the amounts and the rates of consolidation measured by settlement plates 

directly in the field are presented. Observed settlements are divided into three 

phases; namely primary, secondary and tertiary on settlement vs. time curves. 

Asaokaôs and Hornôs Methods are used to predict the final magnitudes of 

settlements using 70% of the monitored data and calculated data are compared with 

observed data. Finally, the comparisons of the consolidation magnitudes of 

settlements calculated from oedometer tests, predicted from observational methods 

and measured in field directly are presented and non linear correlations are 
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obtained between independent variables (PI, LL, LI, SPT N, wN, ɚ, ɣ) and 

dependent variables (So/Sp, Ct/Cc, mv(field) /m (stroud)). 

Literature survey is an important part of research work. The literature review for 

consolidation theory and observational methods (graphical and semi-empirical 

methods) and multi variable regression analysis are included in this study. The 

information about the soil profile under embankments, compressibility parameters 

obtained from laboratory tests and field measurements are also provided in the 

content of the thesis study. 

1.4 Location and Accessibility 

The study area is located in Karacabey Plain of Bursa and approximately 4.7 km 

NW of Ulubat Lake. The route takes place between the longitudes N40Ü14ô02 and 

N40Ü05ô31 and the latitudes E28Ü25ô08 and E28Ü16ô28 (Google Earth Software, 

2019). The study area is presented in Figure 1.1: 

 

 

 

 
 

Figure 1.1. Location map of the study area 
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D200 Bursa-¢anakkale main road is used to access the start of study route. After 

reaching Karacabey district, Karacabey Road is taken to North. On the division 

from main road to Taĸlēk Village, Taĸlēk Village Road starts. Accession to the 

study area is obtained after moving 3.3 km on Taĸlēk Village Road to the East. 

1.5 Methodology 

In order to succeed the purpose of this study, several stages were considered. As a 

first stage; literature survey about geology of Bursa-Susurluk Region, 

determination of physical and mechanical properties of soils, calculation methods 

about consolidation settlements were reviewed. 

Second stage of the study comprised detailed site investigations perfomed in order 

to obtain geological and geotechnical information about study area. Site 

investigation involved drilling of boreholes and cone penetration tests to identify 

subsurface structures, construct idealized soil profiles, obtain disturbed and 

undisturbed soil samples and evaluate strength parameters. 

In the third stage of the study, laboratory tests were performed. The laboratory test 

program had the content of sieve analysis, Atterberg limits, unified soil 

classification, moisture content, natural unit weight, consolidation test, triaxial 

compressive strength test. 

Following the third stage, consolidation settlement calculations and then 

evaluations of data obtained from settlement plates were performed.    

Comparisons of theoretical consolidation behaviors with the observed ones were 

utilized in the final stage of the study. 
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CHAPTER 2  

2 LITERATURE REVIEW  ON SOIL CONSOLIDATION  

In order to understand the behavior of soils, it will be beneficial to give information 

about some terms and definitions. The settlement is defined as the total vertical 

deformation at soil surface resulting from the load. The rate of decrease in volume 

due to unit load is defined as compressibility. When a saturated soil is loaded 

externally, the water is squeezed out of the soil and the soil shrinks over a long 

time depending on the permeability of the soil and this phenomena is called 

consolidation. Some addition statements should also be given to explain the 

relationship between water and soil, which are swelling and shrinkage. Swelling is 

volume expansion of the soil due to increase in water content and shrinkage is 

volume contraction of the soil due to reduction in water content. Immediate 

settlement, primary consolidation, secondary consolidation and tertiary 

consolidation are the types of settlements caused by load application. Their 

definitions are given below.  

Immediate settlement: This settlement occurs more or less simultaneously with the 

applied loads (Murthy, 2002). 

Primary consolidation: It is the result of volume change in saturated cohesive soils 

because of the expulsion of water that occupies in void spaces (Das, 2008). 

Secondary consolidation: After all excess pore pressures have dissipated, 

continuous settlement may exist, and this is known as secondary settlement, 

secondary consolidation or creep (Murthy, 2002).  

Tertiary consolidation: At secondary consolidation phase, when the rate of 

settlement in e-log t curve increases, it is called tertiary consolidation (den Haan, 

1994). 
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The general shape of the plot of deformation of the soil specimen versus time for a 

given load increment is given in Figure 2.1. 

In order to calculate the total settlement Smax of the cohesive soil, due to structural 

loading, the four components of the settlement are added together: 

 

 

 

Smax= si + sc + ss+st        (Eq. 2.1) 

 

 

 

 
 

Figure 2.1. Time ï Deformation plot during consolidation for a given load 

increment (Das, 2008) 
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2.1 Consolidation Settlement 

The increase in pore water pressure takes place when a saturated soil is subjected to 

stress increase. Since the sandy soils are highly permeable, drainage occurs by the 

increase of the pore water pressure immediately. The immediate settlement takes 

place in sandy soils because of rapid drainage of the water. However, clayey soils 

have low hydraulic conductivity and drainage of pore water is time dependent 

(Das, 2008). 

The behavior of soil during one-dimensional consolidation or swelling can be 

determined by oedometer test. The one-dimensional consolidation testing 

procedure was first suggested by Terzaghi (1925). For this test, the test specimen is 

placed into two porous stones, one at the top and the other at the bottom. The load 

is applied on the specimen usually for 24 hours and compression is measured by a 

micrometer dial gauge (Figure 2.2). The specimen is kept in water during the test 

and the load is doubled for each period. For doubling the pressure, measurements 

are continued (Das, 2008). 

 

 

 

 
 

Figure 2.2. Consolidometer (Das, 2008) 
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The coefficient of volume compressibility or the compression index is required to 

predict the consolidation settlement of a saturated clay layer. These definitions are 

given below. 

The coefficient of volume compressibility (mv): It is defined as the volume change 

per unit volume per unit increase in effective stress. The coefficient of volume 

compressibility is not constant; it depends on the stress range where it is calculated. 

 

 

 

ά   (Craig, 2004)    (Eq. 2.2) 

 

 

 

The compression index (Cc): It is the slope of the linear portion of e-log ůô plot and 

it is dimensionless.  

 

 

 

ὅ  (Craig, 2004)      (Eq. 2.3) 

 

 

 

A typical void ratio-effective stress graph with recompression and expansion is 

presented in Figure 2.3. 
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Figure 2.3. Void ratio-effective stress relationship (Craig, 2004) 

 

 

 

The coefficient of volume compressibility (mv) can be obtained empirically by 

using SPT N and plasticity index values. A relation is proposed by Stroud (1974) as 

presented in Figure 2.4: 

 

 

 

 
 

Figure 2.4. Modulus of volume compressibility from SPT N and plasticity index 

(Stroud, 1974) 
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The coefficient of volume compressibility can be assigned by using cone 

penetration test data by equation (2.3) presented below and Table 2.1 presents the 

coefficients of Ŭm. 

 

 

 

ὓ  ‌ ή  (Sanglerat, 1972)      (Eq. 2.4)  

 

 

 

Table 2.1 The coefficients of Ŭm (Sanglerat, 1972) 

 

qc intervals Ŭm values Soil type 

qc<0.7 MN/m2 3<Ŭm<8 

Clay of low plasticity (CL) 0.7 MN/m2<qc<2.0 MN/m2 2<Ŭm<5 

qc>2.0 MN/m2 1<Ŭm<2.5 

qc>2.0 MN/m2 3<Ŭm<6 
Silts of low plasticity (ML) 

qc<2.0 MN/m2 1<Ŭm<3 

qc<2.0 MN/m2 2<Ŭm<6 
Highly plastic silts and clays 

(MH, CH) 

qc<1.2 MN/m2 2<Ŭm<8 Organic silts (OL) 

qc<0.7 MN/m2   

Peat and organic clay (Pt, 

OH) 

50<w<100 1.5<Ŭm<4 

100<w<200 1.0<Ŭm<1.5 

w>200 0.4<Ŭm<1.0 

w: water content (%)   
 

 

 

The settlement of the layer of thickness H is calculated using the coefficient of 

volume compressibility (mv) by; 

 

 

 

Ὓ ᷿ά Ў„ᴂὨᾀ (Craig, 2004)      (Eq. 2.5) 
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If mv and ȹůô are assumed to be constant with depth, it is obtained as; 

 

 

 

Ὓ  ά Ў„ᴂὌ (Craig, 2004)       (Eq. 2.6) 

 

 

 

The settlement of the layer of thickness H is can also be calculated using the 

Compression Index (Cc) for normally consolidated clays by; 

 

 

 

Ὓ ὰέὫ
Ў

 (Das,2008)      (Eq. 2.7) 

 

 

 

In overconsolidated clays for ʎ Ўʎ ʎ; 

 

 

 

Ὓ ὰέὫ
Ў

 (Das, 2008)      (Eq. 2.8) 

 

 

 

In overconsolidated clays for ʎ Ўʎ ʎ; 

 

 

 

Ὓ ὰέὫ ὰέὫ
Ў

 (Das,2008)    (Eq. 2.9) 

 

 

 

In the geologic history, the soil at some depth is subjected to maximum effective 

past pressure. Two basic definitions are arisen based on the geologic history. If the 

present effective overburden pressure is the maximum pressure that the soil has 

been subjected to in the past, the soil is defined as normally consolidated. If the 
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present effective overburden pressure is less than that the soil has experienced in 

the past, the soil is defined as overconsolidated. The maximum past pressure is 

called preconsolidation pressure (Das, 2008) and overconsolidation ratio of a soil 

can be defined as; 

 

 

 

ὕὅὙ          (Eq. 2.10) 

 

 

 

 
 

Figure 2.5. Graphic procedure for determining preconsolidation pressure          

(Das, 2008) 

 

 

 

In order to estimate the degree of consolidation of a clay layer at some time t after 

the load application, the rate of dissipation is needed and the coefficient of 

consolidation (cv) is the parameter that controls the rate of consolidation. 

Terzaghi derived the following equation for a vertical drainage condition; 

 

 

 
Ў

ὧ
Ў

        (Eq. 2.11) 
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in which; 

 

 

 

ὧ          (Eq. 2.12) 

 

 

 

where;   

u: excess pore pressure 

z: depth from top of the compressible layer 

t: time from the instantaneous application of a total stress increment 

cv: coefficient of consolidation  in vertical direction 

k: coefficient of permeability 

ɔw: unit weight of water  

In order to determine coefficient of consolidation (cv), Casagrandeôs Log Time 

Method and Taylorôs Root Time Method are proposed.  

Casagrandeôs Log Time Method 

In Casagrandeôs Log Time Method, the dial gauge readings in the oedometer test 

against the logarithmic time in minutes are plotted. In this plot, the first point as 

which corresponds to U (%) equals to zero is determined. Then the second point 

a100 which corresponds to U (%) equals to 100 is determined. The point U (%) 

equals to 50 can be placed between U (%)=0 and U (%)= 100 and the 

corresponding time t50 obtained (Craig, 1997) (Figure 2.6). 
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Figure 2.6. Casagrandeôs Log of Time Method (Craig, 1997) 

 

 

 

The value of Tv corresponding to U= 50% is 0.196 and the coefficient of 

consolidation can be calculated by; 

 

 

 

ὧ
Ȣ

         (Eq. 2.13) 

 

 

 

d can be taken as the half of the average thickness of the specimen for the 

particular pressure increment. 

Taylorôs Square Root of Time Method 

In Taylorôs Log Time Method, the dial gauge readings are plotted against the 

square root of time as presented in Figure 2.7. The early part of the plot is 

approximately a straight line which is extended in both directions as shown by 

dashed line. Another straight line is drawn such that the abscissa is 1.15 times 

larger than the previous line. The intersection of the second line with the laboratory 
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curve defines the 90% consolidation point (Sivakugan and Das, 2010). The value 

of Tv corresponding to U= 90% is 0.848 and the coefficient of consolidation is 

given by; 

 

 

 

ὧ
Ȣ

         (Eq. 2.14) 

 

 

 

 
 

Figure 2.7. Taylorôs Square Root of Time Method (Sivakugan and Das, 2010) 

 

 

 

2.2 Secondary Consolidation 

The origins of the term secondary compression most probably lie in North America 

in the 1930s. In the 1st ICSMFE, Gray and Keverling Buisman both refer to the 

term as being widespread use there (Den Haan, 1994). 
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Basic laws describing the behavior of ideal continuum do not account for the 

structural rearrangement of the material and there is a need for a fundamental 

theory which describes the mechanistic behavior of particulate materials and for 

structural changes (Erol, 1977).  

One of the main models for explaining creep behavior is the Rate Process Theory. 

This theory was developed in the area of Physical Chemistry and was originally 

intended for assessing the speed at which chemical reactions occur (Alexandre, 

2006).  

Gibson and Lo (1961) used a rheologic model composed of a spring series with a 

combination of a spring and dashpod. In the model, the effective stress is applied to 

the top of the primary spring with a resulting instantaneous compression of that 

primary spring (compressibility= ñaò) (Figure 2.8). For a linearly elastic body (the 

spring is then called a Hookean element), the compressibility of the primary spring 

becomes mv if we define compressibility using total height, or av if we use the 

height of solids. The load in the primary spring is also transferred to the secondary 

spring and dashpot (a Kelvin body). Instantaneously, the load is entirely carried in 

the dashpot because it is incompressible. However, fluid escapes from the dashpot 

and it compresses, thus causing the secondary spring to compress, and thus take 

load. When the secondary spring takes load, that amount of load is removed from 

the dashpot, when then compresses more slowly. Thus, the load is gradually 

transferred from the dashpot to the spring and, at time infinity; the entire load is in 

the spring. Secondary compression is then the compression of the Kelvin body. 
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Figure 2.8. Secondary Consolidation Model (Gibson and Lo, 1961) 

 

 

 

Other models for assessing creep include visco-elastic, visco-plastic or visco-

elasto-plastic models combined with or not with the Rate Process Theory. A few 

models were described by Murayama and Shibata (1958, 1961, 1964), Mesri et al. 

(1981), Adachi and Okano (1974), Sekiguski (1984) and Kutter and Sathialingam 

(1992) and Martins (1992). Since detailed formulations of these models are 

available in literature, they are not given in the content of this study. 

For large values of time, the time-dependent strain, Ů (t) is written as (Edil, 1997); 

 

 

 

‐ὸ ῳ„ὥ ὦρ Ὡ                                                                  (Eq. 2.15) 

 

 

 

where ȹů = stress increment, t= time, a= primary compressibility, b= secondary 

compressibility, and ɚ/b= rate factor for secondary compression 
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Secondary consolidation occurs in saturated cohesive soils as a result of 

rearrangement of soil particles under nearly constant effective stress. The most 

evidence of secondary compression is the settlement that occurs after the 

conclusion of primary consolidation. According to Buisman (1936), the 

relationship between deformation and the logarithm of time is essentially linear in 

the secondary compression stage. Furthermore, he pointed out that creeping of 

clays never ends. 

Examination of data from numerous laboratory tests indicates that the secondary 

settlement may range from less than 10% of the total settlement to essentially 

100% (Olson, 1989).  

Sas and Malinowska (2006) stated that the staged construction on organic soils 

caused acceleration of consolidation and reduced long-lasting secondary 

settlement. Furthermore, the surcharging significantly influenced the acceleration 

of secondary settlements which received about 20-30% of the total settlements 

which had to be considered in the settlement calculations. 

Figure 2.9 shows a typical relationship between void ratio and the logarithmic time 

in the one dimensional creep test. The S-shaped is observed in the curve and it can 

be divided into two parts; the main consolidation stage and the secondary 

consolidation stage. 
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Figure 2.9. Identification of secondary compression coefficient (Zhao, 2017) 

 

 

 

2.2.1 Causes of Secondary Compression 

Secondary effects probably result from different mechanisms in different soils. 

Some simple mechanisms include (Olson, 1989): 

Soils have void spaces of widely differing sizes. In some soils, water may drain 

from the larger voids in accord with primary theory and then water may more 

slowly squeeze out of smaller voids, producing a secondary effect. 

In organic soils containing plant matter, water may similarly squeeze out of the 

voids in accord with primary theory and then water may squeeze slowly out of the 

individual plant cells, through the cell walls, at a slow rate, producing a secondary 

effect. 
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Some clay particles may be surrounded by water that is adsorbed onto the surfaces 

by local electrical effects. This adsorbed water may grade imperceptibly outwards 

into normal liquid water. As particles are pressed more closely together during 

primary consolidation, there would be expected to be a viscous resistance to 

volume change developed, which might produce apparent secondary effects. 

Some case histories of settlement of wide embankments involve a shallow highly 

compressible soil and deeper less compressible soils. Apparent secondary 

settlement may actually represent delayed primary consolidation of the relatively 

incompressible soil which cannot drain until the overlaying, more compressible 

layer, has consolidated somewhat. 

In the case of some organic soils, the hydraulic conductivity of the soil decreases 

by more than an order of magnitude during consolidation under a given load. 

Consolidation naturally proceeds more rapidly initially but then at a decreasing rate 

because of the reduction in hydraulic conductivity, thus producing an apparent 

secondary effect. 

Highly non-linear stress-strain curves can produce settlement-time behavior that 

looks like primary consolidation followed by secondary consolidation. 

In the secondary consolidation stage, the slope of the void ratio versus logarithmic 

time is defined as the secondary consolidation coefficient: 

 

 

 

ὅ  (Zhao, 2019)       (Eq. 2.16) 

 

 

 

Secondary consolidation settlement can be calculated as; 
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Ὓ Ὄ ЎὰέὫὸ (Duncan and Buchignani, 1976)   (Eq. 2.17) 

 

 

 

CŬ: Secondary consolidation index 

ep: void ratio at end of primary consolidation 

H0: Thickness of the compressible layer 

 

 

 

ЎὰέὫὸ          (Eq. 2.18) 

 

 

 

tp: time of start of secondary consolidation 

tsc: time for secondary consolidation calculation   

: Modified secondary consolidation index 

According to the long term (140 days) creep tests, conducted by Leroueil et al. 

(1985) on Batiscan clay under different vertical stresses, showed a general non 

linear strain-time behavior as presented in Figure 2.10 and following conclusions 

are obtained: 

Type I corresponds to the overconsolidated soil, the vertical stress is less than the 

preconsolidation stress, no significant cross-point is between the primary 

consolidation and secondary consolidation. 

Type II corresponds to a normally consolidated sample which the vertical 

consolidation pressure is close to the preconsolidation stress, and the slope of ův-

log t during secondary compression is significantly larger that of type I. 
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Type III is a normally consolidated sample and vertical consolidation pressure is 

much higher than the preconsolidation pressure, and the slope of ův-log t curve is 

gradually reduced. 

 

 

 

 
 

Figure 2.10. Types of strain versus time relations (Leroueil et al., 1985) 

 

 

 

The creep characteristics of clay in one dimensional test are described by parameter 

of secondary compression coefficient (CŬ). According to previous investigations, 

CŬ depends on type of soil, consolidation stress, overconsolidation, stress duration, 

remoulding, shear stress and temperature. 

Type of soil 

Secondary consolidation may be defined as the mechanism of continuation of 

volume change, which is initiated from primary consolidation. This mechanism 

includes deformation of individual particles and the relative movements of 

individual particles with respect to each other. Therefore, in normally consolidated 

clays where contact stresses are relatively high, the rate of secondary consolidation 

will be higher than for overconsolidated soils where contact stresses are lower 

(Buri, 1978). 
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Sridharan and Jayadeva (1982) showed that the compressibility of pure clays under 

external load not only depended on the negative charges and crystallite structure of 

clay minerals but also on the ion concentration, cation valency, dielectric constant 

and temperature of the pore fluid. 

Stress dependency 

The relationship between rate of secondary consolidation and consolidation stress 

is not clear. Haefeli and Schaad (1948) stated that there was no relationship 

between SŬ and consolidation stress, Newland and Allely (1960) indicated CŬ was 

independent of consolidation stress, Wahls (1962) indicated CŬ decreased with 

stress, Ladd and Preston (1965) indicated that for one soil CŬ increased slightly 

with consolidation stress while for another soil it decreased substantially with 

consolidation stress, Horn and Lambe (1964) concluded that ắŬ was independent of 

consolidation stress, Adams (1965) concluded that ắŬ increased considerably with 

consolidation stress and Goldberg (1965) indicated that ắŬ increased with 

magnitude of load. According to study of Mesri (1973), for normally consolidated 

clays, CŬ decreased with consolidation stress. According to study conducted by 

Mesri and Godlewski (1977), CŬ increased gradually with increase of ůôz for 

natural undisturbed soil. Leroueil et al. (1985) stated that CŬ was associated with 

vertical stress. Fodil et al. (1997) found that CŬ increased with the increase of ůǋz. 

Sridharan and Rao (1982) reported that the secondary compression coefficient 

decreases with increase in effective stress (or strength). 

Al -Shamrani (1998) conducted series of one dimensional consolidation tests on 

Sabkha soil and it was concluded that CŬ was strongly depend on effective stresss. 

According to Bjerrum (1972), CŬ was related to the preconsolidation pressure. 

Experimental results on remolded Kaolin and Shanghai clay showed that CŬ 

depends not only on the applied stress but also on preconsolidation pressure (Ladd 
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and Preston, 1965; Tavenas et al., 1978; Graham et al., 1983; Lansivaara and 

Nordal, 2000; Augustesen et al., 2004).  

Tripathy et al. (2010) showed that a vertical pressure increase was more effective 

in reducing the water content and the void ratio for the bentonite studied. 

Mineralogy and the physico-chemical interactions between the clay particles and 

the pore fluid have a significant influence on the volume change behavior of clays 

due to an increase in vertical pressure. 

According to study presented by Das (2015), CŬ decreased with increase in stress 

but increased with increase in plasticity index. 

Time dependency 

According to the studies of Mesri and Godlewski (1977), Feda (1992), Wu et al. 

(2011), it was concluded that both CŬ and Cc changed with time. Fox et al. (1992) 

revealed long-duration odometer tests on Middleton peat, which showed the 

important contribution of creep to total settlement. This study indicated that CŬ was 

not constant but increased in time under constant effective stress. 

Mesri and Vardhanabhuti (2005) conducted a large volume of reliable 

measurements of one-dimensional settlement. They observed in the laboratory and 

in the field for a wide variety of natural soil deposits. They determined that 

secondary compression index CŬ = ȹe/ȹ log t (therefore, also ȹS/ȹ log t) might 

remain constant, decreased, or increased with time. 

Remoulding 

Remoulding generally decreases the rate of secondary consolidation and also more 

secondary consolidation occurs in undisturbed samples than remoulded soils 

(Keene, 1964). 

 



 

 

27 

Shear Stress 

According to Taylor (1942), greater secondary consolidation occurs in one 

dimensional compression than in three-dimensional compressions (Ladd and 

Preston, 1965). 

Temperature 

Simons (1965) noted that compressibility depended on the strength of the bonds at 

the points of contact, which was reduced with an increase in the testing 

temperature. Habibagahi (1969) conducted the studies on inorganic and organic 

clays and concluded that the coefficient of secondary consolidation for normally 

consolidated and over consolidated specimens were independent of testing 

temperature. According to studies by Gray (1936) and Lo (1961), the secondary 

compression curve increases as the temperature increases. 

If determination of secondary consolidation from laboratory tests is not practical, 

CŬ/Cc can be obtained from Table 2.2 presented below: 

 

 

 

Table 2.2 Values of CŬ/Cc for natural soils (modified from Mesri and Godlewski, 

1977) 

 

Organic Silts 0.035-0.06 

Amorphous and fibrous peat 0.035-0.085 

Canadian muskeg 0.09-0.10 

Lada clay (Canada) 0.03-0.06 

Postglacial Swedish clay 0.05-0.07 

Soft blue clay (Vicrotria, B.C.) 0.026 

Organic clays and silts 0.04-0.06 

Sensitive clay, Portland, Maine 0.025-0.055 

San Francisco Bay mud 0.04-0.06 

New Liskeard (Canada) varved clay 0.03-0.06 

Mexico City clay 0.03-0.035 

Hudson River silt 0.03-0.06 

New Haven organic clay silt 0.04-0.075 
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Mesri (1973) investigated the importance of secondary or delayed compression and 

noted that the coefficient of secondary compression was a powerful tool to explain 

the secondary consolidation. He classified the soil based on Secondary 

compressibility as presented in Table 2.3. 

 

 

 

Table 2.3 Classification of soils based on secondary compressibility (Mesri, 1973) 

 

Coefficient of secondary compression (CŬ) as a percentage Secondary compressibility 

<0.2 Very low 

0.4 Low 

0.8 Medium 

1.6 High 

3.2 Very high 

>6.4 Exteremly high 

 

 

 

2.3 Tertiary  Consolidation 

The clayey soils consist of the two major components which are, fabric 

characterizing the geometrical arrangement of mineral particles and void spaces, 

and particle interactions, describing the bonding mechanism and nature of shear 

resistance. Changes in both components are result of creep deformation (Erol, 

1977).  

At the first International Conference on Soil Mechanics and Foundation 

Engineering in 1936 at Harvard University, Cambridge, MA., A.S. Keverling 

Buisman presented a theory for creep of fine-grained soft soils. The statement of 

him that creeping of clays never ends was severely questioned at first not only by 

Terzaghi but also internationally. Meanwhile this theory has been accepted and 

confirmed by test results showing long term creep but also transition to tertiary 

creep (Brandl, 2018). 
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Tertiary compression is defined as the steepening up part of the strain- log t curve 

at a higher stress level (Den Haan, 1994). According to Edil (1997), tertiary 

compression refers to a decreasing strain rate however changing at an increasing 

rate. As presented in Figure 2.11, secondary creep should be considered as a 

transition zone between primary and tertiary creep and tertiary creep eventually 

ends in a creep rupture (Lacasse and Berre, 2005). Creep rupture refers to failure 

which occurs at the end of the tertiary creep (Singh and Mitchell, 1969). It occurs 

mostly due to re-structuring of the clayey particles (Dey, 2019). 

Primary creep is always present, tertiary creep is observed only for stress levels 

close to failure stresses, whereas secondary creep is seldom observed (Hicher, 

1985; Flavigny, 1987). 

 

 

 

 
 

Figure 2.11. Definition of primary, secondary and tertiary creep                          

(Sheahan, 1995; Mitchell, 2003) 
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According to Yēlmaz and Saĵlamer (2001), secondary and tertiary compressibility 

characteristics of Samsun Blue Clay were investigated by comparing six one-

dimensional test results with collected data of in-situ consolidation behavior of the 

blue clay. Furthermore, microfabric structures of the soft clay in undisturbed phase 

and during primary, secondary and tertiary compression phases were investigated. 

They pointed out that the observed in-situ secondary and tertiary compression 

ratios were approximately 2 to 4 times greater than the ones determined in the 

laboratory and tertiary compression took place because of breaking down the frame 

of organic matters during long term compression as a result of their study. 

A highway junction on highly compressible soils with locally organic inclusions 

was designed in 1971-1972. Some samples were taken and investigated in the 

laboratory. Several of them were left in the oedometers for observation from 1971 

and 2013 for creep tests. According to this study performed in 42 years, secondary 

creep occurred linearly with logarithm of time until one year, followed by a 

transition period to tertiary creep. However, even after 42 years no final value was 

reached in oedometer test, indicating viscous behavior and on-going 

rearrangements of the soil micro-structure (Brandl, 2018). 

According to study presented by Gofar (2006), the primary consolidation was 

dominant in the compression of the peat, but the consolidation occurs in a 

relatively short time as compared to clay. Secondary compression, even though less 

significant than the primary consolidation in term of magnitude, could be very 

important in term of the design life of a structure. Tertiary compression was 

observed from the test results, but may not be very significant in term of the design 

life of the structure. 

A study presented by Sing et al. (2018) about preloading simulations of both 

untreated and stabilized Klang peats using standard oedometer consolidation 

apparatus. Ordinary Portland cement, ground granulated blast furnace slag and 

siliceous sand were used to stabilize the soil. As the consolidation pressure 

increased, the rate of tertiary compression for both untreated and stabilized Klang 
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peats approached its rate of secondary compression, indicating that the tertiary 

component of the soils merged with its secondary component at high consolidation 

pressure. 

Consolidation behavior of peats were studied by Dhowian and Edil (1980) by four 

peat samples, covering a wide range of fiber contents which were subjected to one-

dimensional consolidation tests. According to this study, tertiary compression was 

defined when the rate of secondary compression increased with the logarithm of 

time and the presence of a two-level structure, involving macropores and 

micropores were suggested. In this study, they stated that the rate of tertiary 

compression depended primarily on void ratio and peat type had the second 

importance. 

According to the study presented by Jose et al. (1988), it was stated that the tertiary 

compression component was more than the secondary compression component in 

most cases and it decreased with the load increment ratio. For smaller load 

increment ratio, the influence of tertiary component was significant and for load 

increment ratio less than one, tertiary component came up to 35-45% of the total 

load. 

2.4 Calculation of Stress Distribution 

Prediction of vertical stress at any point in soil mass due to external loading is of 

great significance for the prediction of settlements of embankments or many other 

structures. When a load is applied to soil surface, the vertical stresses increase. In 

fill designs, the depth of influence needs to be assessed to determine the depth of 

clay that contributes the consolidation settlement. The variation of vertical stress 

with depth can be predicted by using linear, homogeneous, isotropic elastic theory. 

Such theory predicts the depth of influence of typical foundation loads but it 

overpredicts the depth of influence of more extensive surcharge loads. Some 

uncompacted waste fills have been treated and the depth of influence of the 
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surcharge has been much smaller than that predicted by elastic theory (Charles, 

Burford, Watts, 1986). 

A study about vertical stress increment is presented by Charles (1996) for two 

loading situations which are surcharge and footing load. In both cases, a load is 

applied which results in vertical stress (q) at the surface of the ground. The increase 

in vertical stress due to the surface loading has been calculated using elastic theory 

and using the principle of superposition. As a result, the relationships between 

stress increment and overburden pressure (ɔz) are very different. The stress 

increment due to surface load is much larger than the overburden pressure for the 

footing, whereas for the surcharge, the stress increment is much smaller than the 

overburden pressure. 

Loading situations can be characterized by a load intensity ratio ñnò which is 

introduced as; 

 

 

 

ὲ  z         (Eq. 2.19) 

 

 

 

where;  

q: vertical stress applied over the loaded area 

ɾ: effective unit weight of the loaded soil (the bulk unit weight if there is no water-

table within the fill or the submerged unit weight if the water-table is at groud 

level)  

b*: the length which characterized the size of the loaded area (for a square loaded 

area, b* is simply the length of a side of the square) 
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Typical values of n found in various types of loading situation on granular soils are 

shown in Figure 2.12. With field plate tests and test footings, n is likely to be 

smaller. For low-rise foundations, values of n are typically between 2-10 and it is 

smaller than this for the high-rise buildings (Charles, 1996). 
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Figure 2.12. Load intensity ratio n for various loading situations (Charles, 1996) 

 

 

 

Since shear strength usually increases as the effective stress increases, at same 

depth ratio the shear strength will be much larger for the surcharge than for the 

footing. The analysis has predicted that with a surcharge where n is small, the 

increase in shear strength with depth will have a significant effect and elastic 

theory will over-predict the depth of influence. In 1910, first Marston initiated a 

study of the loads on underground conduits for determining the magnitude of the 

loads (Spangler, 1948). Some of the limitations of this model have been discussed 

by Handy (1985). In a study of pressures in silos, Blight (1986) participated in this 

type of theory to Janssen (1895).  

In the Marston Type analysis of the settlement of a loaded area, the following 

assumptions are made (Charles, 1996): 
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The additional vertical stress due to the surface loading decreases with depth due to 

the mobilization of shear stress over a right cylinder formed by a surface vertically 

below the perimeter of the loaded area. 

At any particular depth the vertical stress and vertical strain are uniform within the 

area vertically below the loaded area. 

The settlement is due solely to one-dimensional compression of the fill 

immediately below the area. 

The shear strength is related to the vertical effective stress ův using Marston 

approach: 

 

 

 

† ‘ὑ„         (Eq. 2.20) 

 

 

 

where;  

K: the ratio of horizontal to vertical effective stress 

 

 

 

ὑ ρ ίὭὲ‰ᴂ         (Eq. 2.21) 

 

 

 

Õ: a friction coefficient  
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        (Eq. 2.22) 
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„ ‎ᾀ         (Eq. 2.23) 

 

 

 

b*=2b (for a strip footing) 

 

 

 

f=4ÕK          (Eq. 2.24) 

 

 

 

The total depth of influence zd of the surface: 
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        (Eq. 2.25) 

 

 

 

The increase in stress at depth z: 

 

 

 

„ ‎ᾀ ρ ρ ὲὪÅØÐᶻ ‎ᾀ    (Eq. 2.26) 

 

 

 

Therefore; 

 

 

 

ὲ ρ ρ ᶻ ÅØÐ ᶻ       (Eq. 2.27) 

 

 

 

The analysis conducted by Charles (1996), with a footing where n is large, it is 

predicted that the variation of vertical stress with depth from the Marston Type 
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analysis is more similar to that predicted by elastic theory. For footings with n= 10, 

a ratio of ze/b
*= 1 is predicted. Also with a surcharge where n is small, the increase 

in shear strength with depth will have a significant effect and elastic theory will 

over-predict the depth of influence. For surcharges with n= 0.1, a ratio of ze/b
*= 0.2 

is predicted. 

2.5 Prediction of Soil Settlements by Graphical and Semi-Empirical 

Methods 

The final settlement prediction is very significant fact in geotechnical applications. 

Since completion of the final settlement is theoretically infinite, it is not practical to 

observe the final settlement in practice. In order to estimate the final settlement, 

some practical methods are used in literatures which are Asaokaôs Method and 

Hornôs Method. 

2.5.1 Asaokaôs Method 

This method was developed by Asoaka in (1978) to predict the ultimate settlement 

from past observations. The procedure consists of plotting settlement data points 

taken at regular intervals after the load is added. Each settlement data point at time 

n (Si) is plotted against the settlement point at time n-1 (Si-1). The plot of the 

observed data points on Si vs. Si-1 is intersected with line y=x as presented in Figure 

2.13. The intersection point means that the settlement was completed and the 

obtained value was the final settlement due to applied load. 
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Figure 2.13. Graphical presentation of Asaokaôs Method (Asaoka, 1978) 

 

 

 

The coefficient of consolidation (cv) is derived by Asaoka (1978) as follows; 
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   ; one-way drainage     (Eq. 2.28) 
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   ; two-way drainage     (Eq. 2.29) 

 

 

 

Magnan et al. (1983) has proposed a method for estimating cr based on the solution 

proposed by Asaoka (1978). This method is presented with Eq. 2.30.  
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where; 

 

 

 

Ὂὲ ÌÎὲ        (Eq. 2.31) 

 

 

 

æt: time interval 

de: diameter of the influence zone of each drain  

n: ratio of the de to the drain diameter dw  

F(n): drain spacing factor 

ɓ1: the slope of a straight line on the curve that represents the settlements 

according to time 

C: coefficient denoted by (ïlnɓ1/æt) 

2.5.2 Hornôs Method 

This method was proposed by Horn in 1983 to predict the ultimate settlement by 

evaluation of the observed time vs. settlement curves. From time-settlement curves 

the settlement speed (v*) can be calculated as presented in Figure 2.14: 

 

 

 

ὺᶻ          (Eq. 2.32) 
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Figure 2.14. Time-Settlement diagram  (Horn, 1983) 

 

 

 

In order to estimate ultimate settlement, total settlement time (tf) must be known. 

The Hornôs method (1983) evaluates the rate of settlement curve, t-v* that runs 

against zero with a straight line. The value of the time at zero speed where v=0 

gives the total settlement time, tf. The time vs. velocity diagram is presented in 

Figure 2.15: 

 

 

 

 
 

Figure 2.15. Time (t) vs. settlement velocity (v) relationship (Horn, 1983) 
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The ultimate settlement value (Sf) can be considered by drawing time/settlement 

(t/s) versus time (t) graph as presented in Figure 2.16: 

 

 

 

 
 

Figure 2.16. Graphical presentation of t vs. t/s relationship (Horn, 1983) 
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The coefficient of consolidation value is calculated by the following formula 

(Horn, 1983): 

 

 

 

ὧ  : one-way drainage      (Eq. 2.34) 

 

 

 

ὧ  : two-way drainage      (Eq. 2.35) 
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2.6 Previous Studies About Comparisons of Predicted and Observed 

Settlements 

In order to plan an effective study period, it is required to obtain background 

information on the previous studies. In literature, to evaluate and solve inaccuracies 

in settlement calculations, field settlement monitoring is conducted by settlement 

plates in different places and compared with calculated settlements based on 

laboratory and field tests to check the compatibility.  

According to the study conducted by Bergado et al. (1992), excellent agreements 

were attained in the predicted rate and amount of settlements using back-analyzed 

parameters by the methods of Asaoka (1978). Another study was presented as a 

thesis study by G¿nd¿z (2010) and the following results were obtained; the finite 

element model of Plaxis gave fairly good results in all cases. According to the 

study presented by Salem and El-Sherbiny (2013), it seems that the measured 

settlements were within the range of settlements estimated based on laboratory and 

field tests. Moreover, it was observed that measured and calculated settlements 

followed similar settlement rates. Li (2014) proposed that the calculated settlement 

results were very close to the observed ones. A case study on soil settlements 

induced by preloading and vertical drains was presented by Cascone and Biondi 

(2013) and a general fair agreement was obtained for measured and expected 

settlement from this study.  

Bergado et al. (2002) proposed a case study about prefabricated vertical drains in 

soft Bankok clay and they concluded that degree of consolidation estimated from 

the pore-pressure dissipation measurements agreed with those obtained from the 

settlement measurements. Lo et al. (2008) studied long-term performance of wide 

embankment on soft clay improved with prefabricated vertical drains and the 

predicted pore-water pressure showed reasonable agreement with measured values. 

According to the study conducted by Karim and Lo (2013) about estimation of 
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hydraulic conductivity of soils improved with vertical drains, the field observations 

closely matched the analytical calculations. 

Dalgē­ and ķimĸek (2002) studied the Anatolian Motorway between Ankara-

Ķstanbul and they concluded that predicted settlement quantities were found reliable 

and comparable to field measurements and significant differences were observed 

between calculated and measured rate of settlement. Liu conducted a study about 

settlement prediction of embankments with stage construction on soft ground in 

2003 and he concluded that Asaoka method might be successfully used to make 

settlement predictions according to the observational results. However, the ratio of 

cv(field)/cv(lab)= 6-12 was acquired as a result of his study. Saowapakpiboon 

presented a study about measured and predicted performances of prefabricated 

vertical drains in 2009, he obtained that ch values of specimens in laboratory tests 

were nearly half of the values obtained from field test data. However, surface 

settlement prediction performed by Asoaka (1978) method yielded very good 

consistency with field data. Hadewych (2010) presented a study about settlement 

measurements and concluded that calculated settlement fit the observed settlement. 

On the other hand, the time for completion of the settlement in the field was less 

than the calculated one. Quang and Giao and Quang (2014) presented a study about 

improvement of soft clay by vacuum preloading. According to their studies, there 

was a good agreement between calculated and predicted settlements. Furthermore, 

in that study the ratio of ch(field)/ch(lab) was obtained as 2.0. 

Moh et al. (1998) presented another study and they concluded that the field 

settlement data were much higher than designed total settlement, and waiting 

period was longer. Back-calculation of consolidation parameters from field 

measurements was achieved by Cao et al. (2001) and they obtained that the 

compression index was generally larger than that of measured in the laboratory, 

and the coefficient of consolidation back-calculated was larger than the values 

calculated from pore pressure measurement. According to study conducted by Shen 

et al. (2005) about analysis of field performance of embankments on soft clay 



 

 

43 

deposit with and without PVD (prefabricated vertical drain) improvement, it was 

concluded that the settlement amount and rate of measured values were greater 

than the calculated values. Back analyses of compressibility parameters of PVD 

improved soft ground in Southern Vietnam were carried out by Long (2006) and 

the back calculated values of ch were about 4 to 6 times of the average cv values 

obtained from conventional oedometer tests and the secondary compression ratios 

(CŬ) were about 1.5 times that of laboratory tests.  

Chung presented a study in 2009 for predicting the settlement rate of a ground area 

that incorporates prefabricated vertical drains. According to the results of two 

documented case studies, he concluded that estimated coefficients of radial 

consolidation were larger than the values obtained from oedometer tests and for 

two cases, cv values obtained from field were very close to the results of standard 

oedometer tests. Tedjakusuma performed a study in 2012 about the application of 

prefabricated vertical drain in soil improvement. Their study contained 

comparisons of the preliminary consolidation parameters and final parameters 

obtained from the pilot test embankment after soil improvement. From back-

analysis, it was concluded that horizontal and vertical consolidation coefficients for 

marine clay is 1.5. 

Comparison of field measurements and predicted performance beneath full scale 

embankments was achieved by Indraratna and Sathananthan (2003) and they stated 

that the calculated settlement amount and rate were greater than the measured 

values. According to a study completed by Geiser and Commend (2012) in 

Switzerland, it was concluded that the predictions obtained by Plaxis model 

overestimates the settlements by factors of 2-3. Furthermore, the area of influence 

of the settlements was also overestimated. A project was conducted by Wetzel 

(2014) to compare the theoretical and actual time dependent settlement induced by 

fill settlement, and it was concluded that the predicted settlements were more than 

the actual measured settlements. Bhosle and Vaishampayan (2009) presented a case 

study for ground improvement using PVD with preloading and they obtained that 
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the consolidation settlements obtained theoretically from laboratory test results 

were much higher than predicted by Asoaka and Hyperbolic Method. Kemp (2013) 

studied on the consolidation behavior of alluvial soft clay and according to his 

study, back-analyzed coefficient of consolidation of the clay was higher while the 

compression ratio was lower than the original design estimate. 
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CHAPTER 3  

3 SITE DESCRIPTION OF THE INSTRUMENTED EMBANKMENT 

SECTIONS 

Bursa-Susurluk Section takes place between Km: 104+535 and Km: 178+927 in 

Gebze-Ķzmir Highway Project and the interval of Km: 137+800 and Km: 176+060 

is defined as Karacabey Plain according to State Hydraulic Works. In the 

Karacabey Plain, the flood plain is located between Km: 139+100 and Km: 

144+360 according to State Hydraulic Works. At the Karacabey Plain, the 

embankment with maximum height of 11.0 m and with 27Á embankment slope is 

designed on thick alluvial deposit. Prefabricated vertical drain installation and 

embankment construction in the Karacabey Plain are shown in Figures 3.1 and 3.2.  

 

 

 

 
 

Figure 3.1. Prefabricated vertical drain installation in the Karacabey Plain 
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Figure 3.2. Embankment construction on the Karacabey Plain 

 

 

 

Karacabey Plain was formed during Middle-Late Miocene with the control of 

extensional tectonics. Under the control of this tectonism, alluvial fan systems were 

formed from north to south in Marmara Sea as presented in Figure 3.3. Depending 

on this tectonism, Facies A was formed near the source with high energy and 

defined  as sandstone, blocky gravels with reverse gradataion (¥zdoĵan et al., 

2000).  

When river moved away from source and because of the topography, the energy of 

river decreased, the size of material decreased and river transferred to meandering 

river characteristic. As a result of this, flood plains and oxbow lakes were formed 

(Facies B). Lithofacies C and D were formed from lacustrine deposits (¥zdoĵan et 

al., 2000). 

The views for meandering river and flood plan characteristics of Susurluk River is 

presented in Figures 3.4 and 3.5. 
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Figure 3.3. Depositional episodes at the Middle-Late Miocene (¥zdoĵan et al., 

2000) 

 

 

 

 
 

Figure 3.4. Meandering river characteristic view of Susurluk river 
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Figure 3.5. Flood plain view of Karacabey Plain 

 

 

 

The geological map of the study area is presented in Figure 3.6. The geological 

formation in the study area is defined as alluvium which consists of clay, silt, sand 

and gravel. The units of clay, silt, sand and gravel are formed due to young river 

beds.  



 

 

49 

 
 

 
 

Figure 3.6. Geological map of the study area (MTA, 2008) 
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As a part of this study, 26 different embankment sections were evaluated. Existing 

site conditions of the instrumented test embankments including geological 

conditions, site investigation and laboratory test results are presented in this part of 

the thesis. 

 

 

 

3.1 KM: 139+764 Section 

The soil profile of the embankment at Km: 139+764 is characterized by 24.45 m 

deep borehole (BSSK 447) and BS-CPT-01 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers layers shown in Table 3.1.  

 

 

 

Table 3.1 A typical soil profile at Km: 139+764 section of the study area 

 

 
 

 

 

 

 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-1.8

Medium-Stiff 

Clay (CH)
6 0.52 47 35

-19

Medium-Stiff 

Clay (CH-CL)
10 0.93 45 40 58

-23.9

Stiff 

Clay (CH)
24 1.00 51 25

-44.11

Stiff 

Silt (MH)
25 2.61 46 29

Soil Profile
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The geological longitudinal section of embankment is presented in Figure 3.7. SPT 

results of BSSK-447 borehole and cone resistance values of BS-CPT-1 results for 

clay layers are presented in Figure 3.8. According to the geological longitudinal 

section, the embankment with 8.0-9.0 m in height is planned to be constructed on 

clayey soil with a thickness of more than 40.0 m, and also sand layers are defined 

in clay layer with a thickness of less than 1.0 m. From surface down to a depth of 

1.8 m, SPT N value is obtained as 6 whereas qc value is obtained as 0.52 MPa in 

average, which indicates ñsoft clayò. From depth of 1.8 m to 19.0 m, SPT N value 

is obtained as 10 whereas qc value is obtained 0.93 MPa in average, which 

indicates ñmedium-stiff clayò. From depth of 19.0 m, SPT N values are greater 

than 24 whereas qc values are greater than 1.5 MPa in average, which is the 

indicator of ñStiff Clayò. When the values of SPT N and qc are compared, they 

both point out similar stiffness and also strength values for the clay units defined in 

the specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in  the embankment for surface and deep settlement is presented 

in Figure 3.9. The last measured settlement from surface settlement plate is 167.3 

cm and from deep settlement plate at depth of 24.0 m is 69.1 cm under 

embankment load with a maximum height of 8.8 m after 730 days of measurement. 
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Figure 3.7. The longitudinal geological section of Km: 139+764 

 

 

 

 
 

Figure 3.8. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay layers
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3.2 KM: 139+860 Section 

The soil profile of the embankment at Km: 139+860 is characterized by 24.45 m 

deep borehole (BSSK 447) and BS-CPT-01 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.2: 

 

 

 

Table 3.2 A typical soil profile at Km: 139+860 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.10. 

SPT results of BSSK-447 borehole and cone resistance values of BS-CPT-1 results 

for clay layers are presented in Figure 3.11. According to the geological 

longitudinal section, the embankment with 8.0-9.0 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined in clay layer with a thickness of less than 1.0 m. Till to depth of 

1.8 m, SPT N value is obtained as 6 whereas qc value is obtained as 0.52 MPa in 

average, which indicates ñsoft clayò. From depth of 1.8 m to 19.0 m, SPT N value 

is obtained as 10 whereas qc value is obtained 0.93 MPa in average, which 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-1.80

Soft

Clay (CH)
6 0.52 47 35

-19.00

Medium-Stiff 

Clay (CH-CL)
10 0.93 45 40 58

-23.90

Stiff 

Clay (CH)
24 1.00 51 25

-44.11

Stiff 

Silt (MH)
25 2.61 46 29

Soil Profile
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indicates ñmedium-stiff clayò. From depth of 19.0 m, SPT N values are greater 

than 24 whereas qc values are greater than 1.5 MPa in average, which is the 

indicator of ñStiff Clayò. When the values of SPT N and qc are compared, they 

both point out similar stiffness and also strength values for clay units defined in 

specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in the embankment for surface and deep settlement is presented 

in Figure 3.12. The last measured settlement from surface settlement plate is 190.2 

cm and from deep settlement plate at depth of 24.0 m is 90.0 cm under 

embankment load with a maximum height of 8.8 m after 860 days of measurement. 

 

 

 

 
 

Figure 3.10. The longitudinal geological section of Km: 139+860 
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Figure 3.11. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.3 KM: 140+592 Section 

The soil profile of the embankment at Km: 140+592 is characterized by 24.45 m 

deep borehole (BSSK 447) and BS-CPT-01 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.3: 

 

 

 

Table 3.3 A typical soil profile at Km: 140+592 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.13. 

SPT results of BSSK-447 borehole and cone resistance values of BS-CPT-1 results 

for clay layers are presented in Figure 3.14. According to the geological 

longitudinal section, the embankment with 8.0-9.0 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined in clay layer with a thickness of less than 1.0 m. Till to depth of 

1.8 m, SPT N value is obtained as 6 whereas qc value is obtained as 0.52 MPa in 

average, which indicates ñsoft clayò. From depth of 1.8 m to 19.0 m, SPT N value 

is obtained as 10 whereas qc value is obtained 0.93 MPa in average, which 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-1.80

Soft

Clay (CH)
6 0.52 47 35

-19.00

Medium-Stiff 

Clay (CH-CL)
10 0.93 45 40 52

-23.90

Stiff 

Clay (CH)
24 1.00 51 25 44

-42.00

Stiff 

Silt (MH)
25 2.61 46 29

Soil Profile
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indicates ñmedium-stiff clayò. From depth of 19.0 m, SPT N values are greater 

than 24 whereas qc values are greater than 1.5 MPa in average, which is the 

indicator of ñStiff Clayò. When the values of SPT N and qc are compared, they 

both point out similar stiffness and also strength values for clay units defined in 

specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in the embankment for surface settlement plate is presented in 

Figure 3.15. The last measured settlement from surface settlement plate is 116.6 cm 

under embankment load with a maximum height of 9.1 m after 835 days of 

measurement. 

 

 

 

 
 

Figure 3.13. The longitudinal geological section of Km: 140+592 
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Figure 3.14. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.4 KM: 141+680 Section 

The soil profile of the embankment at Km: 141+667 is characterized by 15.45 m 

deep borehole (BSSK 451) and BS-CPT-04 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.4: 

 

 

 

Table 3.4 A typical soil profile at Km: 141+680 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.16. 

SPT results of BSSK-451 borehole and cone resistance values of BS-CPT-4 results 

for clay layers are presented in Figure 3.17. According to the geological 

longitudinal section, the embankment with 10.3 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m. Till to depth of 2.5 

m, SPT N value is obtained as 9 whereas qc value is obtained as 1.08 MPa in 

average, which indicates ñmedium-stiff clayò. From depth of 2.5 m to 9.0 m, SPT 

N value is obtained as 18 whereas qc value is obtained 1.36 MPa in average, which 

indicates ñstiff clayò. From depth 9.0 m to 15.5 m, sand layer is defined according 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-2.50

Medium-Stiff 

Clay (CH)
9 1.08 55 34

-9.00

Stiff 

Clay (CH)
18 1.36 46 33

-15.50

Very Dense   

Sand (SP-SM)
40 5.49 33.98

-46.34

Stiff                

Clay-Silt              

(CH-ML)

18 1.16 55 22

Soil Profile
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to borehole and it is ended at 15.5 m depth. According to BS-CPT-4, clay layers 

are defined in depth of intervals 8.6 m and 8.8 m, 10.1 m and 10.6 m, 11.1 m and 

12.92 m with qc value of 0.85 MPa in average. These thin clay layers are defined 

as ñmedium-stiff clayò. From depth of 15.5 m, clay layer with qc value 1.15 MPa 

in average is obtained and it is defined as ñstiff clayò. When the values of SPT N 

and qc are compared, they both point out similar stiffness and also strength values 

for clay units defined in specified depth of intervals. The graph of In-Situ 

Settlement (m) vs. Time (day) behavior measured in the embankment for surface 

settlement plate is presented in Figure 3.18. The last measured settlement from 

surface settlement plate is 181.19 cm under embankment load with a maximum 

height of 10.259 m after 800 days of measurement. 

 

 

 

 
 

Figure 3.16. The longitudinal geological section of Km: 141+680 
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Figure 3.17. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.5 KM: 142+000 Section 

The soil profile of the embankment at Km: 142+000 is characterized by 16.95 m 

deep borehole (BSSK 452) and BS-CPT-04 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.5: 

 

 

 

Table 3.5 A typical soil profile at Km: 142+000 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.19. 

SPT results of BSSK-452 borehole and cone resistance values of BS-CPT-4 results 

for clay layers are presented in Figure 3.20. According to the geological 

longitudinal section, the embankment with 9.97 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depth of 9.0 m and 15.0 m. Till to depth of 9.0 m, SPT N 

value is obtained as 15 whereas qc value is obtained as 1.29 MPa in average, which 

indicates ñstiff clayò. According to BS-CPT-4, clay layers are defined in depth of 

intervals 8.6 m and 8.8 m, 10.1 m and 10.6 m, 11.1 m and 12.92 m with qc value of 

0.85 MPa in average. These thin clay layers are defined as ñmedium-stiff clayò. 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-9.00

Stiff 

Clay (CH)
15 1.29 47 33

-15.00

Medium Dense 

Sand (SM)
21 5.49 33.98 NP 30

-46.28

Stiff                               

Clay- Silt                    

(CH-ML)

24 1.16 13 22

Soil Profile
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From depth of 15.0 m, SPT N value is obtained as 24 whereas qc value is obtained 

1.16 MPa in average, which indicates ñstiff clayò. When the values of SPT N and 

qc are compared, they both point out similar stiffness and also strength values for 

clay units defined in specified depth of intervals. The graph of In-Situ Settlement 

(m) vs. Time (day) behavior measured in embankment for surface settlement plate 

is presented in Figure 3.21. The last measured settlement from surface settlement 

plate is 125.8 cm under embankment load with a maximum height of 9.97 m after 

850 days of measurement. 

 

 

 

 
 

Figure 3.19. The longitudinal geological section of Km: 142+000 
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Figure 3.20. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.6 KM: 142+400 Section 

The soil profile of the embankment at Km: 142+400 is characterized by 16.95 m 

deep borehole (BSSK 452) and BS-CPT-04 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.6: 

 

 

 

Table 3.6 A typical soil profile at Km: 142+400 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.22. 

SPT results of BSSK-452 borehole and cone resistance values of BS-CPT-4 results 

for clay layers are presented in Figure 3.23. According to the geological 

longitudinal section, the embankment with 8.09 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depth of 9.0 m and 15.0 m. Till to depth of 9.0 m, SPT N 

value is obtained as 15 whereas qc value is obtained as 1.29 MPa in average, which 

indicates ñstiff clayò. According to BS-CPT-4, clay layers are defined in depth of 

intervals 8.6 m and 8.8 m, 10.1 m and 10.6 m, 11.1 m and 12.92 m with qc value of 

0.85 MPa in average. These thin clay layers are defined as ñmedium-stiff clayò. 
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(kPa)

PI

(av.)
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Stiff                     

Clay (CH)
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Medium Dense 
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From depth of 15.0 m, SPT N value is obtained as 24 whereas qc value is obtained 

1.16 MPa in average, which indicates ñstiff clayò. When the values of SPT N and 

qc are compared, they both point out similar stiffness and also strength values for 

clay units defined in specified depth of intervals. The graph of In-Situ Settlement 

(m) vs. Time (day) behavior measured in embankment for surface  settlement plate 

is presented in Figure 3.24. The last measured settlement from surface settlement 

plate is 105.8 cm under embankment load with a maximum height of 8.09 m after 

760 days of measurement. 

 

 

 

 
 

Figure 3.22. The longitudinal geological section of Km: 142+400 
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Figure 3.23. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.7 KM: 143+107 Section 

The soil profile of the embankment at Km: 143+107 is characterized by 31.80 m 

deep CPT (BSSK CPT-5) and 15.25 m deep borehole log (BSSK-453) The 

laboratory test results and SPT N graphs are presented in Appendix A and B, 

consolidation settlement calculations are presented in Appendix C. The soil profile 

consists of the layers shown in Table 3.7: 

 

 

 

Table 3.7 A typical soil profile at Km: 143+107 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.25. 

SPT results of BSSK-453 borehole and cone resistance values of BS-CPT-5 results 

for clay layers are presented in Figure 3.26. According to the geological 

longitudinal section, the embankment with 8.448 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depths of 6.5 m - 7.5 m and 14.0 m ï 17.0 m. Till to depth of 

6.5 m, SPT N value is obtained as 14 whereas qc value is obtained as 1.20 MPa in 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-6.50

Stiff                       

Clay (CH)
14 1.20 48 30

-7.50

Sand 3.37 44.98

-14.00

Stiff                       

Clay (CH)
17 1.03 55 28

-17.00

Medium Dense 

Sand
28 7.05 51.30

-43.42

Stiff                         

Clay (CH-CL)
1.12

Soil Profile
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average, which indicates ñstiff clayò. From depth of 7.5 m to 14.0 m, the average 

values of SPT N is obtained as 17 which indicates ñstiff clayò whereas average 

value of qc is obtained 1.03 MPa which indicates ñmedium-stiff clayò. From depth 

of 17.0 m, qc values are 1.12 MPa in average, which is the indicator of ñStiff Clayò. 

When the values of SPT N and qc are compared, they both point out similar 

stiffness and strength values for clay units defined in specified depth of intervals. 

The graph of In-Situ Settlement (m) vs. Time (day) behavior measured in the 

embankment for surface settlement plate is presented in Figure 3.27. The last 

measured settlement from surface settlement plate is 127 cm under embankment 

load with a maximum height of 8.448 m after 740 days of measurement. 

 

 

 

 
 

Figure 3.25. The longitudinal geological section of Km: 143+107 
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Figure 3.26. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.8 KM: 144+000 Section 

The soil profile of the embankment at Km: 144+000 is characterized by 28.68 m 

deep CPT (BSSK CPT-6) and 15.45 m deep borehole log (BSSK-454) The 

laboratory test results and SPT N graphs are presented in Appendix A and B, 

consolidation settlement calculations are presented in Appendix C. The soil profile 

consists of the layers shown in Table 3.8: 

 

 

 

Table 3.8 A typical soil profile at Km: 144+000 section of the study area 

 

 
  

 
 
 

The geological longitudinal section of embankment is presented in Figure 3.28. 

SPT results of BSSK-454 borehole and cone resistance values of BS-CPT-6 results 

for clay layers are presented in Figure 3.29. According to the geological 

longitudinal section, the embankment with 9.98 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depths of 6.5 m ï 7.5 m and 14.0 m ï 17.0 m. Till  to depth of 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-6.50

Stiff                     

Clay (CH)
14 1.19 40 31 101

-7.50

Sand 3.37 44.98

-14.00

Stiff                       

Clay (CH)
24 1.03 35 36

-17.00

Medium Dense 

Sand
28 7.05 51.30

-46.30

Stiff               

Clay                  

(CH-CL)

1.15

Soil Profile
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6.5 m, SPT N value is obtained as 14 whereas qc value is obtained as 1.19 MPa in 

average, which indicates ñstiff clayò. From depth of 7.5 m to 14.0 m, average value 

of SPT N is obtained as 24 which indicates ñstiff clayò whereas average value of qc 

is obtained 1.03 MPa which indicates ñmedium-stiff clayò. From depth of 17.0 m, 

qc values are 1.15 MPa in average, which is the indicator of ñStiff Clayò. When the 

values of SPT N and qc are compared, they both point out similar stiffness and also 

strength values for clay units defined in specified depth of intervals. The graph of 

In-Situ Settlement (m) vs. Time (day) behavior measured in the embankment for 

surface settlement plate is presented in Figure 3.30. The last measured settlement 

from surface settlement plate is 155.4 cm under embankment load with a maximum 

height of 9.98 m after 950 days of measurement. 

 

 

 

 
 

Figure 3.28. The longitudinal geological section of Km: 144+000 



 

 

80 

 
 

Figure 3.29. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.9 KM: 145+000 Section 

The soil profile of the embankment at Km: 145+000 is characterized by 15.45 m 

deep borehole (BSSK 456) and BS-CPT-07 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.9: 

 

 

 

Table 3.9 A typical soil profile at Km: 145+000 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.31. 

SPT results of BSSK-456 borehole and cone resistance values of BS-CPT-7 results 

for clay layers are presented in Figure 3.32. According to the geological 

longitudinal section, the embankment with 9.97 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depth of 11.0 m and 18.0 m. Till to depth of 11.0 m, SPT N 

value is obtained as 17 whereas qc value is obtained as 1.32 MPa in average, which 

indicates ñstiff clayò. Also, sand layers are defiend in depths of intervals 1.68 m 

and 2.18 m, 2.62 m and 2.92 m, 3.52 m and 3.64 m, 6.66 m and 7.36 m, 7.5 m and 

9.24 m according to cone penetration test. From depth of 18.0 m, qc value is 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-11.00

Stiff                      

Clay (CL-CH)
17 1.32 44 31

-18.00

Medium Dense 

Sand
27 8.52 40.52

-42.51

Stiff                      

Clay
1.42

Soil Profile
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obtained 1.36 MPa in average, which indicates ñstiff clayò. The graph of In-Situ 

Settlement (m) vs. Time (day) behavior measured in the embankment for surface 

settlement plate is presented in Figure 3.33. The last measured settlement from 

surface settlement plate is 116.8 cm under embankment load with a maximum 

height of 9.97 m after 850 days of measurement. 

 

 

 

 
 

Figure 3.31. The longitudinal geological section of Km: 145+000 
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Figure 3.32. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.10 KM: 146+210 Section 

The soil profile of the embankment at Km: 146+210 is characterized by 15.45 m 

deep borehole (BSSK 457) and BS-CPT-08 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.10: 

 

 

 

Table 3.10 A typical soil profile at Km: 146+210 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.34. 

SPT results of BSSK-457 borehole and cone resistance values of BS-CPT-8 results 

for clay layers are presented in Figure 3.35. According to the geological 

longitudinal section, the embankment with 12.18 m in height is planned to be 

constructed on clayey soil with a thickness of more than 35.0 m, and also sand 

layers are defined at depth of 4.0 m and 9.0 m. Till  to depth of 4.0 m, SPT N value 

is obtained as 14 whereas qc value is obtained as 1.37 MPa in average, which 

indicates ñstiff clayò. From depth of 9.0 m, qc value is obtained 1.09 MPa in 

average, which indicates ñmedium-stiff clayò. When the values of SPT N and qc 

are compared in the first layer, they both point out similar stiffness and also 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-4.00

Stiff                     

Clay (CL-CH)
14 1.37 29 35

-9.00

Sand                     

(SM-SP-SW)
36 7.48 36.14 NP 19

-27.00

Medium-Stiff              

Clay (CH-CL)
1.09

Soil Profile
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strength values for clay units defined in specified depth of intervals. The graph of 

In-Situ Settlement (m) vs. Time (day) behavior measured in the embankment for 

surface settlement plate is presented in Figure 3.36. The last measured settlement 

from surface settlement plate is 108.8 cm under embankment load with a maximum 

height of 12.18 m after 460 days of measurement. 

 

 

 

 
 

Figure 3.34. The longitudinal geological section of Km: 146+210 
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Figure 3.35. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.11 KM: 147+000 Section 

The soil profile of the embankment at Km: 147+000 is characterized by 15.45 m 

deep borehole (BSSK 458) and BS-CPT-10 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.11: 

 

 

 

Table 3.11 A typical soil profile at Km: 147+000 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.37. 

SPT results of BSSK-458 borehole and cone resistance values of BS-CPT-10 

results for clay layers are presented in Figure 3.38. According to the geological 

longitudinal section, the embankment with 8.1 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-4.50

Medium-Stiff 

Clay (CL)
9 0.99 29 38

-13.00

Stiff                     

Clay (CH-CL)
18 1.32 30 35

-15.50

Medium Dense              

Sand
24 5.77 41.50

-21.00

Medium-Stiff 

Clay
1.03

-22.00

Sand 3.02 11.59

-41.78

Very Stiff                 

Clay
2.77

Soil Profile
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layers are defined at depths of 13.0 m - 15.5 m and 21.0 m ï 22.0 m. Till to depth 

of 4.5 m, SPT N value is obtained as 9 whereas qc value is obtained as 0.99 MPa in 

average, which indicates ñmedium-stiff clayò. From depth of 4.5 m to 13.0 m, SPT 

N value is obtained as 18 whereas qc value is obtained 1.32 MPa in average, which 

indicates ñstiff clayò. In the depth interval of 15.5 m and 21.0 m,  qc value is 

obtained 1.03 MPa in average and clay is defined as ñMedium-stiff clayò. From 

depth of 22.0 m, qc value is obtained 2.77 MPa in average, which indicates ñvery 

stiff clayò. When the values of SPT N and qc are compared, they both point out 

similar stiffness and also strength values for clay units defined in specified depth of 

intervals. The graph of In-Situ Settlement (m) vs. Time (day) behavior measured in 

the embankment for surface is presented in Figure 3.39. The last measured 

settlement from surface settlement plate is 98 cm under embankment load with a 

maximum height of 8.1 m after 720 days of measurement. 

 

 

 

 
 

Figure 3.37. The longitudinal geological section of Km: 147+000 
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Figure 3.38. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 

 



 

 

93 

 F
ig

u
re

 3
.3

9.
 I
n

 s
it
u

 S
e
tt

le
m

e
n

t 
(cm

) 
v
s
. 
T

im
e
 (

d
a

y
) 

b
e
h

a
v
io

r m
e

a
s
u

re
d

 i
n

 e
m

b
a

n
k
m

e
n

t 
fo

r 
s
u

rf
a
c
e
 s

e
tt

le
m

e
n

t
 

 



 

 

94 

3.12 KM: 149+000 Section 

The soil profile of the embankment at Km: 149+000 is characterized by 16.95 m 

deep borehole (BSSK 461) and BS-CPT-11 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.12: 

 

 

 

Table 3.12 A typical soil profile at Km: 149+000 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.40. 

SPT results of BSSK-461 borehole and cone resistance values of BS-CPT-11 

results for clay layers are presented in Figure 3.41. According to the geological 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-4.80

Soft                       

Clay (CL-CH)
6 1.04 26 26

-8.00

Sand (SC) 9 5.75 32.61

-14.00

Stiff                       

Clay (CH-CL)
22 1.24 35 33

-15.80

Medium Dense              

Sand
8.32 45.58

-27.20

Stiff               

Clay (CH)
26 1.25 31 33 132

-30.50

MediumDense              

Sand
1.28 35.43

-41.99

Stiff               

Clay                  

(CH-CL)

1.59

Soil Profile
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longitudinal section, the embankment with 8.2 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depths of 4.8 m ï 8.0 m, 14.0 m ï 15.8 m and 27.2 m ï 30.5 

m. Till to depth of 4.8 m, SPT N value is obtained as 6 whereas qc value is obtained 

as 1.04 MPa in average. According to SPT N values, it is defined as ñsoft clayò. On 

the other hand, if qc values are considered, it is defined as ñmedium-stiff clayò. 

From depth of 8.0 m to 14.0 m, SPT N value is obtained as 22 whereas qc value is 

obtained 1.24 MPa in average, which indicates ñstiff clayò. In the depths of 15.8 m 

and 27.2 m,  SPT N value is obtained as 26, qc value is obtained 1.25 MPa in 

average and clay is defined as ñstiff clayò. From depth of 30.5 m, qc value is 

obtained 1.59 MPa in average, which indicates ñstiff clayò. When the values of 

SPT N and qc are compared, they both point out similar stiffness and also strength 

values for clay units defined in specified depth of intervals. The graph of In-Situ 

Settlement (m) vs. Time (day) behavior measured in embankment for surface 

settlement plate is presented in Figure 3.42. The last measured settlement from 

surface settlement plate is 96.0 cm under embankment load with a maximum height 

of 8.2 m after 600 days of measurement. 

 

 

 

 
 

Figure 3.40. The longitudinal geological section of Km: 149+000 
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Figure 3.41. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.13 KM: 150+000 Section 

The soil profile of the embankment at Km: 150+000 is characterized by 20.0 m 

deep borehole (BSSK 685A) and BS-CPT-13 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.13: 

 

 

 

Table 3.13 A typical soil profile at Km: 150+000 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.43. 

SPT results of BSSK-685 borehole and cone resistance values of BS-CPT-13 

results for clay layers are presented in Figure 3.44. According to the geological 

longitudinal section, the embankment with 9.88 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m and also sand 

layers are defined at depths of 3.0 m ï 5.0 m and 11.0 m ï 18.0 m. Till to depth of 

3.0 m, SPT N value is obtained as 5 whereas qc value is obtained as 1.24 MPa in 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-3.00

Soft                       

Clay (CL)
5 1.27 18 18

-5.00

Sand (SM) 16 1.96 16.80

-11.00

Stiff                       

Clay (CH)
16 1.48 30 29

-18.00

Sand 42 15.60 47.80

-45.30

Medium-Stiff                

Clay (CL)
12 1.70 15 28 106

Soil Profile
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average. According to SPT N values, it is defined as ñsoft clayò. On the other hand, 

if qc values are considered, it is defined as ñmedium-stiff clayò. From depth of 5.0 

m to 11.0 m, SPT N value is obtained as 16 whereas qc value is obtained 1.48 MPa 

in average, which indicates ñstiff clayò. From depth of 18.0 m, SPT N value is 

obtained as 12 whereas qc value is obtained 1.7 MPa in average, which indicates 

ñmedium-stiff clayò. When the values of SPT N and qc are compared, they both 

point out similar stiffness and also strength values for clay units defined in 

specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in the embankment for surface settlement plate is presented in 

Figure 3.45. The last measured settlement from surface settlement plate is 106.7 cm 

under embankment load with a maximum height of 9.88 m after 600 days of 

measurement. 

 

 

 

 
 

Figure 3.43. The longitudinal geological section of Km: 150+000 
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Figure 3.44. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 

 

 

 



 

 

101 

 F
ig

u
re

 3
.4

5.
 I
n

 s
it
u

 S
e
tt

le
m

e
n

t 
(cm

) 
v
s
. 
T

im
e
 (

d
a

y
) 

b
e
h

a
v
io

r 
m

e
a
s
u

re
d

 i
n

 e
m

b
a

n
k
m

e
n

t 
fo

r 
s
u

rf
a
c
e
 s

e
tt

le
m

e
n

t
 

 



 

 

102 

3.14 KM: 150+500 Section 

The soil profile of the embankment at Km: 150+500 is characterized by 20.0 m 

deep borehole (BSSK 685A) and BS-CPT-13 cone penetration test. The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.14: 

 

 

 

Table 3.14 A typical soil profile at Km: 150+500 section of the study area 

 

 
 
 
 
The geological longitudinal section of embankment is presented in Figure 3.46. 

SPT results of BSSK-485 borehole and cone resistance values of BS-CPT-13 

results for clay layers are presented in Figure 3.47. According to the geological 

longitudinal section, the embankment with 10.4 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depths of 5.0 m ï 6.0 m and 12.5 m ï 15.5 m. Till to depth of 

5.0 m, SPT N value is obtained as 7 whereas qc value is obtained as 1.27 MPa in 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-5.00

Soft                       

Clay (CL)
7 1.27 18 18

-6.00

Sand (SM) 16 1.96 16.80

-12.50

Stiff                       

Clay (CH)
16 1.30 30 29

-15.50

Sand (SW-SM) 42 15.60 47.80

-46.20

Medium-Stiff                       

Clay (CL)
12 1.51 15 28 106

Soil Profile
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average. According to SPT N values, it is defined as ñsoft clayò. On the other hand, 

if qc values are considered, it is defined as ñmedium-stiff clayò. From depth of 6.0 

m to 12.5 m, SPT N value is obtained as 16 whereas qc value is obtained 1.30 MPa 

in average, which indicates ñstiff clayò. From depth of 15.5 m, SPT N value is 

obtained as 12 whereas qc value is obtained 1.51 MPa in average, which indicates 

ñmedium-stiff clayò. When the values of SPT N and qc are compared, they both 

point out similar stiffness and also strength values for clay units defined in 

specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in the embankment for surface settlement plate is presented in 

Figure 3.48. The last measured settlement from surface settlement plate is 133.5 cm 

under embankment load with a maximum height of 10.4 m after 450 days of 

measurement. 

 

 

 

 
 

Figure 3.46. The longitudinal geological section of Km: 150+500 
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Figure 3.47. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.15 KM: 151+220 Section 

The soil profile of the embankment at Km: 151+220 is characterized by 15.06 m 

deep borehole (BSSK 463) and 13.80 m deep CPT (BS-CPT-14). The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.15: 

 

 

 

Table 3.15 A typical soil profile at Km: 151+220 section of the study area 
 

 

 

 

 

The geological longitudinal section of embankment is presented in Figure 3.49. 

SPT results of BSSK-463 borehole and cone resistance values of BS-CPT-14 

results for clay layers are presented in Figure 3.50. According to the geological 

longitudinal section, the embankment with 11.0 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m and also sand 

layers are defined at depths of 5.0 m ï 8.0 m and 13.0 m ï 16.0 m. Till to depth of 

5.0 m, SPT N value is obtained as 7 whereas qc value is obtained as 0.94 MPa in 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-5.00

Soft                       

Clay (CL)
7 0.94 23 28

-8.00

Sand (SM) 16 1.96 16.80

-13.00

Medium-Stiff        

Clay (CL)
14 0.87 28 30 60

-16.00

Sand (SW-SM) 42 15.60 47.80

-47.31

Medium-Stiff                      

Clay (CL)
0.94

Soil Profile
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average. According to SPT N values, it is defined as ñsoft clayò. On the other hand, 

if qc values are considered, it is defined as ñmedium-stiff clayò. From depth of 8.0 

m to 13.0 m, SPT N value is obtained as 14 whereas qc value is obtained 0.87 MPa 

in average. The clay unit in this interval is defined as ñmedium-stiff clayò 

according to SPT N and qc values. When the values of SPT N and qc are compared, 

they both point out similar stiffness and also strength values for clay units defined 

in specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in embankment for surface settlement plate is presented in 

Figure 3.51. The last measured settlement from surface settlement plate is 171.9 cm 

under embankment load with a maximum height of 11.0 m after 420 days of 

measurement. 

 

 

 

 
 

Figure 3.49. The longitudinal geological section of Km: 151+220 
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Figure 3.50. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.16 KM: 151+975 Section 

The soil profile of the embankment at Km: 151+975 is characterized by 15.45 m 

deep borehole (BSSK 464) and 24.60 m deep CPT (BS-CPT-14A). The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.16: 

 

 

 

Table 3.16 A typical soil profile at Km: 151+975 section of the study area 

 

 
 
 

 

The geological longitudinal section of embankment is presented in Figure 3.52. 

SPT results of BSSK-464 borehole and cone resistance values of BS-CPT-14 

results for clay layers are presented in Figure 3.53. According to the geological 

longitudinal section, the embankment with 9.74 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depths of 7.0 m ï 9.0 m and 13.0 m ï 19.0 m. Till to depth of 

7.0 m, SPT N value is obtained as 11 whereas qc value is obtained as 0.92 MPa in 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-7.00

Medium-Stiff       

Clay (CL)
11 0.92 24 31 104

-9.00

Sand (ML) 13 1.96 16.80

-13.00

Stiff                       

Clay (CH)
18 0.94 46 32 82

-19.00

Sand (SM) 31 15.60 47.80

-45.00

Medium-Stiff                     

Clay (CL)
0.93

Soil Profile
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average and clay unit is defined as ñmedium-stiff clayò. From depth of 9.0 m to 

13.0 m, SPT N value is obtained as 18 whereas qc value is obtained 0.94 MPa in 

average. The clay unit in this interval is defined as ñstiff clayò according to SPT N 

values, ñmedium-stiff clayò according to qc values. From depth of 19.0 m, qc value 

is obtained as 0.93 MPa in average, which indicates ñmedium-stiff clayò. When the 

values of SPT N and qc are compared, they both point out similar stiffness and also 

strength values for clay units defined in specified depth of intervals. The graph of 

In-Situ Settlement (m) vs. Time (day) behavior measured in the embankment for 

surface settlement plate is presented in Figure 3.54. The last measured settlement 

from surface settlement plate is 123.7 cm under embankment load with a maximum 

height of 9.74 m after 620 days of measurement. 

 

 

 

 
 

Figure 3.52. The longitudinal geological section of Km: 151+975 

 

 

 



 

 

112 

 
 

Figure 3.53. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.17 KM: 152+000 Section 

The soil profile of the embankment at Km: 152+000 is characterized by 15.45 m 

deep borehole (BSSK 464) and 24.60 m deep CPT (BS-CPT-14A). The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.17: 

 

 

 

Table 3.17 A typical soil profile at Km: 152+000 section of the study area 

 

 

 
 

 

The geological longitudinal section of embankment is presented in Figure 3.55. 

SPT results of BSSK-464 borehole and cone resistance values of BS-CPT-14 

results for clay layers are presented in Figure 3.56. According to the geological 

longitudinal section, the embankment with 8.19 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m, and also sand 

layers are defined at depths of 7.0 m ï 9.0 m and 13.0 m ï 19.0 m. Till to depth of 

7.0 m, SPT N value is obtained as 11 whereas qc value is obtained as 0.92 MPa in 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-7.00

Medium-Stiff        

Clay (CL)
11 0.92 24 31 104

-9.00

Silt (ML) 13 1.96 16.80

-13.00

Stiff                       

Clay (CH)
18 0.94 46 32

82        

115

-19.00

Sand (SM) 31 15.60 47.80

-41.97

Medium-Stiff       

Clay (CL)
0.93

Soil Profile
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average and clay unit is defined as ñmedium-stiff clayò. From depth of 9.0 m to 

13.0 m, SPT N value is obtained as 18 whereas qc value is obtained 0.94 MPa in 

average. The clay unit in this interval is defined as ñstiff clayò according to SPT N 

values, ñmedium-stiff clayò according to qc values. From depth of 19.0 m, qc value 

is obtained as 0.93 MPa in average, which indicates ñmedium-stiff clayò. When the 

values of SPT N and qc are compared, they both point out similar stiffness and also 

strength values for clay units defined in specified depth of intervals. The graph of 

In-Situ Settlement (m) vs. Time (day) behavior measured in the embankment for 

surface settlement plate is presented in Figure 3.57. The last measured settlement 

from surface settlement plate is 108.3 cm under embankment load with a maximum 

height of 8.19 m after 590 days of measurement. 

 

 

 

 
 

Figure 3.55. The longitudinal geological section of Km: 152+000 
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Figure 3.56. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.18 KM: 154+500 Section 

The soil profile of the embankment at Km: 154+500 is characterized by 15.45 m 

deep borehole (BSSK 468), 20.5 m deep borehole (BSSK 688), 15.06 m deep 

borehole (BSSK 469) and 28.10 m deep CPT (BS-CPT-17). The laboratory test 

results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.18: 

 

 

 

Table 3.18 A typical soil profile at Km: 154+500 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.58. 

SPT results of BSSK-688, BSSK-469 boreholes and cone resistance values of BS-

CPT-17 results for clay layers are presented in Figure 3.59. According to the 

geological longitudinal section, the embankment with 7.48 m in height is planned 

to be constructed on clayey soil with a thickness of more than 40.0 m, and also non 

plastic silt layer is defined at depth of 13.0 m ï 16.0 m. Till to depth of 6.0 m, SPT 

N value is obtained as 13 whereas qc value is obtained as 1.62 MPa in average and 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-6.00

Medium-Stiff           

Clay (CL)
13 1.62 21 35 108

-13.00

Stiff                       

Clay (CL)
16 1.31 28 29

85       

86       

41

-16.00

Silt (ML) R 6.78 60.01 NP

-40.45

Stiff               

Clay (CH)
24 1.59 40 46

79        

61

Soil Profile
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clay unit is defined as ñmedium-stiff clayò according to SPT N values. On the other 

hand, if qc values are considered, clay unit is defined as ñstiff clayò. From depth of 

6.0 m to 13.0 m, SPT N value is obtained as 16 whereas qc value is obtained 1.31 

MPa in average. The clay unit in this interval is defined as ñstiff clayò. From depth 

of 16.0 m, SPT N value is obtained as 24 and qc value is obtained as 1.59 MPa in 

average, which indicates ñstiff clayò. When the values of SPT N and qc are 

compared, they both point out similar stiffness and also strength values for clay 

units defined in specified depth of intervals. The graph of In-Situ Settlement (m) 

vs. Time (day) behavior measured in the embankment for surface settlement plate 

is presented in Figure 3.60. The last measured settlement from surface settlement 

plate is 96.1 cm under embankment load with a maximum height of 7.48 m after 

640 days of measurement. 

 

 

 

 
 

Figure 3.58. The longitudinal geological section of Km: 154+500 
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Figure 3.59. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.19 KM: 155+000 Section 

The soil profile of the embankment at Km: 155+000 is characterized by 30.20 m 

deep borehole (BSSK 689), 15.08 m deep borehole (BSSK470) and 28.10 m deep 

CPT (BS-CPT-17). The laboratory test results and SPT N graphs are presented in 

Appendix A and B, consolidation settlement calculations are presented in 

Appendix C. The soil profile consists of the layers shown in Table 3.19: 

 

 

 

Table 3.19 A typical soil profile at Km: 155+000 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.61. 

SPT results of BSSK-689, 470 boreholes and cone resistance values of BS-CPT-17 

results for clay layers are presented in Figure 3.62. According to the geological 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-3.00

Soft                       

Clay (CL)
7 1.62 19 32

-4.50

Sand (SC) 27 3.45 41.79 34 26

-12.00

Stiff               

Clay (CL)
15 1.23 17 32 76

-20.00

Silt (ML) R 6.78 60.01

-28.00

Stiff               

Clay (CH)
24 1.59 40 46

79           

61

-31.00

Sand (SM) R 21.00 56.00

-44.59

Stiff               

Clay (CH)
16 1.45 40 46

Soil Profile
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longitudinal section, the embankment with 9.5 m in height is planned to be 

constructed on clayey soil with a thickness of more than 35.0 m and also sand 

layers are defined at depths of 3.0 m ï 4.5 m, 12.0 m ï 20.0 m and 28.0 m ï 31.0 

m. Till to depth of 3.0 m, SPT N value is obtained as 7 whereas qc value is obtained 

as 1.62 MPa in average and clay unit is defined as ñsoft clayò according to SPT N 

values. On the other hand, if qc values are considered, clay unit is defined as ñstiff 

clayò. From depth of 4.5 m to 12.0 m, SPT N value is obtained as 15 whereas qc 

value is obtained 1.23 MPa in average. The clay unit in this interval is defined as 

ñstiff clayò. In depth of interval 20.0 m and 28.0 m, SPT N value is obtained as 24 

whereas qc value is obtained 1.59 MPa in average. The clay unit in this interval is 

defined as ñstiff clayò. From depth of 31.0 m, SPT N value is obtained as 16 

whereas qc value is obtained 1.45 MPa in average. The clay unit in this interval is 

defined as ñstiff clayò. When the values of SPT N and qc are compared, except 

from the first layer, they both point out similar stiffness and also strength values for 

clay units defined in specified depth of intervals.The graph of In-Situ Settlement 

(m) vs. Time (day) behavior measured in the embankment for surface settlement 

plate is presented in Figure 3.63. The last measured settlement from surface 

settlement plate is 107.1 cm under embankment load with a maximum height of 9.5 

m after 600 days of measurement. 

 

 

 

 
 

Figure 3.61. The longitudinal geological section of Km: 155+000 
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Figure 3.62. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.20 KM: 155+551 Section 

The soil profile of the embankment at Km: 155+551 is characterized by 21.45 m 

deep borehole (BSSK 471) and 29.30 m deep CPT (BS-CPT-18). The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.20: 

 

 

 

Table 3.20 A typical soil profile at Km: 155+551 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.64. 

SPT results of BSSK-471 borehole and cone resistance values of BS-CPT-18 

results for clay layers are presented in Figure 3.65. According to the geological 

longitudinal section, the embankment with 10.5 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m and also sand 

layers are defined at depths of 0.0 m ï 6.0 m and 17.0 m ï 19.5 m. From depth of 

6.0 m to 17.0 m, SPT N value is obtained as 13 whereas qc value is obtained 1.49 

MPa in average, which indicates ñmedium-stiff clayò. From depth of 19.5 m, SPT 

N value is obtained as 22 whereas qc value is obtained 1.8 MPa in average, which 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-6.00

Sand (SM) 24 5.15 49.32

-17.00

Medium-Stiff        

Clay (CL)
13 1.49 38 34

85       

91       

100

-19.50

Sand (SM) 22 8.24 65.09

-44.30

Stiff               

Clay (CH)
22 1.80 51 41

Soil Profile
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indicates ñstiff clayò. When the values of SPT N and qc are compared, they both 

point out similar stiffness and also strength values for clay units defined in 

specified depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) 

behavior measured in the embankment for surface settlement plate is presented in 

Figure 3.66. The last measured settlement from surface settlement plate is 113.4 cm 

under embankment load with a maximum height of 10.5 m after 600 days of 

measurement. 

 

 

 

 
 

Figure 3.64. The longitudinal geological section of Km: 155+551 
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Figure 3.65. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.21 KM: 157+400 Section 

The soil profile of the embankment at Km: 157+400 is characterized by 25.95 m 

deep borehole (BSSK 474) and 29.00 m deep CPT (BS-CPT-19). The laboratory 

test results and SPT N graphs are presented in Appendix A and B, consolidation 

settlement calculations are presented in Appendix C. The soil profile consists of the 

layers shown in Table 3.21: 

 

 

 

Table 3.21 A typical soil profile at Km: 157+400 section of the study area 

 

 
 

 

 

The geological longitudinal section of embankment is presented in Figure 3.67. 

SPT results of BSSK-474 borehole and cone resistance values of BS-CPT-19 

results for clay layers are presented in Figure 3.68. According to the geological 

longitudinal section, the embankment with 8.5 m in height is planned to be 

constructed on clayey soil with a thickness of more than 40.0 m and also sand 

layers are defined at depth of 5.0 m ï 7.0 m. Till to depth of 2.0 m, SPT N value is 

obtained as 6 whereas qc value is obtained as 1.2 MPa in average. According to 

SPT N values, it is defined as ñsoft clayò. On the other hand, if qc values are 

considered, it is defined as ñmedium-stiff clayò. From depth of 2.0 m to 5.0 m, SPT 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-2.00

Soft                       

Clay (CH)
6 1.20 42 30

-5.00

Stiff                       

Clay (CL-ML)
14 1.41 42 33

-7.00

Sand                

(SM-ML)
14 16.60 55.70 NP 25

-42.65

Stiff               

Clay (CL-CH)
15 1.39 36 28

121   

105

Soil Profile
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N value is obtained as 14 whereas qc value is obtained 1.41 MPa in average, which 

indicates ñstiff clayò. From depth of 7.0 m, SPT N value is obtained as 15 whereas 

qc value is obtained 1.39 MPa in average, which indicates ñstiff clayò. When the 

values of SPT N and qc are compared, except from the first layer, they both point 

out similar stiffness and also strength values for clay units defined in specified 

depth of intervals. The graph of In-Situ Settlement (m) vs. Time (day) behavior 

measured in the embankment for surface settlement plate is presented in Figure 

3.69. The last measured settlement from surface settlement plate is 115.2 cm under 

embankment load with a maximum height of 8.5 m after 335 days of measurement. 

 

 

 

 
 

Figure 3.67. The longitudinal geological section of Km: 157+400 
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Figure 3.68. SPT N vs. Depth (m) and qc (MPa) vs. Depth (m) graphs for clay 

layers 
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3.22 KM: 158+000 Section 

The soil profile of the embankment at Km: 158+000 is characterized by 24.45 m 

deep borehole (BSSK 475) and 29.84 m depth BS-CPT-20 test result. The 

laboratory test results and SPT N graphs are presented in Appendix A and B, 

consolidation settlement calculations are presented in Appendix C. The soil profile 

consists of the layers shown in Table 3.22: 

 

 

 

Table 3.22 A typical soil profile at Km: 158+000 section of the study area 

 

 
 

 

 

 

Depth

(m)

SPT N

(av.)

qc

(av.)

(MPa)

fs

(av.)

(kPa)

PI

(av.)

(%)

wN

(av.)

(%)

cu

(kPa)

-7.50

Medium-Stiff            

Clay (CL-ML)
11 1.15 18 23

-9.00

Loose                

Sand (SM-ML)
8 5.90 32.70 NP 30

-18.00

Stiff                       

Clay (CH)
17 1.59 35 29 102

-19.50

Medium Dense              

Sand (SM)
21 1.52 80.80 NP 14

-22.50

Stiff               

Clay (CH)
21 1.51 44 31

-24.00

Medium Dense              

Sand (SM)
21 3.11 47.54 10 27

-38.00

Stiff               

Clay (CL)
22 1.70 33 32

Soil Profile
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The geological longitudinal section of embankment is presented in Figure 3.70. 

SPT results of BSSK-475 borehole and cone resistance values of BS-CPT-20 

results for clay layers are presented in Figure 3.71. According to the geological 

longitudinal section, the embankment with 8.79 m in height is planned to be 

constructed on clayey soil with a thickness of more than 35.0 m, and also sand 

layers are defined at depths of 7.5 m ï 9.0 m, 18.0 m ï 19.5 m and 22.5 m ï 24.0 

m. Till to depth of 7.5 m, SPT N value is obtained as 11 whereas qc value is 

obtained as 1.15 MPa in average and clay unit is defined as ñmedium-stiff clayò. 

From depth of 9.0 m to 18.0 m, SPT N value is obtained as 17 whereas qc value is 

obtained 1.59 MPa in average, which indicates ñstiff clayò. From depth of 19.5 m 

to 22.5 m, SPT N value is obtained as 21 whereas qc value is obtained 1.51 MPa in 

average, which indicates ñstiff clayò. From depth of 24.0 m, SPT N value is 

obtained as 22 whereas qc value is obtained 1.70 MPa in average, which indicates 

ñstiff clayò. When the values of SPT N and qc are compared, they both point out 

similar stiffness and also strength values for clay units defined in specified depth of 

intervals. The graph of In-Situ Settlement (m) vs. Time (day) behavior measured in 

the embankment for surface settlement plate is presented in Figure 3.72. The last 

measured settlement from surface settlement plate is 108.1 cm under embankment 

load with a maximum height of 8.79 m after 440 days of measurement. 

 

 

 

 
 

Figure 3.70. The longitudinal geological section of Km: 158+000 
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