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ABSTRACT 

 

 

AN INVESTIGATION OF DRAINED SHEAR STRENGTH OF 

OVERCONSOLIDATED HIGH PLASTICITY CLAYS 

 

Yaşar, İrem 

M.Sc., Department of Civil Engineering 

Supervisor: Asst. Prof. Dr. Ebru Akış 

Co-Supervisor: Assoc. Prof. Dr. M. Tolga Yılmaz 

 

February 2021, 182 pages 

 

In the design and analyses of geotechnical structures, drained or undrained shear 

strength parameters of the clays are used depending on the drainage conditions. In 

short term, such as during rapid construction of embankments or foundation on clays 

or at the end of construction of excavation in clay the undrained shear strength 

parameters should be used. Whereas, when the excess pore water pressure is 

completely dissipated, the analysis can be carried out in terms of effective stresses. 

Therefore, the drained shear parameters are used in the design of foundations, retaining 

structures and slope stability analyses.           

In this thesis, experiments are conducted to investigate the drained shear strength 

parameters of remolded high plastic clays (CH) which are collected from the Atılım 

University campus. Atterberg limits and the clay fraction of the soil samples are 

determined as LL= 62%, PI= 36% and CF=46%, respectively. In this research, there 

are two different experimental studies to investigate the shear strength parameters by 
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using direct shear tests, since then they are the most widely used laboratory tests to 

determine these parameters. In the first test series, the drying effect on the peak and 

residual shear strength parameters is investigated by using multi-reversal direct shear 

tests with a newly developed resistance system. In the first part of these tests, a 

normally consolidated high plastic clay sample at the liquid limit is prepared and multi- 

reversal direct shear tests are conducted at 0.035mm/min shearing rate under 300 kPa. 

The soil sample is heated to dry out before shearing. The peak and residual shear 

strength determined by tests on wet samples are compared with those of dry samples.  

It is seen that the water content effect on the peak and residual shear strength that have 

been already reported in the literature is observed in the first multi-reversal direct shear 

tests. A decrease in water content results in an increase in peak and residual strength 

values. In the second part, multi-reversal tests under 200 kPa normal stress are 

performed on a lightly overconsolidated (OCR=1.5) soil sample at a slower rate 

(0.0035mm/min) but after residual strength is reached, the soil specimen heated and 

sheared one more time to investigate the change in residual shear strength. It is seen 

that the decrease in water content of the soil that has been reached to the residual state 

does not affect the residual shear strength of the soil.  

In the second test series, drained direct shear tests are performed on soil samples 

having different OCR values to predict an empirical correlation between drained shear 

strength of overconsolidated and normally consolidated clays. The direct shear tests 

are conducted on soil samples that are prepared at OCR=1, 2, 4 and 7 under normal 

stresses 50 kPa, 100 kPa and 200 kPa and the shearing rate of these tests are set as to 

0.0018mm/min. The test results are evaluated and the prediction equation is presented.  

 

Keywords: drained shear strength parameters of overconsolidated clays, prediction of 

drained shear strength parameters, direct shear test, multi-reversal direct shear test, the 

effect of drying on shear strength parameters. 
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ÖZ 

 

 

AŞIRI KONSOLİDE YÜKSEK PLASTİSİTELİ KİLLERDE DRENAJLI 

KAYMA DAYANIM PARAMETRELERİNİN ARAŞTIRILMASI 

 

Yaşar, İrem 

Yüksek Lisans, İnşaat Mühendisliği Bölümü 

Tez Yöneticisi: Dr. Öğr. Üyesi Ebru Akış 

Ortak Tez Yöneticisi: Doç. Dr. M. Tolga Yılmaz 

 

Şubat 2021, 182 sayfa 

 

Geoteknik yapıların dizaynında ve analizinde, drenaj koşullarına bağlı olarak, killerin 

drenajlı ve drenajsız kayma dayanım parametreleri kullanılır. Kısa dönemde yani kil 

üzerine inşa edilen dolgularda veya temelde ya da kilde yapılan kazı inşatının sonunda, 

drenajsız kayma dayanım parametreleri kullanılmalıdır. Halbuki boşluk suyu basıncı 

tamamen dağıldığında, analizler, efektif gerilmeler kullanılarak gerçekleştirilebilir. Bu 

nedenle, temellerin ve istinat yapılarının dizaynında ve şev stabilite analizlerinde 

drenajlı kayma parametreleri kullanılır.  

Bu tezde, Atılım Üniversitesi kampüsünden alınan yoğrulmuş, yüksek plastisiteli kil 

numuneleri üzerinde drenajlı kayma dayanım parametrelerinin incelenmesi için 

deneyler gerçekleştirildi. Zemin numunelerinin Atterberg limitleri, LL= %62 ve PI= 

%36 olup kil yüzdesi 46’dır. Bu araştırmada, kayma dayanım parametrelerini 

araştırmak için yaygın olarak kullanılan direk kesme deneyleri ile iki farklı deneysel 

çalışma yapılmıştır. İlk deney serisinde, tekrarlı direk kesme deneyleri ve geliştirilmiş 
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yeni bir rezistans sistemi kullanılarak kurutma etkisinin pik ve rezidüel kayma 

dayanım parametrelerine etkisi araştırılmıştır. Çalışmanın ilk kısmında, normal 

konsolide, likit limitte hazırlanmış, yüksek plastisiteli kil numunelerde, 300 kPa basınç 

altında ve 0.035mm/min kesme hızı kullanılarak tekrarlı direk kesme deneyleri 

yapıldı. Zemin numunesi, kesme yapılmadan önce kuruması için ısıtıldı. Kuru 

numuneler için elde edilen pik ve rezidüel kayma dayanımları, ıslak numuneler için 

çıkan sonuçlar ile karşılaştırıldı. Su içeriğinin pik ve rezidüel kayma dayanım 

parametreleri üzerindeki etkisi, literatürde benzer çalışmalar ile uyumlu olarak 

gözlemlendi. Su içeriğindeki azalma, pik ve rezidüel dayanımlarda artış yarattı. İkinci 

kısımda, 200 kPa basınç altında ve daha yavaş kesme hızında (0.0035mm/min) tekrarlı 

direk kesme deneyleri, hafif aşırı konsolide kil üzerinde (OCR=1.5) uygulandı. Zemin 

numunesi, rezidüel dayanıma ulaştığında numune ısıltıldı ve son bir kesme daha 

gerçekleştirilerek rezidüel kayma dayanımındaki değişim araştırıldı. Zemin rezidüel 

aşamaya geldiğinde su içeriğindeki azalmanın rezidüel kayma dayanımını 

etkilemediği görüldü.  

İkinci deney serisinde, aşırı konsolide ve normal konsolide killerin drenajlı kayma 

dayanımları arasında ampirik bir bağıntı bulmak için farklı OCR’a sahip zemin 

numunelerinde drenajlı direk kesme deneyleri yapıldı. Direk kesme deneyleri, 

OCR=1, 2, 4 ve 7 için hazırlanan zemin numunelerinde, 50 kPa, 100 kPa ve 200 kPa 

normal basınç altında, 0.0018mm/dak kesme hızı ile gerçekleştirildi. Sonuçlar 

değerlendirildi ve tahmin denklemi sunuldu. 

 

Anahtar Kelimeler: aşırı konsolide killerin drenajlı kayma dayanım parametreleri, 

drenajlı kayma dayanım parametrelerinin öngörülmesi, direk kesme deneyi, tekrarlı 

direk kesme deneyi, kayma dayanım parametrelerinde kurutma etkisi 
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CHAPTER 1 

INTRODUCTION 

 

In various civil engineering projects, soil supports the foundations or it is used as a 

construction material. In the design and analyses of geotechnical structures, the 

properties of the soil such as soil’s origin, grain-size distribution, compressibility, 

bearing capacity, load-carrying mechanism, ability to drain water and shear strength 

must be known [1]. 

The shear strength of the soil that is explained as resistance to sliding along internal 

surfaces within a mass, is one of the most important topics in geotechnical engineering 

[2]. The shear strength parameters which are cohesion (𝑐) and internal friction angle 

(∅), can be determined by laboratory methods, in-situ tests, back-analysis and 

empirical correlations based on physical properties of the soil. The direct shear tests 

and triaxial compression tests are commonly used tests to determine shear strength 

parameters at the laboratory. Whereas, these parameters can be obtained from the in-

situ test results such as the vane shear test [2]. 

In this study, the shear strength parameters of high plastic clay that are collected from 

the Atılım University campus are examined in two stages (Figure 1.1). In the first part, 

the drying effect on the residual shear strength parameters of remolded clay is 

investigated. The multi-reversal direct shear tests and a newly developed resistance 

system are used for the determination of residual shear strength parameters. In the 

second part of the study, an empirical correlation to predict the drained shear strength 

parameters of overconsolidated clays is developed. In other words, the relationship 

between the shear strength parameters of overconsolidated clay and normally 

consolidated clay, is investigated by performing drained direct shear tests on remolded 

clay samples.  
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1.1. Objectives and Scope of the Thesis 

 

The objective of this thesis is to investigate the drying effect on the residual shear 

strength parameter by using multi-reversal direct shear tests and to derive an empirical 

correlation for estimating drained shear strength parameters of overconsolidated clays.  

In this study, drained direct shear tests are carried out at Atılım University Soil 

Mechanics Laboratory and at Engineering Science Laboratory of Middle East 

Technical University on the soil samples which is classified as high plastic clay (CH) 

and collected from Atılım University campus. The liquid limit, the plasticity index and 

the clay fraction of the soil samples are determined as LL= 62%, PI= 36% and 

CF=46%, respectively. To obtain the relationship, nonlinear regression is used on the 

limited number of test results. 

 

Figure 1.1 The location of the Atılım University in the map of Ankara 
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1.2. Thesis Organization 

 

In this study, there are six chapters. In the first chapter, the aim of the thesis and the 

organization of the study is explained. In the second chapter of the thesis, a brief 

literature review is given on shear strength parameters of soil,  the critical state concept 

of soil mechanics and the empirical correlations used to determine the shear strength 

parameters of clays. In the third chapter, the experimental set up and sample 

preparation are given in details as well as the physical and some mechanical properties 

of the soil specimen. In fourth chapter, the drying effect on the residual shear strength 

parameters is investigated by multi-reversal direct shear tests by using a newly 

developed resistance system. In the fifth chapter, drained direct shear tests to determine 

the drained peak shear strength of clays having different overconsolidation ratios 

(OCR) are performed. The relationship between the overconsolidated shear strength 

of high plasticity clays and normally consolidated clays is investigated and an 

empirical correlation is predicted. The conclusions from the thesis and the future works 

are presented in the last chapter.  

 

 



4 

 

CHAPTER 2 

LITERATURE REVIEW 

 

2.1. Shear Strength of Soils 

 

The strength of a material is defined as the maximum magnitude of stress that it can 

sustain [3:81-99]. In the case of exceedance from this stress, the material fails. The 

strength of the material can be defined in terms of tensile, compressive, or shear 

stresses.  

Soils have very low tensile strength and high compressive strength. Although in most 

of the geotechnical problems, the soil is exposed to compression, the ground fails in 

shear [3:81-99]. Because of that reason, in the analyses of many geotechnical 

engineering problems such as the stability of slopes, structural foundations, retaining 

walls, etc., shear strength is used. The shear resistance of the soil is the result of friction 

and interlocking of particles. Das [1] describes the shear strength of soil as its internal 

resistance per unit area of the soil that can provide to resist failure and sliding along 

any plane inside it. The theory for rupture in materials states that material fails due to 

a critical combination of normal stress and shear stress and not from either maximum 

normal or shear stress alone [1]. The failure of the soil is considered to be a curved 

line, given by Eq. 2.1 [4:343-387].  

𝜏𝑓 = 𝑓(𝜎)………………………………………………………………………..………Eq. 2.1 

where 𝜏𝑓 is shear stress on the failure plane and 𝜎 is normal stress on the failure plane. 

In most soil mechanics problems, shear stress on the failure plane is assumed to be a 

linear function of the normal stress [4: 343-387] and this relation can be written as; 

𝜏𝑓 = 𝑐 + 𝜎 tan ∅……………………………………………………………....………..Eq. 2.2 
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where 𝜏, 𝑐, ∅ and 𝜎 are shear strength, cohesion, friction angle and the normal stress 

on the failure surface, respectively. This equation is called the Mohr-Coulomb failure 

criteria.  

In saturated soils, if the drainage occurs, the stress is carried by the solid skeleton and 

the effective stresses are mobilized. Therefore, Eq. 2.2 is rearranged with effective 

stress and expressed as,  

𝜏𝑓 = 𝑐′ + 𝜎′ tan ∅′…………………………………………………………...………..Eq. 2.3 

𝑐′ and ∅′ are effective cohesion and effective angle of friction, respectively. For 

normally consolidated clays, effective cohesion is equal to zero and for 

overconsolidated clays, it is greater than zero [1].   

The Mohr’s failure envelope and Mohr-Coulomb failure criterion that is sufficient to 

approximate the shear stress on the failure plane as a linear function of the normal 

stress are illustrated in Figure 2.1. In this plot, the two regions are delimited. The upper 

part in which no state of stress is possible and the lower part in which all points are 

possible. In Figure 2.1, three points namely, A, B and C that represent normal stress 

and the shear stress on a plane in a soil mass are selected. Point A shows that shear 

failure will not occur along that plane. Point B shows that shear failure will occur along 

that plane and point C cannot exist since the shear failure of the soil would have 

occurred already [1]. In Figure 2.2, the failure envelope that is defined as a straight 

line by Eq. 2.3 is illustrated.  
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Figure 2.1 Mohr-Coulomb failure criterion [1] 

 

Figure 2.2 Mohr’s circle failure criteria by using effective normal stress [1] 

 

Shear strength parameters are the key parameters for analyzing the slope stability, 

foundations of roads, bridges, etc. In the analyses, undrained or drained, peak or 

residual shear strength parameters should be used depending on the soil type and stages 

of analyses (short-term or long-term). The highest level of shear strength measured in 

a laboratory test is defined as the peak shear strength and it is defined as the strength 
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of the soil at the point of maximum resistance. A typical stress-strain behavior obtained 

from a direct shear test is shown in Figure 2.3. It can be seen that overconsolidated 

clays show a definite peak shear strength than normally consolidated clays. Besides, 

soils will reach a well defined critical state if they are continually sheared till the 

movements of grains are turbulent [5]. Skempton [6:320-324] stated that fully softened 

shear strength is an approximation of the critical state shear strength. It is defined as 

the peak shear strength of clay at a normally consolidated state ([6:320-324], [7]). 

Fully softened shear strength is a significant state of strength that is generally used in 

slope stability analyses of cuts in stiff clays and construction of compacted 

embankments on high-plastic clay [8:697-709]. Direct shear tests and triaxial tests are 

common ways to determine fully softened shear strength ([9:1-31]-[13]). Additionally, 

residual shear strength is defined as the minimum constant shear strength of the soil 

along an existing shear surface when soil is exposed to large displacements [14] 

(Figure 2.3).  

 

Figure 2.3 Peak and residual strength of normally consolidated (NC) and 

overconsolidated (OC) clays [15] 
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The shear strength of the soil depends on many factors such as stress history, soil 

composition, water content, degree of saturation, soil structure, void ratio, drainage 

conditions, rate of loading, etc.  

The practical method for determining the drained peak or residual shear strength is to 

perform direct shear or multi-reversal direct shear tests at the laboratory. The shearing 

rate is the key factor that significantly affects the shear strength parameters ([16]-

[22:66]) 

Water has a significant controlling effect on most of the physical, chemical and 

biological processes that occur in soil [23:1663]. The shear strength of clayey soils is 

highly affected by moisture conditions. In most of the landslides, mechanical 

properties of the soil were dropped suddenly due to an increase in water content 

[23:1663]. Skempton [25:77-102] stated that the shear strength parameters of the clays 

decrease depending on the seasonal variations of water content and temperature over 

time. This topic is studied by several researchers and it is stated that wetting and drying 

cycles reduce the shear strength of the soil ([13], [26]-[29]). 

 

2.1.1. Undrained Shear Strength 

 

In undrained conditions, water does not be allowed to flow in or out of the soil. The 

undrained shear strength is used for the short-term conditions in total stress analysis 

([30:113-124], [2]). In Figure 2.4, the load-carrying mechanism of saturated soil is 

illustrated. The undrained analysis is performed by using total unit weights, total stress 

parameters and undrained shear strength parameters of the soil. The undrained shear 

strength is denoted by the Mohr-Coulomb equation (Eq. 2.2).  The undrained shear 

strength is a function of the total confining pressure (𝜎) but for saturated clays, ∅𝑢 is 

equal to zero and the undrained shear strength is denoted by a cohesion value (𝜏 = 𝑐𝑢) 

[2]. The undrained shear strength of the saturated clay can be measured by unconfined 

compression tests or unconsolidated-undrained (UU) triaxial tests at the laboratory.  
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Figure 2.4 Load-carrying mechanism of saturated soil [2] 

 

 

2.1.2. Drained Shear Strength 

 

If the water can be allowed to flow in or out of the soil, the pore pressures remain 

constant and this situation is called the drained condition. The soil is free to swell or 

consolidate during shearing when drainage is allowed during direct shear tests. In 

drained conditions, there are no excess pore pressures caused by changes in loading 

conditions. In long-term analyses, the excess pore water pressure dissipates because of 

the change in loading conditions and effective shear strength parameters (∅′ and 𝑐′) 

are used. The drained parameters are determined from consolidated-drained (CD), 

consolidated-undrained (CU) triaxial tests or direct shear tests.  

 

2.2. Critical State Soil Mechanics 

 

The critical state concept that has been developed at Cambridge University, represents 

the mechanical behavior of saturated remolded soils when they are exposed to 

continuous deformation. Finally, soil flows like a frictional fluid and reaches a critical 

state [31]. At that point, shear distortions (𝜀𝑠) occur without any changes in effective 
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stress (𝑝′), deviatoric stress (𝑞) (or yield stress, 𝜎𝑦) or specific volume (𝜈). This state 

is defined as the critical state (Eq. 2.4- 2.11). 

𝑞 = 𝑀𝑝′…………………………………………………………………………...…….Eq. 2.4 

𝜈 = Γ − 𝜆 ln(𝑝′)……………………………………………………….………….……Eq. 2.5 

𝜕𝑝′

𝜕𝜀𝑠
=

𝜕𝑞

𝜕𝜀𝑠
=

𝜕𝜈

𝜕𝜀𝑠
= 0………………………………………………………...………Eq. 2.6 

where, 

𝜈 = 1 + 𝑒…………………………………………………………………………….….Eq. 2.7 

𝑝′ =
1

3
(𝜎1

′ + 𝜎2
′ + 𝜎3

′)………………………………………………………………….Eq. 2.8 

𝑞 = √(𝜎1
′−𝜎2

′)
2

+(𝜎2
′−𝜎3

′)
2

+(𝜎1
′−𝜎3

′)
2

2
………………………………………………….….Eq. 2.9 

However, in triaxial test conditions 𝜎2
′ = 𝜎3

′ . Thus, 

𝑝′ =
1

3
(𝜎1

′ + 2𝜎3
′)…………………………………………………………..…………Eq. 2.10 

𝑞 = (𝜎1
′ − 𝜎3

′)……………………………………………………….…………...……Eq. 2.11 

where, 𝑀, Γ and 𝜆 are constants that define soil-material properties. The magnitude of 

deviatoric stress (𝑞) for continuous flow of soil is determined by using a frictional 

constant (𝑀) and effective stress (𝑝′) (Figure 2.5.a). There is an inverse proportional 

relationship between the specific volume of flowing particles and the effective stress 

(Figure 2.5.b). If the soil is looser than critical states, it is called as “wet” since during 

deformation positive pore water pressure that causes water to escape from soil occurs. 

If the soil is denser than critical states, it is named as “dry” since during deformation 

negative pore water pressure forms and water percolate into the soil.  
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(a)                                               (b) 

Figure 2.5 Critical States (a) frictional constant and effective stress, (b) specific 

volume versus effective stress [31] 

 

2.2.1. Cam Clay and Modified Cam-Clay Models 

 

The behavior of the soft soils can be described by Cam-Clay (CC) and Modified Cam-

Clay (MCC) that are formulated by researchers at Cambridge University [32]. Roscoe 

et al. [33:211-240] created the Cam-Clay model and then Roscoe and Burland [34:535-

610] have developed a modified version called the Modified Cam-Clay model. The 

theoretical formulation of soil behavior is based on critical state theory and the 

plasticity concept [35:272-277]. The shapes of yield surfaces for CC and MCC are 

different from each other. The yield surface of CC (Figure 2.6.a) is supposed to be 

elliptical whereas the yield surface for MCC is assumed to be circular (Figure 2.6.b) 

[35:272-277]. 
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(a)                                                               (b) 

Figure 2.6 Yield surfaces for (a) Cam-Clay model, (b) Modified Cam-Clay model 

[35:272-277] 

 

2.3. Estimation of Shear Strength Parameters by Empirical Correlations 

 

The shear strength parameters of the soil can be estimated by using empirical 

correlations in the literature. There are many useful correlations between index 

properties and mechanical properties of soils.  

The relation between the angle of shearing resistance and plasticity index was 

investigated by several researchers ([11:335-343], [36:1-15]-[38]). In general, most of 

the researches was focused on normally consolidated (NC) clays and there is only a 

limited number of studies on overconsolidated (OC) clays. 

In Figure 2.7, the effective angle of shearing resistance (∅𝑁𝐶
′) versus PI for normally 

consolidated clays are shown and this plot is drawn by using the test results of various 

researches studies in the literature. The points in the graph show the results of ring 

shear tests which are determined from 233 different NC clay specimens and the shaded 

area represents the range of results from a large series of ring shear tests on 24 different 

reconstituted normally consolidated natural soils ([11:335-343], [39]). In this figure, 

there is an obvious scattering of data but equations that are obtained by using the best-

fit regression line is recommended to predict the mean and lower value of the effective 

angle of shearing resistance for normally consolidated clays ∅𝑁𝐶
′
 [15]. ∅𝑁𝐶

′
that is the 
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peak secant value with the assumption of zero cohesion (𝑐𝑁𝐶
′ =0) can be estimated 

depending on the plasticity index of the soil (Eq. 2.12 and Eq. 2.13).  

∅𝑁𝐶
′ = 43 − 10 log 𝑃𝐼……………………………………………………………..Eq. 2.12 

∅𝑁𝐶
′ = 39 − 11 log 𝑃𝐼……………………………………………………………..Eq. 2.13 

 

 

Figure 2.7 ∅𝑁𝐶
′
 versus PI for primarily normally consolidated reconstituted and 

undisturbed clays after Ladd et. al. [37:421-494] (with data from [40:1771-1726]), 

[36:1-15], [38] 

 

In a closely related study, another relationship between the effective angle of shearing 

resistance and plasticity index for NC clays is given by [11:335-343] (Figure 2.8). 
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Figure 2.8 ∅𝑁𝐶
′
 versus PI for reconstituted normally consolidated soils as a function 

of clay-size fraction and normal effective stress [11:335-343] 

 

The relationship between the internal friction angle and plasticity index has also been 

investigated by other studies and the results of the most widely used ones are shown 

in Figure 2.9-2.12. The plots show that the internal friction angle decreases with 

increasing plasticity index. Also, BS 8002 (1994), recommends a conservative critical 

state angle of shearing resistance (∅𝑐𝑟𝑖𝑡
′
) values for different plasticity index values 

(Table 2.10). 
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Figure 2.9 The correlation effective friction angle and plasticity index for normally 

consolidated clays [41] 

 

 

Figure 2.10 The correlation between sin∅′ and plasticity index (PI) for normally 

consolidated clays [42:36-75] 
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Figure 2.11 The relationship between the peak and residual internal friction angle 

and plasticity index [39] 

 

Figure 2.12 The relationship residual internal friction angle and plasticity index [41] 
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Table 2.1 Conservative ∅𝑐𝑟𝑡𝑖𝑐
′   values for clay soils [43] 

Plasticity Index (%) 𝜑𝑐𝑟𝑖𝑡
′  (degrees) 

15 30 

30 25 

50 20 

80 15 

 

In the literature, there is a limited number of empirical correlations to predict the shear 

strength parameters of OC clays. In Figure 2.13, the relationship between the drained 

peak angle of shearing resistance (∅𝑂𝐶
′ ) and the plasticity index (PI) is illustrated. The 

data used in this figure was obtained from the triaxial tests performed on 

overconsolidated undisturbed clays [15].  

 

Figure 2.13 The relationship between ∅𝑂𝐶
′  and PI for overconsolidated undisturbed 

clays [15] 

 

When the plasticity index increases, the peak angle of shearing resistance decreases as 

in normally consolidated clays. The lower bounds for NC and OC clays are shown in 
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Figure 2.13 by dash-double dot line and full line, respectively. Whenever these two 

lower bounds are compared, it can be concluded that there is not too much deviation 

between NC and OC clays [15]. Based on the data that is shown in Figure 2.14, 

Sorensen and Okkels, [15] recommended correlations to get a prudent lower bound for 

estimating ∅𝑂𝐶
′  based on a mean value of the plasticity index (Eq. 2.14 and Eq. 2.15).  

∅𝑂𝐶
′ = 44 − 14 log 𝑃𝐼  𝑓𝑜𝑟 (4 < 𝑃𝐼 < 50)……………………………………....Eq. 2.14 

∅𝑂𝐶
′ = 30 − 6 log 𝑃𝐼  𝑓𝑜𝑟 (50 < 𝑃𝐼 < 150)……………………………………..Eq. 2.15 

In Danish Standard 415 [44], the empirical correlations between the effective cohesion 

(𝑐𝑂𝐶
′ ) and undrained cohesion (𝑐𝑢) parameters of overconsolidated clays are given and 

it is mentioned that these parameters are affected by soil structure and dilation. The 

relationship between 𝑐𝑂𝐶
′  and 𝑐𝑢 is given in Eq. 2.16. 

𝑐𝑂𝐶
′ = 0.1 ∗ 𝑐𝑢 (𝑘𝑃𝑎) ………………………………………………………….…….Eq. 2.16 

In Figure 2.14, the relationship between the effective cohesion and the plasticity index 

values for OC clays are presented. Sorensen and Okkels [15] stated that two data sets 

that are the results of tests and the estimated cohesion values according to lower bound 

internal friction angles were used in this figure. Although there is a significant scatter 

in data, it can be concluded that Eq. 2.17-2.19 can be used to estimate the drained 

cohesion for overconsolidated clays at lower bound [15]. 

𝑐𝑂𝐶
′ = 30 (𝑘𝑃𝑎)  𝑓𝑜𝑟 (7 < 𝑃𝐼 < 30)…………………………....………………..Eq. 2.17 

𝑐𝑂𝐶
′ = 48 − 0.6𝑃𝐼  (𝑘𝑃𝑎)  𝑓𝑜𝑟 (30 < 𝑃𝐼 < 80)………………………………...Eq. 2.18 

𝑐𝑂𝐶
′ = 0  (𝑘𝑃𝑎)  𝑓𝑜𝑟 (𝑃𝐼 > 80)…………………………………….……………...Eq. 2.19
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Figure 2.14 The relationship between effective cohesion and plasticity index for 

overconsolidated clays [15] 

 

The undrained shear strength of the clay can also be determined from the laboratory 

test results or can be predicted by using Eq. 2.20 [35:272-277]. 

𝑐𝑢

𝜎𝑣
′ = 0.25 ∗ 𝑂𝐶𝑅0.8……………………………………………………………….…..Eq. 2.20 
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CHAPTER 3 

 THE EXPERIMENTAL SET-UP AND PREPARATION OF SPECIMEN 

 

3.1. Introduction 

 

An experimental study is performed on the soil samples collected from the Atılım 

University campus located in Ankara. Ankara region is a transition area between 

Northern Anatolia which is mountainous and forested. Ankara forms the Engürü plain 

which is extending along the East-West direction. The plain is bordered by mountains 

in the South which is called Karyağdı Mountain, to the North which is called Meşe 

and Hacılar Mountains and mountains to the Southeast which is called Elmadağ 

Mountain [45]. Ankara clay is found around Ankara city which has a brown color and 

contains gravel and lime [46:55-60]. The most common clay minerals in Ankara clay 

are smectite, illite, chlorite and kaolinite. It has a high swelling potential and it is 

generally classified as high plastic clay (CH) or low plastic clay (CL) according to the 

Unified Soil Classification System (USCS).  Ankara clay is generally defined as 

overconsolidated clay. The pre-consolidation of the clay can be due to different 

reasons. The first one can be the eroded soil layers during geological times. Also, the 

changes in the groundwater table affect the stress distribution in the soil layers that can 

cause stress changes in the soil layers.  Additionally, pre-consolidation in clay may be 

due to physical external factors and in-ground reactions [47]. Several studies are 

performed to investigate the index and mechanical properties of Ankara clay.  

According to Kasapoğlu [48:80], the specific gravity of Ankara clay is varying 

between 2.47 and 2.76; the liquid limit (LL) and the plastic limit (PL) of Ankara clay 

is 56% and 32% respectively. In another study, Yılmaz [47] mentioned that the upper 

and lower limits of the liquid limit are 70.3% and 39.0%, respectively. Additionally, 

the plastic limit varies between 15.9% and 38.7% and the specific gravity of Ankara 

clay is between 2.715 and 2.755. 

In the first part of this study, the physical properties of the soil are determined by 

performing sieve analysis, specific gravity test and Atterberg Limit tests. Then, the 
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soil is classified according to the Unified Soil Classification System (USCS, ASTM 

D2487).  

In the second part of the experimental study, the peak and the residual shear strength 

of the soil are examined by direct shear tests. Two test series are used to determine the 

shear strength parameter of the Ankara clay. In the first test series, the effects of drying 

the soil sample on the residual shear strength parameters are investigated by 

developing a setup that contains a resistance system. In the second test series, the 

drained shear strength is determined for clay samples having different OCR values.  

 

3.2. Index Properties of the Sample 

 

3.2.1. Tests of Atterberg Limits 

 

The Atterberg limits, which are known as consistency limits, define the relationship 

between cohesive soil molecules and water. Also, the state of the soil, which has a 

different level of water content, is defined by Atterberg limits. These are the 

fundamental indicators of the water content of fine-grained soils that include liquid 

limit, plastic limit and shrinkage limit (Figure 3.1). Depending on the water content, 

the fine-grained soils may show different states physically. In other words, the 

consistency and the engineering properties of cohesive soils are different at varying 

degrees of moisture content. Thus, the fine-grained soils’ behavior changes between 

each state. When the amount of water in the soil increases, the physical state of the soil 

changes in a wide range which is from solid-state to liquid state. Conversely, if the 

amount of water decreases, the state of the soil will change from a liquid state to a 

solid-state. 
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Figure 3.1 The levels of consistency for cohesive soils 

 

3.2.1.1. Liquid Limit 

 

The liquid limit is defined as the limit at which the soil state changes from a plastic 

state to a liquid state. The water content at this state change is called the liquid limit. 

According to ASTM D4318 and BS1377, samples that pass the sieve No.40 must be 

used for the tests. In these codes, two methods are recommended to determine the 

liquid limit. One of them is the Casagrande method and the other one is the conic 

penetrometer method. Casagrande's device consists of a brass cup that can be raised 

and fallen on a hard rubber base by turning the crank handle. The soil sample is placed 

in a brass cup and divided into two parts by the standard grooving tool (Figure 3.2.a). 

The crank handle is turned at a rate of two revolutions per second until the divided 

parts of soil flow into contact with each other for 13 mm. The water content of the soil 

sample and drop counts are recorded and moisture content versus the number of drops 

are plotted on the linear scale on a semi-logarithmic chart. The best linear line is fitted 

and the water content corresponding to the intersection of this line with 25 drops is 

taken as liquid limit (LL).  

Another method to determine the liquid limit by using the cone penetrometer test setup 

is defined in BS1377-part 2. Soil samples pass No.40 sieve and prepared at different 
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water contents are prepared and placed in cone penetrometer apparatus (Figure 3.2.b). 

This apparatus consists of a dial gauge for penetration readings and a 30°, 80 g cone 

which will penetrate the soil sample at a distance of 20 mm in 5 secs. The test is 

repeated at least three or more times. The water content versus cone penetration data 

is plotted and the best straight line fitting is drawn. The liquid limit is determined as 

the water content value corresponding to 20 mm of penetration.  

    

(a)                                                              (b) 

Figure 3.2 Liquid limit test apparatus (a) the Casagrande apparatus (b) the conic 

penetrometer apparatus 
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(a)                                                         (b) 

Figure 3.3 Liquid limit test (a) preparation of the samples, (b) placing the samples 

into a cylindrical cup 

In this study, the cone penetrometer test is used since the Casagrande type test that 

introduces dynamic effects is more sensitive to operator inconsistencies (BS1377-Part 

2). Firstly, the soil and distilled water are mixed (Figure 3.3.a) and the sample is put 

into the cylindrical cup (Figure 3.3.b). Before the placement of the cup into the 

apparatus, the cup is weighed. The cone has penetrated the soil with its weight for 5 

seconds (Figure 3.4.a). Then the penetration is read from the gauge (Figure 3.4.b). This 

process is repeated at least 3 times whereas, in this study, the test is repeated five times. 

After each test, the water content of the sample is determined by using the following 

formulation; 

𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
(𝑀2−𝑀3)

(𝑀3−𝑀1)
 𝑥 100……………………………………………Eq. 3.1 

where, 𝑀1, 𝑀2 and 𝑀3 are the mass of the container, the mass of the container and the 

wet sample and the mass of the container and the dry sample in grams, respectively. 
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(a)                                                         (b) 

Figure 3.4 Liquid limit test (a) placement of the box to the machine, (b) the gauge 

which defines the amount of penetration 

 

Then the penetration versus water content graph is plotted and the best line fitting the 

five points is drawn on the graph (Figure 3.5). Water content corresponding to 20 mm 

penetration is determined and reported as the liquid limit. The liquid limit of the clay 

sample is determined as 62%.  

 

Figure 3.5 Cone penetration test results and the liquid limit of the soil sample 
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3.2.1.2. Plastic Limit 

 

The plastic limit is defined as the water content at which soil transforms from a semi-

solid state to a plastic state. Soil samples that pass through the No.40 sieve are mixed 

with an amount of water at which cracks appear on the 3mm thick rolled samples 

during kneading (Figure 3.6). The water content of the sample is reported as the plastic 

limit. The plastic limit of the soil is determined as 26% according to ASTM 4148. 

 

Figure 3.6 The soil samples which are kneaded and prepared in the boxes to 

determine the water content 

 

After the determination of liquid limit and plastic limit tests, the plasticity index (PI) 

value is calculated for clay samples. The plasticity index is the measure of the plasticity 

in the soil which is the difference between the liquid limit and plastic limit (Eq. 3.2). 

Atterberg limits and the plasticity index of the soil are depicted in Table 3.1 and the 

forms used during the tests are given in Appendix A.  

𝑃𝐼 = 𝐿𝐿 − 𝑃𝐿 …………………………………………..…………………… Eq. 3.2 

where, PI, PL and LL are the plasticity index of soil, the plastic limit of soil and the 

liquid limit of soil, respectively. 

Table 3.1 Atterberg limits of Ankara Clay 

Liquid Limit (LL) Plastic Limit (PL) Plasticity Index (PI) 

62% 26% 36% 
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3.2.2. Specific Gravity 

 

The specific gravity is the ratio of the mass of soil particles to the mass of an equal 

volume of water [49]. This parameter is used for materials correlations and the 

determination of other properties of soils. The specific gravity test is performed 

according to TS1900-1. Firstly, the pycnometers are dried at 105°C in the drying oven 

and then cooled. Samples and pycnometers are weighed as shown in Figure 3.7.a. and 

Figure 3.7.b. Dried soil sample (about 30 g to 50 g), which is passed through the 4.75 

mm sieve, is poured into pycnometers (Figure 3.8.a).  

     

(a)                                                        (b) 

Figure 3.7 Specific gravity test (a) weighing of samples, (b) weighing of the bottles 

with their plugs 

 

After weighing the pycnometers with soil samples, the distilled water is added to 

pycnometers until the soil is just covered with water (Figure 3.8.b). Pycnometers and 

samples are placed in a vacuum desiccator (Figure 3.8.c) without their plugs. The 

vacuum pump (Figure 3.8.d) is connected to the vacuum desiccator which is covered 

with air-proof material to prevent air-escaping. The pycnometers have stayed in a 
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vacuum desiccator for 2 hours. Special care should be taken to avoid the overflowing 

of the mixture of soil and water during the de-airing process.  

       

                (a)                                (b) 

                    

            (c)                                        (d) 

Figure 3.8 Specific gravity test (a) putting samples into pycnometers, (b) covering 

the soil samples with distilled water, (c) the desiccator that contains the pycnometers, 

(d) the vacuum pump 

 

Pycnometers are taken out from the desiccator and distilled water is added (Figure 

3.9.a). Then the pycnometers are put into the water bath (Figure 3.9.b and Figure 3.9.c) 

with their plugs. The pycnometers must stay in here for approximately 2 hours. When 

pycnometers are removed from the water bath, the water level is controlled. In case of 
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a reduction in the water level in the pycnometer, water is added up to the marked line 

and then the pycnometer is again soaked in the water bath. After removing the 

pycnometer from the water bath, the outer surface is dried and weighed (Figure 3.9.d). 

The specific gravity of the soil is calculated by using Eq. 3.3. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 𝑜𝑓 𝑆𝑜𝑖𝑙 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝐺𝑆) =
(𝑀2−𝑀1)

[(𝑀4−𝑀1)−(𝑀3−𝑀2)]
 ……….……....Eq.3.3 

where 𝑀1 is the mass of the pycnometer, 𝑀2 is the mass of the pycnometer and dry 

soil, 𝑀3 is the mass of the pycnometer, dry soil and distilled water, 𝑀4 is the mass of 

the pycnometer which is filled with distilled water in grams. The specific gravity of 

the soil is determined as 2.70 and the test results are given in Appendix A. 
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          (a)                                              (b) 

       

        (c)                               (d) 

Figure 3.9 Specific gravity test (a) the pycnometers are filled with distilled water, (b) 

the water-bath, (c) the inside view of the machine and the pycnometers, (d) the 

precision balance 

 

3.2.3. Grain Size Distribution of Fine Fraction of Soils by Hydrometer Test 

 

The amount of the fine percentage of a soil sample as well as the distribution among 

the fine fraction plays a crucial role in the behavior of the soils. Therefore, 

determination of the grain size distribution (GSD) within the fine fraction of a soil 

sample is necessary for better judgment. Fine fraction of a soil sample (i.e., silt and 
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clay particles) is defined as the particles that are smaller than 75 𝜇𝑚 according to the 

Unified Soil Classification System (USCS) and the size distribution among this fine 

content can be determined by Hydrometer (Sedimentation) Test which is described in 

ASTM D7928-17. Therefore, the purpose of this subsection is to summarize the test 

procedure as well as the obtained results in a concise manner. It should be noted that, 

in order to obtain the full GSD, a sieve analysis test (described in ASTM C136 / 

C136M – 19) should also be conducted and results from two tests should be merged. 

Required apparatus for the test is as follows;  

 Hydrometer: type 151H and technical specifications can be found in ASTM 

D7928-17 

 Two graduated cylinders (1000 ml in volume) 

 Dispersing agent (Sodium hexametaphosphate, (𝑁𝑎𝑃𝑂3)6): to prevent 

flocculation 

 Mechanical stirrer 

 Balance 

 Separation sieve 

 Porcelain evaporating dish 

 Distilled water 

 Squirt bottle 

 Temperature bath (optional) 

 Thermometer 

 Stopwatch 

A hydrometer, in broad terms, is a device that measures the specific gravity of liquids 

(or slurries) based on a buoyancy concept. For that purpose, the height of the fall of 

the hydrometer at each reading is calculated. In order to do calculations, however, 

several dimensional measurements are required. First, the centroid of the hydrometer 

bulb should be determined and marked. Then, distances from the centroid to low and 

high reading points should be measured with a ruler. After that, low and high reading 

values on the hydrometers should be converted into density values using the density 

of pure water at a temperature of 20°C. The density of water at 20°C is taken as 

0.99821 g/cm3. It should be noted that some of these parameters might come with the 
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hydrometer manual from the supplier. With the use of these parameters, a linear 

equation is constructed for the height of fall during the test. These parameters are 

depicted in Figure 3.10. When a hydrometer is inserted into a suspension, it displaces 

a certain amount of water and this should be also considered in the height of the fall 

equation. In order to do that, first, the average volume of the submerged portion of the 

hydrometer is determined. Then, the cross-section area of the graduated cylinder is 

calculated by dividing the volume of 1000 cm3 by the height of the 1L mark from the 

base of the cylinder. Hence, the elongation of the water can be considered in the height 

of the fall equation. A relevant linear equation with its correction is provided in the 

later parts of this document. 

The main idea of the test is that bigger particles settle more rapidly compared to the 

small particles when they are in a slurry mixture. Therefore, separation of the 

individual particles within the fine content is crucial before starting the test. This is 

done with the help of the dispersing agent. Hence, about 5 gr of sodium 

hexametaphosphate mixed with approximately 100 ml distilled water. Then, this 

solution is mixed with a soil sample of about 50 gr by its dry weight. It should be noted 

that the relevant standard allows changing the separation sieve for the selection of the 

soil sample going into the test with a condition that it should be indicated in the 

datasheet and should properly be considered during the calculations. Additionally, the 

soil sample that goes into the test should not be oven-dried. This soil plus agent slurry 

should be tempered overnight (preferably 24 hr.) in a closed container. During this 

waiting time, calibration measurements required for the rest can be conducted.  

The first calibration is meniscus reading. When the hydrometer is inserted into the 

water, water will climb up the hydrometer stem due to capillary action and adhesion 

forces. Since the actual reading should be at the flat water surface, this climb will cause 

difficulty in reading when the hydrometer is within a slurry which is not a transparent 

fluid. Therefore, the hydrometer is inserted into a 1L clean water, then, reading at the 

top and bottom of the meniscus is recorded. Hence, the difference between these two 

measurements should add the reading taken from the top of the meniscus during the 

actual test procedure. 
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Another calibration is related to the effect of a dispersing agent. To consider that, the 

same amount of (𝑁𝑎𝑃𝑂3)6) that is used for the test sample should be mixed in a 

separate column of 1L pure water (Figure 3.11). Then, with the same hydrometer, the 

density measurement of this reference fluid should be taken. After that, the temperature 

of the reference fluid should also be determined. Hence, the difference between the 

density of the pure water at the measured temperature and the density reading of the 

reference fluid should be calculated and reported as the effect of the dispersing agent. 

Therefore, for any reading during the test, if the temperature is not being constant with 

the temperate bath, the density of the fluid can be calculated as the density of the pure 

water at the recorded temperature plus the effect of the dispersing agent. 

 

Figure 3.10 Parameters required for height of fall calculation [50] 
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Figure 3.11 Calibration using the reference fluid 

 

After obtaining the required parameters and calibration values, the test sample (i.e., 

slurry), which is waited about 24 hours, is transferred into the mechanical stirrer and 

mixed about 5 – 10 minutes (Figure 3.12). Then, the slurry is transferred into the 1L 

cylinder by washing all soil particles carefully (Figure 3.13a) and the cylinder is filled 

up until 1L mark with distilled water. In this stage, it is important not to pass 1L mark 

so use of a squirt bottle can be helpful. Then, the cylinder is sealed with its rubber cap 

and slurry is mixed (Figure 3.13b). As soon as the shaking is ended, the cylinder is put 

on a level surface. Then, the stopwatch should be started immediately and the 

hydrometer should be inserted into the suspension. The first reading is taken at 30 

seconds (if possible 15 sec.) and can be repeated if it was not fast enough from the 

shaking stage. Then, the reading sequence goes like that; 1, 2, 4, 8, 15 and 30 minutes. 

Then, 1, 2, 4, 8, 16 and 24 hours. Suggested reading times from the standards can be 

changed with a condition that they should be indicated in the test datasheet. Until the 

reading at 4 min, the hydrometer can stay inside the suspension. However, for the rest, 

it should be taken out of the suspension, inserted into clean water and given a slight 

spin for its cleaning purposes. In addition to the hydrometer readings, the temperature 

of the suspension should also be recorded for each stage (Figure 3.14). It is advised, 

for the inexperienced operators, that several practice readings on a different slurry 



35 

 

sample are very important before the actual test, since; i) density vs. time readings will 

start just after shaking is stopped, ii) the time of the first couple of readings are very 

closely-spaced and iii) hydrometer should be inserted with a minimum disturbance. 

  

Figure 3.12 Mechanical stirrer 

 

In order the minimize the disturbance, for each hydrometer immersion, it can be 

inserted until the last reading so that uplift force is almost zero and then, release it so 

that it flows almost freely. A rule of thumb is that since the hydrometer requires a 

certain time to stabilize, it should be inserted into the suspension 10 – 15 seconds 

before the next reading time. Recorded data is provided in Table 3.2. 
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(a) 

 

(b) 

Figure 3.13 Preparation of test slurry (a) transferring the soil sample from container 

to cylinder, (b) mixing the slurry 

 

Figure 3.14 Temperature reading for slurry while the hydrometer is inside the clean 

water 
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Table 3.2 Recorded data during the test 

Time Temperature (°C) Hydrometer Readings 

30 seconds 12.1 1.030 

60 (1 minute) 12.1 1.030 

120 (2 minutes) 12.1 1.030 

240 (4 minutes) 12.1 1.029 

480 (8 minutes) 12.6 1.027 

960 (15 minutes) 12.9 1.026 

1800 (30 minutes) 13.3 1.025 

3600 (1 hour) 13.8 1.024 

7200 (2 hours) 13.1 1.023 

14400 (4 hours) 14.5 1.022 

28800 (8 hours) 14.8 1.021 

57600 (16 hours) 12.4 1.020 

86400 (24 hours) 12.4 1.019 

 

After the 24hr reading, the sample in the cylinder is poured into a dish and dried in an 

oven at 100 ∓ 5 ℃ temperature for calculating the total dry mass. It should not be 

forgotten that the sodium hexametaphosphate amount must be subtracted from the total 

dry mass. Finally, in light of the procedure explained above, relevant equations are 

provided below for the calculations. 

The density of fluid: 

𝜌𝑓𝑙𝑢𝑖𝑑 = 𝜌𝑤𝑎𝑡𝑒𝑟𝑇
+ Δ𝜌(𝑁𝑎𝑃𝑂3)6) ……………………………………….……………. Eq. 3.4 

Where; 𝜌𝑤𝑎𝑡𝑒𝑟𝑇
 (𝑔 𝑐𝑚3⁄ ) is the density of pure water at the recorded temperature and 

Δ𝜌(𝑁𝑎𝑃𝑂3)6) (𝑔 𝑐𝑚3⁄ ) is the effect of a dispersing agent. 

Height of fall: 

𝐻 = 𝐻1 +
𝐻2−𝐻1

𝜌2−𝜌1
∗ (𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝑐𝑚 − 𝜌1) −

𝑉ℎ𝑦𝑑𝑟𝑜𝑚𝑒𝑡𝑒𝑟

2∗𝐴𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 ………………..……….Eq. 3.5 
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Where; 𝐻1, 𝐻2, 𝜌1 𝑎𝑛𝑑 𝜌2 are the parameters explained previously (see Figure 3.10), 

𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the hydrometer density measurement in 𝑔 𝑐𝑚3⁄  at each reading, 

𝑐𝑚 (𝑔 𝑐𝑚3⁄ ) is the meniscus correction and the term 
𝑉ℎ𝑦𝑑𝑟𝑜𝑚𝑒𝑡𝑒𝑟

2∗𝐴𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 (

𝑐𝑚3

𝑐𝑚2) is to 

compensate for the displacement of the water when the hydrometer is inserted. 

Particle diameter: 

𝐷 = √
18∗𝜇

𝜌𝑓𝑙𝑢𝑖𝑑∗𝑔∗(𝐺𝑠−1)
∗

𝐻

𝑡
  …………………………………………..………………..Eq. 3.6 

 Where; 𝜇 (𝑚𝑃𝑎. 𝑠) is the viscosity of the pure water at the recorded temperature, 

𝑔 (𝑐𝑚 𝑠2⁄ ) is the gravitational acceleration, 𝐺𝑠 is the specific gravity of solids and 

𝑡 (𝑠) is the time at which each measurement is taken. 

Percentage of soil finer that calculated diameter (D): 

%𝑓𝑖𝑛𝑒𝑟 =
𝐺𝑠

𝐺𝑠−1
∗

𝑉𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛

𝑀𝑑𝑟𝑦
∗ (𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑐𝑚 − 𝜌𝑓𝑙𝑢𝑖𝑑) ∗ 99.821 ……….…. Eq. 3.7 

Where; 𝑉𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 (𝑐𝑚3) is the volume of suspension and 𝑀𝑑𝑟𝑦 (𝑔) is the dry mass. 

Temperature and the viscosity of pure water at various temperatures can be found at 

ASTM D7928-17. 

Scaling the obtained results to the entire soil sample: 

As it is explained before, the percentages calculated above corresponds to the 

distribution among the fine fraction of the soil sample that is used for the hydrometer 

test. In other words, soils passing the separation sieve. Therefore, obtained results 

should be scaled with the percentage of the fine fraction of the whole soil sample. 

Therefore, with the use of equations provided below and the recorded data, a grain size 

distribution plot is obtained and provided in Figure 3.15. According to the ASTM 

D7928-17, clay size fraction is the materials smaller than  2 𝜇𝑚. Therefore, as can be 

seen from the test results, the clay fraction of the soil is around 46%. Additionally, 

material passing #200 sieve (fine content) was 80% so silt content is calculated as 

34%. 
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Figure 3.15 Particle size distribution of the fine fraction of the soil sample 

 

The aforementioned hydrometer test was performed at the Soil Mechanics Laboratory 

of the Civil Engineering Department of Atılım University. 

 

3.3. Soil Classification 

 

The surface of the earth contains many different kinds of soil and each having its 

unique physical, chemical and mechanical properties [51]. The classification systems 

are useful to understand soil’s behavior and mechanical properties. Soil classification 

is commonly related to grain size distribution and soil consistency. Index properties 

such as particle size distribution and plasticity are used for the classification of the 

soils. To correlate the engineering behavior of soils, there are several soil classification 

systems namely, Unified Soil Classification System (USCS, ASTM D2487-11), 

American Association of State Highway and Transportation Officials (AASHTO, 

ASTM D3282-09), U.S. Department of Agriculture (USDA), Burmister Soil 

Identification System and Massachusetts Institute of Technology (MIT). Among these, 
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the Unified Soil Classification System (USCS) is the most widely used in Geotechnical 

Engineering.  

In USCS, classification is performed whether they are coarse-grained (gravely, G or 

sandy, S) or fine-grained (silty, M or clayey, C) soils. Besides, subgroup symbol 

depending on the gradation as W (well-graded) and P (poorly graded) or on the 

plasticity as L (low plastic) or H (high plastic) is used for classification (Table 3.3). 

Coarse-grained soils are defined as soils more than 50% by weight are retained on a 

No.200 (0.075mm) sieve whereas fine-grained soils are the ones more than 50% by 

weight pass through the No.200 sieve.   

In this study, soil samples having the following gradation are used (Table 3.4). Since 

80% of the soil sample passes through the No.200 sieve, it is classified as fine-grained 

soil. The liquid limit and plasticity index of the remolded soil sample is 62% and 36%, 

respectively. By using liquid limit and plasticity index values, it was classified as high 

plastic clay (CH) according to USCS (Figure 3.16).   

 

Figure 3.16 Casagrande plasticity chart (ASTM D2487-11) 
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Table 3.3 The Unified Soil Classifications System Chart (ASTM D2487-11) 

Criteria for Assigning Group Symbols 

and 

Names Using Laboratory Test 

Soil 

Classification 

Group 

Symbol 

Group 

Name 

COARSE-

GRAINED 

SOILS 

 

 

 

 

 

 

 

 

 

 

 

 

More than 

50% or 

retained on 

No.200 

sieve 

Gravels 

more than 

50% of 

coarse 

fraction 

retained 

on No.4 

sieve 

Clean 

Gravels 

Cu ≥ 4 

and 

1 ≤ Cc ≤ 3 

GW Well-

graded 

Gravel 

Less than 

5% fines 

Cu < 4 

and/or 

1 > Cc > 3 

GP Poorly 

graded 

Gravel 

Gravels 

with fines 

Fines classify as 

ML or MH 

GM Silty 

Gravel 

More than 

12% of 

fines 

Fines classify as 

CL or CH 

Rule; 

1 > GC 

Clayey 

Gravel 

Sands 

50% or 

more of 

coarse 

fraction 

passing 

No.4 sieve 

Clean 

Sands 

Cu ≥ 6 

and 

1 ≤ Cc ≤ 3 

SW Well-

graded 

Sand 

Less than 

5% fines 

Cu < 6 

and/or 

1 > Cc > 3 

SP Poorly 

Sand 

Gravel 

Sands with 

fines 

Fines classify as 

ML or MH 

SM Silty 

Sand 

More than 

12% of 

fines 

Fines classify as 

CL or CH 

SC Clayey 

Sand 

FINE-

GRAINED 

SOILS 

 

 

 

 

 

 

 

 

 

50% or 

more passes 

No.200 

sieve 

Silts and 

Clays 

Liquid 

limit less 

than 50 

inorganic PI > 7 and plots on or 

above “A” line 

CL Lean 

Clay 

PI < 4 and plots below 

“A” line 

ML Silt 

organic 𝐿𝑖𝑞𝑢𝑖𝑑 𝐿𝑖𝑚𝑖𝑡 − 𝑂𝑣𝑒𝑛 

𝐷𝑟𝑖𝑒𝑑 >< 0.75
 

OL Organic 

Clay 

Liquid Limit – Not 

dried 

OL Organic 

Silt 

Silts and 

Clays 

Liquid 

limit 50 or 

more 

inorganic PI plots on or above 

“A” line 

CH Fat 

Clay 

PI plots below “A” 

line 

MH Elastic 

Silt 

organic 𝐿𝑖𝑞𝑢𝑖𝑑 𝐿𝑖𝑚𝑖𝑡 − 𝑂𝑣𝑒𝑛 

𝐷𝑟𝑖𝑒𝑑 < 0.75
 

OH Organic 

Clay 

Liquid Limit – Not 

dried 

- Organic 

Silt 
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HIGHLY 

ORGANIC 

SOILS 

Primarily organic matter, 

dark in color 

and organic odor 

PT Peat 

 

Table 3.4 The gradation of soil samples 

Sieve Sieve Opening (mm) Percentage Passing (%) 

No.40 0.420 100 

No.100 0.149 90 

No.200 0.075 80 

 

3.4. Specimen Preparations 

 

In this study, remolded clay specimens are collected from the Atılım University 

campus. Firstly, a clay sample which is passed through from sieve No.40 is prepared. 

Then the certain proportions of materials (i.e. 10% of the material passing through 

No.40 sieve and retained on No.100 sieve, 10% of the material in between No.100 

sieve and No.200 sieve and 80% of the material which is finer than No.200 sieve) are 

mixed to obtain the soil samples. Samples are mixed with distilled water at a water 

content that is equal to the liquid limit of the soil sample (62%). One of the most 

important facts to prepare the sample at their liquid limit is to avoid the bubble or weak 

planes during the placement of samples in the shear box. The samples are mixed and 

placed inside the desiccator with plastic bags for at least 36 hours to allow the moist 

material (ASTM D3080). Then the specimen is placed between grid plates (Figure 

3.17.b) located between filter paper and porous stones. During placement of the sample 

(Figure 3.17.c and Figure 3.17.d), clay is filled in the lower part of the direct shear 

box. The lower and upper parts of the shear box are assembled by screws and placed 

inside the direct shear test machine (Figure 3.17.e). The apparatus of the direct shear 

box is shown in Figure 3.17.a. 

For the consolidation stage, the loading increments start from 12.5 kPa and increase 

with a load increment ratio of 0.5. ASTM D2435 standard suggests that the load 

duration for each increment period is at least 24 hours to complete consolidation, but 
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in this study, the starting pressure is selected at lower values and durations are set 

longer for consolidation because of sample loss. For shearing, the specimen is 

unloaded to the desired normal stress. Since the researchers stated that there are minor 

changes in the residual shear strength parameters due to different overconsolidation 

ratios ([52:246-249]-[54]), tests are performed on normally consolidated samples.  
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(a)                                                (b) 

      

(c)                                                    (d) 

 

(e) 

Figure 3.17 Preparation and placement of the sample (a) components of direct shear 

box, (b) the lower part of the box with porous stone, (c) leveling the specimen, (d) 

placement of the specimen inside the box, (e) assembling the box 
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3.5. Mechanical Properties of the Soil Sample 

 

3.5.1. Oedometer Test (One-Dimensional Compression Test) 

 

The compressibility characteristics of soils can be examined by the oedometer test 

[55]. This experiment aims to find the relationship between effective pressure and void 

ratio and consolidation properties of soil samples. In Figure 3.18.a. and 3.18.b, the 

components of the oedometer test apparatus are shown.  

      

(a)                                                             (b) 

Figure 3.18 The oedometer test apparatus (a) components of assembled cell, (b) 

components of test apparatus 

 

The soil sample is placed in a lubricated steel ring (50.38 mm in diameter and 19.42 

mm in height) which prevents lateral displacement but allows swelling or settlement 

vertically. The clean and dry steel ring and ring with soil samples are weighed and 

recorded. Porous stones are placed up and down of the ring to permit drainage during 

the test (Figure 3.19). Then, the ring is placed inside the oedometer cell and this cell 
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is set in place in the loading device. Distilled water is added when the load is given 

and the stopwatch is started.  

 

Figure 3.19 The cross-section of an oedometer [55] 

 

Time-dependent deformation readings due to applied loads are recorded. Time 

intervals of the test are 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 4, 8, 10, 15, 20, 30, 40 minutes and 1, 

2, 3, 5, 6, 8 and 24 hours (ASTM D2435/D2435M-11). Each loading sequence is 

maintained for 24 hours but in exceptional cases, it may be taken 48 hours or more. 

The initial pressure must be selected to prevent swelling of the soil sample. The initial 

pressure must be selected to prevent swelling of the soil sample. The pressure is 

increased to the next higher value which is double that at the previous stage. The 

loading sequences should not be less than 4 to ensure that the maximum pressure on 

the specimen is greater than the effective pressure which is expected in-situ.  

After the deformation readings are completed under the maximum applied pressure, 

the unloading is started by halving the pressure. After the test, the ring and the sample 

are weighed and placed in a drying oven for 24 hours to determine the dry weight or 

water content of the sample.  

The consolidation properties of the soil are determined by plotting the measure of 

compression versus the applied stress. The compression of the soil sample during the 

test can be expressed in terms of void ratio. The idealized phase diagram shows the 
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relationship between void ratio and heights of the soil sample is illustrated in Figure 

3.20. The void ratio of the soil sample corresponding to each applied pressure is 

calculated by Eq. 3.8.  

 

Figure 3.20 The phase diagram 

 

𝛥𝑒

𝛥𝐻
=  

1+𝑒0

𝐻0
………………………………………………………………………...…Eq. 3.8 

𝑒0 =  
𝐻0−𝐻𝑠𝑜𝑙𝑖𝑑

𝐻𝑠𝑜𝑙𝑖𝑑
…………………………………..……………………….………..…Eq. 3.9 

𝑒1 =  
𝐻1−𝐻𝑠𝑜𝑙𝑖𝑑

𝐻𝑠𝑜𝑙𝑖𝑑
………………………………………………………………………Eq. 3.10 

where 𝛥𝑒 is the change in void ratio, 𝑒0 is the initial void ratio, 𝑒1 is the final void 

ratio. 𝐻0 and 𝐻1 are the initial and final height of the specimen, respectively. 𝛥𝐻 is the 

change of thickness in every loading sequence.  

The coefficient of volume compressibility (mV), is a volume change per unit volume 

per unit increase in effective stress [55]. Its unit is m2/kN and it is calculated by using 

Eq. 3.11. 

𝑚𝑉 =  
1

1+𝑒0
(

𝑒0−𝑒1

𝜎1
′−𝜎0

′)………………………………………………………….………Eq. 3.11 

where, 𝜎0
′ and 𝜎1

′ are initial and final effective stresses.  
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The compression index (cc) is the slope of the linear part of e-logσ' graphic and it has 

no dimension. It is calculated by using Eq.3.12. 

𝐶𝐶 =  
𝑒0−𝑒1

log(
𝜎1

′

𝜎0
′ )

……………………………………..…………....………...……….……Eq. 3.12 

The t50 and t90 values of the soil sample are determined by using consolidation readings 

obtained from the oedometer test (ASTM D3080/D3080M-11) and the results are 

shown in Table 3.5 for each loading sequence and the shearing rate for the direct shear 

test is determined by using these results.  

Table 3.5 The t50 and t90 values 

Load (kPa) t50(min) t90(min) 

12.5 18 82.26 

25 23 51.98 

50 18 78.15 

100 9 42.38 

200 15 64.96 

400 12 58.83 

 

At the end of the test, displacement versus time data is plotted so that t90 and t50 values 

are calculated. The oedometer test has been performed at Atılım University Soil 

Mechanics Laboratory according to ASTM D2435/D2435M-11. Additionally, the 

results of the experiment are given in Appendix B.  

 

3.5.2. Investigation on the Shear Strength Parameters 

 

The direct shear tests are one of the most widely used laboratory tests to determine 

shear strength parameters for soils. In the first stage, the sample is placed in the shear 

box and consolidated via a steady vertical compressive load. In the second stage, the 

sample is sheared under a constant normal load with a constant shearing rate. The 

normal load values applied during the tests are determined by considering the depth of 

interest. The horizontal force is applied to the upper part of the shear box that causes 

lateral displacement of the upper part with respect to the lower part. The lateral 
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displacement and shear resistance are recorded during the test. The shearing rate must 

be slow enough to complete the dissipation of the excess pore water pressure during 

the test.  

In this study, direct shear tests and multi-reversal direct shear tests are done on the soil 

samples taken from Atılım University Campus. Tests are performed according to 

ASTM D3080/3080M-11 and BS1377-Part 7 standards. During the tests, the normal 

pressures are selected between 50 kPa and 300 kPa.  

In these experiments, an automatic direct shear test machine (UTEST) is used with a 

square shear box whose width is 60 mm (Figure 3.21). The horizontal displacement is 

provided from a servomotor and a gear box. The speed range of the machine is between 

0.00001 and 9.99999 mm/min. The vertical and horizontal displacements are measured 

by using two LVDT’s that has a capacity of 10 mm and 25 mm. 

 

Figure 3.21 The direct shear test machine (UTEST) 

 

3.5.2.1. Checking the Reliability Direct Shear Test Device 

 

It is observed that the vertical displacement readings are considerably limited in direct 

shear tests on clay samples. Because this may arise from possible technical problems 
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of the testing device, it was necessary to test the device’s abilities to capture ideal soil 

behavior in direct shear testing. Dense and loose sand samples are prepared to control 

the test results obtained from the direct shear test machine. UTEST direct shear test 

machines that have 60 mm x 60 mm square shearing boxes are used.  The shearing rate 

of the experiments is chosen as 5x10-2 mm/min.  

Firstly, the sand sample is prepared in a dense state by tamping the soil while being 

laid in a shear box. The change in shear stress and vertical displacement according to 

horizontal displacement is recorded. Then, a sand sample in a loose state (without 

tamping) is prepared and tested. The results of the tests are shown in Figure 3.22 and 

Figure 3.23. The behavior of the sand samples is obtained similar to the typical load-

displacement response for dense and medium dense sand given in the literature (Figure 

3.24). Therefore, it is concluded that the testing device can capture the load-

displacement response of soil specimens. 

 

 

Figure 3.22 The horizontal displacement versus shearing stress graph for each test
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Figure 3.23 The horizontal versus vertical displacement of the dense and loose sand 

samples 

 

Figure 3.24 Direct shear test result in loose, medium and dense sands [56] 
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CHAPTER 4 

EFFECT OF DRYING ON SHEAR STRENGTH OF FAT CLAY SPECIMENS 

 

Residual shear strength is relevant to problems in sheared clays and reactivated slip 

surfaces of landslides ([21:3-18], [57:12-31]). Skempton [25:77-102] and Petley [16] 

stated that residual shear strength parameters of the fine-grained soils can be 

determined by using remolded clay samples. Besides, La Gatta [17] mentioned that the 

preparation of the specimen did not have a significant effect on residual shear strength. 

In this study, the residual shear strength of the high plastic clay is determined by multi-

reversal direct shear tests performed on the remolded clay samples.  

 

4.1. Direct Shear Tests to Investigate the Drying Effect on the Shear Strength 

Parameters 

 

Multi-reversal direct shear tests are performed to determine the residual shear strength 

of the soil. During the tests, the effect of drying on the shear strength parameters of 

the soil is investigated. Two different test series are conducted. In the first test series, 

the sample is dried by using a developed resistance system after the shearing  stage 

and before the first shearing stage. The results of these tests are compared with the 

results of a previous study [58:39-44] that is performed on the same soil sample. By 

applying this procedure, the change in shear strength parameters due to the drainage 

measures applied before the failure at the site is tried to be modeled. In the second test 

series, multi-reversal tests under 300 kPa normal stress are performed and after 

residual strength is reached, the soil specimen is dried and sheared one more time to 

investigate the change in residual shear strength. The effect of the drainage system that 

is applied after slope instabilities at the site is trying to be modeled by this procedure.  
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4.1.1. Determination of Drying Procedure by Heating 

 

In order to model the aforementioned site conditions at the laboratory, a study is 

carried out to finds a concrete procedure for drying the soil samples. In these tests, the 

soil sample is prepared at different water contents and placed in a direct shear box. The 

experiment’s goal is to find a procedure for drying soil samples for each test.  

Firstly, a manual resistance system is developed (Figure 4.1). In the first trial, 

resistance is directly connected to electricity. During the heating process, resistance is 

disconnected manually when it reaches 50℃. Additionally, the thermometer that is 

connected to the shear box is used to notice temperature change which is reached the 

desired level.  

 

Figure 4.1 The first resistance system 

 

In the first trial, the initial water content of the first sample is selected as 52.40%. The 

sample is placed inside the direct shear box. The shear box is weighed before the 

experiment. The resistance which surrounds the direct shear box is placed. The 

thermometer is attached to the box to follow the heat change on the shear box. Then, 

the resistance is connected to electricity and the test starts. The box and the sample is 
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warmed up. The temperature of the box is followed by the thermometer. When the 

value on the thermometer shows 50℃, the electricity is cut manually. But it is observed 

that the temperature continues to increase above the 50℃ for a while but then it starts 

to decrease. This cooling process is about 10 minutes and it continues until 45℃. Then, 

the resistance is connected to the electricity again and the heating process starts again. 

This cycle of the test is done for 1 hour and 2 hours time intervals for two different 

soil samples. The water contents before and after the tests and the opening-closing 

cycles of the experiments are illustrated in Table 4.1, Table 4.2 and Table 4.3. 

Table 4.1 The water contents of the samples before and after the test 

BEFORE THE TEST AFTER THE TEST 

1 HOUR EXPERIMENT 

ID number of 

container 
73 ID number of 

container 
28 

Mass of container (gr) 45.85 Mass of container (gr) 42.02 

Mass of container + 

Wet sample (gr) 
73.50 

Mass of container + 

Wet sample (gr) 
74.99 

Mass of container + 

Dry sample (gr) 
63.99 

Mass of container + 

Dry sample (gr) 
64.54 

Water Content 52.40% Water Content 46.40% 

2 HOURS EXPERIMENT 

Number of containers 2 Number of containers 35 

Mass of container (gr) 47.83 Mass of container (gr) 37.26 

Mass of container + 

Wet sample (gr) 
72.29 

Mass of container + 

Wet sample (gr) 
61.67 

Mass of container + 

Dry sample (gr) 
61.28 

Mass of container + 

Dry sample (gr) 
51.00 

Water Content 81.90% Water Content 77.70% 
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Table 4.2 The period of the 1-hour experiment 

Time Difference (min) Temperature (℃) Cycles 

15:13 

15:27 

- 20~23 Opening Cycle 

1 14 57.5 Closing 

15:36 

15:43 

9 50 Opening Cycle 

2 7 59.3 Closing 

15:53 

15:58 

10 50.2 Opening Cycle 

3 5 59.5 Closing 

16:11 

16:15 

13 50.3 Opening Cycle 

4 4 54.9 Closing 

 

 

Table 4.3 The period of the 2 hours experiment 

Time Difference (min) Temperature (℃) Cycles 

15:30 

15:38 

- 17.4 Opening Cycle 

1 8 57.5 Closing 

15:40 

15:47 

2 50.2 Opening Cycle 

2 7 59.6 Closing 

15:50 

15:54 

3 50.3 Opening Cycle 

3 4 60.2 Closing 

16:02 

16:05 

8 50.2 Opening Cycle 

4 3 59.3 Closing 

16:13 

16:18 

8 50.5 Opening Cycle 

5 5 60.3 Closing 

16:27 

16:30 

9 50.4 Opening Cycle 

6 3 60.4 Closing 

16:39 

16:41 

9 49 Opening Cycle 

7 2 59.3 Closing 

16:47 

16:49 

6 50.4 Opening Cycle 

8 2 60.3 Closing 
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Table 4.3 Continued 

16:57 

17:01 

8 50.3 Opening Cycle 

9 4 60.9 Closing 

17:14 

17:15 

13 49.7 Opening Cycle 

10 1 59.6 Closing 

17:21 

17:22 

6 50 Opening Cycle 

11 1 59.9 Closing 

17:30 

- 

8 53.2 Opening Cycle 

12 - - Closing 

 

Whenever the test results are evaluated, it is seen that the final water content is directly 

affected by the initial water content. The initial water contents of the first and second 

soil samples are 52.40% and 81.90%, respectively.  At the end of the experiment, these 

values are decreased to 46.40% and 77.70%, respectively. However, a procedure 

cannot be defined depending on the experimental results since the initial water content 

values are different from each other.  

As it is deduced from the first trials, heat should be given consistently to apply the 

same procedure in each test. A new procedure is applied with revisions to the 

resistance system. In this revised procedure, heating and cooling cycles are set by the 

regulator. The resistance can keep temperature changes within a certain range without 

an electricity cut. After the upper and lower heat values are defined to the regulator, it 

can automatically keep the heat of the shear box within this range (Figure 4.2).  
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Figure 4.2 The resistance and the regulator for the revised procedure 

In this method, two different heating values are used. Some of the prepared samples 

are heated at 30℃ and the other samples are heated at 50℃. By doing this, the effect of 

heating degree on water contents is investigated. The first set is conducted at 30℃ and 

the time durations are selected as 10 minutes, 30 minutes, 1 hour and 2 hours. After 

drying, two samples (one is from the center of the box and the other is from the mixture 

of all boxes) are taken from the shear box to understand if the decrease in water content 

of the soil sample is uniform in the shear box (Figure 4.3). Test results show that there 

is no significant change in water content for the tests carried out at 30℃ (Figure 4.3, 

4.4, 4.5 and Table 4.4).  
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Figure 4.3 The samples after the test 

 

Figure 4.4 The water content values from the center of the box 
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Figure 4.5 The water content values from the mixture of the sample in the box 

 

Table 4.4 The final water content values of the soil samples having initial water 

contents of 62.7% and heated at 30℃ 

Duration and sample 

location  

Water contents  

after heating 

10 minute 
Center 61.31% 

Mixture 60.76% 

30 minute 
Center 61.03% 

Mixture 61.05% 

1 hour 
Center 60.08% 

Mixture 59.40% 

2 hours 
Center 61.14% 

Mixture 58.93% 

 

Then, the same procedure is applied at 50℃, but the time durations are selected as 30 

minutes, 1 hour, 2 hours, 4 hours, 6 hours, 16 hours and 24 hours. The water content 

of the samples is prepared at the liquid limit for the tests. The results are represented 
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in Figure 4.6, Figure 4.7 and Table 4.5 and it is observed that there is a significant 

change in water contents.  

 

Figure 4.6 The water content values for the center of the box 

 

Figure 4.7 The water content values for the mixture of the sample in the box 
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Table 4.5 The water content changes at 50℃ 

 
Water content before 

the test 

Water content after 

heating 

30 minute 
Center 

62.77% 
59.52% 

Mixture 59.15% 

1 hour 
Center 

62.77% 
58.74% 

Mixture 57.96% 

2 hours 
Center 

62.77% 
56.57% 

Mixture 55.11% 

4 hours 
Center 

62.70% 
55.92% 

Mixture 54.49% 

6 hours 
Center 

62.77% 
52.82% 

Mixture 51.94% 

16 hours 
Center 

63.72% 
29.03% 

Mixture 28.54% 

24 hours 
Center 

60.54% 
21.51% 

Mixture 20.19% 

 

As a result of this study, it is decided to fix the heating at 50℃ for 6 hours for the 

drying stage of multi-reversal direct shear tests. In the first test series, the direct shear 

box is heated for 6 hours at 50℃ before shearing, whereas in the second test series, the 

box is heated for the last shearing cycle.  

 

4.1.2. Multi-Reversal Direct Shear Tests 

 

There are two stages namely the consolidation stage and shearing stage in multi-

reversal direct shear tests. In the first test series, soil samples are placed in a direct 

shear test machine and consolidated. During the consolidation stage, 12.5 kPa pressure 

is applied and this pressure is increased with a load increment ratio of 0.5. The residual 

shear strength parameters are obtained by using a shearing rate of 0.035 mm/min with 
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at least 8 reversals. This shearing rate is the one that is commonly used in related 

studies ([59]-[62])  and by selecting this shearing rate, the multi-reversal tests can be 

completed in a reasonable duration. The return speed of reversal is selected as 0.122 

mm/min and the next shearing is done after 12 hours to enable pore pressure 

equilibrium to be re-established. 

In the first test, the sample is placed in the direct shear test machine and consolidated 

up to 300 kPa. Then, before the first shearing, it is heated for 6 hours at 50℃. The 

multi-reversal direct shear tests with 9 cycles are performed.  After the tests, the water 

content of the soil sample is measured at 31%. 20 days are needed to complete this test 

(6 days for consolidation, 6 days for shearing). The results of this test and also the 

results obtained by Akış [58:39-44] on the soil samples prepared at the liquid limit are 

illustrated in Figure 4.8. Due to the drying procedure, a markable increase in both peak 

and residual shear strength is obtained and the values are given in Table 4.6.  

 

Figure 4.8 Multi-reversal direct shear test results performed at N = 300 kPa with 

drying soil sample at 50 °C before the first shearing and without drying [58:39-44] 
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Table 4.6 Peak and residual shear strength of soil sample tested under 300 kPa  

 
Without heating 

(N=300 kPa)  

With heating 

(N=300 kPa) 

Peak shear strength ~81 kPa ~132 kPa 

Residual shear strength ~32 kPa ~58 kPa 

 

Therefore, it can be concluded that the heating of the sample is an effective way to 

increase the shear strength. In other words, if the drainage measures are applied before 

the slope failure at the site, both peak and residual shear strength of the soil increases.  

In the second test series, tests are performed under 200 kPa normal stress and the same 

shearing procedure with 0.0035 mm/min shearing rate. The residual shear strength is 

achieved at the seventh cycle and after that cycle, heating is applied. One additional 

shearing is performed as the eighth cycle to determine the effect of drying. The total 

duration of this test series is 19.5 days (7 days for consolidation and 12.5 days for 

shearing). The results of the multi-reversal direct shear tests are illustrated in Figure 

4.9, 4.10 and Table 4.7. It can be concluded that there is a negligible effect of heating 

on the residual shear strength. 

 

Figure 4.9 Multi-reversal direct shear test results performed at N = 200 kPa and 

OCR=1.5 
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Figure 4.10 The last two cycles of multi-reversal direct shear test performed at N = 

200 kPa and OCR=1.5 with the heating effect 

 

Table 4.7 Residual shear strength of soil sample tested under 200 kPa 

 
Shear strength obtained 

at the seventh cycle  

Shear strength obtained 

at the eight cycles 

(heating is applied 

before this shearing) 

 

Residual shear strength ~50 kPa ~50 kPa 

 

The effect of water content on the peak and residual shear strength parameters of fat 

clay is investigated by two sets of multi-reversal direct shear tests. In the first test 

series, soil sample is dried by using a heating procedure after the shearing  stage prior 

to shearing stage. It is observed that decrease in water content causes an increase in 

both peak and residual strength parameters. In the second test, the heating procedure 

applied after reaching the residual state. Soil sample is sheared one more time to 

understand the water content effect on the residual shear strength. It is seen that the 

decrease in water content has no affect on the residual shear strength of the soil.  
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CHAPTER 5 

A RELATIONSHIP BETWEEN OCR AND PEAK SHEAR STRENGTH OF 

FAT CLAY 

 

5.1. Investigation on the Drained Peak Shear Strength Parameters 

 

In the design of geotechnical projects, one of the important parameters is the drained 

peak shear strength of the soils. The drained shear strength parameters of the normally 

consolidated (NC) clays can be predicted by using some correlations based on the 

index properties of the soil (Figure 2.7-2.12). On the other hand, limited studies were 

carried out to determine the drained shear strength of the overconsolidated (OC) clays. 

Sorenson and Okkels [15] stated that the lower bound for drained peak internal friction 

angle and drained cohesion value can be predicted depending on the plasticity of the 

soil (Eq. 2.14-2.16). Mesri and Abdel-Ghaffar [63:1229-1249] showed that the 

relationship between the ultimate shear strength and normal stress on the shearing 

plane is dependent on overconsolidation ratio and plasticity index. 

 

5.1.1. An Empirical Relationship for Shear Strength of Overconsolidated Soils 

 

In this study, a method to estimate the drained shear strength of the overconsolidated 

clay is investigated by using the test results of direct shear tests performed on remolded 

high plastic clay samples. An empirical relationship between drained shear strength of 

overconsolidated clay, drained shear strength of normally consolidated clay and 

overconsolidation ratio (OCR) is developed by using the yield locus of the constitutive 

relationship, the Modified Cam Clay model.  

Modified Cam Clay model predicts the stress-strain behavior of soils by using an 

elastoplastic model. A state boundary surface shown in Figure 5.1 can be taken as a 

yield surface to build the stress-strain behavior. The equation of ellipses is used to 

describe the yield curves in Modified Cam Clay as shown in Figure 5.2. 



66 

 

 

Figure 5.1 A state boundary surface for soil [5] 

 

 

Figure 5.2 Yield locus of Modified Cam Clay model [35:272-277] 

 

The equation of the cap is; 

𝑀2𝑝′2
− 𝑀2𝑝𝑚

′ 𝑝′ + 𝑞2 = 0……………………………………………………...…..Eq. 5.1 

where 𝑀 is the ratio of maximum deviator stress (or deviator stress at failure) to the 

mean effective stress during a constant volume shearing. Note that, this can be 
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measured by testing normally consolidated specimens in a triaxial testing device 

[35:272-277]. Hence, 

𝑀 = (
𝑞

𝑝′)
𝐶𝑉

…………………………………………………………………………..….Eq. 5.2 

where the subscript CV depicts the ultimate stress ratio during constant volume 

shearing, which is also ultimately reached during the shearing of  a normally-

consolidated specimen and 

𝑝′ =
𝜎1

′+𝜎2
′+𝜎3

′

3
……………………………………………………………....…………...Eq. 5.3 

𝑞 = 𝜎1
′ − 𝜎3

′………………………………………………………..……………….…..Eq. 5.4 

𝜎1
′ , 𝜎2

′  and 𝜎3
′  are the principal effective stresses that are acting on the soil. Hence, 𝑝𝑚

′  

is the maximum mean effective stress applied during the stress history of clay. 

Rearranging Eq. 5.1, an equation for calculation of deviator stress for a stress point on 

the cap is obtained: 

𝑞 = 𝑀𝑝′ (√
𝑝𝑚

′

𝑝′ − 1)………………………………………………………….....…….Eq. 5.5 

Equations 5.1 to 5.5 are based on triaxial stress conditions, such that the principle 

effective stresses acting on a specimen are known during a test. However, the stress 

conditions in a direct shear (or, shear box) test cannot be accurately known, since only 

vertical stress acting on a presumably horizontal failure plane is known, whereas the 

stress conditions on a plane perpendicular to the presumed failure plane are unknown. 

Yet, the test is preferred in practical applications due to its simplicity. Hence, a 

relationship between overburden pressure and Eq. 5.5 will be developed in the 

following paragraphs.  

The stress conditions applied on a specimen during an oedometer (consolidation) test 

represents the stress conditions on a specimen beneath a mildly sloping or a horizontal 

ground, since the specimen is laterally confined and the only stress change can be in 

the vertical direction. This is consistent with the pre-shearing stress history in a 

consolidated-drained (slow) direct shear test. The basic description of the 

overconsolidation ratio (OCR) is  
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𝑂𝐶𝑅 =
𝜎𝑣𝑚

′

𝜎𝑣
′ ……………………………………………………………………….......…Eq. 5.6 

where, 𝜎𝑣
′  is the consolidation (axial) stress applied on a specimen tested in an 

oedometer and 𝜎𝑣𝑚
′  is its maximum stress applied during stress history, namely the 

pre-consolidation pressure. The relationship between OCR, 𝑝𝑚
′  and 𝑝′ is unknown 

since the normal stress acting on the circumference of a circular oedometer specimen 

is unknown during a consolidation test on a laterally confined specimen. This reason 

for stress uncertainty is also valid for a shear box test. Therefore, it is supposed that 

the relationship between 𝜎𝑣
′  and 𝑝′ is  

𝑝′ ≅ 𝜎𝑣
′ ∗ 𝑓′(𝑂𝐶𝑅, 𝑀) ………………………………………………..……………....Eq. 5.7 

where, 𝑓′ is a function related to 𝑂𝐶𝑅 and 𝑀. Then, 

𝑝𝑚
′

𝑝′ ≅
𝜎𝑣𝑚

′

𝜎𝑣
′  

𝑓′(𝑂𝐶𝑅=1,𝑀)

𝑓′(𝑂𝐶𝑅,𝑀)
………………………………………………………………..…Eq. 5.8 

The empirical relationship expressed by Eq. 5.7 originates from the relation between 

lateral stress, effective vertical (overburden) stress, angle of internal friction () and 

OCR [64:851-872]. Considering the Mohr stress circle and assuming that the shear 

stress (𝜏) acting on failure (shearing) plane during a shear box test is approximately 

equal to half of the difference between 𝜎1
′ and 𝜎3

′ , or the deviator stress at failure, 

further simplification for an empirical relationship is possible by substitution of 

𝜏 ≅
𝑞

2
……………………………………………………………………………………..Eq. 5.9 

Substitution of Eq. 5.6, Eq. 5.7, Eq. 5.8 and Eq. 5.9 in Eq. 5.5 yields, 

𝜏𝑓 ≅ 𝑀 ∗
𝜎𝑣

′

2
∗ 𝑓′(𝑂𝐶𝑅, 𝑀) ∗ √𝑂𝐶𝑅 ∗

𝑓′(𝑂𝐶𝑅=1,𝑀)

𝑓′(𝑂𝐶𝑅,𝑀)
− 1………………………..…Eq. 5.10 

where subscript 𝑓 on the left of the equation implies the shear stress at failure. M 

should be estimated by using a direct shear test as well. An approximate relationship 

for 𝑀 can be derived by substitution of Eq. 5.7  and Eq. 5.9 in Eq. 5.2 supposing that 

the ultimate shearing resistance of normally consolidated soil during direct shear 

testing sufficiently close to the half of deviator stress. So, 

𝑀 ≅
2𝜏𝑓,𝑂𝐶𝑅=1

𝜎𝑣,𝑂𝐶𝑅=1
′ ∗𝑓′(𝑂𝐶𝑅=1,𝑀)

……………………………………………………………..Eq. 5.11 
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So, it is supposed that the stress where, 𝜏𝑓,𝑂𝐶𝑅=1 and 𝜎𝑣,𝑂𝐶𝑅=1
′ denote the shear stress 

and normal stress applied on the normally consolidated specimen during failure. Or, 

𝑀 ≅ 𝑀𝐷𝑆 ∗
2

𝑓′(𝑂𝐶𝑅=1,𝑀)
………………………………………………………….…...Eq. 5.12 

where, 

𝑀𝐷𝑆 =
𝜏𝑓,𝑁𝐶

𝜎𝑣,𝑁𝐶
′ ………………………………………………………………………….…Eq. 5.13 

𝑀𝐷𝑆 that is the ratio of shear strength to normal stress is considered as the shear 

strength parameter to be estimated by using direct shear tests on the normally 

consolidated (NC) specimen. Substitution of Eq. 5.12 in Eq. 5.10 yields, 

𝜏𝑓 ≅ 𝑀𝐷𝑆 ∗ 𝜎𝑣
′ ∗

𝑓′(𝑂𝐶𝑅,𝑀)

𝑓′(𝑂𝐶𝑅=1,𝑀)
∗ √𝑂𝐶𝑅 ∗

𝑓′(𝑂𝐶𝑅=1,𝑀)

𝑓′(𝑂𝐶𝑅,𝑀)
− 1…………………….......Eq. 5.14 

Hence, the function 𝑓′ and the parameter 𝑀𝐷𝑆 is to be empirically determined for a 

clay specimen. The applicability of Eq. 5.14 is limited to the range 𝑝′ ≤ 𝑝𝑚
′ /2  

according to Figure 5.2, because the shearing will tend to increase 𝑝𝑚
′  so that the 

ultimate shear stress (or, q) can follow Eq. 5.2. Therefore, 𝜎𝑣
′  is limited by 𝜎𝑣𝑚

′  / 2 

approximately, or by OCR  2. For the range 1  OCR < 2, the ultimate shearing 

resistance in the direct shear test is limited by 𝜏𝑓 ≅ 𝑀𝐷𝑆 ∗ 𝜎𝑣
′ .  

An empirical investigation of function f will require a nonlinear regression which is 

going to yield a practical difficulty particularly in the absence of a sufficient sample 

size. Therefore, a further simplification is made by the assumption, 

√𝑂𝐶𝑅 ∗
𝑓′(𝑂𝐶𝑅=1,𝑀)

𝑓′(𝑂𝐶𝑅,𝑀)
− 1 ≅ √𝑂𝐶𝑅 − 1……………………………………….……Eq. 5.15  

so that, 

𝜏𝑓 ≅ 𝑀𝐷𝑆 ∗ 𝜎𝑣
′ ∗ 𝑓(𝑂𝐶𝑅, 𝑀𝐷𝑆) ∗ √𝑂𝐶𝑅 − 1………………………………………Eq. 5.16  

The prime sign of 𝑓 is dropped to show that 𝑓 in Eq. 5.16 is an approximation for the 

fraction 𝑓′(𝑂𝐶𝑅, 𝑀)/𝑓′(𝑂𝐶𝑅 = 1, 𝑀). The precision of this approximation can be 

investigated by using the empirical results. Since 𝑀𝐷𝑆 is estimated by using Eq. 5.13 
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for NC (OCR=1) specimens, only the function 𝑓 should be estimated empirically by 

using the model, 

𝑓(𝑂𝐶𝑅, 𝑀𝐷𝑆) =
𝜏𝑓

𝑀𝐷𝑆∗𝜎𝑣
′∗√𝑂𝐶𝑅−1

+ 𝜖𝑓……………………………………...…….....Eq. 5.17 

𝜖𝑓 denotes the error in Eq. 5.13.  

 

5.1.2. Shearing Rate Determination for Drained Direct Shear Tests 

 

One of the important factors that affect the determination of the drained shear strength 

parameters is the shearing rate. The shearing rates can be determined based on the t50 

and t90 values of the sample according to ASTM D3080. To determine the t50 and t90 

values of the soil sample, the consolidation data obtained before shearing is used. 

These values are illustrated in Table 5.1. The graphs drawn to obtain these values are 

shown in Appendix C. 

Table 5.1 The t50 and t90 values 

Loading 

increments 
t50 (min) t90 (min) 

25.0 kPa 25 144.96 

50.0 kPa 25 116.64 

100.0 kPa 25 117.94 

200.0 kPa 18 121.66 

 

The relative lateral displacement required to fail the specimen depends on many factors 

including the type of material and the stress history. ASTM D3080 recommends taking 

the displacement to failure as 10 mm for normally or lightly overconsolidated fine-

grained soils or 5 mm for the rest of the soils. Time to failure is determined by using 

the following equations as recommended in ASTM D3080 (Eq. 5.18 and Eq. 5.19). 

t𝑓 = 50 x t50…………………………………………………………….………….…Eq. 5.18 

t𝑓 = 11.6 x t90……………………………………………………………………...…Eq. 5.19 
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ASTM-D3080 defines the shearing rate as the ratio of estimated horizontal 

displacement at the failure to the total estimated elapsed time to failure (Eq. 5.20). 

Shearing rates are calculated for different displacement to failure (3mm, 5 mm and 10 

mm). The value that is and time to failure (based on t50 and t90 values) are depicted 

in Table 5.2. These values are determined based on the test results given in Figure 4.9.  

R𝑑 =
𝑑𝑓

𝑡𝑓
………………………………………………………………………………...Eq. 5.20 

Table 5.2 The t50 and t90 values and calculation of the shearing rate 

Normal 

Stress 

(kPa) 

t50 

(min) 

t90 

(min) 

Time to Failure (min) Shearing Rate (mm/min) 

tf = t50*50 tf = t90*11.6 
Displacement 

3 mm 

Displacement 

5 mm 

Displacement 

10 mm 

25 25 144.96 1250.0 1681.54 0.0024 0.0018 0.0040 0.0030 0.0080 0.0059 

50 25 116.64 1250.0 1353.02 0.0024 0.0022 0.0040 0.0037 0.0080 0.0074 

100 25 117.94 1250.0 1368.10 0.0024 0.0022 0.0040 0.0037 0.0080 0.0073 

200 18 121.66 900.0 1411.26 0.0033 0.0021 0.0056 0.0035 0.0111 0.0071 

 

As a result of this study, the shearing rate for the determination of drained shear 

strength parameters is determined as 1.8x10-3 mm/min and the shearing rate is in good 

agreement with the values used in the literature (Table 5.3).   

Table 5.3 The summary of the shearing rate of clay samples (Modified from Sarıhan, 

2009) [65] 

No. Reference 
Clay Fraction 

(%) 

Shearing Rate 

(mm/min) 

1 La Gatta (1970), Petley (1966) 40-60 
1𝑥10−3 

3𝑥10−3 

2 Hutchinson (1969) 50 3𝑥10−3 

3 Mesri and Gibala (1972) 23-39 
5𝑥10−2 

5𝑥10−4 

4 Early and Skempton (1972) 70 3𝑥10−3 

5 Mesri and Sarıhan (2012) 70-87 3.3𝑥10−4 

6 Maghsoudloo (2013) 65 2.4𝑥10−2 

7 Mekael (2017) 59.5 7𝑥10−4 
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5.1.2.1. The Sample Preparation and Testing Procedure for Direct Shear Tests 

 

The soil samples used in direct shear tests are prepared according to the procedure 

defined in 3.4. During the consolidation stages of the tests, soil samples are loaded up 

to higher loading pressures to obtain the overconsolidated samples with OCR values 

of 2, 4 and 7 (Table 5.4). Tests are performed under 50 kPa, 100 kPa and 200 kPa 

normal stresses.  

Table 5.4 The maximum loading and the corresponding OCR values of the soil 

samples used in direct shear tests 

𝜎𝑁 (kPa) 𝑂𝐶𝑅 = 1 𝑂𝐶𝑅 = 2 𝑂𝐶𝑅 = 4 𝑂𝐶𝑅 = 7 

50 50 kPa 100 kPa 200 kPa 350 kPa 

100 100 kPa 200 kPa 400 kPa 700 kPa 

200 200 kPa 400 kPa 800 kPa 1400 kPa 

 

5.1.2.2. The Results of Drained Direct Shear Tests 

 

The direct shear tests were performed at Atılım University Soil Mechanics Laboratory 

and at Engineering Science Laboratory of Middle East Technical University (METU). 

A square direct shear box of 60 mm by 60 mm is used to determine the peak drained 

shear strength of soil samples. The target of the test is set to 10 mm that means the 

sample is sheared until the horizontal displacement reached 10 mm with a shearing 

rate of 1.8x10-3 mm/min.  

In Figures 5.3-5.5, the test results of samples that are sheared under normal stresses 50 

kPa, 100 kPa and 200 kPa is presented. The duration of consolidation of the tests 

performed at 𝜎𝑁
′ =50 kPa, 100 kPa and 200 kPa are 3 days, 4 days and 5 days, 

respectively. The shearing duration of each load increments is approximately 5 days 

and the total duration of the OCR=1 tests was 27 days. 
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Figure 5.3 Direct shear test graph of 50 kPa (OCR= 1, Shearing rate= 0.0018 

mm/min)  

 

Figure 5.4 Direct shear test graph of 100 kPa (OCR= 1, Shearing rate= 0.0018 

mm/min) 
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Figure 5.5 Direct shear test graph of 200 kPa (OCR= 1, Shearing rate= 0.0018 

mm/min) 

 

The drained shear test results for the samples prepared at OCR=2 are presented in 

Figure 5.6-5.8. In these test series, the duration of consolidation state was 5 days (4 

days for consolidation and 1 day for unloading), 7 days (5 days for consolidation and 

2 days for unloading) and 9 days (7 days for consolidation and 2 days for unloading) 

for normal stresses of 50 kPa, 100 kPa and 200 kPa, respectively. The unloading stage 

for each loading increment was continued until the swelling is completed and then the 

sample is sheared. The total duration of tests was 36 days including shearing stages.  
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Figure 5.6 Direct shear test graph from 100 kPa to 50 kPa (OCR= 2, Shearing rate= 

0.0018 mm/min)  

 

Figure 5.7 Direct shear test graph from 200 kPa to 100 kPa (OCR= 2, Shearing rate= 

0.0018 mm/min) 
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Figure 5.8 Direct shear test graph from 400 kPa to 200 kPa (OCR= 2, Shearing rate= 

0.0018 mm/min) 

 

The tests are also repeated for soil samples prepared that has an overconsolidation ratio 

of 4 at the Engineering Science Laboratory of Middle East Technical University. The 

total days for OCR=4 tests was 76 days. The consolidation durations were 13 days (1 

day for unloading), 20 days (2 days for unloading) and 28 days (2 days for unloading). 

The shearing durations were the same for each test. The duration of shearing was 5 

days until the horizontal displacement reached 10 mm (Figure 5.9-5.11).  
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Figure 5.9 Direct shear test graph from 200 kPa to 50 kPa (OCR= 4, Shearing rate= 

0.0018 mm/min)  

 

Figure 5.10 Direct shear test graph from 400 kPa to 100 kPa (OCR= 4, Shearing 

rate= 0.0018 min/mm) 
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Figure 5.11 Direct shear test graph from 800 kPa to 200 kPa (OCR= 4, Shearing 

rate= 0.0018 mm/min) 

 

The overconsolidation ratio for the last test series is set as 7. Because of that, the 

duration of these tests is rather long compared with the other test series. Tests are 

performed at  𝜎𝑁
′ =50 kPa, 100 kPa and 200 kPa but the test that is performed at 

𝜎𝑁
′ =100 kPa is repeated. The total time that is required to complete this test series is 

determined as 71 days but due to repeated tests and problems encountered during the 

experiments, tests are completed in 110 days. The consolidation durations were 11 

days for 50 kPa pressure (1 day for unloading), 20 days for 100 kPa pressure (2 days 

for unloading) and 25 days for 200 kPa (3 days for unloading). The shear stress (kPa) 

versus horizontal displacement (mm) graphs are illustrated below (Figure 5.12-5.14). 

All the test results are shown in Table 5.5. The ultimate shearing resistance (𝜏𝑓) versus 

normal stress (𝜎𝑉
′ ) is compared for different OCR values in Figure 5.15. It is observed 

that the effect of OCR on shear strength is very pronounced for OCR= 7, but it is less 

significant when OCR≤ 4. Therefore, it is concluded that the higher ranges of OCR 

should be considered in future tests adding test data for this research topic.  
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Figure 5.12 Direct shear test graph from 350 kPa to 50 kPa (OCR= 7, Shearing rate= 

0.0018 mm/min)  

 

Figure 5.13 Direct shear test graph from 700 kPa to 100 kPa (OCR= 7, Shearing 

rate= 0.0018 mm/min) 
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Figure 5.14 Direct shear test graph from 1400 kPa to 200 kPa (OCR= 7, Shearing 

rate= 0.0018 mm/min) 

 

Table 5.5 Direct Shear Test results 

𝜎𝑁
′  (kPa)  𝜎𝑣𝑚

′  (kPa) OCR 𝜏𝑝𝑒𝑎𝑘 (kPa) 

Shear 

strength 

parameter 

(
𝜏𝑝𝑒𝑎𝑘

𝜎𝑁
′ ) 

50 50 1 30.7 0.613 

100 100 1 46.7 0.467 

200 200 1 95.8 0.479 

50 100 2 33.0 0.660 

100 200 2 60.7 0.607 

200 400 2 92.8 0.464 

50 200 4 30.8 0.615 

100 400 4 69.3 0.693 

200 800 4 121.3 0.607 
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Table 5.5 Continued 

50 350 7 44.2 0.884 

100 700 7 149.2 1.492 

200 1400 7 302.3 1.512 

 

 

Figure 5.15 The comparison of test data on shear strength (𝜏𝑓, 𝜎𝑣
′) with 𝑀𝐷𝑆 line 

 

5.1.2.3. The Estimation of Parameters 

 

The parameter 𝑀𝐷𝑆 is estimated by using the test data for 𝑂𝐶𝑅 = 1 and Eq. 5.16. Table 

5.6 summarizes the test results and estimated 𝑀𝐷𝑆 for each test on CH clay. A 

relatively high value for 𝑀𝐷𝑆 is observed for 𝜎𝑣
′  = 50 kPa. This can be explained by 

the possible frictional contribution of the direct shear device to total shearing resistance 

measured during the test, or by the possible stress dependency of MDS. Consequently, 

both of the possibilities are examined by using MDS pertinent to each 𝜎𝑣
′  separately 

(i.e., MDS = 0.613 for 𝜎𝑣
′  = 50 kN/m2 etc.) and by using MDS =0.47, the average for two 
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′ , for all tests. The latter provided less dispersion, supporting that MDS is stress-
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dependent. Since the minimum pre-consolidation pressure is 100 kPa, MDS = 0.47 is a 

reasonable parameter and used for the final estimation of f(OCR, MDS). It should be 

noted that considering the simplest use of the direct shear test for determination of 

internal friction angle, this parameter corresponds to an internal friction angle of 

=atan(0.47)=25. This parameter is in good agreement with the ones estimated from 

the Figures 2.7-2.11 (22 – 28).  

Table 5.6 𝑀𝐷𝑆 parameter determined from the test performed on NC clay samples 

𝜎𝑣
′  (kPa) 𝜏 (kPa) 𝑀𝐷𝑆 

50 30.7 0.613 

100 46.7 0.467 

200 95.8 0.479 

 

Table 5.7 Summary of test results for OCR  2. 

OCR 𝜎𝑣
′  (kPa) 𝜏𝑓 (kPa) 𝑂𝐶𝑅 − 1 

𝑓(𝑂𝐶𝑅, 𝑀𝐷𝑆) = 
𝜏𝑓

𝑀𝐷𝑆 ∗ 𝜎𝑣
′ ∗ √𝑂𝐶𝑅 − 1

 

2 50 33.0 1 1.404 

2 100 60.7 1 1.292 

2 200 92.8 1 0.988 

4 50 30.8 3 0.755 

4 100 69.3 3 0.851 

4 200 121.3 3 0.745 

7 50 44.2 6 0.768 

7 100 149.2 6 1.296 

7 200 302.3 6 1.313 

 

For overconsolidated specimens, the test results are summarized in Table 5.7. A 

nonlinear relationship between OCR-1 and the response (variable 𝑓) is observed. This 

relationship can be regressed by the functional form, 

1 / f(OCR, MDS) = a * (OCR-1) * b(OCR-1) 

This functional form is linearized by dividing both sides by OCR-1 and taking the 

logarithm of both sides, such that 

𝑙𝑛[ 𝑓(𝑂𝐶𝑅, 𝑀𝐷𝑆) ∗ (𝑂𝐶𝑅 − 1)] = − ln 𝑎 ± ln 𝑏 ∗ (𝑂𝐶𝑅 − 1) ………………..Eq. 5.21 
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The relationship between ln[f(OCR, MDS)] and (OCR-1) is shown in Figure 5.15, 

justifying a good correlation, with a coefficient of determination  (r2) equal to 0.94. 

The upper bound for this statistical parameter is r2=1.0, implying the error of any 

estimation is equal to zero [66]. The parameters are estimated by the principle of least 

squares are.  

ln(𝑎) = 0.1495  

ln(𝑏) = −0.3377 

Hence, the function f(OCR, MDS)  can be estimated by  

𝑓(𝑂𝐶𝑅, 𝑀𝐷𝑆) =
 1

1.161 (𝑂𝐶𝑅−1) 0.713(𝑂𝐶𝑅−1)………………………………………..…Eq. 5.22 

Substitution of Eq. 5.22 in Eq. 5.16 yields the final relationship between shear stress 

at failure for the overconsolidated CH-class clay, such that 

𝜏𝑓 =
𝑀𝐷𝑆 𝜎𝑣

′

1.161 (√𝑂𝐶𝑅−1) 0.713(𝑂𝐶𝑅−1)……………………………..……………………..…Eq. 5.23 

which is applicable for 𝑂𝐶𝑅 ≥ 2. For 1 ≤ 𝑂𝐶𝑅 < 2, the clay is supposed to be 

normally consolidated and its shear strength is expressed by Eq. 5.13. The predictions 

due to Eq. 5.23 are compared with the experimental results (Table 5.7) in Figure 5.16. 

The accuracy of these predictions are compared with those of Sorensen and Okkels 

[15] for the experimental data in Table 5.8. It is seen that the predictions by Eq. 5.23 

are more accurate than those due to the equations of Sorensen and Okkels particularly 

for higher OCR values. It should be noted that the equations of Sorensen and Okkels 

are based on triaxial stress conditions. Considering the limitations of direct shear tests 

and the level of uncertainty in geotechnical engineering, a reasonable agreement 

between predictions and test results are obtained. Hence, it is possible to develop 

empirical relationships using tests on different classes of fine soils. Particularly, the 

effect of plasticity index on shear strength of normally consolidated clays ([11:335-

343], [36:1-15]-[38], [40:1771-1726]) should be taken into account. Because the tests 

on undisturbed specimens will be limited and costly, a set of preliminary tests on 

remolded specimens to develop reasonable functions for the prediction of shear 

strength should be considered as a preliminary study. This is left as a future study.  
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Tablo 5.8 Experimental results for 𝜏𝑓 with the predictions 

OCR 𝜎𝑣
′  (kPa) 𝜏𝑓 (kPa) 

𝜏𝑓 (kPa) 

(Eq. 5.23) 

𝜏𝑓 = 𝑐′ + 𝜎 tan ∅′ (kPa) [15] 

𝑐′=25 kPa and ∅′=22⁰  

2 50 33.0 28.4 45 

2 100 60.7 56.6 65 

2 200 92.8 113.3 105 

4 50 30.8 32.2 45 

4 100 69.3 64.4 65 

4 200 121.3 128.8 105 

7 50 44.2 63.51 45 

7 100 149.2 127.0 65 

7 200 302.3 254.1 105 

 

 

Figure 5.16 Relationship between ln[f(OCR,MDS)] and (OCR-1)  
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Figure 5.17 Comparison of measured peak shear strength with estimated  peak shear 

strength  

 

5.2. Discussion 

 

Figure 5.17 shows that Eq. 5.23 or its functional form is a reasonable candidate for an 

empirical relationship between OCR, 𝜏𝑓 and 𝜎𝑣
′ . However, Figure 5.15 show that more 

data on higher OCR range is necessary, since the effect of OCR on shear strength is 

relatively similar for the range OCR≤ 4. It is not known whether the index parameters 

of clay, such as the plasticity index, has any effect on this relationship. Therefore, it is 

concluded that the higher ranges of OCR and different clay deposits should be 

considered in future tests to test and to improve this relationship before a final study 

on undisturbed specimens.  
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CHAPTER 6 

CONCLUSIONS 

 

6.1. Summary and Conclusions 

 

In this study, an experimental study is performed to investigate the two different 

aspects of shear strength parameters of high plastic (CH class) clays. In the first part, 

the effect of complete drying of these clays on their mobilized residual shear strength 

is investigated.  

 Firstly, the soil specimen is consolidated and dried before the first shearing. 

The water content effect on the peak and residual shear strength is observed in 

the first multi-reversal direct shear tests. A decrease in water content results in 

an increase in peak and residual strength values. 

 Secondly, soil sample is dried after reaching the residual shear strength and the 

soil sample is sheared one more time. The decrease in water content of the soil 

that has been reached to the residual state did not affect the residual shear 

strength of the soil.  

In the second part, an empirical correlation is derived to predict the drained shear 

strength parameters of the OC clays based on the direct shear test results. The soil 

samples are prepared at different OCR values (OCR= 1, 2, 4 and 7). The results of 

these tests can be summarized as; 

 The drained shear strength of the high plastic clays increases with increasing 

OCR values. 

 An empirical relationship to predict the drained shear strength of OC clays 

based on the NC shear strength of soils and OCR is developed.  
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6.2 Future Work 

 

 The number of drained direct shear tests on soil samples having different OCR 

values should be increased to obtain a more general prediction equation for the 

shear strength of fine soils.  

 

 In the literature, it is stated that the plasticity index and clay fraction of the soil 

samples affect the shear strength of normally consolidated clays. In order to 

improve the prediction equations, additional tests should be performed on soil 

samples having different plasticity index values and clay fractions.  

 

 In this study, all the tests are performed on remolded soil samples and the 

prediction equation is based on these test results. A sufficient number of tests 

on undisturbed specimens should be performed to enhance the results of this 

study.  
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APPENDIX A 

 

LABORATORY RESULTS OF EXPERIMENTS (DETERMINATION OF 

ATTERBERG LIMITS, SPECIFIC GRAVITY OF SOIL PARTICLES, 

WATER CONTENT AND HYDROMETER ANALYSIS) 

 

Figure A.1 Determination of specific gravity of soil particles for Campus sample 
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Figure A.2 Hydrometer analysis readings and calculation results 
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Figure A.3 Determination of Atterberg limits (Liquid limit test (1)) 
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Figure A.4 Determination of Atterberg limits (Liquid limit test (2)) 

 



99 

 

 

Figure A.5 Determination of Atterberg limits (Plastic limit test) 
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Figure A.6 Determination of water content for resistance testing (before the 1-hour 

heating) 
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Figure A.7 Determination of water content for resistance testing (after the 1-hour 

heating) 
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Figure A.8 Determination of water content for resistance testing (before the 2-hour 

heating) 
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Figure A.9 Determination of water content for resistance testing (after the 2-hour 

heating) 
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Figure A.10 Determination of water content for resistance testing (before the 30℃ 

heating sets) 
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Figure A.11 Determination of water content for resistance testing (after the 10-

minute heating and samples are taken from the center of the box) 
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Figure A.12 Determination of water content for resistance testing (after the 30-

minute heating and samples are taken from the center of the box) 
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Figure A.13 Determination of water content for resistance testing (after the 1-hour 

heating and samples are taken from the center of the box) 
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Figure A.14 Determination of water content for resistance testing (after the 2-hour 

heating and samples are taken from the center of the box) 
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Figure A.15 Determination of water content for resistance testing (after the 10-

minute heating and samples are taken from the mixture of the sample) 
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Figure A.16 Determination of water content for resistance testing (after the 30-

minute heating and samples are taken from the mixture of the sample) 
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Figure A.17 Determination of water content for resistance testing (after the 1-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.18 Determination of water content for resistance testing (after the 2-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.19 Determination of water content for resistance testing (before the 50℃ 

heating sets) 
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Figure A.20 Determination of water content for resistance testing (before the 50℃ 

heating sets) 
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Figure A.21 Determination of water content for resistance testing (before the 50℃ 

heating sets) 
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Figure A.22 Determination of water content for resistance testing (before the 50℃ 

heating sets) 
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Figure A.23 Determination of water content for resistance testing (after the 30-

minute heating and samples are taken from the center of the box) 
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Figure A.24 Determination of water content for resistance testing (after the 1-hour 

heating and samples are taken from the center of the box) 
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Figure A.25 Determination of water content for resistance testing (after the 2-hour 

heating and samples are taken from the center of the box) 
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Figure A.26 Determination of water content for resistance testing (after the 4-hour 

heating and samples are taken from the center of the box) 
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Figure A.27 Determination of water content for resistance testing (after the 6-hour 

heating and samples are taken from the center of the box) 
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Figure A.28 Determination of water content for resistance testing (after the 16-hour 

heating and samples are taken from the center of the box) 
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Figure A.29 Determination of water content for resistance testing (after the 24-hour 

heating and samples are taken from the center of the box) 
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Figure A.30 Determination of water content for resistance testing (after the 30-

minute heating and samples are taken from the mixture of the sample) 
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Figure A.31 Determination of water content for resistance testing (after the 1-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.32 Determination of water content for resistance testing (after the 2-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.33 Determination of water content for resistance testing (after the 4-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.34 Determination of water content for resistance testing (after the 6-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.35 Determination of water content for resistance testing (after the 16-hour 

heating and samples are taken from the mixture of the sample) 
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Figure A.36 Determination of water content for resistance testing (after the 24-hour 

heating and samples are taken from the mixture of the sample) 



131 

 

 

Figure A.37 Determination of water content before the consolidation (OCR=1, 

Loading= 50 kPa) 
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Figure A.38 Determination of water content after the shearing (OCR=1, Loading= 50 

kPa) 
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Figure A.39 Determination of water content before the consolidation (OCR=1, 

Loading= 100 kPa) 
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Figure A.40 Determination of water content after the shearing (OCR=1, Loading= 

100 kPa) 
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Figure A.41 Determination of water content before the consolidation (OCR=1, 

Loading= 200 kPa) 
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Figure A.42 Determination of water content after the shearing (OCR=1, Loading= 

200 kPa) 
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Figure A.43 Determination of water content before the consolidation (OCR=2, 

Loading= from 100 kPa to 50 kPa) 
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Figure A.44 Determination of water content after the shearing (OCR=2, Loading= 

from 100 kPa to 50 kPa) 



139 

 

 

Figure A.45 Determination of water content before the consolidation (OCR=2, 

Loading= from 200 kPa to 100 kPa) 
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Figure A.46 Determination of water content after the shearing (OCR=2, Loading= 

from 200 kPa to 100 kPa) 
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Figure A.47 Determination of water content before the consolidation (OCR=2, 

Loading= from 400 kPa to 200 kPa) 
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Figure A.48 Determination of water content after the shearing (OCR=2, Loading= 

from 400 kPa to 200 kPa) 
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Figure A.49 Determination of water content before the consolidation (OCR=4, 

Loading= from 200 kPa to 50 kPa) 
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Figure A.50 Determination of water content after the shearing (OCR=4, Loading= 

from 200 kPa to 50 kPa) 
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Figure A.51 Determination of water content before the consolidation (OCR=4, 

Loading= from 400 kPa to 100 kPa) 
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Figure A.52 Determination of water content after the shearing (OCR=4, Loading= 

from 400 kPa to 100 kPa) 
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Figure A.53 Determination of water content before the consolidation (OCR=4, 

Loading= from 800 kPa to 200 kPa) 
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Figure A.54 Determination of water content after the shearing (OCR=4, Loading= 

from 800 kPa to 200 kPa) 
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Figure A.55 Determination of water content before the consolidation (OCR=7, 

Loading= from 350 kPa to 50 kPa) 
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Figure A.56 Determination of water content after the shearing (OCR=7, Loading= 

from 350 kPa to 50 kPa) 
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Figure A.57 Determination of water content before the consolidation (OCR=7, 

Loading= from 700 kPa to 100 kPa) 
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Figure A.58 Determination of water content after the shearing (OCR=7, Loading= 

from 700 kPa to 100 kPa) 
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Figure A.59 Determination of water content before the consolidation (OCR=7, 

Loading= from 1400 kPa to 200 kPa) 
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Figure A.60 Determination of water content after the shearing (OCR=7, Loading= 

from 1400 kPa to 200 kPa) 
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APPENDIX B 

 

OEDOMETER TEST RESULTS AND DETERMINATION OF t50 AND t90 

VALUES 

 

Figure B.1 Determination of water content for oedometer test (before and after the 

test)  
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Figure B.2 The oedometer readings for 12.5 kPa (460 g)  
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Figure B.3 The oedometer readings for 25 kPa (920 g)  
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Figure B.4 The oedometer readings for 50 kPa (1840 g)  
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Figure B.5 The oedometer readings for 100 kPa (3680 g)  
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Figure B.6 The oedometer readings for 200 kPa (7360 g)  
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Figure B.7 The oedometer readings for 400 kPa (14720 g)  
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Figure B.8 The consolidation graph for oedometer readings (t50 value of 12.5 kPa) 
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Figure B.9 The consolidation graph for oedometer readings (t90 value of 12.5 kPa) 
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Figure B.10 The consolidation graph for oedometer readings (t50 value of 25 kPa) 
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Figure B.11 The consolidation graph for oedometer readings (t90 value of 25 kPa) 
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Figure B.12 The consolidation graph for oedometer readings (t50 value of 50 kPa) 
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Figure B.13 The consolidation graph for oedometer readings (t90 value of 50 kPa) 
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Figure B.14 The consolidation graph for oedometer readings (t50 value of 100 kPa) 
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Figure B.15 The consolidation graph for oedometer readings (t90 value of 100 kPa) 
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Figure B.16 The consolidation graph for oedometer readings (t50 value of 200 kPa) 
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Figure B.17 The consolidation graph for oedometer readings (t90 value of 200 kPa) 
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Figure B.18 The consolidation graph for oedometer readings (t50 value of 400 kPa) 
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Figure B.19 The consolidation graph for oedometer readings (t90 value of 400 kPa) 
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Figure B.20 The void ratio versus logarithm of vertical stress graph 
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APPENDIX C 

 

t50 AND t90 VALUES FOR DETERMINING THE SHEARING RATE BY 

USING ONE-DIMENSIONAL CONSOLIDATION 

 

Figure C.1 The consolidation graph for oedometer readings (t50 value of 25 kPa) 
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Figure C.2 The consolidation graph for oedometer readings (t90 value of 25 kPa) 
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Figure C.3 The consolidation graph for oedometer readings (t50 value of 50 kPa) 
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Figure C.4 The consolidation graph for oedometer readings (t90 value of 50 kPa) 
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Figure C.5 The consolidation graph for oedometer readings (t50 value of 100 kPa) 
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Figure C.6 The consolidation graph for oedometer readings (t90 value of 100 kPa) 
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Figure C.7 The consolidation graph for oedometer readings (t50 value of 200 kPa) 
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Figure C.8 The consolidation graph for oedometer readings (t90 value of 200 kPa) 

 

 


