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ABSTRACT 

The undrained shear strength and preconsolidation pressure are key parameters in describing the 

characteristics of soft clays. The two parameters both reflect the clayΩǎ structure and state of stress, and 

hence empirical correlations for undrained shear strength normalized with respect to preconsolidation 

pressure are widely used to assess soil behavior. The empirical correlations given in the literature are 

typically dependent on liquid limit, or plasticity index, but some studies have questioned the dependency 

and proposed correlations constant for consistency limits. Data from geotechnical projects often display 

a considerable scatter and deviate from established empirical correlations. In this thesis, statistical 

analyses are performed and evaluated qualitatively on direct simple shear, constant rate of strain and 

fall cone test data from 146 sampling points with a total of 596 soil samples from Stockholm, 

Gothenburg and Uppsala. The aim is to investigate the correlation between shear strength and the 

preconsolidation pressure. The ǘƘŜǎƛǎ ŜǾŀƭǳŀǘŜǎ ǘƘŜ ƴƻǊƳŀƭƛȊŜŘ ǎƘŜŀǊ ǎǘǊŜƴƎǘƘΩǎ ŘŜǇŜƴŘŜƴŎȅ ƻƴ ƭƛǉǳƛŘ 

limit, how the data corresponds to IŀƴǎōƻΩǎ (1957) and {ǿŜŘƛǎƘ DŜƻǘŜŎƘƴƛŎŀƭ LƴǎǘƛǘǳǘŜΩǎ (2007) linear 

empirical correlations, and the correction factor applied to shear strength measured by the fall cone test. 

The results of the study show that the correction factor typically reduces the shear strength from fall 

cone tests too much with respect to shear strength from direct simple shear tests. The normalized shear 

ǎǘǊŜƴƎǘƘΩǎ ŘŜǇŜƴŘŜƴŎȅ ƻƴ ƭƛǉǳƛŘ ƭƛƳƛǘ Ƴŀȅ ōŜ ǊŜƧŜŎǘŜŘ ŦƻǊ ǘƘŜ Ŧŀƭƭ ŎƻƴŜ ǘŜǎǘ ŘŀǘŀΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŦƻǊ direct 

simple shear test data however, indicates a correlation with liquid limit. The data scatter is considerable, 

especially for fall cone test data, and the relevance of describing the normalized shear strength from fall 

cone test with a linear empirical correlation to liquid limit may conclusively be questioned.  

Keywords: undrained shear strength, preconsolidation pressure, empirical correlations, fall cone test, 

direct simple shear test, correction factor, soft clay 
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SAMMANFATTNING 

Skjuvhållfasthet och förkonsolideringstryck är två viktiga jordparametrar för lösa leror. Båda parametrar 

reflekterar lerans struktur och spänningstillstånd, och empiriska korrelationer för odränerad 

skjuvhållfasthet, normaliserad mot förkonsolideringstrycket, används därför ofta för att bedöma en leras 

egenskaper. De empiriska korrelationerna är vanligen kopplade till flytgräns eller plasticitetsindex. Dessa 

korrelationer har däremot ifrågasatts av studier som i vissa fall istället föreslagit ett konstant förhållande 

mellan normaliserad odränerad skjuvhållfasthet och plasticitetsgränser. Mätvärden från geotekniska 

projekt i Sverige visar allmänt stor spridning avseende dessa parametrar och data avviker ofta från 

etablerade empiriska korrelationer. I examensarbetet har data från direkta skjuvförsök, ödometerförsök 

och fallkonförsök utvärderats statistiskt och kvalitativt. Totalt omfattar studien 596 jordprover från 146 

provtagningspunkter från Stockholm, Göteborg och Uppsala. Syftet med studien är att undersöka 

korrelationen mellan odränerad skjuvhållfasthet och förkonsolideringstryck. Studien behandlar den 

normaliserade skjuvhållfashetens flytgränsberoende, Hansbos (1957) och Statens Geotekniska Instituts 

(2007) empiriska korrelationer, samt den korrektionsfaktor som ska tillämpas på skjuvhållfastheter från 

fallkonförsök. Resultatet visar att korrektionsfaktorn reducerar skjuvhållfastheten för mycket och att 

korrigerade skjuvhållfastheter är i sämre samstämmighet med skjuvhållfastheter från direkta skjuvförsök 

än okorrigerade. Data från fallkonförsök uppvisar inget tydligt flytgränsberoende, medan resultaten från 

direkta skjuvförsök indikerar ett beroende. Spridningen i data är dock påfallande, särskilt för 

fallkonförsöket. Relevansen i att tillämpa en linjär empirisk korrelation för odränerad normaliserad från 

fallkonförsök mot förkonsolideringstryck beroende av flytgräns bör ifrågasättas.  

Nyckelord: odränerad skjuvhållfasthet, förkonsolideringstryck, empiriska korrelationer, fallkonförsök, 

direkta skjuvförsök, korrektionsfaktor, lera 
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NOMENCLATURA 

ABBREVIATIONS 
Abbreviation Explanation  

CRS Constant rate of strain test  

DSS Direct simple shear test  

FC Fall cone test  

OCR Overconsolidation ratio  

RMSD Root-mean-square deviation  

SHANSHEP Stress history and normalized soil engineering properties   

 

Abbreviation Explanation  

SGI Statens Geotekniska Institut Swedish Geotechnical Institute 

SJ Statens Järnvägar Swedish Railways 

SYMBOLS 
Greek  Symbol Explanation Unit 

‎  Deformation, DSS [rad] 

‐  Strain, CRS [-] 

‘  Correction factor, FC [-] 

‘  Strain rate factor for mobilized shear strength [-] 

„ᴂ  Preconsolidation pressure [kPa] 

„ᴂȟ  Horizontal preconsolidation pressure [kPa] 

„ᴂȟ  Vertical preconsolidation pressure [kPa] 

„ᴂ  Effective horizontal stress [kPa] 

„ᴂ  Limiting pressure [kPa] 

„  Total vertical stress  [kPa] 

„ᴂ  Effective vertical stress  [kPa] 

†  Shear stress [kPa] 

†  Shear stress at failure [kPa] 

ɮ  Friction angle [o] 

 

Latin Symbol Explanation Unit 

ὥ  Material constant [-] 

ὦ  Material constant [-] 

ὧ  Cohesion [kPa] 

Ὣ  Acceleration of gravity constant [m/ss] 

Ὄ  Sample height after consolidation in DSS [m] 

Ὥ  Measured cone penetration, FC [mm] 

Ὅ  Plasticity index [-] 

Ὧ  Hydraulic conductivity [m/s] 

ὑ  Cone angle constant, FC   [-] 

ὑ  Coefficient of lateral earth pressure  [-] 

ὑȟ   Coefficient of lateral earth pressure for normally consolidated 

clays 

[-] 
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ά  Mass of fall cone [g] 

ὓ  Cone penetration constant in fall cone test [-] 

ὓ   /ƻƳǇǊŜǎǎƛƻƴ ƳƻŘǳƭǳǎ ǿƘŜƴ ˋΩ ғ ˋΩc - 

ὓ   /ƻƳǇǊŜǎǎƛƻƴ ƳƻŘǳƭǳǎ ǿƘŜƴ ˋΩc  ғ ˋΩ ғ ˋΩL - 

ὓᴂ  /ƻƳǇǊŜǎǎƛƻƴ ƳƻŘǳƭǳǎ ǿƘŜƴ ˋΩ Ҕ ˋΩL - 

ὔ  Cone penetration constant, FC [-] 

Ўί  Horizontal deformation, DSS [m] 

Ὓ  Sensitivity  [-] 

ί  Undrained shear strength  [kPa] 

ί   Undrained active shear strength [kPa] 

ί   Undrained direct shear strength [kPa] 

ί   Undrained shear strength from DSS [kPa] 

ί   Undrained shear strength from FC [kPa] 

ί   Corrected undrained shear strength from FC [kPa] 

ί   {ƘŜŀǊ ǎǘǊŜƴƎǘƘ ŀŎŎƻǊŘƛƴƎ ǘƻ IŀƴǎōƻΩǎ correlation [kPa] 

ίȟ   Mobilized undrained shear strength [kPa] 

ί    Passive undrained shear strength [kPa] 

ί   Shear strength ŀŎŎƻǊŘƛƴƎ ǘƻ {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴ [kPa] 

ᾀ  Depth [m] 

ό  Pore water pressure  [kPa] 

ύ   Liquid limit  [-] 

ύ   Water content  [-] 

ύ   Plasticity limit  [-] 

ύ   Shrinkage limit [-] 

 

Statistical Symbol Explanation 

‍  y-intercept of linear regression line 

‍  Slope of linear regression line 

ὧέὺ  Covariance 

‘  Sample mean 

ὔ  Number of samples 

ὶ  tŜŀǊǎƻƴΩǎ ǊΣ ōƛǾŀǊƛŀǘŜ ŎƻǊǊŜƭŀǘƛƻƴ 

Ὑ   Coefficient of determination 

ὛὭὫ ς ὸὥὭὰὩὨ  Two-tailed significance level 

„  Sample standard deviation 

ώ  Observed value 

ώ  Predicted value from model 
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1 INTRODUCTION 

1.1 BACKGROUND 
To understand and interpret the properties and behavior of soil and rock are of great importance 

in solving any geotechnical problem. The characteristics of earth materials are typically variable, 

anisotropic, heterogeneous and sometimes unknown. The in situ observations are limited, and to 

extract soil samples without altering its characteristics is difficult. The determination of design 

parameters from soil data is crucial and influences the technical solutions and thereby the costs 

and environmental impact.  

In any problem involving clayey soils, the undrained shear strength, ί, and preconsolidation 

pressure, „ᴂ, are key parameters in assessing soil behavior. The former is possibly the most 

important factor, but is also one of the most difficult to determine accurately from field as well as 

laboratory test. The correlation between the two, have long been utilized and studied in 

predicting soil behavior. To be able to assess soil behavior from limited data, empirical 

correlations and prior knowledge are important. 

The correlation has often been correlated to consistency limits, typically the plasticity index, Ὅ, or 

the liquid limit, ύ . Hansbo (1957) proposed a correlation for ί values from the fall cone test, 

ί , and effective stress, „ᴂ, which is still considered to represent typical soil behavior in 

Scandinavian clays. The recommendation from Swedish Geotechnical Institute, SGI, (2007) is a 

linear correlation between ί, „ᴂ and ύ . The correlation to consistency limits have been 

questioned. Karlsson and Viberg (1967) found no unique relationship and concluded that there 

are too many factors contributing to ί and, additionally, local variations, which the consistency 

limits do not reflect. Mesri (1975) proposed the relation between ί and „ᴂ to be constant, 

ǿƘƛŎƘ ǘƘŜ ƳƻǊŜ ǊŜŎŜƴǘ ǎǘǳŘȅ ŦǊƻƳ 5ΩLƎƴŀȊƛƻ Ŝǘ ŀƭΦ όнлмсύ ŀƭǎƻ ŘƻŜǎΦ 

Today, an issue is that measured data from projects not seldom deviate from established 

empirical correlations and the scatter of data is great. Thus, the reliability of the methods applied, 

regarding correlations, laboratory testing and field operations, are of increasing interest.  
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1.2 AIM AND PURPOSE 
The main purpose of this thesis is to investigate the correlation between ί and „ᴂ. This is 

executed with as basis for a further quantitative and conclusive evaluation. The empirical 

correlation for the normalized shear strength, , as a function of ύ  proposed by SGI (2007) is 

evaluated specifically, and  dependency of ύ  generally. The thesis data contains 

measurements from both direct simple shear test (DSS) and fall cone test (FC), why the correction 

factor, ‘, applied to ί  is of interest. It is supposed to correct ί  to be equal to actual direct 

shear strength, ί , interpreted as ίundrained shear strength from the direct simple shear test, 

ί . Following, the prerequisite to apply ‘, that the normalized uncorrected shear strength from 

fall cone test, , Ŧƻƭƭƻǿǎ IŀƴǎōƻΩǎ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴΣ ƛǎ ǘƻ ōŜ ǘŜǎǘŜŘΦ  

The aim of the thesis is to the following hypotheses: 

1. ¢ƘŜ ƴƻǊƳŀƭƛȊŜŘ ǳƴŎƻǊǊŜŎǘŜŘ ǎƘŜŀǊ ǎǘǊŜƴƎǘƘ ŦǊƻƳ Ŧŀƭƭ ŎƻƴŜ ǘŜǎǘ Ŧƻƭƭƻǿǎ IŀƴǎōƻΩǎ ƭƛƴŜŀǊ 

correlation, πȢτυύ . 

2. The correction factor, ‘, equals the shear strength from fall cone test to the shear 

strength from direct simple shear test, ί ‘z ί . 

3. The normalized shear strength, , is dependent on ύ . 

4. The normalized shear strength follows SGI empirical correlation, πȢρςυ
Ȣ

Ȣ
ύ . 
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2 LITERATURE SURVEY 

The literature survey covers ί and „ᴂ in clay. To achieve this the literature study covers the 

general properties and behavior of clay, stress history, as well as shear characteristics. 

Furthermore, test and sampling methods and the interpretation of them are covered as is 

commonly used empirical correlations between ί, „ᴂ and consistency limits.  

2.1 CLAY STRUCTURE 

Soils are generally formed by weathering of rock. The weathered material is transported and 

deposited undergoing varying degree of alteration during the processes. Rocks are heterogeneous 

assemblages of minerals and the mineral content of clay is thus dependent on the rock type from 

which it origins. The mineral content dictates the properties of clay, for example its strength and 

resistance to erosion. The strength of a soil is also strongly dependent on the stress history and 

the geological processes from which the soil was formed. The mineral content, the geological 

genesis of a clay deposit, and how it has reached its present state is fundamental in 

understanding the soil characteristics and its strength. More recent occurrences and processes ς 

e.g. erosion, fills and excavations - are also of great importance. 

During the Pleistocene, until about 10 000 years ago, Scandinavia was covered by glacier ice 

sheets. The movement and melting of the ice resulted in weathering, transportation and 

deposition of rock material. These processes formed various geological formations and soil 

deposits, including many clays. The soils formed during the ice age are called glacial and the ones 

formed after are called postglacial. With respect to mineral content the glacial and postglacial 

clays are rather uniform (Larsson et al., 2007).  

The Swedish clays were deposited at different times and under varying conditions. The 

withdrawal of the glacier ice and the spread of lakes and ocean over time, as compared to current 

land mass, is presented in Figure 1. Marine clays are typical in the southwest of Sweden, since 

they were deposited in a saline environment, bordering the Atlantic Ocean. Although the inner 

Baltic sea was connected to the saline ocean at periods between 7000 and 8000 BC, the deposit 

environment was lacustrine or brackish. The coastal areas of eastern Sweden were below sea 

level in the Littorina Sea in around 5000 BC. The clays in these regions were subsequently 

deposited due to uplift and are glacial or postglacial, clays (Eriksson, 2016). 

The clay particles are usually flat but can range from nearly spherical to long, slender needles. 

They can occur both as single particles and particle aggregates.  
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Figure 1. The development of the Baltic sea. Marine clays are deposited in the saline ocean (dark blue), while lacustrine 
clays are deposited in the inner sea (light blue) (Swedish Standards Institute, 2013). 

The term clay can refer to both a size and a class of minerals. The particle size of clay is defined to 

be ς ‘ά and as a mineral term it refers to a mineral group distinguished by small particle size, 

net negative charge, plasticity when mixed with water and have a high weathering resistance. This 

means that not all clay particles are smaller than ς ‘ά and vice versa. About 15-25% of the soil 

must be clay for clay behavior to dominate in soils (Mitchell and Soga, 2005). 

The clay particles carry a net negative charge on their surfaces. Larger negative charges are 

derived from larger specific surfaces. The total surface of clay particles per cm3 has been 
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approximated to be 50-100 m2 and the number of particles to 1015-1016. The clay particles carry 

attracting bonds and the bond between them gets stronger, as does the strength, when they are 

compacted by e.g. overburden stress.  

The pore water molecules are bound to clay minerals in a regular pattern, because of the atomic 

structure of the clay minerals, with O- and OH- present at the surface, and watŜǊΩǎ ŘƛǇƻƭŀǊ 

structure. There is a strong force of attraction between water molecules and clay particles and the 

innermost layer of water is held very strongly by the clay and is more viscous than free water. The 

chemical interaction between water and clay particles gives clay soils their plastic properties and 

prevent direct contact between the surfaces of the particles.  

The pores may also be occupied by gases, typically oxygen, nitrogen, carbon dioxide, methane or 

hydrogen sulfide. The gas occur as gas in the pore water below the ground water level and freely 

in the pores above the groundwater level (Hansbo, 1975). 

2.1.1 Clay minerals 

The minerals present in the soil correspond to the mineral constituency of the bedrock from 

ǿƘŜǊŜ ƛǘ ƻǊƛƎƛƴǎ ŀƴŘ ƘŀǾŜ ƎǊŜŀǘ ƛƴŦƭǳŜƴŎŜ ƻƴ ǘƘŜ ǎƻƛƭΩǎ ƎŜƻǘŜŎƘƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΦ ¢ƘŜ ǇǊƛƳŀǊȅ 

minerals in Quaternary soils are silicates, carbonates and sulfides. In Swedish soils the most 

common, and for clay behavior most important, minerals are the silicates. Typical silicates in 

Sweden are quartz, feldspar, hornblende, mica, chlorite and pyroxene. The most common clay 

minerals are kaolinite, illite, montmorillonite and chlorite, where illite is the dominant clay 

mineral group (Hansbo, 1975). The structure of the typical layer silicates consists of a combination 

of two structural units: the silicon tetrahedron and the aluminum or magnesium octahedron. 

Different clay mineral groups are characterized by the arrangement of sheets of these units and 

how the layers are held together. The synthesis pattern for clay minerals is presented in Figure 2 

(Mitchell and Soga, 2005). 

Illite has a 2:1 structure and consists of an alumina octahedron (Al(OH)3) sheet bonded in 

between two silica tetrahedron (SiO4) layers, with an approximate total width of 1 nm. The illite 

layers are bonded by potassium ions (K+) and hydronium ions (H3O+). The negative charge to 

balance the potassium ions comes from the substitution of aluminum for some silicon in the 

tetrahedral sheets. The structure of montmorillonite is similar to illite, 2:1, but the bond between 

the layers is very weak, allowing expansion during pore water intrusion. The character of 

montmorillonite makes it prone to swelling. The chlorite structure is 2:1 and consists of 1.4 nm 

thick layers, formed partly by symmetrical layers like illite and partly by silica sheets and gibbsite 

in flat systems. Some chlorites have the montmorillonite tendency to swell when saturated.  
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Figure 2. Synthesis pattern for clay minerals (Mitchell and Soga, 2005). 

The kaolinite consists of 0.7 nm layers, asymmetrically formed by silica sheets and gibbsite in flat 

hexagonal systems (Mitchell and Soga, 2005).  

2.1.2 Microstructure 

The microstructure of clay is dependent on its stress history and genesis - especially the salinity in 

the water where the clay was deposited. Lacustrine illite clay has a rather uniform distribution of 

particles, while the microstructure of marine illite clays is characterized by larger, dense 

aggregates separated by pores greater than for lacustrine clays. In the Swedish illite clays the clay 

particles seldom occur as singular particles, they rather bind to the surface of greater particles, or 

more typically, forms aggregates. The formation of aggregates is initiated by the binding of the 

smallest particles, which are the most surface active, to greater units. The aggregates are 

connected in a system where the aggregates are separated by voids. 

The aggregates are connected to each other in a microstructural pattern of particle linkage, and it 

has a significant impact on deformation and shear failure of clay. Compressed clays, which 

naturally are denser than loose clays, have system of links between the aggregates that have 

clustered due to the consolidation process. The microstructural response to the process of 

consolidation is similar to that of shearing, why the degree of consolidation is expected to be 

connected to the resistance to shearing  (Hansbo, 1975). 
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Figure 3. Lacustrine clay (upper picture) and marine quick clay (lower picture), with schematic clay structures  (Hansbo, 
1975). 

In Figure 3, microscope photos of a lacustrine and a marine clay as well as schematic clay 

structures are presented. The dark areas in the photos represents mineral substance and the 

lighter areas are pores.  

2.1.3 Organic content 

Organic substances can be present in clays and have influence on clay behavior. The organic 

content may be living or dead organisms and be macroscopic (e.g. leaves, fruits, roots, seeds) or 

microscopic (spores, pollen, algae, bacteria and viruses or organic molecules or compounds). The 

organic substances bind to the clay minerals by hydrophilic groups which may result in 

cementation or dispersing effects. Organic clay is typically prone to creep deformation, due to the 

amorphic character of the formed binding complex, and the organic content is related to a porous 

particle structure and significant deformations when the soil is loaded (Hansbo, 1975). 
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Figure 4. Consistency limits and state of soil, translated from Larsson (2008).. 

2.1.4 Consistency limits 

The mechanical properties of clay are significantly influenced by the water content. The water 

content, ύ, governs the consistency state of clay, when ύ is continuously decreased a clay will 

gradually become more solid. Clays are commonly described and classified by the four Atterberg 

limits. These are consistency limits of fine-grained soils based on ύ, and was introduced by 

Atterberg (1911). The method for ύ  was revised and standardized by Casagrande (1932).   

The basis of the classification is to divide the behavior of soil into four states ς solid, semisolid, 

plastic and liquid - depending on ύ. Cohesive soils can thus be described and classified by three 

consistency limits ς shrinkage limit, ύ , plasticity limit, ύ , and ύ  - corresponding to w at which 

the transition from one state to another occurs. The consistency limits with respect to ύ and soil 

volume are presented in Figure 4. 

The transition between solid and semisolid state of the clay is defined by ύ . The limit is the ύ at 

which a lowering of the same will result in air replacing water in the soil voids instead of a 

decrease in soil volume, as is illustrated in Figure 4. The transition between semisolid and plastic 

state is defined by ύ . The plasticity of the soil may also be measure by is Ὅ, defined as the 

difference between ύ  and ύ .  

The transition between plastic and liquid state is defined by ύ  and has been a key parameter in 

assessing the correlation between ί and „ᴂ. It is determined by Casagrande or FC. The 

determination of ύ  by FC was introduced by the Swedish Railways (SJ) in 1922, improved and 

standardized by Karlsson (1961). Observations have been made that clays of different 

composition seem to have similar ί at ύ . Casagrande (1932) stated that ύ  corresponds to the 

ύ at which ί of a soil is approximately 2.5 kPa, while more recent studies have shown that ί at  
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Table 1. Classification of soil state of plasticity with respect to the ύὒ (Larsson, 2008; Eriksson, 2016). 

Soil description ◌╛ [%) 

Non plastic < 15 

Low plastic 15 ς 30 

Medium plastic 30 ς 50 

High plastic 50 ς 80 

Very high plastic > 80 

ύ  rather is 1.6-2 kPa (e.g. Sharma & Bora 2003). To classify the plasticity state of a clay sample 

ύ  can be utilized according to the ranges presented in Table 1. 

2.1.5 Determining liquid limit ς Fall cone test 

FC is conducted according to the Swedish national standard, SS027125 (Swedish Standards 

Institute, 1991c), and is a part of the routine tests performed on clay samples to obtain general 

soil parameters, such as ί, ύ  and sensitivity, ὛΦ C/ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ŀǎ ŀ ǇŀǊǘ ƻŦ {WΩǎ DŜƻǘŜŎƘƴƛŎŀƭ 

Commission in 1922 (SJ, 1922). The method is applicable on cohesive soil samples obtained with 

standard piston sampler and to both undisturbed and disturbed samples. 

The FC equipment is simple and consists of an adjustable stand where the apparatus holding the 

cone is mounted with an inclinometer to measure the cone penetration. Performing the test, the 

cone is placed with the cone tangent to the surface of the soil sample and is dropped freely into 

the sample where the fall cone penetration, Ὥ, is measured with an accuracy of 0.1 mm. The 

weight and angle of the cone is dependent on the strength of the soil.  

 

Figure 5. To the left: general arrangement of FC test apparatus (Karlsson, 1961). To the right: FC apparatus at the SGI 
laboratory in Linköping. 
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To determine ύ , FC is performed on a remolded soil sample and the measured ύ when Ὥ ρπ 

mm. For cone penetrations between 7 and 15 mm, ύ  can be determined by: 

ύ ὓ ύz ὔ       (1) 

where ὓ and ὔ are tabulated constants corresponding to Ὥ. If Ὥ is smaller than 7 mm or greater than 15 

mm, ύ of the soil sample is to be altered in laboratory until Ὥ is in the range where equation 1 

may be applied. When the ύ has been changed, due to the clay sample being too stiff or sensitive, 

Ὥ has to be determined as an average from multiple tests with results within the limit of 7 to 15 

mm(Karlsson, 1961).  

2.2 IN SITU STRESSES 

The distribution of stress along a given cross section of the soil is important to analyze in many 

geotechnical problems. The in situ total vertical stress, „, at a certain level in a soil is determined 

by the overburden pressure from overlying soil masses. The pore water pressure, ό, is the 

pressure of groundwater present in the soil voids. The total stress can be divided into two parts 

where a portion is carried by the pore water and the rest is carried by the soil solids at their points 

of contact. The sum of the vertical stress carried by the soil particles is „ᴂ, and is defined as: 

„ᴂ „ ό       (2) 

The ratio between the vertical and horizontal effective stresses in normally consolidated soil is 

described by the coefficient of lateral earth pressure, ὑ, also called the at-rest coefficient, and it 

is a crucial parameter in understanding and determining the shear strength (Larsson, 2008): 

ὑ
ȭ

        (3) 

where ʎȭ is the horizontal effective stress. For Swedish clays the coefficient of lateral earth 

pressure for normally consolidated clays, ὑȟ , is correlated to the ύ  in an empirical expression 

derived from the data presented in Figure 6 (Larsson, 1977): 

  ὑȟ πȢσρπȢχρύ πȢς      (4) 
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Figure 6. ὑȟ  versus ύὒ where the white circles represent organic clay (Larsson, 1977) 

 

Figure 7. The variation of „ᴂ (stress in the actual plane) over „ᴂ ǿƛǘƘ ʰ όŀƴƎƭŜ ōŜǘǿŜŜƴ ǘƘŜ ŀŎǘǳŀƭ ǇƭŀƴŜ ŀƴŘ ǘƘŜ 
horizontal plane), for varying ὑȟ  (Larsson, 1977) 

The stresses in all other directions can be determined when +ȟ  is known, as illustrated in 

Figure 7. 

In soil where, e.g., erosion has decreased the ʎᴂ resulting in the soil being overconsolidated, ʎᴂ 

and ʎᴂ do not decrease at the same rate. K0 is then varying with respect to the overconsolidation 

ratio, OCR (Larsson et al., 2007): 

   ὑ ὑȟ ὕzὅὙȢÜȢ     (5) 
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2.3 COMPRESSIBILITY OF SOIL 

2.3.1 Consolidation 

Consolidation is a process where the soil volume is reduced, which in saturated soil means 

dissipation of water. The process is initiated by applied static loads leading to a compressive stress 

and thus a consolidation of the soil. The volume decrease could also occur due to compression of 

the soil particles or the water, but these two processes can in any normal case be disregarded. In 

a soil with high hydraulic conductivity, Ὧ, e.g. sand, the water will dissipate rapidly while the 

process will be significantly slower in clays which have very low Ὧ. 

Consolidation can be divided into primary and secondary consolidation, although practically they 

occur simultaneously. The primary consolidation refers to the decrease in volume that occurs due 

to an increase in vertical overburden pressure during dissipation of excessive ό. This excessive ό 

results in a hydraulic gradient, and the pore water flows towards the draining boundaries. With 

time, the pore water will dissipate and the excessive pressure initially taken by the pore water is 

now transferred to the soil particles as „ᴂ.  

The secondary consolidation is a time dependent decrease of the soil volume under constant 

pressure. The compression of the soil mass during secondary consolidation is caused by creep 

deformation, viscous behavior of the water bound to clay particles and other processes. The 

secondary consolidation is also present during the primary consolidation. (Larsson 2008).  

2.3.2 Preconsolidation pressure 

The strength and deformation properties of a soil is governed by „ᴂ. Casagrande (1936) defined 

„ᴂ as the largest overburden stress beneath which the soil had once been consolidated. Bjerrum 

(1967) complicated the issue by pointing out that in a physical sense that definition is rather 

misleading, since „ᴂ can be higher than the greatest experienced overburden pressure due to 

long term secondary compression, cementation effects, aging and other soil structure 

phenomenon. However, „ᴂ primarily depends on the previous loads, overburden pressure and 

the groundwater level and its fluctuation. 

2.3.3 Determining compressibility ς Constant rate of strain test 

The constant rate of strain (CRS) test is conducted to determine compressibility of a soil sample, 

primarily undisturbed soil samples from cohesion soils. In Sweden, the test is performed 

according to the Swedish national standard, SS027126 (Swedish Standards Institute, 1991a). The 

soil samples used in the test are to be obtained with standard piston sampler or in an alternative 
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manner which give undisturbed samples. In Figure 8, the CRS apparatus is presented both as a 

principal drawing and a photo from the laboratory of SGI in Linköping. 

The test is performed with a load applied at the top of a cylindrical soil sample to deform it at a 

constant rate of strain. The vertical force, deformation and pore pressure are measured 

continuously during deformation. No horizontal deformations occur since the sample is laterally 

constrained and horizontal drainage is not allowed. The upper surface of the sample is drained 

and the pore pressure is measured at the lower undrained surface. The rate of strain, ‐, is 

according to Swedish standard, set to 0.0025 mm/min, normally resulting in approximately 18% 

compression in 24 hours. The test results in several measuring points of stress versus 

deformations, indicating dependency between pore pressure, stress and deformation.  

2.3.3.1 Interpretation of CRS results 

The method to determine „ᴂ from CRS test was described by Sällfors (1975). To determine „ᴂ 

the first and second linear parts of the curve are extended until the two lines are intersecting. A 

tangent to the inflection point is drawn, creating an isosceles triangle. The intersection between 

the tangent and the first extended line represents „ᴂ. In Figure 9, this method is presented 

together with typical CRS results obtained frƻƳ ǘƘŜ ǘƘŜǎƛǎΩ Řŀǘŀ. 

  

Figure 8. To the left: Principal CRS apparatus (Sällfors, 1975). To the right: photo of CRS apparatus in SGI laboratory, 
Linköping (Author, 2017) 
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Figure 9. To the left: determining „ᴂ from CRS (Swedish Standards Institute, 1991a). To the right: result for CRS from 
ǘƘŜǎƛǎΩ ŘŀǘŀΣ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƛƴ ǘŜǎǘ ǇǊƻǘƻŎƻƭΥ „ᴂ ττὯὖὥ. 

The compression modules represent the derivate of the stress-strain relation, as presented in 

Figure 10. The modules vary with stress state of the soil sample, where ὓ  is relevant until „ᴂ is 

reached, ὓ  from „ᴂ until the limiting pressure, „ᴂ, is reached and lastly ὓᴂ for stresses greater 

than „ᴂ.  

ὓ  for „  „ᴂ 

ὓ  for „ᴂ „  „ᴂ 

ὓᴂ for „ᴂ  „ᴂ 

In the model presented by Sällfors and Larsson (1981) a simplification has been made with a 

direct transition between ὓ  and ὓ , while the scatter indicates an inclination. 

 

Figure 10. Interpretation of the modules as derivates of stress-strain relation. 
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Figure 11. Typical values from vane shear test in normally consolidated late glacial and post glacial clays, where ὴ
„ᴂ and ὴ „ᴂ (Bjerrum, 1974). 

2.3.4 Consolidation ratio 

The stress history of the soil gives that three basic classifications of clay can be made based on 

„ᴂ. Soil can be consolidating, normally consolidated or overconsolidated, where OCR is defined 

as: 

ὕὅὙ        (6) 

According to Nagaraj & Srinivasa Murthy (1985) overconsolidation can be caused by three 

processes: a reduction in „ᴂ due to a decrease of „ or increase in ό; changes in soil structure 

due to secondary compression, changes in strain rate of loading or ageing resulting in a time 

dependent „ᴂ; and lastly, chemical and environmental factors which may result in so-called 

pseudo „ᴂ. 

Bjerrum (1974) made a distinction between young and aged normally consolidated clays. Young 

clays have been deposited recently and is in equilibrium under its own weight. A young clay can 

carry the overburden weight of soil but an additional load will result in large deformations, while 

aged clays may have undergone significant secondary consolidation and thus reached an 

increased strength and decreased compressibility. Therefore, aged clays have reserve resistance 

against compression when an additional load is applied, as can be seen in Figure 11, where the 

aged clays have higher observed values for , compared to the young clays. 

A simple classification is that a normally consolidated soil has a present „ᴂ equal to „ᴂ, OCR=1, 

and an overconsolidated soil is one where „ᴂ is greater than the current „ᴂ, OCR>1.  

   „ᴂ „ᴂ -> normally consolidated 

   „ᴂ „ᴂ -> overconsolidated 
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However, Scandinavian soils are typically slightly overconsolidated, ὕὅὙρȢς ρȢσ, and a 

practical definition is made to distinguish typical soils with similar behavior as normally or slightly 

overconsolidated (Larsson et al., 2007): 

   h/w Җ мΦр -> normally to slightly overconsolidated 

   OCR > 1.5 -> overconsolidated 

2.3.5 Preconsolidation pressure and deformation 

The deformations a soil undergoes can be elastic or plastic and „ᴂ can be interpreted as vertical, 

„ᴂȟ, or horizontal, „ᴂȟ. When a soil is subjected to stresses smaller than „ᴂ the deformations 

are elastic and recoverable, while stresses greater than „ᴂ will result in irrecoverable 

deformations. The type of deformation is thus dependent of „ᴂ and the yield surface in Figure 12 

describes the limits outside which plastic deformations occur.  

The aggregates constituting the clay microstructure are connected through links, or groups of 

small particles, and the pore water present between the aggregates has a high viscosity, as 

described in section 2.1. During deformation, the aggregates are expected to act as rather solid 

units in relation to one another while the failure and direct contact between them is untypical. 

The yielding processes occur in the linkage space between the aggregates which is the weakest 

part of the clay structure. The increase in deformation when „ᴂ is exceeded can be explained by 

these processes.  

In highly overconsolidated clays, where the aggregates have been restructured, the resistance 

against deformation is great in the elastic zone, with respect to both volume and shape. The 

deformations due to loading in this case are dependent on shearing in weak zones and 

compression of open joints (Westerberg, 1995).      

 

Figure 12.Failure criterion with respect to „ᴂὧ (Sällfors and Hov, 2015). 
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2.4 SHEAR STRENGTH 

The shear strength of a soil mass can be defined as the internal resistance per unit area that the 

soil mass can offer to resist failure and sliding along any plane inside it (Das and Sobhan, 2010). In 

short, it describes the magnitude of shear stress, †, a soil can sustain before failure. The strength 

is mainly dependent on friction, as a function of „ᴂ level in the soil, but cementation, particle 

interlocking and other bonding mechanisms are also present (Larsson, 2008). 

The shear strength is typically analyzed as either drained or undrained, mainly depending on 

permeability in the soil mass and the rate of loading. During drained conditions, the shear 

deformation occur at a rate at which the pore water can dissipate and no excess pore water 

pressure is present, while the pore water cannot dissipate before failure occurs during undrained 

conditions. It is however important to understand that drained shear strength and ί are not 

fundamentally different soil behaviors but rather two practical simplifications representing 

extreme cases.  

2.4.1 Undrained shear strength 

Under undrained conditions the pore water is not easily drained and an increase in total normal 

or † will result in excessive ό. This is the typical situation in low permeable clay. In engineering 

practice ί is not seldom expressed as a single value which is supposed to be the representative 

for the soil. However, ί is not to be understood as a constant and is rather anisotropic. It varies 

with stress direction and ί can accordingly be classified with respect to the direction of the 

major stress, typically into three types, as illustrated in Figure 13. Active when the major stress is 

vertical, passive when it is horizontal and direct at direct shear in a horizontal sliding surface 

(Westerberg, 1995; Larsson et al., 2007). 

The average shear strength is a function of all three. The mobilized shear strength, ίȟ , can be 

defined as (Mesri and Huvaj, 2007): 

ίȟ ‘      (7) 

where ί  is the active shear strength, ί  the passive shear strength and µ  ̱is a strain rate factor. 

However, ί  has empirically been found to satisfactorily represent the average value and is 

applicable in most loading situations (Larsson, 1980; Larsson and Åhnberg, 2005; Westerberg, 

Müller and Larsson, 2015).   
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Figure 13. The shear types: active, direct and passive shear (Larsson, 1980). 

 

Figure 14.Variation of  for different K0,NC ǿƛǘƘ ŀƴƎƭŜΣ ʲΣ ōŜǘǿŜŜƴ ǎƘŜŀǊ ǇƭŀƴŜ ŀƴŘ ǘƘŜ ǾŜǊǘƛŎŀƭ ǇƭŀƴŜ (Larsson, 1977). 

The variation of  with angle between shear plane and the vertical plane, and different values 

for K0,NC can be illustrated as presented in Figure 14 (Larsson, 1977). Several test methods can be 

utilized to determine ί, as the cone penetration test, the vane shear test, triaxial tests, FC or DSS. 

The delimitations in this study excludes all test methods apart from FC and DSS. 

2.4.2 Direct simple shear test 

DSS is performed according to the Swedish national standard, SS027127 (Swedish Standards 

Institute, 1991b). The test method is representative for the shear mode of direct shear and 

applicable primarily on fine-grained soils. It is to be conducted on undisturbed soil samples 

obtained with a piston sampler. The concept of DSS is to deform the sample by imposing a shear 

force and measuring the deformation. The DSS equipment normally used in Sweden is SGI IV, 

which is presented in Figure 15. 
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Figure 15. Details of the equipment for DSS (Swedish Geotechnical Society, 2004). 

The test is performed under either drained or undrained conditions. The drained analysis is 

applicable for clays with ὕὅὙς and where the in situ „ᴂ have been decreased, due to 

excavations, erosion or increased ό. The undrained analysis is the more common of the two and is 

applied in normally consolidated to slightly consolidated soils where the in situ stresses 

correspond to a fully consolidated state.  

The test is performed in two phases: consolidation and shearing. Prior to shearing, the soil sample 

is reconsolidated. Overconsolidated samples are consolidated to πȢψυz„ᴂ before vertical 

unloading to in situ stresses while normally consolidated samples are simply consolidated to in 

situ stresses. The „ᴂ should not be overreached since it will result in plastic deformations and 

alteration of the soil character. The consolidation process requires for the „ᴂ and „ᴂ to be 

known. The reconsolidation means the sample disturbances from the change in stress situation 

are partly eliminated, although the internal structure of the sample remains disturbed.  

When conducting the shearing test, the deformations are measured with a dial gauge. The 

shearing is performed with an applied horizontal force, increasing step-wise or continuously. 

During continuous shearing, the rate of shearing is determined to obtain ‎ πȢρυ radian 

deformation in 24 hours, where: 

‎
Ў

         (8) 

where Ўί is the horizontal deformation and Ὄ is the height of the sample after consolidation. For 

the step-wise method, †  is initially increased with 0.05 of the normal load every 30 minutes until 

the horizontal deformation is about 0.5 mm. Thereafter, † is to be increased with 1/40 of the 

normal load every 15 minutes until failure occurs or ‎ πȢρυ is reached.  
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Figure 16. Results for two separate DSS from the ǘƘŜǎƛǎΩ data. The result to the left is ί ρτȢτ Ὧὖὥ, where the value 
has been read as ί at ‎ πȢρυ radians deformation and to the right ί ωȢψ Ὧὖὥ at ‎ πȢρυ rad. 

2.4.2.1 Determining undrained shear strength from direct simple shear test 

In DSS, ί is interpreted as equal to the maximum shear stress at failure, †, or ‎ πȢρυ radians. 

The deformations are measured and the result is presented in a diagram showing † and ‎. If ‎

πȢρυ radians is reached without failure occurring, ί is interpreted through interpolation between 

the two measurements before and after a deformation of ‎ πȢρυ radians in the result diagram. 

The average ί in a horizontal sliding surface is often assumed to be represented by ί  and the 

result can thus be utilized directly without being corrected (Larsson et al., 2007). Two typical 

ǊŜǎǳƭǘǎ ŦǊƻƳ 5{{Σ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ǘƘŜǎƛǎΩ ŘŀǘŀΣ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ Figure 16. The tests are 

undrained, consolidated to πȢψυz„ᴂ and have been executed according to SS 027127. 

2.4.3 Determining undrained shear strength from fall cone test 

There is an empirically defined proportionality between Ὥ and ί  (Hansbo 1957). The relation is 

defined as:  

ί ὑ        (9) 

where ὑ is a constant dependent on fall cone angle, Ὣ is the acceleration of gravity and ά the fall 

cone mass. The values of ί obtained from tables in SS027125 where Ὥ, within the range υȢπ

Ὥ ρωȢω mm, is related to cone type. In Swedish engineering practice, ί  is often utilized as a 

representative ί after correction with respect to ύ . FC typically underestimates ί for depths 

greater than 10-15 m (Westerberg, 1995; Jonsson and Sellin, 2012).  

2.4.4 Development of the correction factors for undrained shear strength 

The reliability of evaluated ί from soil testing methods has long been a matter of concern. The 

result from e.g. FC should, apart from reflecting the field conditions, be in line with results from 

other test methods like DSS which is an accurate estimation of the ί  in a clay (Larsson et al., 
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2007). The calibration is an ongoing process and corrections are made continuously with empirical 

experience, research or improved testing equipment. 

FC has been used to determine ί of clay for almost a century. The method was introduced to 

obtain relative strength parameters by the geotechnical commission of SJ (1922). The piston 

sampler was introduced in the 1930s and FC was calibrated with respect to the improved sample 

quality and additional field experience (Olsson, 1937; Caldenius, 1938) 

In 1950, the field vane shear test was introduced by Cadling and Odenstad (1950) and the 

standard piston sampler was improved. In 1957 Hansbo recalibrated the FC against the vane shear 

test, six field failures and a test embankment. Hansbo concluded that there was a direct relation 

between Ὥ and ί as presented above. The clays investigated was considered to be representative 

for most types of Swedish clays, mainly marine illite clays with Ὓ of about 10, and ί determined 

per the above equation is thus applicable for any typical Swedish clay (Larsson et al., 2007). 

The used correction factors and the interpretation of test results varied in the engineering 

practice and there was a need to standardize the procedure. In 1969, the Swedish Geotechnical 

Institute (SGI) arranged a technical conference which summarized the experience and found a 

common national standard to correct the results from vane shear test and FC, as presented in 

Figure 17. The correction factor was to be applied on conservative average ί and since it did not 

consider the anisotropy of ί, it was assumed to be applicable in any kind of calculation problem 

(Larsson et al., 2007). 

Based on several case studies on failure and landslides Bjerrum proposed the introduction of a 

new correction factor (Bjerrum, 1972, 1974). However, the studies were partly based on clays 

from different geological conditions than the Swedish and it was suggested that the correction 

ŦŀŎǘƻǊ ǘƘǳǎ ǿŀǎ ƴƻǘ ŀǇǇƭƛŎŀōƭŜ ƛƴ {ǿŜŘƛǎƘ ŎƭŀȅǎΦ !ƴŘǊŜŀǎǎƻƴ όмфтпύ ŀŘƧǳǎǘŜŘ .ƧŜǊǊǳƳΩǎ ŎƻǊǊŜŎǘƛƻƴ 

factor and compared it to the correction factor suggested by SGI 1969. The conclusion was that 

Bjerrum reduced the strength more for low plastic clays and less for high plastic clays (compared 

to SGI 1969), but the overall results were consistent. The SGI recommendation did not change. 

In 1977, an extensive survey was performed by Helenelund (1977) to describe the gathered 

experience regarding the correction factor in the light of recent studies. This resulted in the 

recommendation of a new correction factor:  

‘
Ȣ

        (10) 
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Figure 17. Recommended reduction of ί with respect to ύ  1969 (Institute, 1969). 

In 1984, SGI presented a new correction factor which still is the Swedish national standard 

(Larsson, Bergdahl and Eriksson, 1984). The modification of the correction factor was due to an 

evaluation considering previous findings and the empirical understanding of the influence of „ᴂ, 

loading rate and consistency limits on ί. The correction is to be applied on the measured ί  

and ί from vane shear test in normally consolidated to slightly overconsolidated clays. The 

corrected ί from e.g. the fall cone test, ί , should be equal to the average ί, which is 

interpreted as ί . To be able to apply the correction factor, a prerequisite is that FC gives normal 

results for the soil type which in normal to slightly overconsolidated Scandinavian clays mean that 

the measured ί  ǊƻǳƎƘƭȅ Ŧƻƭƭƻǿǎ IŀƴǎōƻΩǎ ƭƛƴŜŀǊ correlation (Larsson et al., 2007): 

πȢτυύ   (Hansbo, 1957)    (11) 

The correction factor is defined as: 

‘
Ȣ Ȣ

 πȢυ     (12) 

‘ ρȢς  should not be applied without further investigation. 
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Figure 18. Limitations to the stress situation for plastic deformations not to occur. 

2.5 YIELD SURFACE 

The yield surface is a model describing the stress boundaries for a soil in relation to plastic and 

elastic deformations. Larsson (1977) proposed a simplified two-dimensional model where the 

yield surface is restricted by „ᴂȟ and „ᴂȟ, and the Mohr-Coulomb failure criterion. The principal 

combined stress limitations are presented in Figure 18. This principal figure may be rotated 45o to 

obtain the typical yield surface. The principal yield surface is presented in Figure 19 (Larsson et al., 

2007). 

A simplified yield surface for Swedish soft clays can be defined by knowing the vertical „ᴂ and 

assuming typical values for ɲ and ὧ, since „ᴂȟ ὑȟ „zᴂȟ. In Swedish clays the typical 

assumed values for normally consolidated to slightly OC Swedish clays are ɲᴂσπЈ and ὧ π 

(Larsson and Sällfors, 1981). 

 

 

Figure 19. Yield surface (Larsson et al., 2007) 
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2.6 EMPIRICAL CORRELATIONS 

If ί cannot be directly measured, or the measurements are unreliable, it may be evaluated using 

a transformation model based on the correlation between ί and other clay properties. A clay 

deposits ί is dependent on its stress history and the clay composition but to find a good 

correlation has long been a matter of concern in geotechnical engineering. The transformation 

models presented in this section all consider  or .  They are often empirical or semi-

empirical, obtained from qualitative or statistical regression analysis ό5ΩLƎƴŀȊƛƻ et al., 2016).  

Many empirical correlations for clay are based on consistency limits ς ύ  in Sweden and 

internationally, typically Ὅ ς which are then assumed to solely describe the normalized ί. The 

transformation models can be global or site-specific. However, for the transformation model to 

be relevant, the properties of the clay for which the model is applied to have to be relatively 

uniform. This means that the most relevant experiences when applying a transformation model in 

Swedish clays are the ones from Swedish or other Scandinavian clays (Larsson et al., 2007). 

However, it is important to consider local and regional conditions when applying national 

recommendations, as clay properties does not recognize the borders inside which the 

recommendations apply. The methods to evaluate ί  and „ᴂ from field tests in Sweden are 

typically based on experience from normally to slightly overconsolidated clays. They should be 

carefully applied and the limitations to it must be recognized. 

The choice of properties to be used in empirical correlations is crucial and should be based on a 

theoretical understanding, a physical appreciation of why the properties are expected to be 

related (Wroth, 1984). What set of parameters are relevant are not fixed, but ί has traditionally 

been represented as a function of ύ , stress parameters and/or ɲᴂ:  

ί Ὢύȟ„ ȟ„ ȟὕὅὙȟʒ      (13) 

Ὓ does not seem to influence  (Larsson 1980, Dignazio et al 2016). 

2.6.1 Correlations based on consistency limits 

Skempton proposed an early correlation where  is a linear function of Ὅ for normally 

consolidated clay (Skempton, 1954, 1957): 

πȢρρπȢππσχὍ      (14) 
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Figure 20. Result from Hansbo for  with ύ  (Hansbo 1957). 

Hansbo (1957) proposed a correlation based on ύ , presented in Figure 20. The clays investigated 

are considered to be representative for most of the different types of Swedish clays, illite clays 

with Ὓ ρπ. The correlation was originally found for „ᴂ but the correlation has since been 

considered to be equally applicable to „ᴂΦ ¢ƘŜ Ŏƭŀȅǎ ǇǊŜǎŜƴǘ ƛƴ IŀƴǎōƻΩǎ ǎǘǳŘȅ ƘŀŘ ƴƻǘ ōŜŜƴ 

influenced by overconsolidation, which means the correlation is primarily defined for OCR=1.  

ί πȢτυzύ „z      (15) 

The linear correlation is still considered to be representative for all normally to slightly over 

consolidated typical clays in Sweden (Larsson et al., 2007). However, far from all clays fit the 

relation and the typical scatter when applied to Swedish clay is ±20% but can be ±50% or even 

more (Larsson, 1977, 1980). 

2.6.2 Correlations independent of consistency limits 

Karlsson and Viberg (1967) evaluated different types of Swedish clays with respect to ίό
„ᴂὧ

 and ύ . 

¢ƘŜȅ ŦƻǳƴŘ ŀ ƎǊŜŀǘ ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ ōƻǘƘ {ƪŜƳǇǘƻƴΩǎ ŀƴŘ IŀƴǎōƻΩǎ correlations and concluded that 

there is no unique correlation between ί, „ᴂ and ύ . The characteristics of ί are dependent on 

the constituents and microstructure of the clay. Neither the original structure nor the variations in 

constituents of the soil are reflected in the consistency limits since they are determined on 

remolded material and there are too many factors contributing to ί as well as local variations 

and geological history, to conclude a unique relationship between   and consistency limits. 

Although, such correlations may be applicable to uniform type of clays if anisotropic conditions 

are considered (Karlsson and Viberg, 1967). 
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Figure 21. ¦ǇǇŜǊΥ .ƧŜǊǊǳƳΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦŀŎǘƻǊ ŦƻǊ ǾŀƴŜ ǎƘŜŀǊ ǎǘǊŜƴƎǘƘ όǘƻ ǘƘŜ ƭŜŦǘύ ŀƴŘ ǘȅǇƛŎŀƭ ǾŀƭǳŜǎ ƻōǎŜǊǾŜd in NC late 
ƎƭŀŎƛŀƭ Ŏƭŀȅǎ όǘƻ ǘƘŜ ƳƛŘŘƭŜ ŀƴŘ ǘƘŜ ǊƛƎƘǘύΦ [ƻǿŜǊΥ ǳƴŎƻǊǊŜŎǘŜŘ ŀƴŘ ŎƻǊǊŜŎǘŜŘ ǾŀƭǳŜǎ ǊŜǎǇŜŎǘƛǾŜƭȅ ŦǊƻƳ .ƧŜǊǊǳƳΩǎ Řŀǘŀ 
(Mesri, 1975). 

Bjerrum (1973) introduced correction factors based on Ὅ to measured ί from vane shear tests 

for aged and young clays, respectively. Trak et al. (1979) meant that they were unable to explain 

actual soil behavior. However, Mesri (1975) pointed out an important implication of applying the 

correction factors to .ƧŜǊǊǳƳΩǎ ǾŀƭǳŜǎ ƻŦ  and  observed in normally consolidated late glacial 

and postglacial clays. By dividing  with  at corresponding values of Ὅ, the correlation  is 

obtained. When applying both the correction factors and the transformation to , the result is a 

practically constant value, independent of age and consistency limits, see Figure 21. Mesri (1975) 

ǎǘŀǘŜŘ ǘƘŀǘ ǘƘŜ ǎǘǊŜƴƎǘƘ ƛǎ ŘƛǊŜŎǘƭȅ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ˋΩc at:  

πȢςς       (16) 

The approach suggested by Mesri (1975) was applied in the analysis of several failures in Canada 

with good result, although the correlation was not relevant for soft, layered, organic clays (Trak et 

al., 1979)Φ [ŀǊǎǎƻƴ όмфулύ ŎƭŀƛƳǎ ǘƘŀǘ aŜǎǊƛΩǎ ŎƻǊǊŜƭŀǘƛƻƴ Ƴǳǎǘ ōŜ ǎŜǊƛƻǳǎƭȅ ǉǳŜǎǘƛƻƴŜŘ ŦƻǊ {ǿŜŘƛǎƘ 

clays since the correlŀǘƛƻƴ ƛǎ ōŀǎŜŘ ƻƴ .ƧŜǊǊǳƳΩǎ Řŀǘŀ ǿƘƛŎƘ ǿŜǊŜ ƭƛƳƛǘŜŘ ƛƴ ƴǳƳōŜǊΣ ŀƴŘ ƘŀŘ 

been found to be in error and not representative for Swedish clays. The relation between OCR 

due to age and Ὅ proposed by Bjerrum (1973) is not supported by observations in Swedish clays 

and the method may thus not be applicable to Swedish clays. Despite the principal criticism, the 

average result of all the clays from Larsson (1980) corresponds to Mesri (1975), although Mesri 

for high plastic soils underestimates, and for low plastic soil, overestimates ί. In 1989,  Mesri 

reevaluated the above correlation obtained from field tests with respect to additional laboratory 
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shear tests considering anisotropy and time effects. The conclusion was that the results were 

highly significant, especially since the data are completely unrelated. 

5ΩLƎƴŀȊƛƻ Ŝǘ ŀƭΦ όнлмсύ conducted a multivariate statistical analysis based on an extensive database 

of mainly Finnish, but also Swedish and Norwegian clays. The study found  to be independent 

of consistency limits and proposed a constant correlation: 

πȢςτ      (17) 

Mesri and Wang (2017) stated that this result subsequently confirmed two conclusions drawn 

ŦǊƻƳ aŜǎǊƛΩǎ όмфтрύ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ .ƧŜǊǊǳƳΩǎ Řŀǘŀ όмфтнΣ мф74); that  measured from field 

vane shear test is independent of OCR, and that the proposed constant mobilized ȟ πȢςς is 

independent of Ὅ. 5ΩIgnazio et al., (2017) replied to this discussion confirming that the latter 

conclusion is applicable for Finnish inorganic clays. 

2.6.3 SHANSHEP 

Jamiolkowski et al (1985) stated that it should be evident that the „ᴂ is the single most important 

parameter controlling basic soil behavior trends. This applies to a wide range of problems 

including ί. Ladd and Foott (1974) presented a general soil model called Stress history and 

normalized soil engineering properties (SHANSHEP) which evaluates  for the soil as function of 

OCR, stress history and loading type. Jamiolkowski interpreted the log-log result plot from the 

SHANSHEP methodology as essentially a straight line, closely approximated by: 

ὥz ὕὅὙ      (18) 

where ὥ and ὦ are material constants. 

The material constants vary depending on material and whether the shear is active, passive or 

direct. Since ί  is close to, or slightly below the average ί, it can be applied directly to simplify 

the process. 

Jamiolkowski et al. (1985) utilized eq. 20 and the SHANSHEP method to evaluate the material 

constants, and found a wide range, πȢρφ ὥ πȢσσ. For a given deposit the OCR may be 

relatively uniform and the ratio  should be constant. Jamiolkowski et al. (1985) considered the 

results presented by Mesri (1975) (indirectly Bjerrum, 1972), and Larsson (1980) in their proposed 

correlation: 
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Figure 22Φ {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴs for direct, active and passive shear (after (Larsson et al., 2007). 

πȢςσπȢπτ       (19) 

Based on a fairly sensitive marine illite clay, Boston Blue Clay, Ladd & Foott (1974) found the 

simple correlation πȢς. While Karlsrud & Hernandez-Martinez (2013) found ὥ πȢςς and 

ὦ πȢψ with a considerable scatter.  

Mesri (1975) claimed that although the SHANSHEP methodology presented by Ladd and Foott 

(1974) takes sample disturbance, time factors, anisotropy and the use of more sophisticated test 

methods, e.g. DSS, into account, the disadvantages outweigh the benefits. The uncertainties 

introduced by the method, as the error associated with determining OCR from CRS tests, are 

greater than the uncertainty of measuring ί directly.  

2.6.4 SGI recommendation 

The recommended method to determine undrained shear strength, according to SGI, considers 

type of soil, loading scenario, „ᴂ and OCR.  

ὥz „ ὕzὅὙ       (20) 

The material parameter ὦ is varying, πȢχ ὦ πȢω and normally, ὦ πȢψ  is assumed. The 

parameter ὥ is varying with shear mode and for typical Swedish clays the result is presented in 

Figure 22 and the eqautions are: 

Active shear: ὥ πȢσσ     (21) 

Direct shear: ὥ πȢρςυ
Ȣ ᶻ

Ȣ
    (22) 

Passive shear: ὥ πȢπυυ
Ȣ ᶻ

Ȣ
   (23) 
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The mathematical mean is slightly higher than ί , which is assumed to be the average ί. When 

ύ  is unknown SGI proposes that, similarly to Mesri (1975), πȢςς may be assumed (Larsson 

et al., 2007). The  in compression, active shear, does not vary significantly with consistency 

limits, but other values for ὥ have also been suggest, e.g. ὥ πȢςς (Tavenas and Leroueil, 1980).  

2.6.5 Correlation from the yield surface 

The yield surface is limited by the Mohr-Coulomb failure criterion and „ᴂ. A conceptual method 

for interpreting ί of a soil by utilizing a simplified yield surface model was described by Sällfors & 

Hov (2015). By applying some typical values for the soil investigated, an expected ί can be 

approximated. The value of „ᴂȟ must be known and, based on empirical experience, typical 

values are assumed for ὧᴂ, ὑ and ɲ ᴂ, and „ᴂȟ is calculated as „ᴂȟ ὑ „zᴂȟ. How the yield 

surface varies with these parameters is illustrated in Figure 23. 

For example, by assuming ὧ π, ɲ σπ and ὑ πȢφ; ί  and ί  may be determined 

trigonometrically and expressed as factors of „ᴂȟ. The concept is displayed in Figure 24, and 

gives:  

ί ȟ       (24) 

ί ὑ ȟ ȟ      (25) 

 

Figure 23. Simplified model for yield curve of soft clay (Larsson, 1977). 
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Figure 24. Trigonometric interpretation of ίόὃ (upper) and ίόὖ (lower) for typical values of ὧᴂ, ὑ and ɲ ᴂ (Sällfors and 
Hov, 2015).  

The concept of applying regional empirical knowledge to illustrate soil behavior was further 

investigated by and a recommended way to determine ί was presented by Sällfors, Larsson and 

Bengtsson (2017). By applying a constant  and assuming typical values for OCR, soil unit weight 

and groundwater level, an expected value for ί can be sketched with depth. The expected ί is 

defined within a probable interval of ί ςπϷ. This is utilized as a background and reference ί 

when performing laboratory test - preferably advanced methods like DSS, CRS and triaxial tests ς 

in a qualitative and iterative process. 

2.7 SAMPLE DISTURBANCE 
The determination of reliable and representative soil parameters is a key process in geotechnical 

engineering. Testing should be performed on undisturbed samples to resemble actual in situ 

conditions. However, the problem with sample disturbance has long been recognized and the 

difficulty in obtaining undisturbed samples was discussed by e.g. Caldenius & Hultin (1937). The 

term sample disturbance means a change from in situ conditions and thus inevitably an alteration 

of soil properties. Furthermore, the test should ideally be performed to be representative for the 

situation which is to be evaluated, e.g. undrained properties should be determined in a test 

allowing the sample to remain undrained during testing. If testing is performed in laboratory the 

samples should be of high quality to determine the parameters with sufficient reliability. But, it is 
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practically impossible to retrieve undisturbed samples with maintained clay structure and to 

correctly recreate the actual in situ stress conditions. To assess soil properties from disturbed 

samples is difficult and the interpretation of sample disturbance is complicated as the 

disturbances may occur in any part of the testing process; from in situ, via transport to storage 

time and the handling of soil samples in the laboratory.  

Cadling & Odenstad (1950) suggested that the discrepancy between ί from laboratory tests and 

from stability analysis was due to sample disturbance and changes in stress conditions for the 

extracted samples. Their proposed solution was to perform in situ tests to obtain results that 

would be more representative for the actual field conditions. However, although the in-site tests 

are performed in natural soils, the driving of the test equipment may cause disturbance (Larsson 

et al., 2007). Kallstenius (1963) evaluated the process of performing soil testing with the standard 

piston sampler, introduced in 1960. The main factors contributing to sample disturbance was 

found to be sampler properties, sampling execution, transport of samples and time between 

sampling and testing. During transport the sample may be disturbed due to frost, shocks or 

vibrations and if it takes time between sampling and testing, the soil may change properties due 

to e.g. swelling. Tavenas & Leroueil (1991) concluded that soil may be disturbed prior to sampling, 

from the pushing of the piston sampler or because of poor boring conditions. Mechanical 

deformation of the sample may occur during the penetration of the sampling tube into the soil 

and the retrieval of the sampling tube, where suction may also disturb the sample. The extent and 

impact of the disturbance is apart from the sampling method dependent on clay properties such 

as sensitivity and plasticity and the depth at which the sample was obtained (Hernandez-Martinez 

and Karlsrud, 2013). 

According to Hight (2003) sample disturbance as described above affects the sample in four 

different ways, although they are difficult to separate. The first is the change in the stress 

situation due to unloading when extracting the soil samples and the second is the mechanical 

deformation and change in soil structure. The sample may also be disturbed by a change in 

chemical composition, as oxidation, and in ύ. 

In situ, a soil element has been subject to overburden pressure, vertical and horizontal stresses, 

and when they are extracted changes in stresses are inevitable. Due to the low Ὧ of the clay, 

negative ό appear and ideally, it is equal to the decrease in „ while „ᴂ remain constant. 

However, in normal to slightly overconsolidated clays a drop in „ᴂ almost always occur. Ladd & 

Foott (1974) proposed their SHANSHEP approach to overcome the sample disturbance caused by 

the change in stress situation by consolidating the samples to stresses far overreaching the „ᴂ 



 
 

32 
 

and then unloading the sample to an OCR corresponding to in situ conditions. However, the stress 

situation may be reapplied but the disruption of the clay structure, which is dependent on the 

particle arrangement and the cementation between the particles, is irreversible, causing 

mechanical deformation. This is the shortcoming of the approach since the soil structure is 

destructed and it cannot be duplicated via the mechanical overconsolidation. This approach, even 

if it should overcome the disturbance caused by the stress decrease, will alter the character of the 

sample and lead to lower measured ί (Jamiolkowski et al., 1985). 

Sample disturbance also affects ύ in a sample, where ύ decreases with the degree of 

disturbance. The mechanical deformation and change in ύ influences the clay properties. The 

more disturbed the sample, the lower † at small strains are, and the higher at larger strains. The 

cause of lower ί at small strains is caused by the breakdown of the clay structure, while the 

strength at large strains is governed mainly by ύ. The disruption of the structure and the change 

in ύ are the primary reasons why „ᴂ and other compressibility parameters are affected by the 

sample disturbance. The typical result is that „ᴂ and ί is lower for a disrupted clay structure 

than for an intact (Lunne et al., 2007; Hov et al., 2010). 

A change in chemical composition of the soil sample can significantly affect properties such as the 

ύ , ί and Ὓ. The change may be the result of complex chemical processes initiated when 

subjecting the sample to oxygen. This disturbance may be avoided by using storage and 

transportation procedures which isolates the samples from oxygen. The quality of laboratory test 

can be determined by evaluating the result from e.g. FC test with respect to field results and 

empirical correlations. The measured „ᴂ may be compared to in situ „ᴂ and determined OCR. 

The volumetric strains, ‐ , in reconsolidation of a soil sample to in situ stresses is an indication 

of the quality of the sample, where a small strain indicates good quality and vice versa (Tavenas 

and Leroueil, 1980). 
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3 METHOD 

To analyze the data, statistical analyses are applied and descriptive statistics are computed and 

visualized. The statistical approach used to test whether the above stated hypotheses holds, is 

primarily linear regression slope tests, i.e. t-test. Also, bivariate correlations are examined as well 

as root-mean-square deviation (RMSD). The statistical analysis is conducted in SPSS Statistics 

version 24 except for the RMSD analysis which is executed in Excel 2016. 

The hypotheses 1, 2 and 4 (see 1.2) are to be tested with respect to ί, ύ  and depth, and the 

hypothesis 3 with respect to ύ . Hypothesis 1 and 4 are tested with regression analysis and 

RMSD. Hypothesis 2 is tested with regression analysis and hypothesis 3 is tested with correlation 

and regression analyses. The hypotheses are rejected or not based on the sum of analyses. 

The datasets used are assumed to fulfill the central limit theorem, according to which a given 

distribution approaches a normal distribution when the sample size, ὔ, increases (Råde and 

Westergren, 2004). 

3.1 DESCRIPTIVE STATISTICS 
To illustrate the average value, the range and the scatter of the parameters of interest, a 

descriptive statistics analysis is conducted. The result from the analysis gives basic information, as 

minimum, maximum values and the population mean, ‘. It also includes the standard deviation 

(Blom et al., 2004): 

„ В ώ ‘       (26) 

where ώ is an observed value. The standard deviation quantifies the variation of a dataset and 

has the same unit as the sample. In a dataset with normal distribution about 68.2% of the sample 

population will fall within the interval of one standard deviation (Blom et al., 2004). 

3.2 CORRELATIONS 
To analyze the correlation between two variables, ὢ and ὣ, the Pearson correlation coefficient, ὶ, 

is used. The coefficient is defined as the covariance of the variables divided by the product of the 

ǾŀǊƛŀōƭŜΩǎ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴǎ (Blom et al., 2004): 

ὶ
ȟ

       (27) 

tŜŀǊǎƻƴΩǎ ὶ gives a measure of the bivariate linear correlation between the two variables and has 

a value between -1 and +1, where +1 is a total positive and -1 a total negative linear correlation. If 
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ὶ π there is no correlation between the two variables and a change in one variable is not at all 

correlated to a change in the other. 

To examine if two variables are in fact correlated, a significance test of the correlation is 

performed. Statistical significance is attained when the probability of obtaining results at least as 

extreme as those observed only by chance, is less than the defined significance level. The 

significance level reflects the probability of rejecting a hypothesis, given that it is true.   

Since the samples are assumed to follow a normal distribution, the significance is two-tailed, Sig 

(2-tailed). A correlation is determined to not be statistically significant if Sig (2-tailed) > 0.05. If 

0.01 < Sig (2-tailed) < 0.05 the correlation is significant at 0.05 level and if Sig (2-tailed) < 0.01 it is 

significant at 0.01 level. The significance level indicates to what degree the correlation reflects the 

characteristics of the analyzed variables and not the sampling error or scatter of data. The 

correlation at 0.01 significance level is more reliable than one at 0.05 level. For small samples 

sizes, an actual correlation may not reach significance, while large amount of samples may reach 

significance even though the correlation is weak (Blom et al., 2004). 

3.3 LINEAR REGRESSION 
The regression is modeling the linear relationship between two variables, a dependent variable ὣ 

and an independent variable, ὢ. The linear regression analysis fits a line to an observed data set 

of ὣ and ὢ (Blom et al., 2004): 

         ὣ ὢ‍ ‍      (28) 

where ‍ is the intercept if linear regression line and ‍ is the slope of linear regression line. The 

linear regression can be presented in a scatter plot with the dependent and independent variable 

on the y- and x-axis, respectively. In the statistical analysis, scatter plots may be presented with 

regression lines fit to the data and confidence or prediction intervals to verify or reject a 

hypothesis. 

The confidence interval contains the parameter of interest with a prespecified probability within 

an interval. The sample statistics are used as estimators of population parameters and confidence 

intervals are applied to these estimates. The intervals are determined at a confidence level, such 

as 95%. This means that if the same population is sampled on several occasions, the confidence 

interval would cover the true population parameter in approximately 95% of the cases. The 

confidence interval is defined as:  

‘ ρȢωφ
Ѝ
ȟ‘ ρȢωφ

Ѝ
    (29)  
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where ᾀ is corresponding to the confidence level, and e.g. ᾀ ρȢωφ for a 95% confidence interval. 

While the confidence interval predicts the distribution of estimates of the true population mean, 

the prediction interval predicts the distribution outcome of individual points in a future sample. 

The prediction interval is constructed using the observed sample mean and standard deviation 

(Råde and Westergren, 2004). It is defined as: 

‘ ᾀ„ȟ‘ ᾀ„      (30)  

where ᾀ is corresponding to the prediction interval range, and e.g. ᾀ ρȢρυ for a 75% prediction 

interval. The prediction interval considers a future sample as a statistic and computes its 

distribution.  

In regression analysis, the coefficient of determination, Ὑ ὒὭὲὩὥὶ, is a measurement of how well 

independent variables explains the variance in the dependent variable. The value of Ὑ  varies 

from 0 to 1, where 1 means that all variance in the dependent variable is described from the 

independent variables and 0 means that there is no correlation between the variance and the 

independent variables.  

3.4 ROOT-MEAN-SQUARE DEVIATION 
RMSD is used to measure the difference between values predicted by a model and the actual 

observed values, and can be understood as the standard deviation of a sample population 

compared to an estimator:  

ὙὓὛὈ В ώ ώ      (31) 

where ώ is the predicted value from a certain model and ώ is the actual observed value. RMSD 

may be used to estimate how well a proposed correlation between two variables coincide with 

the observed values in a sample population (Blom et al., 2004). 
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4 DATA 

The data utilized in the report have been obtained from several geotechnical engineers and 

companies in Stockholm (ST), Gothenburg (GB) and Uppsala (UP). The aim has been to gather data 

from projects where routine tests, DSS and CRS have been conducted on the same soil sample, 

but projects with only routine test and CRS have also been included. The data comes from 146 

boreholes and 596 data points totally. All data have been anonymized.  

Five data points have been excluded from the analysis. Three of them have been excluded since 

they were missing measurements of either ί or ύ . Two data points were excluded due to 

unrealistic values for , where the measured ί were greater than „ᴂ.  

The data has been categorized into eight separate datasets according to Table 2. The datasets are 

labelled as proposed by Ching & Phoon (2014) ŀǎ άǎƻƛƭ ǘȅǇŜέκέƴǳƳōŜǊ ƻŦ Ǉarameters of 

ƛƴǘŜǊŜǎǘέκέƴǳƳōŜǊ ƻŦ Řŀǘŀ Ǉƻƛƴǘǎέ. The six parameters of interest in the datasets are ί , ί , 

ί , ύ , „ and depth, ᾀ. The CLAY/6/590 contains the complete set of data and the regional 

data sets are labeled with ST-, GB- and UP.  The two soil classification databases are sorted inone 

database containing data points with clay containing sand and/or silt (SS-CLAY/6/174) and one 

with clay containing neither sand and/or silt nor gyttja (CL-CLAY/6/388). Two databases are 

limited by ύ ; wL<100 (wL100-CLAY/6/554) and wL<80 (wL80-CLAY/6/480). The reason to sort the 

data accordingly is the assumption that region, soil type and ύ  are assumed to influence the soil 

behavior. The number of boreholes and total number of data points per dataset and test method 

are presented in Table 2.  

Table 2.  The datasets with number of boreholes and number of data points in brackets per test method. 

 
Dataset ID 

FC  
Boreholes (data points) 

CRS 
Boreholes (data points) 

DSS 
Boreholes (data points) 

CLAY/6/590 146 (590) 131 (501) 44 (147) 
ST-CLAY/6/296 89 (296) 84 (278) 32 (111) 
GB-CLAY/6/132 26 (132) 26 (132) 8 (20) 
UP-CLAY/6/162 31 (162) 21 (91) 4 (16) 
CL-CLAY/6/388 129 (388) 113 (318) 41 (105) 
SS-CLAY/6/174 75 (174) 65 (157) 14 (22) 
wL100-CLAY/6/554 143 (554) 128 (472) 43 (130) 
wL80-CLAY/6/480 143 (480) 128 (411) 43 (104) 
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4.1 REGIONAL DATASETS 
The region from where the data origin gives a 

general understanding of the genesis of the soil, the 

geological conditions, and typical soil behavior. The 

regional classification is naturally a generalized 

description; the border between the northern parts 

of the Stockholm region and Uppsala may not be 

distinct and the deposition, content or character of 

a clay may differ significantly within a region. 

However, the regional origin of a soil indicates 

under which circumstances the soil was deposited 

and the soil content, which both have great impact 

on the soil character. An example is glacial and 

postglacial clays, or that the soils are lacustrine, 

brackish or a marine deposit. 

Marine clays are typical in the Gothenburg region 

since they were deposited in a saline environment. 

The clays in the Uppsala and Stockholm regions are 

brackish, near lacustrine, glacial or postglacial  clays  

(Eriksson, 2016). 

4.2 SOIL CLASSIFICATION DATASETS 
The presence of silt and/or sand influences the soil character, e.g. by forming draining or weak 

layers. Lacustrine clays may be varved, with silt and clay deposited seasonally, affecting both soil 

character and the execution of soil testing for ύ  and ί. The datasets sorted by soil classification 

are based on the soil description in the soil laboratory reports for each of the soil samples. The 

soil classification in laboratory is performed according to  SS14688 (Swedish Standards Institute, 

2013). 

4.3 LIQUID LIMIT DATASETS 
Two datasets have been generated by excluding soil samples with ύ  greater than 80% and 100% 

respectively. This means the two datasets are overlapping apart from the 74 data points with 

ψπ ύ ρππ%. The limit between when clay is classified as high plastic or very high plastic is 

ύ ψπϷ, why it has been determined as a relevant limit, and ύ ρππϷ is chosen to exclude 

untypical clays.  

Figure 25. Map of Sweden, with the dataset regions 
marked. 



 
 

39 
 

4.4 DATA DESCRIPTIVES 
In Table 3 the descriptive statistics for ύ , „ᴂ, ᾀ, ί , ί , ί , ,  and  for all 

datasets respectively are presented. 

Table 3. Descriptive statistics. 

 
CLAY/6/590 

wL100-
CLAY/6/554 

wL80-
CLAY/6/480 

CL-
CLAY/6/388 

SS-
CLAY/6/174 

ST-
CLAY/6/296 

GB-
CLAY/6/132 

UP-
CLAY/6/162 

ύ  

N 590 554 480 388 174 296 132 162 

Min 22 22 22 29 22 22 36 32 

Max 219 100 79 127 95 219 117 123 

Mean 65 61 57 64 58 62 72 65 

Std D 22 16 12 19 15 26 11 21 

„ᴂ 

N 501 472 411 318 157 278 132 91 

Min 11 13 13 9 21 11 38 43 

Max 505 505 505 401 505 217 505 401 

Mean 98 101 104 84 137 68 147 120 

Std D 71 72 74 52 90 34 92 73 

ᾀ 

Min 1.55 1.5 1.5 1.5 1.5 1.5 3.0 1.5 

Max 75.0 75.0 75.0 55.0 75.0 22.5 75.0 55.0 

Mean 10.5 10.8 11.0 8.3 16.2 5.6 20.5 11.3 

ί  

N 147 130 104 105 22 111 20 16 

Min 5.0 6.0 6.0 6.0 8.2 5.0 17.6 15.5 

Max 53.0 53.0 53.0 51.6 53.0 29.5 53.0 35.3 

Mean 17.9 18.6 18.9 17.6 25.9 14.7 31.9 22.8 

Std D 9.4 9.5 9.8 8.0 12.6 6.2 11.3 6.4 

ί  

N 590 554 480 388 175 296 132 162 

Min 5.0 5.0 5.0 5.0 5.9 5.0 10.0 12.5 

Max 101.0 101.0 101.0 70.0 101.0 57.0 101.0 70.0 

Mean 24.1 24.0 23.6 21.7 30.6 16.3 36.3 28.4 

Std D 13.8 14.0 14.3 10.7 17.9 6.6 16.8 11.6 

ί  

N 590 554 480 388 174 296 132 162 

Min 4.4 4.4 4.4 4.4 5.7 4.4 8.2 11.6 

Max 81.1 81.1 81.1 64.3 81.1 52.8 81.1 64.3 

Mean 20.2 20.5 20.6 18.1 26.4 14.4 28.9 23.9 

Std D 11.1 11.3 11.7 8.5 14.1 6.1 13.3 10.2 

ί

„ᴂ
 

N 134 118 92 94 21 100 20 14 

Min 0.15 0.15 0.15 0.15 0.15 0.15 0.21 0.17 

Max 0.50 0.50 0.50 0.50 0.35 0.45 0.50 0.25 

Mean 0.27 0.25 0.25 0.26 0.24 0.27 0.27 0.21 

Std D 0.06 0.06 0.06 0.06 0.04 0.06 0.07 0.02 

ί

„ᴂ
 

N 501 472 411 318 157 278 132 91 

Min 0.10 0.10 0.10 0.10 0.10 0.11 0.14 0.10 

Max 0.91 0.65 0.61 0.82 0.61 0.91 0.61 0.65 

Mean 0.28 0.26 0.25 0.28 0.25 0.28 0.28 0.28 

Std D 0.12 0.09 0.08 0.11 0.08 0.12 0.09 0.14 

ί

„ᴂ
 

N 501 472 411 318 157 278 132 91 

Min 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.10 

Max 0.48 0.47 0.47 0.69 0.47 0.47 0.46 0.45 

Mean 0.23 0.22 0.22 0.23 0.22 0.23 0.22 0.23 

Std D 0.07 0.07 0.07 0.08 0.07 0.07 0.07 0.08 
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5 LIMITATIONS  

The amount of data is limited and may thus not be representative for clays in general. The sites 

from where data have been obtained are limited to the Stockholm, Uppsala and Gothenburg 

region. The hypotheses are tested, results obtained and conclusions drawn for the specific 

samples. 

The test methods considered in the study are routine tests, FC, DSS and CRS. In the data obtained, 

there are a few boreholes where triaxial and vane shear tests have been performed. This data has 

not been evaluated.  

The analysis is conducted with respect to a limited number of variables ς ί , ί , ᾀ, „ and ύ . 

The data have been sorted into datasets by categorizing it with respect to different 

characteristics. Other parameters and sorting of data may be relevant to study, but it has not 

been within the scope of this study.  

Clays with organic content, i.e. clays with gyttja content are excluded. The study is limited to 

normally overconsolidated to slightly overconsolidated clays, where the consolidation process is 

fully proceeded. This means e.g. excavated, eroded and sloping locations are to be excluded. 

However, the site information has at some locations been limited which makes it difficult to 

evaluate the stress history of the site. Measurements of ό have been lacking in several projects 

and the OCR have been difficult to determine with accuracy. Locations with OCR>1.5 may thus be 

present in the analysis. 

The ί is interpreted as ί , where ί  is assumed to represent actual ί, while ί  and ί  are 

not considered. 

The parameters have been evaluated per borehole. The value of a parameter at a certain depth, 

have been evaluated against another parameter at the same depth in the same borehole. A 

qualitative approach, analyzing e.g. „ᴂ as a site average rather than a single value, would be 

preferable. But it was not possible to execute since the number of boreholes and CRS per location 

were limited. Rather than performing qualitative analyses at the locations where it was possible, a 

more quantitative and singular approach utilizing all data points was determined to be more 

relevant given the aim and purpose of the thesis. 
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6 STATISTICAL ANALYSIS 

The statistical analyses are presented with results plots for a specific dataset and hypothesis. In 

the following section, only the most relevant results plots are presented. The remaining result 

plots are presented in appendices 2-4. All ύ  values are presented as integers. 

6.1 HYPOTHESIS 1 
- Hypothesis 1: The normalized uncorrected shear strength from fall cone test follows 

IŀƴǎōƻΩǎ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴΣ πȢτυύ . 

The hypothesis is tested for ύ , ί and ᾀ for all datasets respectively. The result plots for wL100-

CLAY/6/554 are presented for all tests as an example from the analysis, and all other result plots 

are presented in Appendix 2. 

For ύ , the hypothesis is tested by expressing the hypothesis as a reference line following 

HansboΩǎ correlation. To evaluate the hypothesis with respect to ί, it is expressed as ί ί , 

where ί πȢτυzύ „zᴂ. The hypothesis is interpreted as a 1:1 reference line, with ί  at 

the y-axis and ί  at x-axis. The hypothesis is tested with respect to ᾀ by evaluating ρ for 

all ᾀ. The reference lines are tested against the linear regression line and a 90% confidence 

interval from the regression analysis. For hypothesis test against ύ , a RMSD analysis is also 

performed. 

6.1.1 Hypothesis 1 -Liquid limit 

For all datasets except UP-CLAY/6/162, the inclination of the regression line is ‍ πȢτυ and the 

intercept ‍ π. The average ÓÕ&#
ʎÃ

 thus increases less with ύ  than proposed by Hansbo (1957).  

 

Figure 26. To the left: wL100-CLAY/6/554 and to the right: UP-CLAY/6/162, displaying   with ύ  (points), linear 

regression line and 90% confidence interval (blue) and reference line (red).  
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Figure 27. Data points for wL100-CLAY/6/554 (points), linear regression lines and 90% confidence intervals (blue) and 
reference lines (red). To the left: hypothesis test with respect to ί and to the right: hypothesis test with depth.  

The average 
ÓÕ&#
ʎÃ

 from the data is greater than that evaluated values from HansboΩǎ correlation for 

lower ύ  and less than for higher ύ , as seen in Figure 26. The intersection between HansboΩǎ 

correlation and the regression line, where HansboΩǎ ŎƻǊǊŜƭŀǘƛƻƴ is within a 90% confidence 

interval of the data, is located at around πȢτ ύ πȢφ.  

UP-CLAY/6/162 differ from all other datasets with ‍ πȢυσ and HansboΩǎ ŎƻǊǊŜƭŀǘƛƻƴ is within 

the 90% confidence interval for  ύ πȢφ, as seen in Figure 26. Ὑ ὒὭὲὩὥὶ varies between the 

datasets with the lowest values for wL80-CLAY/6/480, Ὑ πȢπωω, and GB-CLAY/6/132, Ὑ

πȢπσυ, and the highest for UP-CLAY/6/162, Ὑ πȢφωτ. 

In Table 4, ǘƘŜ wa{5 ƻŦ IŀƴǎōƻΩǎ correlation for all analyzed datasets are presented. As can be 

ǎŜŜƴΣ ǘƘŜ ǎŎŀǘǘŜǊ ƛǎ ƎǊŜŀǘΦ ¢ƘŜ ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ IŀƴǎōƻΩǎ ƭƛƴŜŀǊ correlation for ÓÕ&#
ʎÃ

 is smallest for UP-

CLAY/6/162, ±0.078, and greatest for wL100-CLAY/6/554, ±0.124.  

Table 4Φ wa{5 ŦƻǊ IŀƴǎōƻΩǎ ǇǊŜŘƛŎǘƛƻƴ ƳƻŘŜƭ ŀƴŘ  for all datasets. 

Datasets  
CLAY/6/590 

wL100-
CLAY/6/554 

wL80-
CLAY/6/480 

CL-
CLAY/6/388 

SS-
CLAY/6/174 

ST-
CLAY/6/296 

GB-
CLAY/6/132 

UP-
CLAY/6/162 

RMSD   0.089 0.124 0.120 0.086 0.089 0.086 0.102 0.078 

 

6.1.2 Hypothesis 1 - Depth 

The general trend is the same for all datasets, with ί ί  for shallow depths and ρ is 

within 90% confidence interval of the linear regression until around ᾀ ρπρυά. At greater 

depths ί  is nearly twice the value of ί . This can be seen for wL100-CLAY/6/554 in Figure 27. 

The depth at which ρ is no longer within the confidence interval varies between the 

datasets. The scatter of data is great, especially at shallow depths. The values of Ὑ ὒὭὲὩὥὶ are 

low, Ὑ πȢς, for all datasets and the scatter of  is not explained by depth.  
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6.1.3 Hypothesis 1 ς Undrained shear strength 

The result trend is the same for all datasets with an agreement with the hypothesis within 90% 

confidence interval until around ί ςπ Ὧὖὥ. For higher values of ί, the relation is ί ί , 

as can be seen in Figure 27. 

6.1.4 Hypothesis 1 - Conclusions 

¢ƘŜ Řŀǘŀ ŘƻŜǎ ƴƻǘ ǘȅǇƛŎŀƭƭȅ Ŧƻƭƭƻǿ IŀƴǎōƻΩǎ correlation. This is certain for all datasets except UP-

CLAY/6/162. HansboΩǎ ŎƻǊǊŜƭŀǘƛƻƴ overestimates ί , ί ί , with increasing depth and ί, 

and for higher values for ύ . For UP-CLAY/6/162 however, the average  is greater than 

ǇǊŜŘƛŎǘŜŘ ōȅ IŀƴǎōƻΩǎ correlation with increasing ύ . HansboΩǎ correlation coincide with the 90% 

confidence interval for some ranges of ύ , for shallow depths and ί ςπ Ὧὖὥ. Even so, the 

scatter is considerable and the hypothesis may be rejected. 

The hypothesis is not rejected for UP-CLAY/6/162 for ύ πȢφ, the RMSD value is the lowest and 

ǘƘŜ Řŀǘŀ ǊƻǳƎƘƭȅ Ŧƻƭƭƻǿǎ IŀƴǎōƻΩǎ ƭƛƴŜŀǊ correlation for ύ . However, the hypothesis may be 

rejected with respect to both ί and depth. 

The prerequisite to apply the correction factor to ί  is that the clay gives typical results. 

!ŎŎƻǊŘƛƴƎ ǘƻ {DL όнллтύΣ ǘƘƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ Ŏƭŀȅ Řŀǘŀ ǎƘƻǳƭŘ ǊƻǳƎƘƭȅ Ŧƻƭƭƻǿ IŀƴǎōƻΩǎ correlation, 

since it is considered to be representative for normally to slightly over consolidated typical clays in 

Sweden. However, the typical scatter is ±20% but can be ±50% or even more, and far from all 

clays fit the relation. The regression analysis, however, show that the data typically does not 

Ŧƻƭƭƻǿ IŀƴǎōƻΩǎ corǊŜƭŀǘƛƻƴΦ .ǳǘ ǘƘŜ ǇǊŜǊŜǉǳƛǎƛǘŜΣ ǿƘŜǘƘŜǊ ǘƘŜ Řŀǘŀ ǊƻǳƎƘƭȅ Ŧƻƭƭƻǿǎ IŀƴǎōƻΩǎ 

correlatiom or not, is difficult to interpret since it is rather vague.   
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6.2 HYPOTHESIS 2 
- Hypothesis 2: The correction factor, ‘, equals the shear strength from fall cone test to the 

shear strength from direct simple shear test, ί ‘z ί . 

The hypothesis is tested for ύ , ί and ᾀ for all datasets, respectively. The result plots for 

CLAY/6/590 are presented for all tests, and the result plots for all other datasets are presented in 

Appendix 3. 

The correction factor, ‘
Ȣ Ȣ

, corrects the measured ί  to obtain an actual ί which is 

assumed to be equal to ί , ί ‘z ί . Then  ‘ and the data should follow ‘ with 

with ύ . To evaluate the hypothesis with respect to ί, it is expressed as ί ί  and 

interpreted as a 1:1 reference line. The hypothesis is tested with respect to depth by evaluating 

ρ for all depths. To compare ί  and ί , the ί and depth analyses are also 

performed for ί ί  and ρ. The reference lines and ‘ are tested against the linear 

regression line and a 90% confidence interval from the regression analysis. 

6.2.1 Hypothesis 2 ς Liquid limit 

For CLAY/6/590, CL-CLAY/6/388 and ST-CLAY/6/296, µ is within the 90% confidence interval of the 

data for ρȢς ύ ρȢχ, as can be seen in Figure 28. For UP-CLAY/6/162 and GB-CLAY/6/132, 

however, the regression analysis gives  ‘ for all wL.  The linear regression lines are in the 

interval πȢυτ ‍ πȢχχ, except for UP-CLAY/6/162 where ‍ ρȢυω. SS-CLAY/6/174 is 

exceptional compared to the other datasets, with the linear regression line being rather constant 

with ύ  at ρȢρυ and ‘ is within the 90% confidence interval for ύ πȢτ. 

 

Figure 28. Data points for  for CLAY/6/590 (points), with linear regression line and 90% confidence interval (blue) 

against correction factor, µ (red).  



 
 

47 
 

 

Figure 29. Hypothesis test with respect to depth with data for CLAY/6/590 (points), linear regression line and 90% 
confidence interval (blue) and reference line (red). To the left: ί  data and to the right: ί  data. 

The scatter of the data is significant, especially for lower ύ , with ὙὒὭὲὩὥὶπȢρρυ for wL80-

CLAY/6/480 compared to ὙὒὭὲὩὥὶπȢσπυ for CLAY/6/590. Ὑ ὒὭὲὩὥὶ is greatest for UP-

CLAY/6/162, Ὑ πȢτς, and close to zero for SS-CLAY/6/174. 

6.2.2 Hypothesis 2 - Depth 

For corrected data, the linear regression lines for all datasets are above 1 and ρ is not 

within 90% confidence interval of the data, as can be seen in Figure 29. The intercept ‍ ρ for 

all datasets and the slope πȢππψ‍ πȢπς. The linear regression lines are above the reference 

line at shallow depths and greater than 1 with depth. All data points with values below 1 are 

located at z<11 m and most are in the datasets CL-CLAY/6/388 and ST-CLAY/6/296. The data is 

roughly in the range  πȢυ ς, concentrated at ρȢπ ρȢυ. 

The ratio for ί  is generally greater than for ί , meaning  which can be seen in 

Figure 29. For CLAY/6/590, the reference line is within the confidence interval from 6 m until 12 m 

depth, and it is within the confidence interval until 6 and 8 m for wL80-CLAY/6/480 and wL100-

CLAY/6/554 respectively. The tendency of ί ί  is stronger for SS-CLAY/6/174, where the 

reference line is not within the confidence interval for any depth, and UP-CLAY/6/162, where it is 

within the confidence interval to 5 m depth. For ST-CLAY/6/296 and GB-CLAY/6/132 it is not as 

strong, since the reference line is within the confidence interval for χ ᾀ ρτά and ᾀ ρυά 

respectively. The data ranges roughly  πȟυ ς and is concentrated at 0,5-1,5.  



 
 

48 
 

 

Figure 30. Hypothesis test with respect to ί with data for CLAY/6/590 (points), linear regression line and 90% 
confidence interval (blue) and reference line (red). To the left: ί  and to the right: ί  data. 

6.2.3 Hypothesis 2 ς Undrained shear strength 

The tendency for ί  is the same for all datasets with ί ί  for all ί χȢυ Ὧὖὥ, as can 

be seen in Figure 30. For the dataset CLAY/6/590, ί ρȢτσzί  which means that the 

difference between the two is increasing with ί. The correction factor does reduce ί  too 

much with respect to ί .  

For ί , the reference line is within a 90% confidence interval of CLAY/6/590 for all ί. For wL80-

CLAY/6/480, wL100-CLAY/6/554 and SS-CLAY/6/174 the trend is ί ί  for all su and the 

reference line is within the confidence interval only at the upper and lower end of the data 

interval. ST-CLAY/6/296 is the only dataset where ί ί  for most ί.  

6.2.4 Hypothesis 2 ς Conclusions 

The hypothesis is rejected for all ύ  for UP-CLAY/6/162, GB-CLAY/6/132 and SS-CLAY/6/174, while 

‘ is within the confidence interval for ύ ρȢς for the other datasets. The scatter of all data is 

however considerable and the Ὑ ὒὭὲὩὥὶ low. The trend of all datasets is that ί ί  and 

the difference increases with depth and ί. The correction factor does not correct ί  to be 

equal to ί  but rather decreases ί  too much.  

The regression analysis with respect to ί for the dataset containing all data points shows that 

ί ί  in a 90% confidence interval for all ί. With depth, ί  is also more accurate 

compared to ί  than for ί , although typically ί ί  for ᾀ ρπά. If the aim is to 

correct ί  to be equal to ί , the correction factor should not be applied.  

However, following the partial rejection of hypothesis 1, one should be cautious drawing definite 

conclusions from the analysis of hypothesis 2, since the prerequisite that the data should typically 

Ŧƻƭƭƻǿ IŀƴōƻΩǎ ǊŜƭŀǘƛƻƴ may not be fulfilled.  
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6.3 HYPOTHESIS 3 

- Hypothesis 3: The normalized shear strength, , is dependent on ύ . 

The hypothesis is tested by regression analysis and bivariate correlation for all datasets 

respectively. 

6.3.1 Hypothesis 3 ς Result 

The result from the correlation analysis shows that  is positively correlated to ύ  for the 

datasets with statistical significance, except for the datasets covering Gothenburg, Uppsala and 

silt/sand content which are not statistically significant. The strongest correlations are found for 

CLAY/6/590, ὶ πȢφςτ  and ST-CLAY/6/296, ὶ πȢφφχ. The weakest correlation is found for wL80-

CLAY/6/480, ὶ πȢσςυ.  

The correlation is stronger between  and ύ , than for  and ύ  for all datasets. The 

highest correlations are, for both corrected and uncorrected data, found for ST-CLAY/6/296, 

ὶ πȢχυχ and ὶ πȢσωω, and UP-CLAY/6/162, ὶ πȢψσσ and ὶ πȢφψτ. The datasets 

covering GB-CLAY/6/132 and SS-CLAY/6/174 content are statistically significant for uncorrected 

data but not for corrected. The correlation decreases with lower ύ , for both FC and DSS data. For 

uncorrected FC data, the correlation decreases significantly with ύ , from ὶ πȢφωρ for all data 

points to ὶ πȢσρυ for wL80-CLAY/6/480, and for corrected FC data from ὶ πȢσφ to not being 

statistically significant, as mentioned.  

Table 5. Equations for linear regression lines of  and  with ύ  for all datasets. 

 

Dataset 

Direct simple shear data Corrected fall cone data 

Linear regression equation ╡ ╛░▪▄╪► Linear regression equation ╡ ╛░▪▄╪► 

CLAY/6/590 Ó

ʎᴂ
πȢρυ πȢρφ×  0.389 Ó

ʎᴂ
πȢρυ πȢρς×  0.130 

wL100-CLAY/6/554 Ó

ʎᴂ
πȢρυ πȢρφ×  0.199 Ó

ʎᴂ
πȢρω πȢπφ×  0.016 

wL80-CLAY/6/480 Ó

ʎᴂ
πȢρυ πȢρυ×  0.106 Ó

ʎᴂ
πȢςςπȢππς×  0.000 

CL-CLAY/6/388 Ó

ʎᴂ
πȢρφ πȢρυ×  0.234 Ó

ʎᴂ
πȢρφπȢρ×  0.065 

SS-CLAY/6/174 Ó

ʎᴂ
πȢρω πȢπψ×  0.069 Ó

ʎᴂ
πȢςςπȢππτ×  0.000 

ST-CLAY/6/296 Ó

ʎᴂ
πȢρφ πȢρυ×  0.444 Ó

ʎᴂ
πȢρφ πȢρς×  0.160 

GB-CLAY/6/132 Ó

ʎᴂ
πȢςυ πȢπσ×  0.001 Ó

ʎᴂ
πȢςφ πȢπυ×  0.005 

UP-CLAY/6/162 Ó

ʎᴂ
πȢρω πȢπσ×  0.049 Ó

ʎᴂ
πȢπφ πȢςφ×  0.467 
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As seen in Table 5, the datasets where  increases most with ύ  are CLAY/6/590, wL100-

CLAY/6/554, wL80-CLAY/6/480, CL-CLAY/6/388 and ST-CLAY/6/296, where πȢρυ ‍ πȢρφ. The 

greatest Ὑ ὒὭὲὩὥὶ are 0.444 for ST-/[!¸κсκрфл ŀƴŘ /[!¸κсκрфлΦ  [ƛƪŜ tŜŀǊǎƻƴΩǎ ὶ, Ὑ ὒὭὲὩὥὶ 

decreases with ύ  and amongst the datasets with πȢρυ ‍ πȢρφ, wL80-CLAY/6/480 has the 

lowest Ὑ , Ὑ πȢρπφ. 

The lowest correlation between  and ύ  are found for GB-CLAY/6/132, ‍=0.03 and Ὑ

πȢππρ, and UP-CLAY/6/162, ‍=0.03 and Ὑ πȢπτω. For these datasets, the variability in  

data is hardly at all explained by ύ . 

The DSS results have higher ‍ and Ὑ  for all datasets, except GB-CLAY/6/132 and UP-

CLAY/6/162. GB-CLAY/6/132 shows a slightly higher ‍ and Ὑ  for FC data than for DSS data, and 

the FC data of UP-CLAY/6/162 is where  increases most with ύ  and has the highest Ὑ  of all 

datasets, ‍ πȢςφ and Ὑ πȢτφχ. The two datasets where ύ  influences the change in  

most, apart from the Uppsala data, are CLAY/6/590, ‍ πȟρς and Ὑ πȢρσ, and ST-

CLAY/6/296, ‍ πȢρς and Ὑ πȢρφ. The scatter of data is greater for lower ύ , with both ‍ 

and Ὑ ὒὭὲὩὥὶ decreasing significantly from CLAY/6/590 to the datasets limited by ύ . 

For three datasets, wL80-CLAY/6/480, SS-CLAY/6/174 and GB-CLAY/6/132,  even decreases 

slightly with wL, ‍ π. The Ὑ  of these datasets are extremely low or non-existing, as are the the 

values of ‍, and the impact of ύ  on the change in  with respect to ύ  may be determined 

to be none.   

6.3.2 Hypothesis 3 - Conclusions 

The hypothesis is rejected for GB-CLAY/6/132 and SS-CLAY/6/174, with no statistical significance 

ŦƻǳƴŘ ŦƻǊ ǘƘŜ tŜŀǊǎƻƴΩǎ ὶ and Ὑ ὒὭὲὩὥὶ, and ‍ close to zero for both FC and DSS data.  

UP-CLAY/6/162 gives contradicting results for FC and DSS. The hypothesis may be rejected for DSS 

but not for FC data, where  Ƙŀǎ ŀ ǊŜƭŀǘƛǾŜ ƘƛƎƘ tŜŀǊǎƻƴΩǎ ὶ, and the highest ‍ and Ὑ  for all 

ŘŀǘŀǎŜǘǎΣ ǿƘƛƭŜ ǘƘŜ tŜŀǊǎƻƴΩǎ ὶ for DSS data is not statistically significant and the regression 

analysis gives a very weak correlation. A possible explanation is the low number of DSS samples, 

N. CLAY/6/590 and ST-CLAY/6/296 generally gives the best agreement between  and ύ  for 

both FC and DSS, followed by CL-CLAY/6/388. It may be noted, however, that some points at 

ύ ρȢπ with high values for  are present in all datasets and influences the regression lines.  
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For the datasets where higher values of ύ  are excluded the correlation weakens significantly. 

This may be explained by the great scatter of data for  for low ύ  for DSS and especially FC for 

all datasets. The hypothesis is rejected for FC data and may be questioned for DSS. 
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6.4 HYPOTHESIS 4 

- Hypothesis 4: The normalized shear strength follows SGI empirical correlation,  

πȢρςυ
Ȣ

Ȣ
ύ . 

The hypothesis is tested for ύ , ί and ᾀ for FC and DSS data from all datasets respectively. The 

result plots for wL100-CLAY/6/554 are presented for all tests and the result plots for all other 

datasets are presented in Appendix 4. 

The hypothesis is tested for ύ  by expressing the hypothesis as a reference line following SGI 

empirical correlation. To evaluate the hypothesis with respect to ί, it is expressed as ί

ί  and ί ί , where ί πȢρςυ
Ȣ

Ȣ
ύ „zᴂ. The hypothesis is interpreted as 

a 1:1 reference line. The hypothesis is tested with respect to depth by evaluating ρ and 

ρ for all depths. The reference lines are tested against the linear regression lines and the 

90% confidence interval from the regression analysis. Prediction interval analyses are also 

performed to test the hypothesis. 

Hypothesis 4 ς Liquid limit 

The reference line, the SGI correlation, is within the 90% confidence interval of the linear 

regression line for DSS data from around ύ πȢψ for CLAY/6/590, wL100-CLAY/6/554, wL80-

CLAY/6/480 and CL-CLAY/6/388, and at ύ ρȢπ for ST-CLAY/6/296. The reference line is within 

the confidence interval for all ύ  for SS-CLAY/6/174 and GB-CLAY/6/132 and for UP-CLAY/6/162 it 

is within the interval for ύ πȢυ. The regression lines from all datasets increase less than 

proposed by SGI, ‍ πȢρχυ, while the intercept, ‍, is higher than SGI, ‍ πȢρςυ. 

 

Figure 31. To the left: DSS data and to the right: corrected FC data, displaying  with ύ  (points) from wL100-

CLAY/6/554, linear regression line and 90% confidence interval (blue) and reference line (red).  
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For the FC data, the reference line intercepts the linear regression line and is within the 

confidence interval at πȢσ ύ πȢφ for CLAY/6/590, πȢτ ύ πȢφυ for CL-CLAY/6/388 and 

πȢυ ύ πȢψ for ST-CLAY/6/296. The regression lines for the datasets limited by ύ  are rather 

constant with ύ  and intercepts with the reference line at ύ πȢυ. For SS-CLAY/6/174 and GB-

CLAY/6/132 the interception between the linear regression line and the reference line occurs at 

ύ πȢυυ for, and ‍ π and  thus decreases with ύ . UP-CLAY/6/162 is the only dataset with 

‍
Ȣ

Ȣ
 which mean  ƛƴŎǊŜŀǎŜǎ ƳƻǊŜ ǘƘŀƴ ǎǳƎƎŜǎǘŜŘ ōȅ {DLΩǎ ŎƻǊǊŜƭŀǘƛƻƴΦ  

The deviations between  ŦǊƻƳ ŀƭƭ ŘŀǘŀǎŜǘǎΤ ŀƴŘ {DLΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŀƴŘ ǘƘŜ Ŏƻƴǎǘŀƴǘ ǊŜƭŀǘƛƻƴΣ 

πȢςς, are expressed by the RMSD value and presented in Table 6. The scatter from the SGI 

correlation is greater for FC than for DSS for all datasets. The RMSD is the lowest for UP-

CLAY/6/162 for both FC and DSS. The greatest RMSD values are found for GB-CLAY/6/132 for DSS 

and wL80-CLAY/6/480 and WL100-CLAY/6/554 for DSS. The RMSD increases with decreasing ύ  for 

FC datasets, while it remains constant for DSS. 

The RMSD has also been evaluated for a constant, πȢςς as proposed by Mesri (1977) and SGI 

(2007), when ύ  data is missing. The values from ί  are greater than the SGI correlation for all 

datasets. For FC, RMSD is less for constant  for wL80-CLAY/6/480, wL100-CLAY/6/554 and SS-

CLAY/6/174.  

The 75% prediction interval, as presented for FC and DSS data in Figure 32, indicates within which 

interval a future sample would fall with 75% probability. The interval is rather wide for both FC 

and DSS data. It can be illustrated by exemplifying what interval of „ᴂ is to be expected at 75% 

probability for a given ύ . For DSS there is a factor 1.6 and for FC a factor 2.0 to the ratio .  

Table 6. RMSD for SGI linear and SGI/Mesri constant prediction model for  data from FC and DSS for all datasets. 

 

Datasets 

CLAY/6/5

90 

WL100-

CLAY/6/554 

wL80-

CLAY/6/480 

CL-

CLAY/6/388 

SS-

CLAY/6/174 

ST-

CLAY/6/296 

GB-

CLAY/6/132 

UP-

CLAY/6/162 

SGI, DSS 0.055 0.054 0.056 0.056 0.040 0.055 0.066 0.034 

SGI, FC 0.071 0.110 0.110 0.070 0.074 0.069 0.078 0.063 

Constant, 

DSS   

0.077 0.067 0.063 0.073 0.043 0.082 0.080 0.034 

Constant,

FC  

0.076 0.108 0.108 0.071 0.067 0.077 0.069 0.082 
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Figure 32 To the left: DSS data and to the right: corrected FC data displaying  with ύ  (points) from wL100-CLAY/6/554, 

linear regression line and 75% prediction interval (blue) and reference line (red).  

If ύ πȢχ and ί ρυ Ὧὖὥ the following intervals can be predicted for the next single sample 

with a 75% probability: 

πȢρυ πȢσπ and 50 Ὧὖὥ„ᴂ ρππ Ὧὖὥ 

πȢςπ πȢσς and τχ Ὧὖὥ„ᴂ χυ Ὧὖὥ 

 

6.4.1 Hypothesis 4 ς Depth 

The ratio between ί  and ί  changes with depth in a similar pattern for all datasets, except 

for UP-CLAY/6/162. For shallow depths, ί ί , while  ί ί  for greater depths, and 

the intercept ί ί  occurs at around 20 m for all datasets, as illustrated in Figure 33. 

 

Figure 33. Hypothesis test with respect to depth with data for wL100-CLAY/6/554 (points), linear regression line and 90% 
confidence interval (blue) and reference line (red). To the left: DSS data and to the right: corrected FC data. 
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Figure 34. Hypothesis test with respect to ί for wL100-CLAY/6/554 (points), linear regression line and 90% confidence 
interval (blue) and reference line (red). To the left: DSS data and to the right: corrected FC data. 

The ratio between ί  and ί  also changes with depth in a similar pattern as for DSS data for 

all datasets, except for UP-CLAY/6/162. Where ί ί  for shallow depths and ί ί  

for greater depths. The intercept ί ί  occurs at around 10 m for CLAY/6/590, slightly 

shallower for CL-CLAY/6/388 and ST-CLAY/6/296, and a bit deeper for SS-CLAY/6/174 and GB-

CLAY/6/132, where it occurs at 20m.  

UP-CLAY/6/162 is an exception for both FC and DSS, where ί ί  until ͯ ρρά depth and 

ί ί  for greater depths. The Ὑ ὒὭὲὩὥὶ is very low for all datasets and the scatter is great, 

especially for shallow depths. 

6.4.2 Hypothesis 4 ς Shear strength  

The average ί  from regression analysis is typically underestimated by ί  until ί ςπ

ςυ Ὧὖὥ, from where it overestimates ί , see Figure 34. The reference line is within the 

confidence interval around the interception of reference and regression line, except for ST-

CLAY/6/296 where it is within the confidence interval from the interception. UP-CLAY/6/162 is the 

only dataset where ί ί  for all ί, while for the other datasets ί ί  for ί

ςπςυ Ὧὖὥ. The linear relation between the two ί is about ί πȢψυzί  for all 

datasets, not considering the intercept. 

The reference line is not within the confidence interval of the linear regression for ί  except for 

shorter intervals where the reference line crosses the confidence interval, see Figure 34. For 

ί ρυ Ὧὖὥ, ί ί  for all datasets except SS-CLAY/6/174, GB-CLAY/6/132 and UP-

CLAY/6/162 whereί ί  for ί ςπ Ὧὖὥ. The linear relation between the ί  and 

ί  can be expressed as ί Ȣz . This means that ί  overestimates ί for higher 

values of ί, while it underestimates it for lower ί. 
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6.4.3 Hypothesis 4 - Conclusions 

The hypothesis is rejected for  for all datasets. The FC data average is greater than SGI:s 

correlation for low ύ  and less than for high ύ . At the interception, the reference line of SGI is 

within the 90% confidence interval of the data. The trend is that the measured  increases less 

than SGIΩǎ ŎƻǊǊŜƭŀǘƛƻƴ with ύ , although the intercept, ‍, is higher than ‍ȟ πȢρςυ. The 

reference line is within the confidence interval for some depths, typically shallow, but generally 

the hypothesis can be rejected with depth. The situation is similar with ί, where the results in 

predicting ί  with the SGI correlation is not satisfactory, apart for narrow intervals of ί. 

The scatter of data is great, which is the main reason to reject the hypothesis for FC data. The 

scatter is illustrated clearly by the RMSD and prediction interval analysis. The latter indicates the 

uncertainty in drawing conclusions from the average behavior of data as given by the regression 

analysis.  

For , ‍ ‍ȟ  and ‍ ‍ȟ  for all datasets, but the linear SGI correlation is typically 

within confidence intervals for high ύ . With depth, SGI is typically within the confidence interval 

of the data for ᾀ ρπρυ m. SGIΩǎ ŎƻǊǊŜƭŀǘƛƻƴ overestimates ί for ί ςπςυ Ὧὖὥ and 

underestimates it for lower ί. The reference line does not typically fall within the confidence 

interval but is often in the proximity. The scatter of data is less for DSS data than FC, but still 

considerable. Confidence intervals are often wide for the datasets with fewer data points. 

The RMSD also gives that the linear correlation from SGI, corresponds better to both FC and DSS 

data than the constant πȟςς from Mesri, πȢςς. 
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7 DISCUSSION 

The hypotheses have been tested statistically for the DSS and FC data. In the following chapter, 

the result from the statistical analyses are analyzed and discussed qualitatively and conclusively 

with respect to the hypotheses and general remarks. The result for  and  with ύ  is 

presented in Figure 35. 

7.1 FALL CONE TEST RESULTS 
The fall cone test data have been utilized to evalǳŀǘŜ IŀƴǎōƻΩǎ correlation, the correction factor, 

‘, and the dependency of  on ύ  ŀƴŘ ŎƻǊǊŜǎǇƻƴŘŜƴŎŜ ǘƻ {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴΦ 

7.1.1 Correction factor 

The correction factor does not equal ί  to ί . This conclusion can be drawn generally for ύ , 

ί and ᾀ. The general trend for all parameters is that the correction factor typically reduces ί  

too much, as can be seen in Figure 37. 

Westerberg (1995) and Jonsson & Sellin (2012) show that the corrected ί  underestimates ί 

with depth, from ᾀ ρπρυ m and ᾀ ρςρτ m respectively. The result from the statistical 

analysis performed in this thesis is that the linear average of ί  is greater than ί  for all 

depths, see Figure 30. The average ί  is however closer to ί  for shallower depths, and for 

lower ί values.  
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Figure 35Φ 5{{ Řŀǘŀ όǎǉǳŀǊŜǎύΣ C/ Řŀǘŀ όǘǊƛŀƴƎƭŜǎύ ŀƴŘ {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴ όƭƛƴŜύ ŘƛǎǇƭŀȅƛƴƎ  with ύ . 

 

 

Figure 36. The SGI:s correction factor for ί  (line) and  (triangles). 

The uncorrected ί  is typically more accurate than the corrected, ί , compared to suDS. The 

average trend for the linear regression line is ί ί  for all ί. For shallower depths, the 

average is ί ί  for several datasets, although also the ί  underestimates ί with depth.   
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The scatter is great for both corrected and uncorrected data, especially for shallow depths and 

low ύ . Due to this, it may be of interest to further investigate the purpose and function of the 

correction factor, assuming the DSS tests gives representative values of ί. But, according to the 

data evaluated in this study, ί  is closer than ί  to ί , interpreted as ί . 

7.1.2 Normalized shear strength from FC 

IŀƴǎōƻΩǎ ƭƛƴŜŀǊ correlation does not typically follow the average , and  does not typically 

Ŧƻƭƭƻǿ {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴΦ ¢ƘŜ ǘŜƴŘŜƴŎȅ ƛƴ Řŀǘŀ ƛǎ ǎƛƳƛƭŀǊ ŦƻǊ ǘƘŜ ǳƴŎƻǊǊŜŎǘŜŘ Řŀǘŀ ƛƴ 

ǊŜƭŀǘƛƻƴ ǘƻ IŀƴǎōƻΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŀƴŘ ǘƘŜ ŎƻǊǊŜŎǘŜŘ ǘƻ {DLΩǎ ŎƻǊǊŜƭŀǘƛƻƴΦ 

The result is most adequate for ί ςπ Ὧὖὥ and shallower depths, but the scatter is 

considerable. Both IŀƴǎōƻΩǎ ŀƴŘ {DLΩǎ ŎƻǊǊŜƭŀǘƛƻƴs slightly underestimate ί for lower values of 

ί and shallower depths, and overestimate ί for higher ί and greater depths respectively. The 

deviation between the correlations and the data average increases with ί and depth.  

Both correlations underestimate the average  for lower ύ  and overestimates it for higher ύ . 

UP-CLAY/6/162 is an exception with respect to ύ , where the average behavior of  is in line 

ǿƛǘƘ IŀƴǎōƻΩǎ correlation. The constant πȢςς, as proposed by Mesri (1975), deviates roughly 

as much as {DLΩǎ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴ from the data averages.  

The scatter is great for all datasets and it increases for lower values of ύ . The average  is 

rather constant with ύ , especially for the datasets where data with high ύ  are not present. The 

evaluated correlations from SGI and Hansbo predicts a greater increase of  with ύ  than the 

typical data average. The issue of  dependency on ύ  has long been discussed. Karlsson & 

Viberg (1967) argued that there is no unique relation between  and consistency limits, Mesri 

(1975) proposes a constant  independent of consistency limits, as do e.g. 5ΩLƎƴŀȊƛƻ Ŝǘ ŀƭΦ όнлмсύ. 

With respect to the data evaluated in this thesis, one may conclude that  dependency on ύ  

may be questioned for FC data, especially for low ύ . 

The effect of the scatter may be illustrated by the result for the prediction interval analysis. For a 

given measurement of ί and ύ , e.g. ί ρυ Ὧὖὥ and ύ χπϷ, „ᴂ may with 75% probability 

be predicted with a factor 2, 50<̀Ωc<100 kPa. The prediction interval is wide, and still 25% of the 

future samples will deviate even more from the average. 
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IŀƴōƻΩǎ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ƻǊƛƎƛƴŀƭƭȅ ǇǊŜǎŜƴǘŜŘ ŦƻǊ ŀ ί normalized to in situ „ᴂ and not „ᴂȢ 

A possibility is that this has been disregarded too lightly and that the influence of stress history 

and OCR should be given more attention. 

7.2 DIRECT SIMPLE SHEAR TEST RESULTS 
The DSS test data have been utilized to evaluate the dependency on ύ  and correspondence to 

{DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴ for .  

7.2.1 Normalized shear strength from DSS 

Compared to FC data, the results for  show a stronger dependency on ύ  and is more 

accurately predicted by {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴΦ ¢he results vary for different datasets with 

respect to ύΦ !ǎ ŦƻǊ C/ ŘŀǘŀΣ {DLΩǎ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴ ǳƴŘŜǊŜǎǘƛƳŀǘŜǎ ǘƘŜ ŀǾŜǊŀƎŜ  for low 

ύ  and overestimates it for high ύ , for all datasets.  

The data from UP-CLAY/6/162, GB-CLAY/6/132 and SS-CLAY/6/174 are rather constant and the 

correlation between  and ύ  is not significant. The rest of the data show positive correlation 

ŀƴŘ ŀǊŜ ƛƴ ƭƛƴŜ ǿƛǘƘ {DLΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŦƻǊ ƘƛƎƘ ύΦ {DLΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ǳƴŘŜǊŜǎǘƛƳŀǘŜǎ ί for lower 

values of ί, while it typically overestimates measured ί for greater ί. The same pattern for 

data averages may be seen with respect to depth, but the scatter is greater. 

The scatter is generally less than for FC data, as is the deviation of meaǎǳǊŜŘ Řŀǘŀ ŦǊƻƳ {DLΩǎ 

prediction. The linear empirical correlation from SGI is more adequate for all data than a constant 

value for .  

The scatter is, however, still considerable, especially for lower values of ύ  and shallower depths. 

With a 75% probability, „ᴂ may be predicted with a factor 1.6, which for example gives an 

interval of τχ „ᴂ χυ Ὧὖὥ for ί ρυ Ὧὖὥ and ύ χπϷ. 

7.3 GENERAL REMARKS 
To apply linear empirical correlations for  to solely ύ  is naturally afflicted with uncertainty, 

since other parameters also influence soil behavior. However, the benefits of a reliable empirical 

correlation may outweigh the disadvantages. For the correlation to be relevant it must describe 

the average behavior of measured data, with given limitations, and the data should not deviate 

too much from the proposed correlation. The results presented in this thesis questions the 

relevance of applying a linear correlation between  and ύ , due to the data scatter. For , 

however, the results gives that a linear correlation may be applicable.   
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The scatter of data may be due to sampling disturbance, inherent errors in test methods or actual 

soil properties. A microstructural correlation is expected between  and ύ , due to its empirical 

connection to ὑ. Some samples in the study may differ from the assumptions formulated prior to 

analysis, regarding e.g. stress history, and previous studies give that results from FC is unreliable 

for depths greater than 15 m (Westerberg, 1995; Jonsson and Sellin, 2012). Testing should ideally 

be performed on undisturbed samples and the test should resemble the situation to be evaluated, 

e.g. failure mode, but it is naturally difficult to achieve. Furthermore, the data have been analyzed 

in a rather quantitative and singular approach given the limited data per test site. If possible, by 

obtaining more data per test site, a more qualitative approach, e.g. analyzing „ᴂ as a site average 

rather than a single value, would be preferable. By knowing the possible errors and limitations, 

the interpretation of results will be more reliable.  

The DSS data is less scattered than FC data even though the tests have been performed on the 

same soil samples. This means that the operator dependent errors (the field operation, transport, 

storage time, handling of samples etc.) are similar. {ŀƳǇƭƛƴƎ ŘƛǎǘǳǊōŀƴŎŜ ŀŦŦŜŎǘǎ ǘƘŜ ǎƻƛƭ ǎŀƳǇƭŜΩǎ 

stress situation, mechanical structure, chemical composition and ύ . Friction and interlocking of 

particles, cementation and bonding at particle contacts all contribute to  ί. Sample disturbance 

will influence ί and „ᴂ significantly, and hence also .  

In addition to errors in FC and DSS, there may also be errors in the CRS tests but it is not within 

the scope of this thesis to investigate them. A possible error would however affect  and  

alike.  The main difference between DSS and FC regarding the principal effects on the soil sample 

with respect to testing, is that the samples are reconsolidated for DSS and that DSS resembles a 

direct shearing failure, while FC does not. These two aspects may be assumed to be reasons why 

the results differ between DSS and FC, and why the data scatter is greater for FC than DSS.  

A statistical analysis may, for a large enough number of samples, provide averages, trends and 

correlations with statistical significance without them being relevant to the soil mechanical 

problem at hand. The usefulness of applying a linear empirical correlation to data where the 

scatter is assumed to be significant may be questioned. It is an approach which render 

uncertainties and should be applied with caution. Given the result from the limited data analyzed 

in this thesis, it would be relevant to present a probable interval for  with , a linear correlation 

with a probable margin of error. 
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APPENDICES 

APPENDIX 1 - CORRELATIONS 

 

The correlation between the six parameters of interest (suFC, suFCc, suDS, z, wLΣ ˋΩc) have been evaluated for all datasets and are 

ǇǊŜǎŜƴǘŜŘ ǿƛǘƘ ƴǳƳōŜǊ ƻŦ ǎŀƳǇƭŜǎΣ tŜŀǊǎƻƴΩǎ r and two-tailed significance level in Table A.1.  
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Shear strength and preconsolidation pressure 

su from both FC and DS is positively corǊŜƭŀǘŜŘ ǘƻ ˋΩc for all datasets at a 0.01 significance level. For suDS the correlation is 

strongest for GB-CLAY/6/132, r=0.979, and SS-CLAY/6/174, r=0.968, and weakest for ST-CLAY/6/286, r=0.875. The correlations 

are strong for all datasets. The correlation for suFC is weaker for all datasets. The strongest correlation is found for wL80-

CLAY/6/480 and SS-CLAY/6/174, both r=0.87, and the weakest for UP-CLAY/6/162, with r=0.639. 

Shear strength and depth 

The correlation between suDS and depth, z, is positive for all datasets. SS-CLAY/6/174 and GB-CLAY/6/132 shows the strongest 

correlations, r=0,942 and r=0,941 respectively, while ST-CLAY/6/296 is the weakest, r=0,365. suFC also show a positive correlation 

with z for all datasets, except ST-CLAY/6/296 where the result is not statistically significant.  The correlation increases with 

decreasing wL, be stronger for clays with silt and/or sand content compared to purer clays and be weak in the Stockholm region. 

Shear strength and liquid limit  

The correlation between suDS and wL show no general trend. The correlations vary from being weakly negative at 0.05 

significance level for CLAY/6/590 and ST-CLAY/6/296, more strongly negative for UP-CLAY/6/162, r=-0,563, at 0.05 level, while 

SS-CLAY/6/174 is positive, r=0,693, at 0.01 level. The results for the other four datasets are not statistically significant. For suFC 

the correlation is positive, ranging from r=0,201 for CLAY/6/590 to r=0,501 for SS-CLAY/6/174. The Stockholm and Gothenburg 

datasets do not show statistical significance. 

Preconsolidation pressure, depth and liquid limit 

ˋΩc is showing a strong, positive correlated to z for all datasets. The correlation between wL ŀƴŘ ˋΩc is varying. A positive 

correlation is found for wL80-CLAY/6/480, r=0,215, and SS-CLAY/6/174, r=0,286, while the correlation is negative for ST-

CLAY/6/296, r=-0,335, and UP-CLAY/6/162, r=-0,451. The other four datasets are not statistically significant. The correlation 

between wL and z also show a great difference between the datasets. The correlation is negative for Uppsala dataset and 

positive for both datasets limited by wL and SS-CLAY/6/174. The rest of the datasets are not statistically significant.  

Shear strength from fall cone and direct simple shear test 

The correlation between shear strength measured with DS and FC, corrected and uncorrected, is positive and significant at 0.01 

level for all datasets, except UP-CLAY/6/162 for the uncorrected shear strength which is not statistically significant. The 

correlation is similar between suDS and suFC and suFCc respectively. It is, however, somewhat stronger for the corrected suFCc, 

except for SS-CLAY/6/174 where the correlation is weaker for suFCc compared to suFC. 
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APPENDIX 2 ς HYPOTHESIS 1 
IȅǇƻǘƘŜǎƛǎ ǘŜǎǘ ƻŦ IŀƴǎōƻΩǎ ƭƛƴŜŀǊ correlation (red line), with respect to wL, z and su for all datasets except wL100-

CLAY/6/554, and UP-CLAY/6/162 for wL. The hypothesis is evaluated against the linear regression line and 90% 

confidence interval (blue lines). 

Hypothesis test with respect to liquid limit 

CLAY/6/590 wL80-CLAY/6/480 

  
CL-CLAY/6/388 SS-CLAY/6/174 

  
ST-CLAY/6/296 GB-CLAY/6/132 
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Hypothesis test with respect to depth 

CLAY/6/590 wL80-CLAY/6/480 

  
CL-CLAY/6/388 SS-CLAY/6/174 

  
ST-CLAY/6/296 GB-CLAY/6/132 
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UP-CLAY/6/162 

 

 

 
Hypothesis test with respect to shear strength 

CLAY/6/590 wL80-CLAY/6/480 

  
CL-CLAY/6/388 SS-CLAY/6/174 
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ST-CLAY/6/296 

 

 

GB-CLAY/6/132 

  
UP-CLAY/6/162  
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APPENDIX 3 ς HYPOTHESIS 2 
Hypothesis test of the correction factor, µ (red line), with respect to wL, z and su for all datasets except CLAY/6/590. 

The hypothesis is evaluated against the linear regression line and 90% confidence interval (blue lines). 

Hypothesis test with respect to liquid limit 

wL100-CLAY/6/554 wL80-CLAY /6/480 

  

CL-CLAY/6/388 SS-CLAY/6/174 

  

ST-CLAY/6/296 GB-CLAY/6/132 
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UP-CLAY/6/162  

 

 

 

Hypothesis test with respect to depth ς corrected shear strength from fall cone test 

wL100-CLAY/6/554  wL80-CLAY /6/480 

  

CL-CLAY/6/388 SS-CLAY/6/174 
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ST-CLAY/6/296 GB-CLAY/6/132 

 

 

UP-CLAY/6/162  

 

 

 

 

Hypothesis test with respect to depth ς uncorrected shear strength from fall cone test 

wL100-CLAY/6/554 wL80-CLAY /6/480 
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CL-CLAY/6/388 SS-CLAY/6/174 

  

ST-CLAY/6/296 GB-CLAY/6/132 

  

UP-CLAY/6/162  
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Hypothesis test with respect to shear strength ς corrected shear strength from fall cone test 
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Hypothesis test with respect to shear strength ς uncorrected shear strength from fall cone test 
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APPENDIX 4 - HYPOTHESIS 4 
Hypothesis test of SGI empirical correlation for normalized shear strength, with respect to wL, z and su for all datasets 

except wL100-CLAY/6/554. The hypothesis is evaluated against the linear regression line and 90% confidence interval. 

Hypothesis test with respect to liquid limit - DSS data 

CLAY/6/590 wL80-CLAY /6/480 

  

CL-CLAY/6/388 SS-CLAY/6/174 
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Hypothesis test with respect to liquid limit - FC data 
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Hypothesis test with respect to depth - DSS data 
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Hypothesis test with respect to depth - FC data 
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Hypothesis test with respect to shear strength - DSS data 
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Hypothesis test with respect to shear strength - FC data 
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