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ABSTRACT

Theundrainedshear strengttand preconsolidation pressure are key parameters in descrthimg

characteristic®f soft claysThe two parameters both reflethe clayQ structure and state of stresand
henceempirical correlations for undrained shear strength normalized with resfmepreconsolidation

pressure are widely used to assess soil behavior. The empirical correlgittenan the literatureare

typically dependent on liquid limit, or plasticity index, but some stutieage questioned the dependency
andproposed correlatins constant for consistency limits. Data from geotechnical projects often display

a considerable scatter and deviate from established empirical correlafiotiss thesis, statistical

analyses are performed and evaluated qualitativelydorct simple kear, constant rate of straiand

fall cone test data from 148ampling pointsvith 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. THieK Sa A & SO f dz2r 6Sa GKS y2NXYIfAT SR aKSIH |
limit, how the data correspondsto I y & @®NDand{ 4 SRAaK DS2 0SS @a@7fireart Ly adaAai
empirical correlations, and the correction factor applied to shear strength meadyrdoe fall cone test.

The results of the study show that the correction factor typically reduces the shear strizogttiall

cone testg¢oo much with respect to shear strength frodirect simple shearests The normalized shear
AUNBYy3IGKQa RSLISYRSyOe 2y fAljdZAR fAYAQG Ydirect 6S NB2S
simple shear testlata however,indicates a correlation with liquid limit. The data scatter is considerable,
especially for falcone test data, and the relevance of describing the normalized shear stringttall

cone testwith a linear empirical correlation to liquid limit may conclusivelygbestioned

Keywords:undrained sheastrength, preconsolidation pressure, empillicarrelations, &l cone test,
direct simple shear test, correctidactor, soft clay






SAMMANFATTNING

Skjuvhallfasthet och forkonsolideringstryck ar tva viktiga jordparamédradsa leror. Bada parametrar
reflekterar lerans struktur och spanningstillstalmdh empiriska korrelationer for odranerad
skjuvhallfasthet, normaliserad mot forkonsolideringstgtlkanvandslarfor ofta for att bedoma ereras
egenskaper. De empiriskarrelationerna &r vanligen kopplade till flytgrans eller plasticitetsin@essa
korrelationerhar daremotifragasatts av studier som i vissa fall istallet foreslagit ett konstant forhallande
mellan normaliserad odranerad skjuvhallfasthet och plastisigeanser. Matvarden fran geotekniska
projekt i Sverige visar allmant stor spridning avseende dessa parametrar och data avviker ofta fran
etablerade empiriska korrelationer. | examensarbetet har data fliéekta skjuvforsokodometerforsok

och fallkonforék utvarderats statistiskt och kvalitativt. Totalt omfattar studien 596 jordprover fran 146
provtagningspunktefran Stockholm, Goteborg och Uppsala. Syftet med studien ar att undersoka
korrelationen mellan odranerad skjuvhallfasthet och forkonsolideriygit Studien behandlar den
normaliserade skjuvhallfashetens flytgransberoende, Hangb@7)och $atens Geotekniska Instituts
(2007)empiriska korrelationer, samt den korrektionsfaktor som ska tillampas pa skjuvhalifastheter fran
fallkonforsok Resultaet visar att korrektionsfaktorn reducerar skjuvhallfastheten for mycketatth
korrigerade skjuvhallfastheter ar i samre samstammighet med skjuvhallfasthetedifedda skjuvforsok

an okorrigerade. Data fran fallkonforsok uppvisar inget tydligt flytgransberoende, medan resultaten fran
direkta skjuvforsokndikerar ett beroende. Spridningen i data ar dock péafallande, sarskilt for
fallkonforsoket. Relevansen i att tillampa en linjangrisk korrelation for odréanerad normaliser&@n

fallkonforsokmot forkonsolideringstryck beroende av flytgrans bor ifrdgasattas.

Nyckelord:odranerad skjuvhallfasthet, forkonsolideringstryck, empiriska korrelatida#konforsok,
direkta skjuvforsokkorrektionsfaktor 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 Rootmeansquare deviation

SHANSHEP Stress history and normalized soil engineering properties
Abbreviation Explanation

SGl Statens Geotekniska Institut ~ Swedish Geotechnical Institute
SJ Statens Jarnvagar Swedish Railways

SYMBOLS

Greek Symbol Explanation Unit
r Deformation, DSS [rad]
- Strain, CRS [

‘ Correction factor, FC [-]

‘ Strain rate factor for mobilized shear strength [

= 2 Preconsolidation pressure [kPa]
» O Horizontal preconsolidation pressure [kPa]
» O Vertical preconsolidation pressure [kPa]
-] Effective horizontal stress [kPa]
-] Limiting pressure [kPa]
" Total vertical stress [kPa]
.- Effective vertical stress [kPa]
t Shear stress [kPa]
T Shear stress at failure [kPa]
B Friction angle []
Latin Symbol Explanation Unit
@ Material constant [

@ Material constant []

@ Cohesion [kPa]
Q Acceleration of gravity constant [m/s9]
O Sample height after consolidation in DSS [m]
Q Measured cone penetration, FC [mm]
‘O Plasticity index [

Q Hydraulic conductivity [m/s]
0 Cone angle constant, FC [

0 Coefficient of lateral earth pressure [
VI Coefficient of lateral earth pressure foormally consolidated [-]

clays
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a Mass of fall cone [a]

0 Cone penetratiorconstantin fall cone test [

0 I 2YLINB&aadA2Y YrRRdA® dza 6KSy =~ -

0 I 2YLINB&aadA2Y Y2RazQd&a 6KSy =~ -
0ee /| 2YLINB&aadA2Y Y2Rdzt dza 6KSy =~ -

0 Cone penetration constant, FC [

Vi Horizontal deformation, DSS [m]
Y Sensitivity [

i Undrained shear strength [kPa]
i Undrainedactiveshear strength [kPa]
i Undraineddirect shear strength [kPa]
i Undrained shear strength from DSS [kPa]
i Undrained shear strength from FC [kPa]
i Corrected undrained shear strength from FC [kPa]
i { KSI N aGdNBy33GK Ican@laididR Ay 3 G [kPa]
i Mobilized undrained shear strength [kPa]
i Passive undrained shear strength [kPa]
i Shearstrength OO2 NRAyYy 3 (2 {DLQ&a& S [kPa]
o} Depth [m]
0 Pore water pressure [kPa]
0 Liquid limit [

0 Water content [

0 Plasticity limit [-]

0 Shrinkagdimit [

Statistical Symbo Explanation

f y-intercept oflinear regression line
f Slope of linear regression line

WE L Covariance

‘ Sample mean

0 Number of samples

i t SINE2Y Q& NE OAGFENARIFGS O2NNBft G
Y Coefficient of determination

YQQ o d"Qa 'C Twotailed significance level
” Sample standard deviation
W Observed value

W 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,heterogeneousand sometimes unknown. The situ observations are limited, and to
extract soil samples without altering its characteristiadifScult. The determination of design
parameters from soil data is crucial and influences the technical sodioth thereby the costs

andenvironmental impat.

In any problem involving clayey soilse undrainedshear strengthi , and preconsolidation
pressure, & are key parameters in assessing soil behavibe former $ possibly the most
important factor, but is also one of the most difficultdetermine 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@important.

The correlation has often been correlated to consistency limits, typically the plasticity, iGdex
the liquidlimit, 0 . Hansbo (1957) proposed a correlation forvalues from the fall cone test

i, and effective stress a2 which is still considered to represent typical soil behavior in
Scandinavian clays. The recommendation from Swedish Geotechnical InSi&i{2007) is a

linear correlation between ,, @and0 . The correlation to consistency limits haveee
questioned. Karlsson and Viberg (1967) found no unique relationship and concluded that there
are too many factors contributing o and, additionally, localvariations, whiclthe consistency
limits do not reflect. Mesri (1975) proposed the relation betwéerand,, a2to be constant,

GKAOK (GKS Y2NB NBOSyYyd addRe FNBY 5QLIyET A2 Si

Today, an issue is that measured datanf projects not seldom deviateom 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.



1.2 AM AND PURPOSE
The main purpose of this &sis is to investigate the correlation betwekenand, & This is

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

correlation for the normalized shear strength;, as a function ob proposed by SI32007) is

evaluated specificallyand — dependency ofi generally. The thesis data contains

measurements from both direct simple shear t€SSSand fall cone tes(FC) why the correction
factor, * , applied toi is of interest. It isupposed to corredt  to be equal to actual direct
shear strengthi , interpreted as undrainedshear strength fronthe direct simple shear test
i . Following, the prerequisite to apply that the normalized uncorrected shear stgth from

fallconetest—,F2ft t 264 | yao2Qa fAYySENI O2NNBfI A2y Aa

The aim of the thesis ts the following hypotheses:

A w4 A x

1. ¢KS y2NXYIFEfAT SR dzyO2NNBOGSR aKSFN) atNBy3dGK FNZ
correlation— 18 U .

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

3. The normalized shear strengths, is dependent o .

4. The normalized shear strerigfollows SGI empirical correlation; T ¢ L 8TL’) .



2 LUTERATURE SURVEY

The literature survegoversi and, in clay. To achieve this the literature study covers the
general properties and behavior of clay, stress history, as welhear characteristics.
Furthermore, test and sampling methods and the interpretation of them are covered as is

commonly used empiricalorrelations between |, , &and consistency limits.

2.1 QLAY STRUCTURE

Soils are generally formed by weathering ofkothe 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. fie 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 processésm which the soil was formedhe mineral content, the geological

genesis of a clay deposit, and how it has reached its present statedamental in

understanding the soil characteristics and its strength. More recent occurrences and pragesses

e.g. erosion, fillandexcavatiors - are also of great importance.

During the Pleistocene, until about D00 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 processasrfed 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 rathr uniform(Larssoret 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 Figurel. Marine clays are typical in the southwest of Sweden, since

they were deposited in a saline environment, bordering the Atlantica@cAlthough 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 B& @lays in these regions were subsequently

deposited due to uplift and are glacial or postglacial, c{&y&sson, 2016)

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

They can ocur both as single particles and particle aggregates.



Baltic Ice Lake
~80008B.C.

Ancylus Lake

Littorina Sea

Figurel. 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 bl®yedish Standards Institute, 2013)

The term clay can refer to both a size anclass of minerals. The particle size of clay is defined to
be ¢‘ d&and as a mineral term it refers to a mineral group distinguished by small particle size,
net negative charge, plasticity when mixed with waded have a high weathering resistance.sThi
means that not all clay particles are smaller tlggn dand vice versa. About 6% of the soil

must be clay for clay behavior to dominate in s¢ifitchell and Soga, 2005)

The clay particles carry a net negative charge on their surfaces. Larg¢iveetdmrges are

derived from larger specific surfaces. The total surface of clay particles peasrbeen

4



approximated to be 5400 nt and the number of particles to 1810%. The clay particles carry
attracting bonds and the bond between them getssiger, 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-@nd OHpresent at the surface, and WatNQ & RA LJ2 f | NJ
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 clpgtrticles 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 gasé pore water below the ground water level and freely

in the pores above the groundwater le&lansbo, 1975)

2.1.1 Clay minerals
The mineralgresent in the soil corresporto the mineral constituacy of the bedrock from

GKSNBE Al 2NARAIAYE YR KI @S INBIIG AyTFifdsSyoS 2y
minerals inQuaternarysoils are silicates, carbonates and sulfides. In Swedish soils the most
common, and for clay behavior most importaminerals 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 minerafjroups are characterized by the arrangement of sheets of these units and

how the layersare held together. The synthesis pattern for clay minerals is presentéigime2

(Mitchell and Soga, 2005)

lllite has a 2:1 structure and consists of an alumina octahedron (A)&hé€et bonded in

between two silica tetrahedron (SiJayers, with an approximate total gth of 1 nm. The illite
layers are bonded by potassium iong)(#&nhd hydronium ions @@"). The negative charge to
balance the potassium ions comes from the substitution of aluminum for some silicon in the
tetrahedral sheets. The structure of montmorilleais 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, forred 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.



Oxygen or Hydroxyl Q ® Various Cations

/
\

Packed according to charge and geometry

(o) -— i Y
00 OOOO
\ /
Repeated to form a sheet
—— Rt
Tetrahedral ahedral
\ /

Stacked in ionic and covalent bonding to form layers

1:1 Semibasic unit 5 g 2:1 Semibasic unitt

Stacked in various ways Stacked in various ways

Py S -

2casse s

Kaolinite Halloysite Pyrophyllite Smectite ~ Vermiculite lllite Chlorite  Mixed Layer

Figure2. Synthesis pattern for clay mineréiitchelland Soga, 2005)

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

hexagonal system@litchell and Soga, 2005)

2.1.2 Microstructure
The microstructure of clay is dependent on its stress history and geresgigcially 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 gezxathan for lacustrine clays. In the Swedish illite clays the clay
particles seldom occur as singular particles, they rather bind to the surface of greater panticles
more typicaly, forms aggregates. The formation of aggregates is initiated by theitnof 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 parilcdgé, and it
has a significant impacin deformation and shear failure of clay. Compressed clays, which
naturally aredenserthan loose clays, have system of links between the aggregates that have
clustered due to the consolidation process. The micradtital 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 shearirjglansbo, 1975)



Figure3. Lacustrine clagupper picture) and marine quick clay (lower picture), with schematic clay strudtdessbo,
1975)

In Figure3, 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 pes.

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
microscopigspores, pollen, algae, bacteaad 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 charaar of theformed binding complexand the organic content is related to a porous

particle structure and significant deformations when the soil is loggtahsbo, 1975)

7
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Figure4. Consistency limits and state of soil, translated from Larsson (2008)..

2.1.4 Consistency limits
Themechanical properties of clay are significantly influenced by the water content. The water

content, 0, governs the consistency stawé clay, when) is continuously decreased a clay will
gradually becomenore solid. Clays are commonly described and classified by the four Atterberg
limits. These are consistency limits of figeined soils based ah, and was introduced by

Atterberg(1911) The method fol0 was revised and standardized Gasagrandél932)

The basis of the classification is to divide the behavior of soil into four stateisd, semisolid,
plastic and ligud - depending on) . Cohesive soils can thus be described and classified by three
consistency limitg shrinkagdimit, 0 , plasticitylimit, 0 ,and0 - corresponding tav at which

the transition from one state to another occurs. The consistemaydiwith respect ta) and soll

volume are presented iRigure4.

Thetransition between solid and semisolid state of the dlgefined by . The limit is the) 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 illustratedrigure4. The transition between semisolid and plastic
stateis defined byd . The plasticity of the soil may also be measure B®,islefined as the

difference betweenh) and0 .

The transition between plastic and liquid stagdefined by and has been a key parameter in
assessing the correlation betweénand,, & It is determined by Casagrandee€ The
determination of0 by FGwvas introduced by th&wedish Railays(SJ) in 1922mproved and
standardized b¥arlssor(1961) Observations have been made that clays of different
composition seem to have similar at 0 . Casagrande (1932) stated that corresponds tdhe

0 at whichi of a soil is approximately 2.5 kPa, while more recent studies have shown that



Tablel. Classification of soil state of plasticity with respect todhgLarsson, 2008; Eriksson, 2016)

Soil description 2 4 [%)
Non plastic <15
Low plastic 15¢ 30

Medium plastic 30¢ 50
High plastic 50¢ 80

Very high plastic >80

0 ratheris 1.62 kPa (e.gSharma & Bora 2003Jo classify the plasticity state of a clay sample

0 can be utilized according to thanges preented inTablel.

2.1.5 Determining liquid limi¢ Fall cone test
FCis conducted according ttve Swedishationalstandard SS02712%Swedish Standards

Institute, 1991c)and is a part of the routine tests performed on clay samples taiolgeneral
soil parameters, such @&s,0 and sensitivity)Y® C/ gl & AYGNRBRdzOSR & | LI
Commission in 192¢5] 1922). Tie method is applicable on cohesive soil samples obtained with

standard piston sampler and to both untlisbed 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 tangewtthe surface of the soil sample and is dropped freely into

the sample where théall conepenetration "Qis measured with an accuracy of 0.1 mm. The

weight and angle of the corie dependent on the strength of the soil.

Release arrangement

Plexi-glass with

For vertical
mm-graded scale

moving

Fig. 1 General arrangement of fall-cono test apparatus.
Schéma de P'appareil d’essai au cone.

Figureb. To the left: @neral arrangement of FC test apparaf@risson, 1961) o the right: FC apparatus at the SGI
laboratory in Linkdping.



To determined , FCis performedon a remolded soil sampknd the measured whenQ p 1

mm. For cone penetrations between 7 andbBn, 0 can be determined by:
0 0z0 O 1)
whered and0 are tabulated constants corresponding falf “(s smaller than 7 mm or greater than 15
mm, U of the soil sample is to be altered in laboratory ui@ in the range where equation 1
may be applied. When thé has been changed, due to the clay sample being too stiff or sensitive,

‘(has to be determined as 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 stressat a certain level in a soil is determined

by the overburden pressure from overlying soil ses The pore water pressui®, 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. Tie sum of the vertical stress carried by the soil particlesdsand isdefined as:
” % ” é (2)

The ratio between the vertical and horizontal effective stresses in normally consolidated soil is
described by the coefficient of lateral eaninessureD , also called the atest coefficient, and it

is a crucial parameter in understanding and determining the shear stréhgtisson, 2008)

6

®3)

where A0 is thehorizontal effective stres$-orSwedish clays thcoefficient oflateral earth
pressurefor normally consolidated clay8 j , is correlated to tha in an empirical expression

derived from the data presented Figure6 (Larsson, 1977)

Lp TP T PO TR (4)
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The stresses in all other directions can be determined when isknown, as illustrated in

Figure?.

In soil where, e.g., erosion has decreasedAberesulting in the soil being overconsolidatede

3I0 60

h

30

ol y3at s

iKS

andAa2do not decrease at the same rate, iKthen varying with respect tihe overconsolidation

ratio, OCRLarssoret al,, 2007)
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2.3 OOMPRESSIBILITY QE SO

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 consolidain 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 conductiviff) e.g. sand, the water will dissipatapidly while the

process will be significantly slower in clays which have veryQow

Consolidation can be divided into primary and secondary consolidation, although practically they
occursimultaneously. The primary consolidation refers to the decreas®lume that occurgue

to an increase inertical overburden pressumuringdissipation ofexcessive. This excessive

results in a hydraulic gradient, and the pore water flows towards the draining boundaries. With
time, the pore water will dissipatand the excessive pressure initially taken by the pore water is

now transferred to the soil particles ase

The secondargonsolidation is a time dependent decrease of the soil volume under constant
pressure. The compression of the soil mass duwsewpndary 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 si@lgoverned by a2 Casagrande (1936gfined

» @as the largest overburdestressbeneath 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, sincgacan be higher than the greatest experienced overburden pressure due to
long term secondary compression, cementation effects, aging and other soil structure
phenomenon. However,seprimarily deends on the previous loads, overburden pressure and

the groundwater level and itBuctuation.

2.3.3 Determining compressibilityConstantate 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 tahe Swedismational sandard SS0Z126(Swedish Standards Institute, 19918he

soil samples used in the test a@be obtained with standard piston sampler or in an alternative

12



manner which give undisturbed samplesFigure8, the CR&pparatus is presented both as a

principal drawing and a photo from the laboratory $Gin Linkodping.

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 surfaceral@éef strain -, is

according to Swedish standamgkt to 0.0025 mm/mipnormally 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 tadetermine,, aefrom CRS test was described by Sallfors (1975). To detegradne

the first and second linear parts of the curaee extended until the two lines are intersecting
tangent to the inflection point is drawn, creating an isosceles triaffgie.intersection between
the tangent and the first extended lirrepresents, & InFigure9, this method is presented

together with typical CRS resutibtainedf2 Y G KS GKSAAaQ RI Gl

FORCE
TRANCDLUCER
|
PISTON~—"
————— e 1~ BOwWL
WATER = e

OEDOMETER-{ i T—{—}FILTER
RIMNG CLAY al £| STONES

H x "\\ u
O-RING
-
T |
PRESSURE

TRANSDUCER

Ur Sallfors (1975)

Figure8. To the left: PrincipaCRS apparatuSalifors, 1975)To the right: photo of CRS apparatus in SGI laboratory,
Linkdping (Autor, 2017)
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Figure9. To the left: determining aefrom CR$Swedish Standards Institute, 1991ap the right: result for CRS from
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Thecompressiormodulesrepresent the derivate of the stresgtrain relation, as presented in
Figure1l0. The modules vary with stress state of the soil sampleered is relevant until, ais
reached) from, seuntil the limiting pressure, e isreached and lastly afor stresses greater

than, &

0 for, ")

0 for,e ")

Dafor,ee e

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

direct transition betweerd and0 , while the scatter indicates an inclination.

o [LINSKALA)

FigurelO. Interpretation of the modules as derivatesstifessstrain relation.
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Figurell. Typical valesfrom vane shear tesh normally consolidated late glacial and post glacial clays, wihere
»aeandn »a(Bjerrum, 1974)

2.3.4 Consolidation ratio
The stress history of the soil gives that three basic classifications of clay can be rmad®ba

» @ Soil can be consolidating, normalnsolidated or overconsolidated, where OGRéfined

as:
66y — (6)

According to Nagaraj & Srinivasa Murthy (1985) overconsolidation can be caused by three
processes: a reduction jreedue to a decrease gf or increase ird; changes in soil structure
due to secondary compression, changes in strain rate of loading or ageing resulting in a time
dependent, & and lastly, chemical and environmental factors which may result-aaked

pseudo, &

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 additad load will result in large deformationahile

aged claysnay haveundergone significardecondary consolidation antiusreached an

increased strength and decreased compressibilityerefore, aged clays haveserve resistance

against compression when an additional load is applied, as can bérseigurell, where the

aged clays have higher obserwalues fo—, compared to the young clays.

A simple classification is that a normally consolidated soil has a pressaqual to, &8 OCR=1,

and an overconsolidated soil is one whewreis greater than the currentae, OCR>1.

. ,&->normally corolidated

,& ,a->overconsolidated
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However, Scandinavian soils are typically slightly overconsolidatédy p& p®, and a
practical definition is made to distinguish typical soils with similar behavior as normally or slightly
overconsolidatedLarssoret al., 2007)

h/ w X% narrdglly to slightly overconsolidated

OCR > 1.5 overconsolidated

2.3.5 Preconsolidation pressure and deformation
The deformations a soil undergoes can be elastic or plastig secan be interpreted as vertical,

» 98, or horizontal,, &, . When a soil is subjected to stresses smaller thagthe deformations
are elastic and recoverable, while stresses greater thawvill result in irrecoverable
deformations. The typef deformation is thus dependent gfeeand 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, anthe pore water present between the aggregates has a high viscosity, as
described irsection2.1. During deformation, the aggregates are expected to act as ratiier s

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 wheegis 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
deformationsdue to loading in this case are dependent on shearing in weak zones and

compression of open joint@Vesterberg, 1995)

Ty A
Plastic
o deformations
c,v
Elastic
deformations
r
- pOop
0 ¢ch

Figurel2.Failurecriterion with respect tq ag(Sallfors and Hov, 2015)
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2.4 SHEAR STRENGTH

The shear strength of a soil mass can be defined as the intesiatance per unit area that the
soil mass can offer to resist failure and sliding along any plane ingldastand Sobhan, 2010
short, it describes the magnitude of shear strgssa soil can sustain before failure. The strength
is mainly dependent on friction, as a functioh, eelevel in the soil, but cementation, particle

interlocking and other bonding mechanisms are also preflesatsson, 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 drainedditions,the shear
deformation occur at a rate at which the pore water can dissipate and no excess pore water
pressure is presentvhile the pore water cannot dissipate before failure occurs duringaindd
conditions.It is however important to understand that drained shear strenggtidi are not
fundamentally different soil behavisbut 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 T will result in excessive. This is the typical situation ilow permeableclay.In engineering
practicei is not seldomexpressed as a single valuieh is supposed to be the representative
for the soil However, isnot to be understood as a constant and is rather anisotropic. It varies
with stress direction ané can accordingly be classified with respect te thirection of the

major stresstypically into tiree types, as illustrated iRigure 13Active wherthe major stress is
vertical, passive when it is horizontal and direct at direct shear in a horizontal sliding surface

(Westerberg, 1995; Larssem al., 2007)

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

defined agMesri and Huvaj, 2007)
ik _ (7)
wherei s the active shear strength, the passive shear strength apdis a strain rate factor.

Howeveri has empirically been found teatisfactorilyrepresent the average valuend is
applicable in mosibading situationgLarsson, 198Q@;arsson and Ahnberg, 2005; Westerberg,
Mdller and Larsson, 2015)
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The variation of—with angle between shear plane and the vertical plane, and different values

for Kynecan be illustrated apresented in Figuredl(Larsson, 197). Several test methods can be
utilized to determind , asthe 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
DSSs paformed according tahe Swedish national standar8S027127Swedish Standards

Institute, 1991b) The test method is representative for the shear mode of direct shear and
applicable primarily on fingrained soils. lis to be conducted on undisturbed soil samples
obtained with a piston sampleihe concepof DSS is to deform the sample by imposing a shear
forceand measuring the deformationh& DSS equipment normally used in SwedeBGl IV,

which is presented ifrigurelb.
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Figurelb. Details of the equipmenbf DS§Swedish Geotechnical Society, 2004)

The test is performed under either drained or undrained conditions. The drained analysis is
applicable for clays with 6 'Y ¢ and where the irsitu,, a2have been decreased, due to
excavations, erosion or increasédThe undrained analysis is the reortommon of the two and is
applied innormally consolidated talightlyconsolidated sils where the irsitu stresses

correspond to a fully consolidated state.

The test is performed in two phases: consolidation and shearing. Prior to shearing, themgad sa
is reconsolidated. Overconsolidated samples are consolidatediter ,, sebefore vertical
unloading to irsitu stresses while normally consolidated samspee simply consolidated to in
situ stressesThe,, ashould not be overreached since it will result in plastic deformations and
alteration of the soil character. The consolidation process requires for déband,, aeto be
known. The reconsolidation means the sample disturbances from the change s Sittegtion

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, increasiagwise or continuously.
During continuoushearingthe rate of shearing is determined to obtdin T uadian

deformation in 24 hours, where:

<

(8)

where¥i is the horizontal deformation anisthe height of tle sample after consalation. For
the stepwise method;t isinitially increased witl®.050f the normal load every 30 minutes until
the horizontal deformation is about 0.5 mmhereafter T is to be increased with 1/40 of the

normal load every 15 minutes until failure occursg or @ us reached.
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2.4.2.1 Determiningundrainedshear strength from direct simple shear test
In DSS, isinterpreted as equal to the maximum shear stresgailure T, orf ™ uadians

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

T uadiansis reached without failure occurring, is interpreted through interpolation between

the two measurementbefore and after a deformation ¢f 1@ wadiansin the result diagram

The averagé in a horizontal sliding surface is often assumed to be representéd byandthe

result can thus be utilized directly without being correctedrssoret al, 2007) Two typical

NEadzZ Ga FNRY 5{{3Z 200 Ay SR FiguaP\TheldstSardi KSaAaQ RI GF

undrained, consolidaito @ ¥ ,, @eand have been executed according to SS 027127.

2.4.3 Determiningundrainedshear strength from fall cone test
There is an empirically defined proportionality betweé@mdi (Hansbo 1957)The relationis

defined as
i 0 — 9)

where is aconstant dependent on fall cone angl@isthe acceleration of gravitgndd the fall
cone massThe valusofi obtained from tables in SS027125 whépsvithin the rangeu8t

‘Q p @mm,is related to cone type. In Swedishgémeering practicgl is often utilized as
representativel  after correction with respect ta . FCtypically underestimates for depths
greater than 1615 m(Westerberg, 1995; JonssondSellin, 2012)

2.4.4 Development of the correction faceforundrained shear strength
The reliability okvaluatedi from soil testing methodbaslongbeen a matter of concern. The
result from e.g. FC should, apart from reflecting the field conadiitjde in line with results from

other test methods like DSS which is an accurate estimation df then a clay(Larssoret al.,
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2007) The calibration is an ongoing process and corrections are made continuousnvgitical

experience, research or improved testing equipment.

FC has been used to determineof clay for almost a century. The method was introduced to
obtain relative strengtlparametersby the geotechnical commission of($922) The piston
sampler was introduceth the 1930sand FC was calibrated with respect to the improved sample

quality andadditionalfield experiencgOlsson, 1937; Caldenius, 1938)

In 1950, the field vane shear tests introducedy Cadling and Odenstad (19201 the

standard piston sampler was improvdd.1957 Hansboecalibratedthe FC againghe vane shear
test, six field failures and a test embankment. Hansbo concluded that thasa direct relation
between@ndi as presented above. The clays invgsted was considered to be representative
for most types of Swedish clgymainly marine illite clays witty of about 10, and determined

per the above equation is thus applicable for any typical Swedisl{ldagsao et al., 2007)

Theusedcorrection 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 conferen¢gcly summarized the experience and found a
common national standard to correct the results freane shear testnd FC, as presented in
Figurel?. The correction factowas to be applied on conservative averagend since it did not
consider the anisotropy df , it was assumed to be applicable in any kind of calculation problem
(Larssoret al,, 2007)

Based on several case steslion failure andandslides Bjerrunproposed the introduction of a

new correction factokBjerrum, 1972, 1974However, the studies were partly based on clays

from different geological conditions than the Swedish andas suggested that the correction

FILOG2N) 0Kdza ¢l a y20 |LILX AOFIofS Ay {sSRAAK Ofl 2ad
factor and compared it to the correction factor suggested by SGI 1969. The conclusion was that

Bjerrum reduced the strength ane for low plasticlaysand less for high plastic clagompared

to SGN969),but the overall results were consistent. The SGI recommendation did not change.

In 1977, an extensive survey was performed by Helenelund (18d8scribe the gathered
expelience regarding the correction factor in the light of recent studies. This resulted in the

recommendation of a new correction factor:

.8 (10)
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Figurel7. Recommended reduction bf with respect tad 1969(Institute, 1969)

In 1984, SGI prested anew correction factowhich still is the Swedish national standard

(Larsson, Bergdahl and Eriksson, 1984g modificatiorof the correction factor was due to an
evaluation considering previous findings and the empirical understanding of the influenee of
loading rate and consistency limisi . The corretion is to be applied on the measuréd

andi from vane shear tesin normally consolidated to slightly overconsolidated clays. The
correctedi from e.g. the fall cone test , should be equal to the average, which is
interpretedasi . 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 NB dZAKf & TF2ff 2 codelatioh(VaissoRtQld 20078 y S NJ

— 1@ U (Hansbo, 1957) (12)

The correction factois defined as:

2% g (12)

‘ P& should not be applied without further investigation.
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2.5 YELD SURFACE

The yield surface is a model describing the stress bound@ariessoil in relation to plastic and
elastic deformationsLarsson (1977)rpposed a simplifietivo-dimensionaimodel where the

yield surfaceis restricted by, &g, and,, &g, , and the MohrCoulomb failure criterion. The principal
combined stress limitationare presented inFigurel8. This principal figure may be rotated°46
obtain the typical yield surface. The principal yield surface is presenteiduinel9 (Larssoret al.,
2007)

A simplifiedyield surfacdor Swedish soft claysan be definedy knowing the vertical seand
assuming typical values forand since,ag, U ; 2, & . In Swedisltlays the typical
assumed values for normally consolidated to sligB§Swedish clays are @ ¢ mahd® Tt
(Larsson and Sallfors, 1981)
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Figurel9. Yield surfac€L.arssoret al,, 2007)
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2.6 BMVPIRICAL CORRELASION

Ifi cannot be directly measured, or the measurements are unreliable, it may be evaluated using
a transformation model based on the correlation betwderandother clay propertiesA clay
deposisi is dependent on its stress history and the clay contmsbut to find a good

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

models presented in this section all consideror —. They are often empirical or semi

empirical, obtained from qualitate or statistical regression analyéis Q L ®tyal, 20463

Many empircal correlations for clay are based on consistency liguits in Sweden and
internationally, typicallyO ¢ which are then assumed to solely describe normalized . The
transformation models can be global or sgpecific. However, for the trafemation modd to

be relevant, the properties of the cldgr whichthe model is applied to have to be relatively
uniform. This means that thenost relevantexperiencawhen applying a transformation model in
Swedish clays are the onfrem Swedishor other Scandinavian claykarssoret al., 2007)
However, 1 is important to consider local and regional conditions when applying national
recommendations, aslay properties does notrognizethe bordersinside which the
recommendations applylhe methods to evaluate and, aefrom 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 musé 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 fixbdti has traditionally

been represented as a function 0f , stress parameters and/or =
i Q0 h h RO (13
"Y does not seem to influence- (Larsson 1980, Dignazio et al 2016).

2.6.1 Correlations based on consistency limits
Skempton proposed an early correlation whereis a linear function ofO for normally

consolidatedclay (Skempton, 1954, 1957)

— T® p 78T A (14
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Hansbo (1957) proposed a correlation based)onpresented irFigure20. The clays investigated

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

withY p mThe correlation was originally found fpgebut the correlation has since been

considered to be equally applicableteed ¢ KS Of @& LINBaSyd Ay | Fyaoz2Qa

influenced by overconsolidation, which means the correlation is primarily defined for OCR=1.
i muo z, (19

The linea correlation is still considered to be representative for all normally to slightly over
consolidated typical clays in Swedgmarssoret al,, 2007) However, far from all clays fit the
relation and the typical scatter veim applied to Swedish clay480% 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 res]bf%antbt’) .

¢KSe TF2dzyR I 3IANBI G RSOAL A2 gorektioRsahd éoécluded thay S Y LIG 2 v C
there is no unigue correlation betwedn, , @and0 . Thecharacteristicofi are dependent on

the constituents and microstructure of the clay. Neither the original structure nor the variations in
constituents of the soil areeflected in the consistency limits since they are determined on

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

and geological history, to conclude a unique relationship betweerand consistenciimits.

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

are consideredKarlsson and Viberg, 1967)
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Bjerrum (1973) introduced correction factdiased oriOto measured from vane shear tests
for aged and young clay®spectively Trak et al. (1979neant that they were unable to explain

actual soil behavior. Howevaevlesri (1975)pointed outan important implicatiorof applying the

correction factordo . 2 S NNHzY Q & ai—f obig8rded igh@rmally consolidatedhte glacial
and postglacial clays. Biividing— with — at corresponding values &, the correlation— is

obtained.When applying both the correction factors and the transformatiortgthe result is a

practically constant value, indepdent of age and consistency limits, $&gure21. Mesri(1975)
a0l SR GKIFIG GKS aGNBy3JacK Aada RANBOGEE LINBPLRNIAZ2YL

— T® C (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 @legleet

al,1979% [ I NERaz2y o6mpynv OfFAYa (GKFEdG aSaNrAQa O2NNBf |
clays sincethecorreli A2y Aa oFaSR 2y . 2SNNHzYQa RIOF gKAOK
been found to be in error and not representative for Swedish clays. The relation between OCR

due to age andO proposed by Bjerrum (1973) is not supported by observations in Sweddigh ¢

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 (#188E),although Mesri

for high plastic soils underestimateand for low plasticoil, overestimated . In 1989, Mesri

reevaluated the above correlation obtained from field tests withpexs 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.
5QL Ay T A2 cofidiicted & multivariate mtatistical analysis based onxdarsive database
of mainly Finnish, but also Swedish and Norwegian clays. The study-fetade independent

of consistency limits and proposed a constant correlation:
— TR T (17)

Mesri and Wan@2017)stated that this resulisubsequently confirmed two conclusions drawn
FTNRBEY aSaNAQa o wmdpedNNYzyiDs NIRY I -—ineeyfed Fom ket
vane shear test is independent of OCR, and that the proposed constant mobifized T® ds

independent ofO. 5 IQnazio et al.(2017)replied to this discussion confirming thitie latter

conclusion is applicable for Finnish inorganic clays.

2.6.3 SHANSHEP
Jamiolkowski et al (1985) stat¢hat it should be evident that thgeeis the single most important

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

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

normalized soil engineering properties (SHANSHEP) which evaludiasthe soil as function of
OCR, stress history and loading type. Jamiolkowski interpreted tHedagsult plot from the
SHANSHHERethodologyas essentially a straight line, closely approximated by:

— Loy (18
where ®and®are material constants.

The material constants vary depending on material and whether the shear is,gudssve or
direct. Sincé s close to, or slightly below the average it can be applied directly to simplify

the process.

Jamiolkowski et a(1985)utilizedeq. 20 and theSHANSHEP method to evaluate the material
constants, and found wide rangeT® @ & T@® oFor a given deposit the OGRy be

relatively uniform and the ratie— should be constant. Jamiolkowski et al. (1985) considi¢gihe

results presented biesri (1975)indirectly Bjerrum1972), and Larsson (1980) their proposel

correlation:
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— TR o T8I (19)

Based on a fairly sensitive marine illite clay, Boston Blue Clay, Ladd & Foottfgl@idddhe
simplecorrelation—  1®&. While Karlsru& HernandezMartinez (2013) found> & cand

® T@with a considerablscatter.

Mesri (1975) claimed that although ttBHANSHEP methodologggented 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 errossociated with determining OCR from CRS tests, are

greater than the uncertainty of measuring directly.

2.6.4 SGI recommendation
The recommended method to determine undrained shear strength, according to@Giders

type of soil, loading scenaripgeand OCR.
— wz, z0O'Y (20)

The material parameteis varyingr® @ T@oandnormally,c0 1@ is assumed. The
parameter®is varying with shear mode and for typical Swedish clayselt is presented in

Figure22 and the egautionsre:

Active shearcd T® o (21)

8 z
8

Direct sheartdo T ¢ v (22)

z

8

Passive sheath TBtu L — (23)
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The mathematical mean sightly highethani , which is assumed to be the averdge When

0 is unknown SGI propos#sat, similarlyto Mesri (1975)— 1@ gmay be assume(Larsson

et al, 2007) The— in compresion, active shear, does not vary significantly with consistency

limits, but other values fot@ohave also been suggest, edy. & Tavenas and Leroueil, 1980)

2.6.5 Correlation from thgield surface
The yield surface is limited by the Me@oulomb failure criterion angaa A conceptual method

for interpretingi  of a soil by utilizing a simplified yield surface model was describ&iliprs &
Hov(2015) By applying some typical values for the soil investigated, an expectah be
approximated.The value of &g, must be known andyased on empirical experience, typical
values are assumed fog) and” gand, &, is calculated asag;, U %, a3, .How the yield

surface varies with these parameters is illustratedigure23.

For example, by assuming 1t 0 o mandov m®; i andi may be determined

trigonometrically and expressed as factors, ef, . The concept is displayedhigure24, and

gives:
i — (24)
i ot & (25)
0;-03
line A (0] = T8)
&
e S
S
arctan sin & *&& R
arctan sin 2 T1+05
2
//-/’e[ line B (T3=0¢p)

Figure23. Simplified model for yield curve of soft olagirsson, 1977)
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Figure24. Trigonometric interpretation dfy z(upper) and  ;(lower) for typical values o0 andr @Sallfors and
Hov, 2015)

The concept oapplyingregionalempirical knowledgeo illustrate soil behavior was further

investigated by and a recommended way to deterniinavas presented ballfors, Larsson and

Bengtssor{2017) By applying a constart- andassuming typical values for OCR, soil unit weight

and groundwater level, aexpected value for can be sketched with depth. The expecteds
defined within a probable interval f ¢ 1 PThis is utilized askackground and referende
whenperforming laboratory test preferably advanced methods like DSS, CRS andgitriests;

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 actiial in
conditions. However, the problem with sample disturbance has long been recognized and the
difficulty in obtaining undisturbed samples was discussed byGalglenius & Hultin (1937The

term sample disturbanceneansa change from isitu 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 hba determined in a test

allowing the sample to remain undrained during testing. If testing is performkdboratory the

samples should be of high quality to determine the parameters with sufficient reliability. But, it is

30



practically impossible to reeve undisturbed samples with maintained clay structure and to
correctlyrecreate the actual isitu 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 partthe testing process; from isitu, via transport to storage

time and the handling of soil samples in the laboratory.

Cadling & Odenstafl 950)suggestedhat the discrepancy betweein from laboratory tests and
from stability analysis was due to sample disturbance and changdsessconditions for the
extracted samples. Their proped solution was to perform isitu tests to obtain resultthat

would be more representative fothe actualfield conditions However although the irsite tests

are performed in natural soils, the driving of the test equipment may cause disturljaacgson

et al, 2007) Kallsteniug1963)evaluated the process of performing soil testing with the standard
piston sampler, introduced in 1960. The main factors contributing to samplebiéstaewas

found to be sampler properties, sampling execution, transport of samplesimedetween
sampling and testindouring transport the sample may be disturbed due to frost, shocks or
vibrations and if it takes time between sampling and testing, thensayl change properties due

to e.g. swellingTavenas & Lerougil991)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 samyilibg into the soll

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 dependentlay properties such

as sensitivity and plasticity and the depth at which the sample was obtéihethandezVartinez
and Karlsrud, 2013)

According taHight (2003 sample diturbance as described above affects the sample in four
different ways, althagh 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 alagbe disturbed byachange in

chemical composition, as oxidaticandin 0 .

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 tf@dbilie clay,
negativeo appear and ideally, it is equal to the decrease irwhile , eremain constant.

However, in normal to slightly overconsolidated clays a dropgalmost alway®ccur.Ladd &
Foott(1974)proposed their SHABHEP approach to overcome the sample disturbance caused by

the change in stress situation by consolidating the samples to stresses far overreachirg the
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and then unloadinghe sampé to an OCR corresponding tositu 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 sincgoihstructure 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 measuréed (Jamiolkowskét al., 1985)

Sample disturbance also affedtsin asample, whera) decreasswith the degree of
disturbance. The mechanical deformation and change influences the clay properties. The
more disturbed the sample, the lowdrat small straingre,and the higher at larger strains. The
cause of lowetr at small strains is caed by the breakdown of the clay structure, while the
strength at large strains is governed mainlythyThe disruption of the structure and the change
in 0 are the primary reasons whyeeand other compressibility parameters are affected by the
sampledisturbance. The typical result is thadeandi is lower for a disrupted clay structure

than for an intac{Lunneet al., 2007; Hoet al,, 2010)

A change in chemical composition of the soil sample can significantly affect properties such as the
0 ,i and"Y. The change may be the result of complex chemical processes initiated when
subjecting the sample to oxgg. 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 measurg@demay be compared to isitu,, a@2and determined OCR.

The volumetric strains, , in reconstidation of a soil sample to isitu stresses is an indication

of the quality of the sample, where a small strain indicajesd quality and vice vergdavenas

and Leroueil, 1980)
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3 METHOD

To analyze the data, statistical anadgsare applied andescriptive statistics are computed and
visualized. The statisticapproachused to testwhetherthe above statedhypotheses holg is
primarily linear regression slope tests, téest. Also, bivariate correlations are examined as well
as rootmeansquare deviation (RMSD). The statistical analysis is conducted in SPSS Statistics
version 24 except for the RMSD arsa$ which is executed in Excel 2016.

The hypotheses 1, 2 andgee 1.2) a to be tested with respect td ,0 and depth, and the
hypothesis 3 with respect t0 . Hypothesis 1 and 4 are tested with regression analysis and
RMSD Hypothesis 2 is tésd with regression analysis and hypothesis 3 is tested with correlation

and regression analyses. The hypotheses are rejentedt based on the sum of analyses.

The datasets used asssumedo fulfill the central limit theorem, according to which a give
distribution approaches a normal distribution when the sample sizeincreasegRade and
Westergren, 2004)

3.1 DESCRIPTIVE STATSSTIC
To illustrate the average value, the range and the scatter of the parasiefeénterest, a

descriptive statistics analysis is conducted. The result from the analysis gives basic information, as
minimum, maximum values and the population mean|t also includes the standard deviation
(Blomet al., 2004)

» -B o (26)

wherew is anobserved valueThe standard deviation quantifies tivariation of a dataset and
has the same unit as the sample. In a dataset with normal distribution abo2¥68f the sample

population will fall within the intervabf onestandard deviatior{Blomet al., 2004)

3.2 (ODRRELATIONS
To analyze the correlation between two variablésand @, the Pearson correlation coefficient,

is used. Theaefficient is defined as the covariance of the variables divided by the product of the
G NRAFof SQa a{Bloh&bINRARSDAF GA2ya

h

(27)

t S NI& gwiaimeasure of the bivariate linear correlation between the two variables and has

a value betweenl and +1, where +1 is a total positive afich tdal negative linear correlation. If
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i mthere is nocorrelation 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 correlatadjgnificanceest of the correlation is
performed Statistical significance is attained when the probability of obtaining results at least as
extreme as those observed only by chancégss than the defined significance level. The

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

Since the samples are assumed to follow a normal distribution, the significance-tigikseh Sig
(2-tailed). A correlation is determined to not be statistically significant if Sigilgd) > 0.05If

0.01 < Sig (Railed) < 0.05 the correlation is significant at 0.05 level and if Sajl€2l) < 0.01 it is
significant at 0.01 level. The significance level indicates to what degree the correlation reflects the
characteristics of the analyzed variablend 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

signifiance even though the correlation is we@domet al., 2004)

3.3 LINEAR REGRESSION
The egression is modeling the linear relationship between two variables, a dependent vabiable

and an independent variablé). The linear regression analysis fits a line to an observed data set

of wand & (Blomet al,, 2004)
NN R (28)

wheref is the intercept if linear regression line andis 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 xaxis, respectively. In the statistical analysis, scatter plots may be presented with
regression hes 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 oflatig 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 tru@opulation parameter in approximately 95% of the cases. The

confidence intervais defined as:
©opR @ o p&o @= (29)
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whereais corresponding to the confidence level, and é.g. p& ¢or a 95% confidence interval.

While the confidencénterval 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 efatheldation
(Rade and Westergren, 2004) is defined as:

‘ d 1ﬁ d ” (30)
wheredis corresponding to the prediction interval range, and é.g. p® or a 75% prediction
interval. The predictiorinterval considers a future sample as a statistic and computes its

distribution.

In regression analysis, the coefficient of determinatidn0 Q¢ Q<@ measurement of how well
independent variables explains the variance in the dependent vari&hkevalue ofY 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 ROOFMEANSQUARBEVIATION
RMSD is used to measure the difference between values predicted by a model and the actual

observed values, and can be understasdthe standard deviation of a sample population

compared to an estimator:

YOYO -B @ ® (31)

wherew is thepredicted value frona certainmodeland w is theactual observed valu&kRMSD
may be used to estimate how well a proposed correlation between two variables coincide with

the observed values in a sample populat{@omet al.,, 2004)
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4 DATA

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

companies in StockholifsT) Gothenburg GB)and UppsaldUP) 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 aksenbincluded. 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 eitheror 0 . Two data points were excluded due to

unrealistic values for—, where the measured were greater than, a2

The datahas been categorized into eight separate dataseisording to @ble2. The datasets are

labelled as proposed b@hing & Phoof2014) & d a2 Af (@ al8ndeters gfdzZY 6o SNJ 2 F LJ
Ay i SNBaGé ¢y dzy orBeNik pafamdiers dflintelel? ik fididatasetsiare ,i

i ,0 ,, and depth,&. The CLAY/6/590 contains the complete set of data and the regional

data sets are labeled with STGB and UP The two soil classification databases are soritszhe

database containing data points with clay containing sand and/or sHE(@Y¥/6/174) and one

with clay containing neither sand and/or silt nor gyttja{ClLAY/6/388). Two databases are

limited by0 ; wi<100 (Wi00-CLAY/6/554) and w80 (wso-CLAY/6/48Q)The reason to sort the
dataaccordinglyisthe assumption thategion, soitype and0 are assumed to influence the soil

behavior. The number of boreholes and total number of data pgetsdataset and test method

are presented imable2.

Table2. The datasets with number of boreholes and number of data points in brackets per test method.

FC CRS DSS
Dataset ID Boreholes (data points) Boreholes (data points) Boreholes (data points)

CLAY/6890 146 (590) 131 (501) 44 (147)
STCLAY/6/296 89 (296) 84 (278) 32 (111)
GBCLAY/6/132 26 (132) 26 (132) 8 (20)
URCLAY/6/162 31 (162) 21 (91) 4 (16)
CLCLAY/6/388 129 (388) 113 (318) 41 (105)
SSCLAY/6/174 75 (174) 65 (157) 14 (22)
WL100CLAY/6/554 143 (554) 128 (472) 43 (130)
wiso-CLAY/6/480 143 (480) 128 (411) 43 (104)

37



4.1 REGIONAL DATASETS
The region from where the data origin gives a

general understanding of the genesis of the sail, tf .

geological conditions, and typical soil behavidre

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 circumstance$¢ soil was deposited

and the gil content, which both have great impact

on the soil characterAn example iglacial and X Uepmala

postglacial clays, or that the soils are lacustrine, = .\
Stockholm

brackish o marine deposit

Marine clays are typical in the Gothenburg region seliatbine A
since they were deposited in alge environment.
The clays in the Uppsala and Stockholm regions a

brackish, near lacustrine, glacial or postglacialys

(Eriksson, 2016) Figure25. Map of Sweden, with thdataset regions
marked.

4.2 SDOIL CLASSIFICATIGNASETS
The presence of silt and/or sand influences the soitattar, 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 andi . The datasets sorted by soil classification
are basal on the soil description in the soil laboratory reports for each of the soil samples. The
soil classification in laboratory is performed according to SS1é48B88dish Standards Institute,

2013)

4.3 LIQUID LIMIT DATASETS
Two datasets have been generated by excluding soil sample® wigheater than 8@and 1006

respectively. This means the two datasets are overlapping apart from the 74 data points with
P o p 1% The limit between when clay is classified as high plastic or very high plastic is
0 Y 1T pwhy it has been determineals a relevant limjtand0 p T ik chosen to exclude

untypical clays.
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4.4 DATA DESCRIPTIVES
In Table3 the descriptivestatistics forv ,, ¢, i i ,—,——and——for all

datasets respectively are presented.

Table3. Descriptive statistics.

CLAY/6/590 W00 Wisor Cl: SS ST GB Up

CLAY/6/554 CLAY/6/480 CLAY/6/388 CLAY/6/174 CLAY/6/296 CLAY/6/132 CLAY/6/162

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

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

Min 1.55 15 15 15 15 15 3.0 15

a Max 75.0 75.0 75.0 55.0 75.0 225 75.0 55.0
Mean 10.5 10.8 11.0 8.3 16.2 5.6 20.5 11.3

N 147 130 104 105 22 111 20 16

Min 5.0 6.0 6.0 6.0 8.2 5.0 17.6 155

i 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

N 590 554 480 388 175 296 132 162

Min 5.0 5.0 5.0 5.0 5.9 5.0 10.0 125

i 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

N 590 554 480 388 174 296 132 162

Min 44 44 44 44 5.7 44 8.2 11.6

i Max 811 811 811 64.3 811 52.8 811 64.3
Mean 20.2 20.5 20.6 18.1 26.4 144 28.9 23.9

Std D 11.1 11.3 11.7 8.5 14.1 6.1 13.3 10.2

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
l,,_aa 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

N 501 472 411 318 157 278 132 91

i 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

N 501 472 411 318 157 278 132 91

i 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 m#yws 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 testmethods considered in the study are routine tests, FGdn8 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 varighles , i ,0,, and0 .
The data have been sorted into datasets by categorizing it with respect to different
characteristics. Other parameters and sorting of data mmayelevant to study, but it has not

been within the scope of this study.

Clays with organic content, i.e. clays with gyttja content are exclubeel study is limited to
normally overconsolidated to slightly overconsolidated clays, where the consolidatti@ess 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 sifdeasurementof 6 have been lacking in several projects
and the OCR have been difficult to determine vétituracy. Locations with OCR>finay thus be

present in the analysis.

Thei isinterpreted as , wherei is assumed to represent actual, whilei andi 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,geas 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 posasible,
more quantitative and singular approach utilizing all data points was determined to be more

relevant given the aim and purpose of the thesis.

41



42



6 SIATISTICAL ANALYSIS

The statistical analyses are presented with results plots for a specific dataset oitidsis. In
the following section, only the most relevant results plots are preseniée remainingesult

plots arepresented in appendices£ All0 values are presented as integers.

6.1 HyPOTHESIS

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

| Fya62Qa fAYVSI NG G2NNBt F A2y

The hyothesis is tested fob ,i anddfor all datasets respectively. The result plots ferda
CLAY/6/554 arpresented forall testsas an example from the analysand all other result plots

are presented in Appendix 2.

For0 , the hypothesis is tested by expressing the hypothesis as a reference line following
Hansb® éorrelation To evaluate the hypothesis with respdoti , it is expressed ds i,

wherei m@ ¥ U 2 ,a& The hypothesis is interpreted as a 1:1 reference line, with at

they-axis and at xaxis The hypothesisstested with respect tax by evaluating—  p for

all &. The reference lines are tested against the linear regression line and a 90% confidence
interval from the regression analysis. For hypothesis test againsa RMSD analysis is also

performed.

6.1.1 Hypothesis tLiquid limit
For all datasets expe URCLAY/6/162, the inclination of the regression lirfe is & wand the

interceptf 1. The averag%@fhus increases less with than proposed by Hansbd957).

70

RZ Linear = 0,694

o} 50 T
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A0

suFC J sigmac
suFC / sigmac
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Liquid limit Liquid limit

Figure26. To the left wi100CLAY/6/554 and to the right: UELAY/6/162, displaying— with 0  (points), linear
regression line and 90% confidence interval (blue) and reference line (red).
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Figure27. Data points for wiopcCLAY/6/554 (pointslinear regression lines and 90% confidence intervals (ahg)
reference lines (redY.o the lefthypothesis test with respect to and to the right: hypothesis test with depth.

The averag%from the datais greater tharthat evaluated values frorilansb@ éorrelation for

lower 0 and less than for highar , as seen ifrigure26. The intersection between Hans@oa
correlationand the regression line, where Hangba O 2 N3\@tlinla®0¢2cygnfidence

interval of the datajs locatedat aroundn@ 0 .

URCLAY6/162 differ from all other datasets with 7@ a@nd Hansb©@a O 2 NN@&Hink G A 2 y
the 90% confidence interval fab T, as seen ifFigure26.’Y 0 "Q¢i Qaiies between the

datasets with the lowest values for wL-8LAY/6/480Y 18t w,@nd GBCLAY/6/132Y

18t 0,and the highest for UELAY/6/162Y T&® w.T

InTable4, i KS wa {5 =Zdreldtidnf6riab ahdlyded datasets are presented. As can b
aSSys GKS aO0FiGdSNI A& 3INBI &mlaMKfSr%ﬁﬁsﬁmlésﬁdUEy FNRY |
CLAY/6/162+0078, and greatest fow 100CLAY/6/554+0.124.

Tabledd wa{5 F2NJ || yao2QafolaN@set®iA2y Y2RSt | yR

Datasets WiL100 Wiso Cl SS ST GB UR
CLAY/6/590 CLAY/6/554 CLAY/6/480 CLAY/6/388 CLAY/6/174 CLAY/6/296 CLAY/6/132 CLAY/6/162
RMSD 0.089 0.124 0.120 0.086 0.089 0.086 0.102 0.078

6.1.2 Hypothesis t Depth
The general trend is the same for all datasets, with i  for shallow depths and— pis

within 90% confidence interval of the linear regression until arotandp 1™ p @ . At greater

depthsi is nearlytwice the value of . This can be seen forweCLAY/6/554 ifrigure27.

The depth at whichk—  pis no longer within the confidence interval varies between the

datasets. The scatter of data is great, especially dt@halepths. The values of 0 "Q¢ ‘Qréd i

low,Y 18, for all datasets and the scatter ef—is not explained by depth.
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6.1.3 Hypothesis & Undrained kear strength
The result trend is the same for all datasets with an agreement with tpethgsis within 90%

confidence interval until around ¢ TIQO .dSor higher values 6f , the relation isl i,

as can be seen irigure27.

6.1.4 Hypothess 1- Conclusions
¢KS RIGF R2Sa y20 dokelatlorOThis s Sertaffd &llfd@agetsixdepf B 2 Q &

CLAY/6/162Hansb@®@ & O 2 NaMdBebtimdited 2 Vi i, with increasing depth and ,

and for higher values far . ForUP-CLAY/6/16Dowever,the average— is greater than

LINBRA OG SR cardatidn with ineréasind . Hansb® éorrelation coincide with the 90%
confidence interval for some rangesf, for shallow depths and ¢ QU .cevan so, the

scatter is considerable and the hypothesis may be rejected.

The hypothesis is not rejected for {@R.AY/6/162 foo T, the RMSD value is the lowest and
0KS RIFGF NRdIZAKE & conelatibnXas(a . Howeyed he2h@ouathesisinydp | NJ
rejected with respect to botf and depth.

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

l O0O2NRAY3 (2 {DL o6uHnnTt0X GKAA YSI yacofefation G(§KS Of I
since i 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 relationThe regression analysis, however, show thatdata typically does not

F2tf 20 doNBabaRayd . dzi (GKS LINBENBljdzAaAiS:T 6KS(iKSNJ

correlatiomor not, is difficult to interpret since it is rather vague.
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6.2 HYPOTHESES

- Hypothesis ZThe correction factof,, equals the shear strength from fall cone test to the

shear strength from direct simple shear tést, ‘zj

The hypothesis is tested for ,i anddfor all datasetsrespectively. The result plots for

CLAY/6/59@re presented for aliests,and the result plots for all other datasets are presented in

Appendix 3.

The correction factor, 8 ° , corrects the measureld  to obtain an actual which is
assumed to be equal o, i “z{ .Then— ‘' and the data should follow with
with 0 . To evaluate the hypothesis with respectitq it is expressed ds i and

interpreted as a 1:1 reference lin€he hypothesigstested with respect to depth by evaluating
—— pfor all depthsTo comparé  andi , thei and depth analyses are also
performed fori i and— p. The reference lines andare tested against the linear

regression line and a 90% confidence ingrfivom the regression analysis.

6.2.1 Hypothesis 2 Liquid limit
For CLAY/6/590, €Il AY/6/388 and STLAY/6/296u is within the 90% confidence interval of the

data forpg& 0 p&, as can be seen in Figur8. For URCLAY/6/162 and GBLAY/6/132,

however, he regression analysis gives— ‘ for all w. The linear regression lines are in the

interval ™ T T X X except for URCLAY/6/162 where p® WSSCLAY/6/174 is

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

witho at— p® wand‘ is withinthe 90% confidence interval far  1@&.

!
N

y=1,46-0,64*

suDS i suFC

10 15 20

Liqud limit

Figure28. Data pointsfor — for CLAY/6/59@points), with linear regression line and 90% confidence interval (blue)
against correction factor, (red).
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Figure29. 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 theileft: data and to the righti data.

The scatter of the data is significant, especially for lowverwith'Y 0 Q¢ Q @® p for wiso
CLAY/6/480 compared t§ 0 Q¢ Q @& Tt for CLAY/6/590Y 0 Q¢ ‘G @reatest for UP
CLAY/6/162Y 1@& c¢and close to zero for S AY/6/174.

6.2.2 Hypothesis 2Depth

For corrected data, the linear regression lines for all datasets are above-4-=and pis not

within 90%confidence interval of the datas can be seen in Figut®. The intercept p for

all datasets and the slopagt T Y 18t ¢ 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 dataset€OCAY/6/388 and STLAY/6/296. The data is
roughly inthe angeT® —— ¢, concentrated ap8t p®.

The ratio for isgenerally greater than fdr , meaning—— —— which can be seen in

Figure29. For CLAY/6/590he reference line is within the confiderdnterval from 6 m until 12 m
depth, and it is within the confidence interval until 6 and 8 m fosLAY/6/480 and moe
CLAY/6/554 respectively. The tendency of i  is stronger for SELAY/6/174, where the
reference line is not within th confidence interval for any depth, and {OJRAY/6/162, where it is
within the confidence interval to 5 m deptlror STCLAY/6/296 and GBLAY/6/132 it is not as

strong, since the reference line is withime confidence interval fox & p & anda p &

respectively. The data ranges roughtiy’ —— ¢ and is concentrated at 0;5,5.

47



subDsS

V=-0,94+1,05%

107

suFC suFC

Figure30. Hypothesis test with respect to with data for CLAY/6/590 (points), linear regression line and 90%
confidence interval (blue) and reference line (red). To thd left: and to the righti data.

6.2.3 Hypothesis 2 Undrained bear strength
The tendencyfor i is the samdor alldatasets with i foralli X® Q0 s can

be seen irFigure30. Forthe datasetCLAY/6/590, p& G i which mears thatthe
difference between the two is increasing with. The correction factor does redude too

much with respect td

Fori ,the reference lings within a 90% confidence intervafl CLAY/6/590@or alli . Forwi s
CLAY/6/480wL100CLAY/6/554nd SSCLAY/6/174 the trend is i for all s and the
reference line is within the confidence interval only at the upper and lower end of the data

interval. SFCLAY/6/296 is the only dataset whére i  formosti .

6.2.4 Hypothesis 2 Conclusions

Thehypothesis is rejected for all for URCLAY/6/162, GBLAY/6/132 and SSL.AY/6/174, while
* is within the confidence interval far p& for the other datasets. The scatter of all data is
howeverconsiderableandthe'Y 0 "Q¢ ®a.iThe trend of all datasetstibat i i and
the difference increases with depth and. The correction factor does not corrdct to be

equal toi but ratherdecreases  too much

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

i i in a 90% confidence interval for all. With depth i is also more accurate
compared toi than fori , although typically i fora p n.lftheaimisto
correcti  to beequal toi , the correction factor should not be applied.

However, following the partial rejection of hypothesis 1, one should be cautious drawing definite
conclusions from thanalysis of hypothesis 2, sinttee prerequisite that the data should typically
F2tf 26 | | yrmag dtibe NEIédr (A 2y
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6.3 HYPOTHESB

- Hypothesis 3The normalized shear strengths, is dependent on .

The hypothesis is testduly regressioranalysis and bivariate correlatidor all datasets

respectively.

6.3.1 Hypothesis & Result

The result from the correlation analysis shows that is positively correlated to for the
datasets with statistical significance, except for the datagovering Gothenburg, Uppsala and
silt/sand content which are not statistically significant. The strongest correlations are found for
CLAY/6/590, 1@ ¢ Bnd STCLAY/6/296, 1@ @.Xhe weakest correlation is found farsoe-
CLAY/6/480, 1@ C.U

The correlation is stronger betweer— andv¥ , than for——and0 for all datasets. The

highest correlations are, for both corrected and uncorrected data, found f&2LSVY/6/296,

i X L andi ™ w,@nd URCLAY/6/162 ) o andi @ . The datasets
covering GECLAY/6/132 and S3_AY/6/174 content are statistically significant for uncorrected
data but not for corrected. The correlation decreases with lowerfor both FC and DSS data. For
uncorrected F@ata, the correlation decreases significantly with, fromi 1@ wfor all data
points toi 1@ p for wieeCLAY/6/48pand for corrected FC data from 1@ @o not being

statistically significant, as mentioned.

Tableb. Equations forihear regres®n lines of— and—— with 0 for all datasets.

Direct simple shear data Corrected fall cone data
Dataset Linear regression equation 4 4 i = g Linear regression equation { 4 i = g
CLAY/6/590 (;_ee -y 0.389 U/(_ee U T « 0.130
Wi100CLAY/6/554 (/)(—ee ® U T® @ 0.199 (j(_ae % o T8 @ 0.016
WiseCLAY/6/480 (;_ee U T o 0.106 UA_ae T e 0.000
CL-CLAY/6/388 (/)(_ae ® ¢ T® 0.234 —— T® o 0.065
SSCLAY/6/174 (/)(_ae I w TE 0.069 (i{_ae & ¢ T8t T 0.000
STCLAY/6/296 L;_ee ® ¢ T 0444 — o & 0.160
GBCLAY/6/132 (;_ae M8 v T8 & 0.001 S ™o By 0.005
URCLAY/6/162 (;_ae % o T8 & 0.049 — o mo 0.467
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As seen in Table the datasets where— increases most with are CLAY/6/590, wbo

CLAY/6/554, vwscCLAY/6/480, GCLAY/6/388 and STLAY/6/296, whera$ v T T @The

greatestY 0 Q¢ @Qré0444forST [ ! , kckpdn YR /[ ! i RcKQdm [ A1S
decreases witlh and amongst the datasets witlgp v | T® pwiscCLAY/6/480 has the

lowestY ,Y 1 1.

The lowest correlation between— and0 are found for GBCLAY/6/13Z, =003 andY

T8t 11, @nd URCLAY/6/162, =003 andY 18t 1.®or these datasets, the variability-+—

data is hardly at all explained by .

The DSS results have higherand'Y for all datasets, except GBLAY/6/132 antdP

CLAY/6/162. GBLAY/6/132 shows a slightly higherand'Y for FC data than for DSS data, and
the FC data of UBLAY/6/162 is where— increases most with and has the highesy of all
datasets] ™ @ndY 18 @.¥he two datasets wheré influences the change ir—

most, apart from the Uppsala data, are CLAY/6/590, 1ip qand'Y 1§ gand ST
CLAY/6/298, ™ @nd’Y 1@ @The scatter of data is greater for lower, with bothf
and'Y 0'Q¢ ‘Qdedreasing significantly from CLAY/6/590 to the datasets limited by

For three datasets, woeCLAY/6/480, SSLAY/6/174 and GBLAY/6/132—— even decreases

slightly with w,T 1L The'Y of these datasets are extremely low mon-existing, as are the the

values of , and the impact ob on the change ir— with respect to0 may be determined

to be none.

6.3.2 Hypothesis 3 Conclusions
The hypothesiss rejected for GBCLAY/6/132 and SSL_AY/6/174, with no atistical significance

F2dzy R T2 NJ ilaKdSr (t "Gl ‘i 2 glaeito zero for both FC and DSS data.

UPRCLAY/6/162 gives contradicting results for FC and DSS. The hypothesis may be rejected for DSS
but not for FC datawhere—K I & | NXBf I ( AiQd&hd tKerh@Hest tasdrYNd@r ally” Q a

RFEGFaSiasz ¢ KKr®SSidetsis noSstatisiEcally/srificant and the regression
analysis gives a very weak correlation. A possible explanation is the low nunid&saimples,

N. CLAY/6/590 and SILAY/6/296 generally gives the best agreement betweeand0 for

both FC and DSS, followed by@IAY/6/388. It may be noted, however, that some points at

0 p8twith highvalues for— are present in all datasets and influences tiegression lines
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For the datasets where higher valuesiofare excluded the correlation weakens significantly.

This may be explained by the great scatter of datafefor low0 for DSS and esplly FC for

all datasets. The hypothessrejected for FC data anday bequestioned for DSS.
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6.4 HyPOTHESAS
- Hypothesis 4The normalized shear strength follows SGI empirical correlation,
8
— TP C L——0 .
The hypothesis is tested for ,i anddafor FC and DSS data frath datasets respectively. The

result plots forw 100CLAY/6/5544re presented for all testand the result plots for all other

datasets are presented in Appendix

The hypothesis is tested for by expressing the hypothesis as a reference line folloBiGg
empirical correlationTo evaluate the hypothesis with respectitq it is expressed ds

i andi i , Wherei TP C L STL') z @& The hypthesis is interpreted as

a 1:1 reference lineThe hypothesis is tested with respect to depth by evaluatings p and

—— pforall depths. The reference lines are tested against the linear regressistatidéhe

90% confience interval from the regression analy$sediction intervahnalysesre also

performed to test the hypothesis.
Hypothesis 4 Liquid limit

The reference line, the SGI correlation, is within the 90% confidence interval of the linear
regression line foDSS data from around @& for CLAY/6/590, wooeCLAY/6/554, vér
CLAY/6/480 and GLLAY/6/388, and at p8tfor STCLAY/6/296. The reference line is within
the confidence interval for all for SSCLAY/6/174 and GBLAY/6/132 and for UBLAY/6162 it
is within the interval fo T®. The regression lines from all datasets increase less than

proposed by SGI, 1@ X,while the intercept] , is higher than SGI, 1 ¢.u

R? Linear = 0,199 ! R? Linear = 0,016

suDS I sigmaC

suFCc i sigmaC

10 00
a0 40 50 60 7o 80 g0 1,00 20 40 60 80 1,00
Liqud limit Liquid limit

Figure31l. To the left: DSS data and to the right: corrected FC data, displayingh 0  (points) from wios
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 timear regression line and is within the

confidence interval at®@ 0 @ for CLAY/6/5900@ 0  Tdpu for CL-CLAY/6/388 and
™ U @) for SFTCLAY/6/296. The regression krfer the datasets limited by are rather
constant withb and inteccepts with the reference line ait T®. ForSSCLAY/6/174 and GB

CLAY/6/132he interceptionbetween the linear regression line and the reference tiseuss at

0 T dor, andf mmand— thus decreases with . URCLAY/6/162 is the only dataset with

f STwhichmean—AyéNSI-éSé Y2NB GKIFy &adz233SadSR o0& {DLQ

The deviatiosbetveen—FNRB Y | ff RFEGFaSG&A&T YR {DLQa O2NNBf I i
— T ¢are expresed by the RMSD value and presented in T&blae scatter from the SGI

correlation is greater for FC thdor DSS for all datasets. The RMSihddowest for UP
CLAY/6/162 for both FC and DSS. The greatest RMSD values are foun@Eg\Y&B132 for DSS
andw srCLAY/6/48@NdW_100CLAY/6/5540r DSS. The RMSD increases with decreasirigr

FC datasets, while it remanoonstant for DSS.

The RMSD has also been evaluated for a constant, @ s proposed by Mesri (1977) and SGI
(2007), when) data is missing. The values froam are greater than the SGI correlation for all
datasets. For FC, RMSD is less for constafdr wiscCLAY/6/480wW100CLAY/6/554nd SS
CLAY/6/174.

The 75% prediction interval, as presented for FCI288 data iRigure32, indicates within which
interval a future sample would fall with 75% probability. The interval is rather wide for both FC

and DSS data. It cée illustrated by exemplifying what interval p&eis to be expected at 75%

probability for a giverd . For DSS there is a factor 1.6 and for FC a factor 2.0 to the+ratio

Table6. RMSD foSGlI linear and SGI/Mesri constanédiction modefor — data from FC and DSS for all datasets.

CLAY/6/5 W0 Wiso Cl: SS ST GB UR
Datasets 90 CLAY/6/554 CLAY/6/480 CLAY/6/388 CLAY/6/174 CLAY/6/296 CLAY/6/132 CLAY/6/162

SGIDSS 0.055 0.054 0.056 0.056 0.040 0.055 0.066 0.034

SGIFC 0071 0.110 0.110 0.070 0.074 0.069 0.078 0.063
Constant, 0.077 0.067 0.063 0.073 0.043 0.082 0.080 0.034
DSS

Constant, 0.076 0.108 0.108 0.071 0.067 0.077 0.069 0.082
FC
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Figure32To the left: DSS data and to the right: corrected FC data displayingh 0 (points) from wiocCLAY/6/554,
linear regression line and 75% prediction interval (blue) and reference line (red).

IfO X andi p UQO the following intewals can be predicted for the next single sample
with a 75% probability:

UV — T1® and 50Q0 ®,e p TR O
™ T — T® @ndt XQ0 ©, e X UQ0 &

6.4.1 Hypothesis 4 Depth
The ratio between andi changes with depth in a similar pattern for all datasets, except

for URCLAY/6/162For shallow depthd, i , While i i for greater depths, and
the intercepti i occurs daround 20 m for all datasets, as dtvated inFigure33.

| 151—o%—

suDS_suSGI
o
suFCc_suSGl

B8oo oo o

22_56 @ o o
FaE v
- TaT o = y=1,1-5,53E- i
2982%8 Ol §° 0o oP—e b ——
98;

5 —
%o &
o

Depth Depth

Figure33. Hypothesis test with respect to depth with data fanswCLAY/6/554 (points), linear regression line 86&b
confidence interval (blue) and reference line (red). To the left: DSS data and to the right: corrected FC data.
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Figure34. Hypothesis test with respect ito for wi100CLAY/6/554 (points), linear regression line and 86ffidence
interval (blue) and reference line (red). To the left: DSS data and to the right: corrected FC data.

The ratio between andi also changes with depth in a similar pattern as for DSS data for
all datasets, except fAdRCLAY/6/62. Wherel i for shallow depths and i

for greater depths. The intercept i occurs at around 10 m for CLAY/6/590, slightly
shallower for CICLAY/6/388 and STLAY/6/296, and a bit deeper for-GBAY/6/14 and GB
CLAY/6/132, where it occurs at 20m.

URCLAY/6/162 is an exception for both FC and B&gei t untilx p @& depth and
t t for greater depthsThe'Y 0 "Q¢ ‘@& aadry low for all datasets and the scatter is great,

especially for shallow depths.

6.4.2 Hypothesis £ Shear strength
The averagé  from regression analysis is typically underestimated by until i ¢ T

¢ UQO ,drom where it overstimatesi  , seeFigure34. The reference line is within the
confidence interval around the interception of reference and regression line, except-for ST
CLAY/6296 where it is within the confidence interval from the interception-CIPAY/6/162 is the
only dataset where i for alli , while for the other datasets i for i

¢ T ¢ UQOD .bhe linear relation between the twio is abouti TR ¥ i for all

datasets, not considerinipe intercept.

The reference line is not within the confidence interval of the linear regressidn forexcept for

shorter intervals where theeference line crosses the confideniogéerval, seeFigure34. For

i p UQU ,d i for alldatasets excep8SCLAY/6/174, GBLAY/6/132 and UP
CLAY/6/162 whefe i fori ¢ TQU .cbhe linear relation between the and
i can be expressed &s 8z . This means thdt  overestimated for higher

values of , whileit underestimates it foloweri .
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6.4.3 Hypohesis 4 Conclusions
The hypothesis is rejected fer— for all datasets. The FC data average is greater than SGI:s

correlation for lowd and less than for high . Atthe interception, the reference line of SGl is

within the 90% confidence interval of the data. The trend is that the measuredincreases less

than SQa O 2 NaWisit lalthaughythe intercept, , is higher than |, ™ ¢.0he
reference line is within the confidence interval for sodepths typically shallowbut generally
the hypothesis can be rejected with depth. The situation is similar iwithvhere the results in

predictingi with the SGI correlation is not Ssfactory,apart for narrow intervals of .

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
uncertairty in drawing conclusions from the average behavior of data as given by the regression

analysis.

For—,1 T 5 and T p for all datasets, but the linear SGI correlation is typically
within confidence intervals for high . With depth, SGl is typically within the confidence interval
ofthedataforda p m p un.SAR A& O 2 NMSBebtimaitdd 2fgri ¢ T ¢ UQU énd
underestimatest for loweri . 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 SGl, correspetidstb both FC and DSS
datathan the constant— it drom Mesri,— T®& ¢

56



7 DISCUSSION

The hypotheses have be¢ssted statistically for the DSS and FC data. In the following chapter,

the result from the statisticadnalygsare analyzedand discussed qualitatively and conclusively

with respect to the hypotheses and general remaildse result fo— and——with 0 is

presented inFigure35.

7.1 FALL CONE TEST RESULT
The fall cone test data have been utilized to éebl i S | Eoyfelatiof, thé correction factor,

*, andthe dependency of—on0 | YR O2NNBalLRyRSyOS (42 {DLQa SYLAN

7.1.1 Correction factor
The correction factor does not equal toi . This conclusion can be draganerally foro ,

i andd. The general trend for all parameters is that the correction factor typically reduces

too much, as can be seen in Figl@e

Westerberg (19953nd Jonsson & Sellin (2012how that the corrected  underestimated
with depth,froma p m p umanda p ¢ p ™ respectively. The result fronné statistical
analysis performed in this thesis is that the linear avemaige isgreaterthani for all
depths see Figure 30The average is however closertdo  for shallower depths, and for

loweri values.
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Figure36. The SGl:sorrection fator fori (line)and— (triangles)

The uncorrected

is typically more accurate than the correctéd, ,compared to sos The

average trend for the linear regression ling is i  foralli . For shallower depths, the

average i$

i

for several datasets, although also the underestimated with depth.
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The scatter is great for both corrected and uncorrected data, especially for shallow depths and
low 0 . Due to this, it may be of interest to further investigate the posp and function of the
correction factor assuming the DSS tests gives representative values Biit, according to the

data evaluated in this study, is closer than toi ,interpreted ad
7.1.2 Normalized shear strength froRC
| |y &o 2 Carelatianddes ntitypically follow the average—, and—— does not typically

F2ft2¢6 {DLQ& SYLANAROIFf O2NNBflIiA2yd ¢KS Sy

Ao s oA > s

NBflGA2Y (2 |1 IHyae8 Qa2 NHMBDNBEER A2y { Dy®3a O2NNBf |

The result is most adequate for ¢ QU0 énd shallower depths, but the scatter is
considerableBothl | ya 62 Q& | Yy R s§lightly@ddere€s@nad Fdr lowedva@lugs of
i and shdlower depths, and werestimatei for higheri and greater depths respectivelyhe

deviation between the correlations and the data average increasesiwiéimd depth.
Both correlations underestimate the averagefor lower0 and overestimates it for higher .
URCLAY/6/162s an exception with respect 1o , where the average behavior ef—is in line

g AGK | toyelatios. Dhe constant— Ti& ¢as proposed by Mesri (1978)gviates roughly

asmuchas{ DL Q& f Ay SrbnNthe@ata\NaNdsads (i A 2 Y

The scatter is great for all datasets and it increases for lower values dhe average— is
rather constant withh , especially for the datasets whedata with highd are not presentThe
evaluated correlationfrom SGI and Hanshwedicts a greater increase of— with 0 thanthe

typical data averagélhe issue of—dependency a0 has long been discussedarlsson &

Viberg (1967argued that there is no unique relation between and consistency limitdesri

(1975)proposes a constant- independent of consistency limits,asdo &gQ L Iy I T A 2. S

With respect to the data evaluated in this thesis, one may conclude-thdependency on

may be questioned for FC data, especially forlow

The effect of the scatter may be illustrated by the result for the prediction interval analysis. For a
given measurement df ando0 , e.g.i p UQD énd0 X TU B, @may with 75% probaility

be predicted with a factor 2, 50€9<100kPa. The prediction interval is wide, and still 25% of the

future samples will deviate even more from the average.
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| yo2Qa fAYSIENI O2NNBf I (A dgfmalizeddon RitN,JecArk vidt, o8 &8 LINS & Sy
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 SHERRYT RESULTS
TheDSSest data have been utilized to evaluatee dependency o and correspondence to

{DLQA SYLMANPO+f O2NNBELGAZ2Y

7.2.1 Normalized shear strength from DSS
Compared to FC data, the results fer- show a stronger dependency @n andis more

accurately predicted by DL Q& S Y LIA NRAh® results OayNdX differeni datasgtdwith
respecttod ® ! & F2NJ C/ RFEGFEZ {DLQ& SYLMANKOfoflowd2 NNBFE I (i

0 and overestimates it for high , for all datasets

The data from URCLAY/6/162GBCLAY/6/132nd SSCLAY/6/174re rather constant and the

correlation between— and0 is not significant. The rest of the data show positive correlation

YR FINBE Ay fAYS GA K> {{DLOXN CER2NINSE H- (idARRYET Fd2yNI SKNASHK] |
values of , while ittypicallyoverestimates measureid for greateri . 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 afdzdeS R R G FTNBY { DL

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 arfid shallower depths.
With a75% probability, eemaybe predicted with a factor &, whichfor examplegives an

interval oft X ,ee X UQO fori p UQ0 énd0 x TP

7.3 (GENERAL REMARKS

To apply linear empirical correlations fer to solely0 is naturallyafflicted with uncertainty,

since other parameters also influence soil behavior. However, the benefits of a reliable empirical
correlationmayoutweigh the disadvantages. For the correlation to be relevant it must describe
the average behavior of measurddta, 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- and0 , due to the data scatteFor—,

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 betweemndV , due to itsempirical

connection tob . Some samplemm the studymay 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 greatethan 15m (Westerberg, 1995; Jonsson and Sellin, 201&3ting should ideally

be performed on undisturbed samples and the test should resemble the situation to be evaluated,
e.g. failure mode, but is naturally difficult to achieve-urthermore, the data have been analyzed

in a rather quantitative and singular approach given the limited data per testifsfiessible, by
obtaining more data per test site,raore qualitative approach, e.g. analyzinggas a site average
rather than a single value, would be preferali3y knowing the possible erroasd limitations

the interpretation of results will be more reliable.

The DSS data is less scattered than FCelaia thoughthe tests have been performed on the

same soil samples. This meathatthe operator dependent error@he field operation, transport,

storage time, handling of samples dtare similar{ I YLX Ay 3 RA&GdzNDBI yOS I FFSOI

stress situation, mehanical structure, chemical composition and. Friction and interlocking of

particles, cementationrad bonding at particle contacts all contribute to. Sample disturbance

will influencei and, sesignificantly and hence alse—.

In addition to errors in FC and DSBette mayalsobe errors in the CRBstsbut it is not within

the scope of this thesis to investigateem. Apossible error wouldhoweveraffect— and—

alike. The main difference between DSS B@dregarding 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 resuls differ between DSS and,Rd 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 togb# mechanical

problem at hand. The usefulness of applying a linear empirical correlation to data where the
scatter is assumed to be significant may be questionedah &pproachwhichrender

uncertainties and should be applied with caution. Givenrésult from the limited data analyzed

in thisthesis it would be relevant to presentarobableinterval for — with , a linear correlation

with a probable margin of error
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APPENDICES

APPENDIL - CORRELATIONS

Table A.1 Bivariate correlations between various parameters, displaying Pearson’s r and the number of samples analysed, N.

Correlation CLAY/6/590 | wiino-CLAY/6/554 | wiso-CLAY/6/480 | CL-CLAY/6/388 | SS-CLAY/6/174 | ST-CLAY/6/296 | GB-CLAY/6/132 | UP-CLAY/6/162
spstoo’s 1 0,940 0,940 0,942 0,898 0,968 0,875 0,979 0,963
N | 134 118 92 94 21 100 20 14
L 0,834 0,849 0,870 0,721 0,870 0,658 0,864 0,639
N | 501 472 411 318 157 278 132 91
Suost0 Z r 0,733 0,753 0,836 0,594 0,942 0,365 0,941 0,889
N | 147 130 104 105 22 111 20 16
Syctoz r 0,798 0,811 0,836 0,622 0,890 - 0,907 0,648
N | 590 554 430 388 174 296 132 162
Swstow, 0,194* - - - 0,693 -0,193* - -0,563*
TN | 147 130 104 105 22 111 20 16
sectow, 1 0,201 0,307 0,359 0,373 0,501 - - 0,265
N | 590 554 480 388 174 296 132 162
o.toz r 0,876 0,879 0,878 0,796 0,905 0,309 0,918 0,92
"N | 501 472 411 318 157 278 132 91
w to o’ r - - 0,215 - 0,286 -0,335 - -0,451
TN | 501 472 411 318 157 278 132 91
w_toz r - 0,161 0,302 g 0,428 2 3 -0,250
N | 590 554 430 388 174 296 132 162
swsf0’cto T 0,624 0,446 0,325 0,483 - 0,667 - -
Wi "N | 134 118 92 94 21 100 20 14
secfo’:to 1 0,691 0,463 0,315 0,574 0,364 0,757 0,186* 0,833
WL TN | 501 472 411 318 157 278 132 91
Serce/ O to T 0,360 0,126 - 0,254 - 0,399 - 0,684
Wi "N | 501 472 411 318 157 278 132 91
SustO Sy T 0,836 0,854 0,873 0,770 0,935 0,716 0,381 2
N | 147 130 104 105 22 111 20 16
Sups O Surce T 0,897 0,892 0,901 0,843 0,926 0,819 0,890 0,668
N | 147 130 104 105 22 111 20 16

All correlations statistically significant at 0.01 level, except:

* = statistically significant at 0.05 level

- = not statistically significant

The correlation between the six parameters of interestdSirce Sos ZWL> o) hae been evaluated for all datasets and are

LINB & Sy i

y dzY 0 aNd twotailed digvificiinSedekel iald ANLR 2 Y Q &

g Al0K

SR
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Shear strength and preconsolidation pressure

su from both FC and DS is positivelyds I (i Sidr allld@asetsQt a 0.01 significance level. kostae correlation is
strongest for GECLAY/6/132, r=0.979, and-S88AY/6/174, r=0.968, and weakest for(31AY/6/286, r=0.875. The correlations
are strong for all datasets. The correlatifor srcis weaker for all datasets. The strongest correlation is found fer w
CLAY/6/480 and SSLAY/6/174both r=0.87, and the weakekir URCLAY/6/162, with r=0.639.

Shear strength and depth

The correlation betweenussand depth, z, is positive for all datasets:E@AY/6/174 and GBLAY/6/132 shows the strongest
correlations, r=0,942 and r=0,941 respectively, whil&CERY/6/296 is the weakest, r=0,36&calso show a positive correlation
with z for all datasets, erpt STCLAY/6/296 where the result is not statistically significant. The correlation increases with

decreasing w be stronger for clays with silt and/or sand content compared to purer clays and be weak in the Stockholm region.

Shear strength and liquidimit

The correlation betweensssand w.show no general trend. The correlations vary from being weakly negative at 0.05
significance level for CLAY/6/590 and@@1AY/6/296, more strongly negative for-GPAY/6/162, 6,563, at 0.05 level, while
SSCLAY/AL74 is positive, r=0,693, at 0.01 level. The results for the other four datasets are not statistically significast For s
the correlation is positive, ranging from r=0,201 for CLAY/6/590 to r=0,501 0L &%/6/174. The Stockholm and Gothenburg

datasds do not show statistical significance.

Preconsolidation pressure, depth and liquid limit

* &5 showing a strong, positive correlated to z for all datasets. The correlation betwéey Wik is Va€ying. A positive
correlation is found for wsoCLAY/6/48, r=0,215, and SSLAY/6/174, r=0,286, while the correlation is negative fer ST
CLAY/6/296, 19,335, and URCLAY/6/162, 9,451. The other four datasets are not statistically significant. The correlation
between w and z also show a great difference Wween the datasets. The correlation is negative for Uppsala dataset and

positive for both datasets limited bynand SSCLAY/6/174. The rest of the datasets are not statistically significant.

Shear strength from fall cone and direct simple shear test

The orrelation between shear strength measured with DS and FC, corrected and uncorrected, is positive and significant at 0.0!
level for all datasets, except UELAY/6/162 for the uncorrected shear strength which is not statistically significant. The
correlation is similar betweenuwssand srcand srcdrespectively. It is, however, somewhat stronger for the correctedss

except for S&ELAY/6/174 where the correlation is weaker facgcompared to sc
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APPENDIR ¢ HYPOTHESIS

| 8L GKSaAa

i S & Gometafion (red §hd)onvthQespett fo WIS ¢ add su for all datasets excapt w

CLAY/6/554, andRCLAY/6/162or w.. The hypothesis is evaluated against the linear regression line and 90%

confidence interval (blue les).
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APPENDIR ¢ HYPOTHESES
Hypothesis test of the correction factor, p (red line), with respect tozvand sfor 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

Wr100-CLAY /6/554 wigo-CLAY /6/480
—| \“\-_\
'g- 10 V1450 : — E 10 e —
a e a B aas
I ! ’ iiqud Iim;t ‘ I b I ! ) Liqud limit ’
CL-CLAY/6/388 SSCLAY/6/174
\ f \E\-\‘-—‘_‘/ﬁ/’/
g e i=1.45-0,8% E [
a ‘% E\\\\ 3 ., S| I
\\%K ‘ =
e T~
_—\_\
’ ! ! Liquld limit b b b ! ‘ Liqu;:l limit ’ ' ’
ST-CLAY/6/296 GB-CLAY/6/132

RZ Linear = 0,3 . R? Linear = 0,074
14
- |
1/
N | f”’”
—
10 )

|
y=1,38-0,54%] \
TS|

10 15 20

suDS i suFC
suDS / suFC

_\_\—‘_

J A 10
Liqud limit Liqud limit

73



suDS i/ suFC

suDS j suFC

2,0

UP-CLAY/6/162

R Linsar = 0 420

suDS / suFC

y=2,12-159

N

Ligqud limit

Hypothesis test with respect to deptlg corrected shear strength from fall cone test

WiL100-CLAY /6/554

? Linear = 0,144

20
o @ o
e
ol o
o o
o o
o -
o
o8 1
1! ) ° o FMOQ*‘O,GQ‘XF ° L —
] o
090
] 33
° o
o
o
o
10 2 40
Depth

20

CL-CLAY/6/388

R< Linsar = 0,140

y=1,06+0,02% "

Depth

30

suDS i suFC

%

2,0

Wiso-CLAY /6/480

+0,02*%

R= Linear =0

/

2
Depth

SSCLAY/6/174

R< Linear =0

y=116+0,01*x

//
| s

suDS I/ suFC

o

74



suDS i suFC

suDS i suFC

suDS / suFC

2,0

ST-CLAY/6/296

—
" Tly=1,02+0,02* t_,,——-"f”

20

|
I
[
\
1
5

UP-CLAY/6/162

R= Linzar = 0,25¢

[y=1,00+0,04%]

\
\

\
W
\

20

Depth

20

GB-CLAY/6/132

R Lingar = 0,08

suDS I suFC

///‘_'

_y=1,25+819E-3*"x
—

Hypothesis test with respect to deptlg uncorrected shear strength from fall cone test

Wi100-CLAY /6/554

R< Linear = 0,101

ST

Depth

2,0

Wigo-CLAY /6/480

p Te° 8 (=0,97+0.01% [

————

suDS / suFC
2

75

Depth

30 40

RZ Linear = 0,070



CL-CLAY/6/388 SSCLAY/6/174

o

suDS / suFC

R< Lin 11
, 14
. | —
| ——y=0.880, 05K o b T S—
% % __d_r_;.___j_,\m,ﬁﬂ,wtzra'x
5 I
8 a — |
| F
) 10
10 20 30 ” 10 20 3
Depth Depth

ST-CLAY/6/296 GB-CLAY/6/132

R< Linear = 0,090 - |

©

y=087+7 5E-3*x

1
y=0,8+0,02" /

suDS /suFC

suDS /suFC

/ l

Depth Depth

UP-CLAY/6/162

suDS /suFC

y=0,77+0,07"x

[y=102+0,02°x

Depth

76



suDS

suDS

suDS

&0

Hypothesis test with respect to shear strengtticorrected shear strength from fall cone test

wr100-CLAY /6/554

R Linear = 0,79¢

2 Linear = 0,711

2 Linear = 0,672

50
40
30 N -
I
20
10
’ 10 20 30 4
sufFC
CL-CLAY/6/388
50
50
40 —
Q
o
30 ® 1%} b /é
o9 olmzizar
o S8
@
20 il
C ogque
10 DP& L
2) 2Le® o
’ 10 2 il
suFC
ST-CLAY/6/296
30 =
o
P o
20
1
o
10 )
Q|
y 0g . i N N
o
10 15 2 25
suFC

wigo-CLAY /6/480

R? Linear =0,812
02
0
o
o
40
Q,
(=}
" e
S : -
o © y=-2,6+1,417%
e @ 5' ol 8
O og S>4CH
Q @
10 o) a)g ) =
S, Qf $
i
10 20 30 40
sufFC
SSCLAY/6/174
[R? Linear = 0,857
o /6
o
o
40
Y
" qQ
S w =
@ [i=-1,95+1,2%
Y
Q
10 5
o
i
10 20 30 40
sufFC
GB-CLAY/6/132
[R? Linear = 0,792
<
{i
o
[+]
<] /
40
Q,
@ o
=] y=0,97+1,35%
r
o
0
3
0 |
Yo b
10
10 135 2 e * @

77

sufFC




suDS

suDS

suDS

UP-CLAY/6/162

0 2 Linear = 0 448
30
e
y=5,78+1%]
) r /
=]
[+
1 ° °
10 15 2 25 30
suFC
Hypothesis test with respect to shear strengthuncorrected shear strength from fall cone test
wi100-CLAY /6/554 wigo-CLAY /6/480
[R? Linear = 0,762
o0 2 Linear = 0,729 /99/
oﬁ
50 5
Q 40 °
40 o © N i o
o @ [}
o o % . ) WS
o ) ¥=-0,18+1,08"
o obl=o13n s o o
0980 g 8g . o ©
20 T2 Duf = g 8 8?
o8 0 @0 L o
e QE o 10 Bro0g® o °
7 % cofl® o °©
N 10 20 30 40 El
o 10 2 Ll 50 suFC
suFC
CL-CLAY/6/388 SSCLAY/6/174
o R Linear = 0,593 ¥ Linear = 0,574
. : u o
10 2 a0 /;/
° e 2 .
30 o] & R [v=2.06+1.04%]
O OF|y=0,75+097"%
0% g 5 0% o]
20 = S
cu 5 Q%DOB o %
107 . 80 10 /
7 008° o o
v 10 2 4 50 N 1 2 4 50
suFC suFC

78



suDsS

suDsS

30

ST-CLAY/6/296

o R” Linsar = 0,513

R” Linsar = 0,145

o]
o
i o
20
1
10
T T
10 15 20 25 30
suFC
UP-CLAY/6/162
40
) o
o
30
| [y=12,06+0 567
o
20 /
o
1 > ¥
10 15 20 2% 30
suFC

GB-CLAY/6/132

R? Linear = 0,777

40

w
% o
" © y=0,64+1,07"%
o
(%]
o
]
o
o
10
10 20 30 40
sufFC

79




APPENDIA& - HYPOTHESAS

Hypothesis test of SGI empirical correlationriormalized shear strengthwith respect to w, z and sfor all datasets

except wio0CLAY/6/554. The hypothesis is evaluated against the linear regression line andrf@#nce interval
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