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Summary in English

Denmark has a large presence of fat Tertiary plastic clapg;ware located just be-
low the subsoil in a narrow band throughout the country, ab ageunder younger
deposits several other places. These fat clays have a langent of plastic clay mi-
nerals, resulting in a significant ability to absorb largauities of water and thereby
making it highly prone to swelling and shrinking. Anothestitiguishing feature of
these clays is their fissured structure, which has a largeeinfle on the behaviour
of the clays. The plastic clays have been known for many yseststhe scientific
knowledge of their behaviour is limited. Extensive devetgmt activity is currently
ongoing on locations where the subsoil consists of thesiplelays, increasing the
need for a better understanding of these plastic clays.

This thesis deals with the characteristics and behaviouh@fplastic Eocene clay
Sgvind Marl. This is in order to gain a better understandifthe plastic clay group
and their geotechnical properties. Sgvind Marl has an mdhghigh plasticity and is
highly calcareous, with calcite content reaching up to 75%he soil specimen. The
structure of Sgvind Marl is highly fissured, as unstructuissures run throughout
the layers. The clay samples used all originate from twotlona at Aarhus Harbour
where Sgvind Marl is present from just below the surface ¢agdepths.

A literature study on the influence of structure is made tahga understanding
of the influence of the structure on the clay. Both the infléenta general post-
sedimentation structure and of a fissured structure areibdedoon both compression
and shearing behaviour. A general structure shows an inmgaffect on the com-
pression as well as the failure behaviour. However, a fissstreicture makes it diffi-
cult to determine a clear yield point of the clay, making ialtanging to determine a
unique preconsolidation stress level. A fissured strucdaxerely weakens the shear
strength of a clay, as the clay is prone to shearing alongpistent fissures.

The thesis is primarily based on five papers and a monogragtoseand it is di-
vided into three parts of different subjects. Part one igitermination of the general
geotechnical properties of Sgvind Marl, part two concehnesstiffness of Sgvind Marl
and part three deals with the strength determination ofr&gaMarl.
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Xii

Classification and index tests are made in cooperation Wwétehgineering company
Grontmij to gain a basic understanding of Sgvind Marl. Thasfitity of a clay has
a great influence on the behaviour of the clay. Changes in tinecBde dedicate the
fall cone as the preferred method to determine the liquidt.liithis method is found
to yield liquid limits much lower than those found using thesagrande cup for limits
above 200%, rendering the fall cone with limited use on hjigitdstic clays. The plas-
ticity of Sgvind Marl is normally in the ranges of 100% to 250¢th extreme values
exceeding 300%. A clear correlation is found between thstigity and the calcite
content of Sgvind Marl. The part presents cone penetratists tind field vane shear
tests and the results shows a change in behaviour at simeijfihsl A change is also
found in the plasticity and calcite content at the same deptiis is all an indication
of the fact that a fundamental change occurs at a depth obzippately 25 m, despite
no clear difference in the mesofabric of the clay.

Incremental and continuous loading oedometer tests are teastudy the stiffness
of Sgvind Marl. Incremental loading oedometer tests arermeted using the pre-
sented ANACONDA method. The fissured structure of Sgvindl Mas an essential
influence on the determination of the preconsolidatiorssts. At relative low stress
levels (600 kPa to 800 kPa), an apparent preconsolidatiessstevel is found; pre-
consolidation stress levels that are inconsistent witlggdogical history of the clay.
The tests in this thesis are performed to higher stressséivah conventional tests, as
these stress levels are more similar to the expected prelaetson. Consequently,
a second apparent preconsolidation stress level is foutttkinange of 6300 kPa to
8900 kPa, which is more similar to the geological historyhwitillions of years of
primary and secondary consolidation, whereas the loweropsolidation is deemed
to be a result of the fissured structure. During the contisdoading oedometer tests,
the horizontal pressure acting on the oedometer ring is unedsenabling the earth
pressure at rest to be determined. The normally consotidsdgth pressure at rest is
found to be independent of any known relation to the fricaogle or plasticity of the
clay. Overconsolidation ratios are often used in the esiomaf the overconsolidated
earth pressure at rest. The clay loses its "short-term" mgmed OCR must be de-
termined based on the previous maximum stresses in the test.

Undrained triaxial tests are made to determine the undilahear strength of Sgvind
Marl. The samples are found to primarily shear along pretert fissures, indicat-
ing that the strength of fissured clays is significantly lowem that of a similar un-
fissured sample. The relation between the undrained shreag#t and the field vane
shear strengthy, is, on modern undrained triaxial tests, confirmed to be hidevthe
CPT corrected cone factal},;, was found to be 20.
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Resumé pa dansk

| Danmark er der en stor tilstedeveerelse af plastiske lem, esolokaliseret neer over-
fladen i et smalt band tveers igennem landet samt flere steder yngre aflejringer.
Disse fede lerarter har et hgjt indhold af plastiske lermzilez, som resulterer i en be-
tydelig evne til at absorbere store maengder vand. Dettegnexdft leret er tilbgjeligt
til at svelle eller svinde. Et andet seerligt kendetegn feséilerarter er den spreekkede
struktur, der har en stor indflydelse pé lerets opfarelsé.trdils for at disse plas-
tiske lerarter har veeret kendt i artier, er den videnskgbeliden om deres opfarsel
begreenset. | disse ar er der en stor byggeaktivitet pa tetalj hvor undergrunden
bestar af disse fede lerarter. Dette gger behovet for erelferstaelse af disse plas-
tiske lerarter.

Denne afhandling omhandler karakteregenskab og opfafsieraplastiske Eocaene
ler Sgvindmergel. Sgvindmergel er studeret for at f& enebéahstaelse for disse
plastiske lerarters geotekniske egenskaber. Sgvindinergs ekstremt plastisk og
meget kalkholdig lerart, med et kalkindhold pa helt op tib@%af den samlede ler-
preve. Sgvindmergels struktur er meget spraekket med sprdeidende ustruktureret
igennem hele leret. De benyttede lerprever stammer all®fiekaliteter pa Aarhus
Havn, hvor Sgvindmergel er til stede fra taet pa oversladesiotie dybder.

Et litteraturstudie er udfert for at f en forstaelse foukturens indflydelse pa leret.
Indflydelsen af en general post-sedimentation samt en gptastcuktur er beskrevet
bade pa stivheden og styrken af leret. Tilstedevaerelsen géeeral struktur har en
forbedrende effekt pa savel stivheden samt styrken mod. dEmndspraekket struktur
derimod besveerligggrer bestemmelsen af et flydepunkkétwilgr det vanskeligt at
bestemme en entydig forbelastningsspaending. Desuderkarezkspraekket struktur
styrken af ler, da brud sker i den svageste del af leret: deteksnde spraekker.

Denne afhandling er primeert baseret pa fem artikler samoabgrafafsnit og er delt i
tre dele, som alle omhandler forskellige emner. Fgrstemélemdler bestemmelsen af
generelle geotekniske egenskaber, anden del omhandtenbaslse af stivhedsegen-
skaber og tredje del omhandler bestemmelsen af styrkdegamsaf Sgvindmergel.

Klassifikation og indeks tests er lavet i samarbejde mednimgérmaet Grontmij
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for at f& en grundviden om Sgvindmergel. Lers opfarsel erkstatheengig af dets
plasticitet. ZEndringer i Eurocode stipulerer, at faldkegér at foretreekke nar flyde-
greenses skal bestemmes. Faldkeglen giver betydeligt enflydtegreenser i forhold
til Casagrande-skalen for flydegreenser over 200%, hvilketfgdkeglen usikker pa
lerarter med meget hgj plasticitet. Plasticiteten af Séviergel er typisk i intervallet
mellem 100% og 250%, men med ekstreme veerdier over 300%. ICfandet en
tydelig sammenhaeng mellem plasticiteten og kalkindhdideSgvindmergel. Re-
sultater fra CPT og vingeforsgg er praesenteret, og en agndratviklingen af resul-
taterne blev fundet i en dybde af ca. 25 m. Ogsa i plasticitetgkalkindholdet af
Sgvindmerglen er en markant aendring observeret i sammesdddette indikerer
en veesentlig eendring i leret i denne dybde, til trods forireadring var synlig i leret.

Trinvis samt kontinuerlig belastede oedometerforsgg &rtifor at undersgge stiv-
heden af Sgvindmergel. Trinvis lastede oedometerforsagtblket ved hjeelp af den
beskrevede ANACONDA-metode. Den spraekkede struktur aii@energel havde en
betragtelig indflydelse pa bestemmelsen af forbelastsjmmsdingen. Tilsyneladende
forbelastninger er fundet ved relativt lave spaendingsniee (600 kPa til 800 kPa), og
disse spaendinger er ikke samstemmende med lerets kendibgigke historie. For-
sggene preaesenteret i denne afhandling er kart til stgrnedipgsniveauer end normal
praksis, da disse spaendingsniveauer er bedre samstemedderforventede forbe-
lastninger. Dermed er der fundet en anden forbelastniagsdmg i starrelsesorden
6300 kPa til 8900 kPa. Denne forbelastning stemmer bednensaned den geolo-
giske historie med millioner af &r med konsolidering og kiyty, hvorimod den lave
forbelastning tillaeges den spreekkede struktur. Under dérkeerlig belastede oedo-
meterforsgg blev de horisontale spaendinger malt, dermedtitetrykskoefficien-
ten bestemmes. Hviletrykskoefficienten for Sgvindmergagbi et normal konsoli-
deret niveau er bestemt til at veere uafhaengig af kendteli&toe til friktionsvinkle
eller plasticitet. Hviletrykskoefficienten for overkoristeret jord bestemmes oftest
ved hjeelp af overkonsolideringsgraden. Det er fundet,rat lmister sin "kortidshu-
kommelse", og OCR skal bestemmes ud fra maksimale tidligpeendinger under
forsgget.

Der er udfgrt udreenet triaksialforsgg for at bestemme desenelt forskydningsstyrke
af Sgvindmergel. Prgverne bryder primeert i eksisterendieldger, hvilket er en in-
dikation af, at den malte udraenede forskydningsstyrke afspeaekkede ler er bety-
deligt mindre end styrken af en lignende uspraekket ler. ¢idet mellem den malte
udreenet forskydningsstyrke og vingestyrken,er pA moderne triaksialtests blevet
bekreeftet til 0.3 mens den korrigerede keglefaktor fra @R1€, Ny, er bestemt til
20.

Gitte Lyng Grgnbech Xiv
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CHAPTER 1
Introduction

The subsoil in a large part of Denmark consists of Tertiapodés, often very fat and
highly plastic clays. This thesis focuses on the behavidumne of these clays; the
extremely plastic and highly fissured Eocene clay calledr&bMarl.

Clays are characterised based on their plasticity usinG#sagrande’s plasticity chart
(Casagrande 1932). This defines very plastic clays as a daawlasticity index and
liquid limit above 50% and 80%. The clay content of these €liayery high, above
80%, making these clays very prone to swelling. The swekibility of these clays
characterises them as expansive clays. A plastic clay withss to water will absorb
the water and bind the water to its molecular structure, tbeemplastic a clay is. The
more water it binds. As the volume of a clay is directly retate the water content,
an unloaded clay swells when it has unlimited access to water

The expansiveness of these clays combined with seasonatieas in the natural
water content can cause great problems, in particular faltest foundations where
settlement or uplift can lead to large damages of the coctibns (Knudsen 1985).
During foundation of constructions in Denmark, the presevfplastic Tertiary clays
automatically leads to restricted foundation class adogrtb the Danish Standard,
drastically increasing the price of the project. The seakohanges are particularly
evident near plants with deep roots. Knudsen (1993) de=ttibw a forest floor had
height differences of up to 12 cm from summer to winter dueutsssil consisting of
expansive clays. Damages caused by deep roots in plasgie dtanot fully evolve
until the trees have reached their full height, usually atabe of 20 - 30 years, caus-
ing damages long after planting.

Highly plastic Tertiary clays are most often fissured, whigtther complicates han-
dling of the clay. The fissures can open up during unloadisgltieg in easier water
penetration in greater depths. The water is absorbed dueetbigh plasticity. This
results in a softening of the soil leading to weaker strergith larger deformations.
Similar expansive soils are known to cause problems all tvemworld. Jones and
Holtz (1973) estimated that expansive clays cause moregkainaconstructions than
any other natural hazard.



2 Introduction

1.1 Plastic clays in Denmark

Tertiary deposits can be found in most of Denmark, excephtreh-eastern part of
Jutland, southern Zealand/northern Lolland Falster anchiB@m. In the southern,
western and central part of Jutland, the Miocene depostéoaated just below the
till, and on northern Zealand along with Djurs and the lowgsstt of northern Jut-
land, the Danien Limestone is located below the till. Howegtree plastic Eocene and
Oligocene clays are located just below the till or even tdps@ narrow band across
Jutland. The band covers from Thy in north-western part ofrBark, across Mors to
Skive and Randers before reaching Aarhus and following tlastcto the Little Belt
region. From here it covers the eastern and southern pattraf; across the sea bed
to the southern part of Falster along with Samsg and thewgetiern part of Zealand.
This is illustrated in Figure 1.1. The five main plastic clay®enmark are: Rgsnaes
Clay, Little Belt Clay and Sgvind Marl, Viborg Formation aSt&ive Septerian clay
listed after decreasing age.

[ Miocene

Il Oligocene

Il Eocene

[ Paleocene

[ Limesand

[ Bryozoa limestone

[ Coral limestone

[ Cretaceous Limestone

[ Older than Cretaceous Limestone

fem

Figure 1.1 Plastic Eocene and Oligocene clays in Denmark marked by daykogmds(") marks Aarhus.
Modified after Geocenter Danmark (2010b)

Eocene clays is particularly close to the ground surfactéreastern part of Jutland
which includes Aarhus. The presence of plastic clays in Dekrhas been known
for many years, but the scientific knowledge is still limithae to the problematic and
lengthy process of testing plastic clays. In the last dedddaesearch activity has in-
creased significantly, all in the hope of gaining a betterustinding of the behaviour
of these clays. The Eocene clays are spread throughout Dkeamécover areas with
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either finished, ongoing or planed extensive developméivitgc The high plasticity
causes problems as large settlements can take place ngettiein Eocene clay occur
over long periods of time due to the low permeability and tydegths. The Little Belt
Bridge opened in 1935 and is founded directly on the plastitelBelt Clay. It has
to date suffered settlements of up to 0.7 m, which is stiliéasing. Among the most
high-profile projects currently ongoing is the urban reelepment of the former in-
dustrial harbour in Aarhus, which is located on great depftSgvind Marl and the
Fehmarn Belt connection between Falster in Denmark and &ehim Germany; the
bed of Fehmarn Belt consists of primarily Rgsnees Clay.

1.2 Location of studied Sgvind Marl

The work done during this thesis has been made on Sgvind Maithating from two
locations (LH and BS) at Aarhus Harbour, cf. Figure 1.2. Botlations have Sgvind
Marl in great depths, starting under a small layer of man-rfaldaid during the con-
struction of the original industrial harbour and a thin lagéglacial till. The boring
logs from each location can be seen in Appendix F. The samysdes collected in
connection with the urban re-development of the two areas.

Figure 1.2 In situ location of tested Sgvind Marl,)): LH samples and ): BS samples

5 borings from the LH location were used with depths rangiognf40 m to 69 m,
and 5 sample tubes from the BS location were used all fromahegdepth of 11.5
m. All samples are remarkably similar in appearance, régssdf in situ depth. The
only mesofabric difference is the colour, ranging from tigjney to dark grey and
olive green/brown. The difference in colour is dependenthencalcite content. BS
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4 Introduction

samples are from the younger part of the Sgvind Marl Formadiod has a higher
lime content than LH samples, which originate from the oldi@t of the formation.
The most noteworthy physical feature of Sgvind Marl is the fiet of unstructured
fissures running throughout the layers.

Sgvind Marl was first described by Andersen (1937), and isethaiter the small
village of Sgvind located by Horsens Fjord where the marisible in the now closed
marl pit.

Gitte Lyng Grgnbech 4



_ - CHAPTER 2
Tertiary Geology in Denmark

The behaviour of a soil is highly dependent of the depositaggoand later history.
The current Danish landscape is clearly defined by the gkathi@t covered Denmark
during the Quaternary period. But several places, just f@tens below the surface,
the soil is Tertiary or even older. Figure 2.1 presents thgeupayers of soils older
than Quaternary. The chapter is primarily based on Heilr@laisenet al. (1985),
Larsen (1989), Heilmann-Clausen (1995) and Geocenter Ben{®010b) with addi-
tional references in text.

65 million years ago an asteroid hit earth and drasticalpnged the global environ-
ment and climate; this event marks the transition betweerCtietaceous period and
the Tertiary period. The impact caused a few centimetek tlaiger of clay containing
cosmic particles to be spread across the globe. This layebeaeen at Stevn’s Cliff
in Denmark in the form of Fiske Clay. The Danish geology istigconnected to that
of the North Sea; however, this will not be described further

Tertiary sediments mainly consists of limestone and fatclahich overlay the Cre-
taceous limestone, and are all marine deposited in theveld¢ep sea covering Den-
mark at that time. The Tertiary period is separated into tffergnt time periods:
The Palaeogene period and the Neogene period, which botlivéded into different
eras.

2.1 Palaeogene period

The Palaeogene period lasted from 65 million years to 23anilfears ago and is
divided in four eras: Danien, Paleocene, Eocene and Oligpeea. Figure 2.2 lists
an outline of the most significant Danish Paleogene deposits

2.1.1 Danien era

The first 5 million years of the Paleogene period is known asianien era. During
the Danien era Denmark was still covered by a large ocean. lifrtestone sedi-
mentation continued from the Cretaceous period as the @ifmad not yet changed
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Legend

[ Miocene
[] oligocene
[ Eocene

[ Paleocene

[ Limesand

[] Bryozoa Limest.} Danien
[ Coral Limestone.

[ Cretaceous Limestone
] Oider than Limestone

Figure 2.1 Sub-Quaternary surface of Denmark. Modified after Geocéa@mark (2010b)
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Figure 2.2 Geological time scale of the most prominent Danish Palaeogepesits. Modified after
Geocenter Danmark (2010b)

drastically. However, a small layer of Fiske Clay separéiteswo limestone forma-
tions. The main difference of the two limestone types is tres@nce of fossils in
Danien limestone. The fossils originate from bryozos anmdlsdiving on the Danien
ocean floor and shells from animals in the ocean. During theddeearlier limestone
formations eroded and re-sedimented in the Danien oceantyipe of limestone is
known from the Copenhagen area. The depth of the Danientlimewaries greatly,
with 100 m in eastern Zealand and more than 200 m in northesesutland (Thom-
sen 1995).
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2.1.2 Paleocene era

As the temperature rose and the sediment type changed frestibne to fine grained
clays, the Danien era were succeed by the Paleocene era.h@ihges was due to
thermal rise of the British Isles as volcanic activity inesed in the Icelandic area,
creating the volcanic Thule land bridge, disconnectingNloeth Sea area from the
warmer Tethys Ocean and Atlantic Ocean. The transit to @dingents indicates that
the main transportation method was via the rivers. The sedliation originated from
chemical weathering of the parts of Scandinavia not coveyettie ocean.

In the late beginning of the Paleocene era, the land undeXaontlh Sea rose signifi-
cantly, resulting in a significant erosion of the underlylimgestone. This limestone
was mixed with the clay sediments creating a highly calaasextay with a high con-

tent of re-deposited limestone known as Kerteminde Marlkotigh the middle and
late Paleocene era the North Sea rose continuously, likelytalcooling of the subsoil
as an effect of less volcanic activity at the Icelandic Hots his introduced a cold
and acidic environment, and sediments deposited undee ttiszimstances belong
to the Ableg Formation, which is distinguished by being t@lcareous. In the late
Paleocene era the depth of the North Sea reached up to 400this btean, a finely
grained clay was deposited; a clay rich on colour and cangistf almost only the

highly plastic clay mineral smectite. This clay is Holmelulsy, which is abundant
also in the current North Sea area.

2.1.3 Eocene era

At the transition time between the Paleocene and Eoceneaemaassive increase
in temperature occurred called the PETM (Paleocene-Eotbeemal Maximum).
PETM had a massive effect on the fauna, causing the ancefstoodern fauna to
gain ground. PETM is believed to be initiated by a large iaseein volcanic activity
at the Islandic Hotspot, which also caused the subsoil toupeand rise significantly.
This caused parts of Denmark to be uncovered in the begirofitige Eocene era.
During this early period of the Eocene era the lower part efdbean above Denmark
was deprived of oxygen and hereby bottom-dwelling animasulting in preserva-
tion of the initial fine layering of the non-calcareous Stdlilint Clay, which can be
found in the north and north-western parts of Jutland. THeavac activity increased
drastically after PETM, and several big volcanic eruptitmsk place, where Basalt
ashes from the biggest spread over most of Northern and& &ntrope. At the same
time, continental drift opened the Atlantic Ocean betweemwWy and Greenland.
140 ash layers can be found in Denmark as evidences of ansasdegeological ac-
tivity during the Early Eocene. The sedimentation durinig fheriod was of altering
layers of non-calcareous clay and ash, and can be found imottile-western part of
Jutland as the Fur Formation (also known as Mo Clay), and teeRdrmation can be
found in the rest of Denmark. Organic material can be founthén@lst formation,
indicating sedimentation in salt or brackish water.
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After an intense start of the Eocene era, the Icelandic tdbtspoled leading to a
land settlement and a drastic increase of water depth in tnthI$ea of up to 600 m
to 1000 m. In this sea, almost no sediment originating fromad lareas was deposited
in Denmark, evidence of great distances to any land areasefliments are very fine
grained plastic clays, originating from chemical weathgiaf volcanic materials. The
deposits consist primarily of smectite, kaolinite and.illthe North Sea was still cut
off from the warmer oceans to the south, causing almost mécareous clays to be de-
posited, but during the Eocene era the connection to warosams was re-established
resulting in calcareous clays to be deposited. Depths oértitan 200 m of plastic
clay were deposited during the middle and late Eocene emselplastic Eocene clays
are divided into three formations: Rgsnes Clay, Little B¥#y and Sgvind Marl.

Ragsnaes Clay

Rasnes Clay Formation is the oldest of the three plasticri#ckays in Denmark, de-
posited in the middle of the Early Eocene era. It primarilg haeddish colour due to
ferric compounds, but the colour varies from dark brown tie gmey and yellowish.
Rasnaes Clay is divided into seven beds: the oldest Knuddhoeeber and R1 to
R6. Figure 2.3 illustrates the bedding of Rgsnaes Clay at@idtits characteristic.
Few ash layers are to be found in beds R3 to R5, whereas bedsdRR2aare glau-
conitic. The clay is mainly calcareous and bioturbated asdication of a rich fauna
during the time of deposit. There is trace of organic malereonly the Knudshoved
member and R6. The colour, calcareous nature and lack ofiargsaterial indicates
an oxygen rich deposit environment. Rgsneaes Clay can be foundst of the North
Sea and surrounding areas, and in most of Denmark excepotttewestern part of
Jutland. The depth of Ragsnaes Clay varies with 3 m at @lst artd 88 m at Boul-
strup.

Little Belt Clay

Little Belt Clay Formation is located above the Rgsnees Claynation and is de-

posited in the late Early Eocene era to the middle of the Midethcene era. Little

Belt Clay is mainly grey-greenish and non-calcareous. diiv&led into six beds, L1

to L6. Figure 2.4 illustrates the bedding of Little Belt ClayHinge and its charac-
teristic. Organic content is present in L1 to L4, indicatiadépng with the greenish
colour, an oxygen deprived environment. In the upper bed$atnd L6, the colour

changes and the clay becomes slightly calcareous due to foissils, indicating an

increase of oxygen at the ocean floor. Little Belt Clay candumil at the same loca-
tion as Rgsnaes Clay and has a depth of up to 100 m at the Daarsha@® border and
70 m at the Little Belt area.
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Figure 2.3 Bedding of Rgsnees Clay at Hinge. Modified after Heilmann-§3aet al. (1985)

Savind Marl

Sgvind Marl Formation is located above the Little Belt Fotima Sgvind Marl was
deposited from the middle of the Middle Eocene erato lateeBe@ra, and is, thereby,
the youngest of the plastic Eocene clays. Sgvind Marl is Ipairey to almost white
and is predominant highly calcareous with calcit&(C'O3) content up to 70%, and
occasionally glauconitic. The colour of the marl is highgpgndent of calcite content
and the less-calcareous clays can be almost black. The elawglcite content and
thereby colour derives from the difference in the magnititeccoliths at the time of
deposit due to difference in water temperature. Sgvind Mdrighly bioturbated and
has no clear bedding as the previous plastic Eocene clagsprEsence of coccoliths
enables a division of Sgvind Marl into six NP zones. From tldest Sgvind Marl in
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Figure 2.4 Bedding of Little Belt Clay at @lst. Modified after HeilmanriaDseret al. (1985)

NP zone 15 located just above the Little Belt Clay to the yastégn NP-zone 21 just
below the Oligocene Viborg Formation. Figure 2.5 presemtsNP zones and age of
Sgvind Marl. (Okkels and Juul 2008)

Sgvind Marl is known in most of Denmark, but it is absent in tiogth-western part
of Jutland as the remaining plastic Eocene clays. A largatian in depth of Sgvind
Marl can be found, with 4 m at @lst, 60 m in Aarhus and up to 90 itihatDanish-
German border.
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Figure 2.5 Coccoliths in Sgvind Marl and age determination of SgvindlMaAarhus Harbour from NP
zones.

2.1.4 Oligocene era

At the end of the Eocene era, the climate cooled, the ice aapefd at the Antarctica
and the present climatic zones were formed. The land rostharfthe grained plastic
clays deposits were succeed by thick mud and sand layers/ibbey Formation was
formed in the early Oligocene era and was gradually chanfyorg plastic clay to
also containing silt and sand materials. Due to the occakexposure of land, most
of the early Oligocene deposits eroded and are therefortoant in Denmark. The
water depth increased during the late Oligocene era fronrevtiee calcareous and
glauconitic Branden and Skive Clays can be found in Jutlamtm Funen from the
early period. The Vejle Fjord Formation is the last depasitrf the Oligocene era and
stretching into the Miocene era. It shows signs of land ac&zsng in on Denmark,
as the deposits change from silty clay and clayey silt tosiasing sand content.

2.2 Neogene period

The Neogene period (also known as the Later Tertiary petaz@d from 23 million
years to 2.5 million years ago and covers two eras: The Mi@eea and Pliocene era.
No deposits from the upper Miocene era and the Pliocene eréoand on land in
Denmark, but they can be found in large quantities in the INSga (Friis 1995) and
(Geocenter Danmark 2010a).

11 January 2015



12 Tertiary Geology in Denmark

The transition period between the Paleogene and Neogeinelpavas characterised
by significant movement in the earth’s crust with the forrmatof the Alps due to

the collision between the European and African tectonitegland the growth of the
North Atlantic, causing what is now Norway and Sweden to.rishe climate was

generally sub-tropical; however, a short cooling due tolibhi#édup of ice caps on

Antarctica caused the ocean depth to drop, leading to aafehdistinct difference in

deposits from the two periods (Rasmusséal. 2010).

2.2.1 Miocene and Pliocene era

Most of Denmark was covered by the North Sea in the Early Miecera. Miocene
deposits consist of alternating layers of sand depositailén deltas and clay de-
posited at marine environments. As the mountains in Norwel/ Sweden eroded,
particles from clay size to gravel size were transportedtstw the North Sea by
rivers. Sand and gravel was deposited in the rivers, whevggic rich clay was
deposited at the river plains between the rivers. This achtlse coast line to travel
south and land to form where Denmark is located today (Geaec&anmark 2010a).
Miocene deposits can, therefore, only be found in centragtern and south-western
Jutland (Larsen 1989). The organic rich clay had a consigtehorganic silt, which
has since been lost during consolidation during the Quatgneriod (Steenfekt al.
2014). Significant characteristics of Miocene clay are ttes@nce of brown coal, and
in some places, light shimmering particles, giving thesgsthe nickname "Shimmer
clay" ("Glimmerler" in Danish) (Steenfedt al. 2014).

During the Middle Miocene era, the climate changed and Dekmas flooded as
the North Sea area started to settle. This resulted in seditien of the fine grained
glauconitic @rnhgj Formation in the south - south-westeart pf Denmark. The

North Sea continued to settle in the Late Miocene era caubmgvater depth to rise
over Denmark and increasing the sedimentation of claygesti Denmark was still
flooded at the beginning of the Pliocene era. However, twbaniyears to three mil-

lion years ago as the climate cooled, Scandinavia startesktouncovering Denmark.
No deposits from this period are found in Denmark (Geocebsgrmark 2010a)l pos-
sibly due to the erosion in the Quaternary period which aésoaulded and altered
the top layers of the remaining Tertiary deposits.

The Miocene deposits are divided into two groups: the Ribeu@iconsists of Early
Miocene deposits of shallow water marine clay and riveradetind and the Made
Group from the Middle and Late Miocene era of primarily sa(@teenfeltet al.
2014).
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2.3 The Quaternary period

The climate cooled during the last of the Tertiary periodut&sg in increasing ice
caps at the poles, and snow and ice started to cover the hightaios in the Alps
and Scandinavia. The beginning of the Quaternary periociiged by the expansion
of the ice covered areas. Denmark has been covered by segam Kdlacial periods,
from which deposits from three are found in Denmark, as welfram three Inter
Glacial periods (Larsen 1989). Glacial periods arise dudréstic climate changes,
causing the temperature to drop, resulting in decreasingrveeepths causing Den-
mark to be connected to England by land (Geocenter Danmdik)2(Muring the
Glacial periods, large glaciers covered Denmark, erodingdl quantities of older de-
posits into the area now covered by the North Sea (GeocelatemBrk 2010a).

Deposits from the Glacial periods consist of till and meltevaediments. Till consists
of particles from clay size to boulder size collected by tlaeigr and deposited under
or where the glacier stopped. This is evident in severalgg@ Denmark like @lst in
east Jutland where the glaciers have deformed the subjsléecgne deposits and the
till includes fat Miocene clay and at Odsherred in north-4ees Zealand. Melt water
deposits consist of finely sorted particles carried by thé mater from the glacier.
Melt water landscape are mainly found in central, westethsamuth-western Jutland,
as it was not covered by glaciers during the last Glacialoge(iVeichsel Glacial)
(Larsen 1989).

2.4 The geology’s influence on Sgvind Marl

Sgvind Marl is the last of the Eocene deposits and have trergieriodically been
covered by younger deposits. The Sgvind Marl samples aiysthis thesis origi-
nated from in the western part of Jutland, as described itioset.2. Sgvind Marl
deposits at this location were over a period of about 20 onilljears covered by up
to 1 km Oligocene and Miocene deposits (Geocenter DanmakRt)0resulting in
a substantial consolidation of the clay. As the overlayiagels eroded during the
Quaternary period the Sgvind Marl was unloaded; allowirig gwell. This swelling
resulted in extensive tearing of the clay leading to a langesgnce of fissures and
slickensides. During the Quaternary period at least seseages and the associated
glaciers covered the Sgvind Marl location, resulting iritfar loading and unloading
of the clay. Quaternary till deposits lies directly aboveifid Marl deposits at Aarhus
Harbour and contains traces of Sgvind Marl, while the uppestrtayers of Sgvind
Marl show clear signs of being disturbed during glacial #tsu
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CHAPTER 3
Influence of structure

The behaviour of a soil is highly dependent on the initialsture of the matrix
(Amorosi and Rampello 1998). The structure is as importartha initial void ra-
tio and the stress history when determining the behaviowa ofay (Leroueil and
Vaughan 1990). The structure is defined as the combinatitimeofabric (e.g. mine-
ralogy (microstructur), deposit history and fissures (rostrrcture)) and the bonding
(inter-particle forces, attraction between neighboriagiples) (Lambe and Whitman
1969). Cotecchia and Chandler (2000) defined two differgreg of structure: ‘Sedi-
mentation structure’ and ‘Post-sedimentation structu®édimentation structure is
present in only normally consolidated soils and is a resuthe sedimentation pro-
cess and following an one-dimensional consolidation dueveylaying deposits. A
normally consolidated reconstituted clay will have a seafitation structure. Two
clays with the same mineralogy do not necessarily have time structure due to the
difference in deposit history (as illustrated in Figure(8)L A post-sedimentation
structure develops when a geological process followingtieedimensional consoli-
dation intervenes with the sedimentation structure, sucbgsses could be erosion of
upper layers, unloading, secondary consolidation andrgedmgenesis. The natural
structure of a clay collapses during high pressure corestitid (Bankset al. (1975),
Leroueil and Vaughan (1990), Amorosi and Rampello (1998))oueil and Vaughan
(1990), later supported by Coa@p al. (1995) and Saihét al. (2002), showed that the
presence of structure generally increases the stiffnesstaength of a soil; however
a fissured structure is an exceptions to this conclusionessepted later.

By comparing the location of the compression curve for a nadtclay to the cor-
responding reconstituted compression line or intrinsimeession line (ICL) of a
clay, the influence of the structure on the compression hetacan be identified
(Gasparre and Coop 2008). Burlagetdal. (1996) and Cotecchia and Chandler (2000)
among others demonstrated the influence of the structurelajan the compression
curve. Figure 3.1 demonstrated the influence usirglog(o’,) plane from Terzaghi
(1941) - asterisk*) denotes reconstituted properties as described by Bu(lgD).

Figure 3.1(a) demonstrates the influence of the deposibrigisivhich shows a nor-
mally consolidated natural clay and a reconstituted cla wientical mineralogy.
A clay with a post-sedimentation structure arrived solalg do geological unload-
ing (e.g. erosion of upper layers or rise in water table) diMlert from clays with
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Figure 3.1 One-dimensional compression line. (a) Normally consolidatitid a sedimentation structure,
(b) simply overconsolidated and (c) overconsolidated wittoat-sedimentation structure at gross yield.
Drawn after Cotecchia and Chandler (2000).

a post-sedimentation structure due to other factors. Eiguk(b) shows that a clay
with a post-sedimentation structure due to geologicaladfitog will experience gross
yield as it approaches the preconsolidation stresggsduring reloading, and return
to the compression line of its sedimentation structure wiedoaded past the pre-
consolidation stresses. The gross yield stress’éa.swill as such coincide with the
preconsolidation stresses, (= ,,.). The loading rate of the clays is rapid in labora-
tory testing compared to a natural loading rate. This isevith the compression line
in Figure 3.1(a) and (b) as a rapid loading rate will follove # — 7, path whereas a
natural low loading rate will follow thé” — Z; path. An overconsolidated clay with a
post-sedimentation structure due to factors other thalogeal unloading will expe-
rience a gross yield past the yield point of a simple overobdated clay, c.f. Figure
3.1(c). Also, the compression line will not necessarilyalivith the sedimentation
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compression line but rather follow theé — Z5 path shown in Figure 3.1(c). The
behaviour should therefore be distinguished between ameast gross yield be-
haviour. This behaviour is also noted in Leroueil and Vamg(i®290), Amorosi and
Rampello (1998) and Cotecchia and Chandler (1998). Acngrth Burland (1990)
and Cotecchia and Chandler (2000) and (1997), the gross sisdss of a strongly
overconsolidated clay may be unrelated to the stress hiatoit is affected by factors
such as secondary consolidation. The gross yield stressesa result higher than
the preconsolidation stresses due to geological unlodding- o,,.). The in situ state
of a natural clay can as such be described using the yielsissta¢ion 'S R), equa-
tion 3.1, as oppose to the overconsolidation rafl6; R, equation 3.2, (Gasparre and
Coop 2008).

O./

YSR =Y (3.1)
O_/
0
!

OCR = 72* (32)
g,
0

This is based on the assumption that the preconsolidatiesssts originates solely
from geological unloading” SR > OCR. However, if the effect of secondary con-
solidation, diagenesis and similar is assumed to be indliléhe preconsolidation
stressey’ SR = OCR. This assumption is made in the remaining of this thesis and
the included papers.

A normal assumption is that the shear strength parametersaif are not affected by
the initial microstructure at large deformations. Howe&aihiet al. (2002) showed
that the peak strength parameter located above the yiele ¢ar destructured clay
is highly dependent by the initial microstructure. Lerdwaid Vaughan (1990) and
Burlandet al. (1996) tested and compared the strength in the in situ rahgeveral
different soils in both intact and destructured/remouldtte. They found that the
general presence of structure in a soil, whether soft df;, stiflarges the boundary
state and results in increasing strengths, cf. Figure 32Fagure 3.3. JowiiC et
al. (2006) also showed this on a stiff North Sea clay at very htggss levels by, c.f.
Figure 3.4.

Burland (1990) introduced the void indek,, in order to normalise the compression
curves and, thus, compare the compression curve of a natoitaio its reconsti-
tuted counterpart. This allows for better determinatiorth& influence of a post-
sedimentation structure, e.g. fissures. However, it is nssible to distinguish be-
tween the different post-sedimentation elements, e.@nelry consolidation or geo-
logical unloading.

I, = €—€lo _ €~ € (3.3)

* * *
€100 — €1000 Cy
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Figure 3.2 Yield curves for intact and destructured soft claysand —: Intact an@ and - - -: Destruc-
tured. Drawn after Leroueil and Vaughan (1990).
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Figure 3.3 Comparison of intact and instrinsic Hvorslev strength espelfor different stiff clays[1:
Drained and: Undrained. Drawn after Burlanet al. (1996)

10 12
8
0.8
, 0 TT6
s s AN
Ty TTI2 = 2
04 Qz%
k3
11 6 %
<
35 0.0
0 2 4 6 8 10 0.0 0.4 0.8 12
p/p'. p'p'.
(a) (b)

Figure 3.4 Normalised shearing data intact ( —) and reconstitufgds(iff North Sea clay, framed part in
(a) is enlarged in (b). Modified after J@i€ et al. (2006).
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Influence of a fissured structure on stiffness 19

3.1 Influence of a fissured structure on stiffness

Bishopet al. (1965) determined that the fissured structure of London G&/a sig-
nificant influence on the behaviour. They felt that the effddhe fissures could not
be determined based solely on the laboratory tests. Thisdwago the small size
of the samples needed to enable full drainage of excess pessyre during drained
testing (e.g. oedometer tests). Bishop et. al (1965) statdveak zones (fissures)
would interfere with the small size of the sample and leadotolete separation of
the sample, thus only allowing intact unfissured samplegtiested. They found that
some of these "intact" samples would fail at stresses wédivwbstresses of similar
samples from same depth, concluding that a fine net of fissmasdoresent in these
samples, but with sufficient adhesion to enable preparafifissured samples.

Gasparre and Coop (2008) quantified the effect of the streiaifiLondon Clay on
the compressibility. The structure of London Clay is higkimilar to that of Sgvind
Marl; with similar deposit environment and a highly fissuredtrix. A significant dif-
ference is a notably higher plasticity of Sgvind Marl. Thetsdy Gasparre and Coop
(2008) were made on both natural intact and reconstituteghkes in a conventional
incremental loading oedometer apparatus. Figure 3.5 stimvsompression curves
for some of the samples.

0.2 | | J

10° 10 10° 10° 0.2 ! : ‘
o', [kPa] 10° 10° 10* 10°
o', [kPa]
€y (b)

Figure 3.5 Compression curves for natural (—) and reconstituted ( - )dom Clay samples. (a) Higher
strata samples and (b) lower strata samples. Modified aftgraBasand Coop (2008).

The compression lines for all samples are fairly similar dependent of the depth,
and they cross all the reconstituted compression linegatidg that the natural sam-
ples yield at a higher stress level than the reconstitutetpls as a result of the
natural structure. However, for the samples located atemnigtrata, the slope of the
compression line does not yet follow the correspondingnstt curve. This indicates
that the yield process is not yet completed regardless difitjte stresses used in the
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20 Influence of structure

tests. For all samples, the yield process is slow and gradnal the identification
of a clear yield point is difficult. The increasing gradieffitioe swelling line as the
stresses increase is clear evidence of the breakdown ofitheahstructure. To get a
better understanding of influence of the structure, Burtawaid ration (equation 3.3)
is used in Figure 3.6. The influence of the structure is sedesgen with increasing
depth for London Clay. Cotecchia and Chandler (2000) foumdar behaviour for
other similar clays, cf. Figure 3.7. Bisha al. (1965) found that the spacing be-
tween the fissures widens with depth (this is also noted bynpken et. al (1969) and
Chandler and Apted (1988)), indicating the fissured stnechas a large influence of
the stiffness of the clay.

To determine the gross yield stresses (preconsolidatiessss), Gasparre and Coop
(2008) used the approach of Casagrande with the assumpgabthe samples would
reach the compression line for the normally consolidatay after exceeding the yield
stresses. Figure 3.8 shows an example of the determindttbe gross yield stresses.

2
0.4 2. > Sedimentation
-0.8
SCL
— 12~
1.6 [~ -1
Post-sedimentation
2.0 | | | 2 structure
2 3 4 5 ; 5 7
10 10 10 10 10 10 10

10
o [kPa] o, [kPa]
Figure 3.6 Void index normalisation of the T 19uré 3.7 Void index normalisation of the

compression curves of intact London Clay sam- cqt?prestslond_curvi)st_of V?rIOl:S Intaijt samplzs
ples. - --: ICL, - - -: Upper strata samples, —: With post-sedimentation structure and one sed-

Lower strata sambles. Modified after Gas ar.re imentation structure. Drawn after Cotecchia and
P PaT® chandler (2000).

and Coop (2008).

Gasparre and Coop (2008) believe that the gross yield sgegssm Casagrande’s
method (7;1) are a lower limit of the yield stresses. They determine thgeu limit

of the yield stressesr{,,) to be the stresses occurring at the maximum rate of change
in volumetric strains. A lower and upper limit of the yieldedses can be found for

all London Clay samples with up to a factor of three in diffeze. The existence of
the two values is a result of the highly fissured structuresp@ereet al. (2008) also
observed the presence of two yield stresses of London Ciag ashollow cylinder
apparatusf C A).
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Influence of a fissured structure on shear
strength

21

Figure 3.8 Construction for identification of the gross yield stresmed the gradient of the swelling lines
Modified after Gasparre and Coop (2008).

3.2

Influence of a fissured structure on shear
strength

The shearing ability of clay is highly affected for a fissustdlicture. By comparing
field shear test and undrained shear tests, Christensenaarsg il (1959) showed that
due to the fissured nature of Skive Septarian Clay only ond tifithe in situ vane
shear strength's,, could be used as the undrained shear strertgthin relation to
bearing capacity as illustrated in Figure 3.9.

C=5.1+53-Z

> S, [tm’]
10 20
and Hansen (1959).

Figure 3.9 Mean value of undrained ("apparent") shear strengtieasureds,, Drawn after Christensen

Failure tends to occur at the weakest point in a clay, whicHigsured clays is the

21
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22 Influence of structure

pre-existent fissures. This is shown in Figure 3.10 for a loon@lay sample (Gas-
parreet al. 2008). Gasparret al.(2008) compared the peak shear strength of samples
of London Clay with and without pre-existent fissures. F@g8rll presents the peak
shear strength envelops (excluding samples with preestisissures) in normalised
stresses. The effect of the fissures is clearly seen as alldissamples have strengths
well below the peak intact and even intrinsic, envelope.oMtet al. (2013) found
similar behaviour on fissured bentonite clay.

-

L0401
Figure 3.10 Typical stress-strain curve for

undrained shearing in compression for a Lon- Figure 3.11 Peak states for London Clay sam-

don Clay sample. Modified after Gaspage  ples in normalised stresses: Intact samples,

al. (2008). x: Pre-existing fissurs, —: Intact boundary sur-
face, - - - SBS* is the intrinsic State Boundary
Surface. Modified after Gaspareeal. (2008).

Un-fissured London Clay samples were found to have strengtifoayond the intrin-
sic strength, supporting the Leroueil and Vaughan (1990gstent that structure in-
creases the strength of a clay. However, the relative waakgth of the fissured
samples demonstrates that not all structure contributes iocrease of strength, as
a fissured structure causes the strength to be located well like intrinsic state
boundary surface.
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CHAPTER 4
Aim of thesis and research

project

As described in section 1.1 in recent years large and presigievelopments have
taken place on locations where the subsoil consists of yifissure plastic clays.
In order to optimise the use of the soil a much wider and spset knowledge is
needed in this area. This knowledge must be used to preveasta¢ing deformations
and possible failure of the soil while minimising the constion cost. A key tool
to understanding the behaviour of a soil is field and laboyatiests, which leads to
a basic knowledge that can be used in relation to similas $aier on. The present
project focuses on knowledge gained through extensivedaty work.

4.1 Overall aim

The overall aim of the project is to improve the knowledge g¥i&d Marl and, in
secondary extension, other similar tertiary fissured clag improving the know-
ledge, the goal is to better estimate the behaviour of theiteand thus further opti-
mise construction projects on these locations.

4.1.1 Specific aims

The PhD study includes three specific aims. The specific aim®a

Gain a comprehensive understanding of the fundamentatgfeaical properties
of Sgvind Marl and examine the applicability of the testingthods on Savind
Marl.

Analyse the stiffness of Sgvind Marl and clarify the influeraf the fissured
matrix.

Study the strength parameters of Sgvind Marl and determamfluences of the
fissured matrix.



24 Aim of thesis and research project

Aim one

Prior to advanced testing and construction on sites, it igmbst importance to know
the subsoil and its geotechnical properties. The geoteahproperties gives an in-
dication of possible challenges when dealing with the s@iften the geotechnical
properties are also used to estimate advanced propertiedénto minimise the need
for more advanced tests. Development of new test methodteis made regarding
soils with standard properties without consideration efukability on soils with more
extreme properties.

Aim two

A key geotechnical tool is the determination of a soil thowgldometer testing and
hereby determination of key parameters such as precoasiolidstresses, stiffness
parameters and earth pressure at rest. However, all dioredaand interpretation

methods are developed on unfissured, often soft, soils weitheghnical properties in
a particular range. The objective of this aim is to clarifg tse of existent methods
on Sgvind Marl, and determine how the soil behaves duringdimensional loading

and identify the influence of the fissured matrix.

Aim three

Estimation of the strength parameters of a soil is a crueiguirement, and several
different methods can be used. The most common methodseanséof triaxial tests

in the laboratory and Cone Penetration Tests and in situ $hear tests in the field.
However, the strength parameters of a soil are also affdgtéide matrix, and limited

knowledge and prior tests are the base for current methdus objective of this aim

is to clarify the strength parameters of Sgvind Marl andldszthe influence of the
fissured matrix.

4.2 Research project

In order to reach the aim of the study, the research condustdivided into three
parts, all linking to the three specific aims listed in set#ol.1. The research parts
are:

¢ Part 1 - Geotechnical classification

The part deals with the geotechnical classification of SMiarl and consists of
two papers: Paper 1 and Paper 2. These papers are meant emgngght into
and basic knowledge of Sgvind Marl.
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¢ Part 2 - Stiffness parameters

The part concerns the stiffness of Sgvind Marl and is madef tipree papers:
Paper 3, Paper 4 and Paper 5. These papers deal with oedteseteronducted
on Sgvind Marl. They clarify the interpretation methodsdiard the preconsoli-
dation stresses as well as the earth pressure at rest. Thopgorises the main
part of the focus of the research.

¢ Part 3 - Strength parameters

This part describes the determination of the strength petens of Sgvind Marl,
and due to time restriction, this is made up as a monogragpbcuses on triaxial
tests made in order to determine the undrained strengthvoh&#arl, as well
as correlations between strength parameters found in tlie(@®T and Shear
Vane tests) and in the laboratory so as to illuminate theénfte of the fissured
structure on the measured strength parameters.

The following chapters (Chapter 5 to Chapter 7) each coscaiseparate part of the
research project and consists of a description of the exgatial programme used in
the research part, background information, summariessafitiuded papers (not part
3), main conclusions and any additional information. Thpga are included in the
Appendix with a specific reference in each summary. Figuteshows an graphical
overview of the research project.
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Aim of thesis and research project

Liquid limit on highly
plastic clays
Paper 1

Separation of strains

Paper 3

Title: Interpretation of
Consolidation Test on

Undrained shear
strength

Undrained shear strength

Effective parameters

Title: Geotechnical
properties of Sovind Marl - a
plastic Eocene clay

Title: Preconsolidation of
Sovind Marl - a highly
fissured Eocene clay

Title: Comparison of Liquid :

Limit of highly plastic clay Sovind Marl
by means of Casagrande and

Fall Cone Apparatus SHANSEP
\ 4 v v
Geotechnical properties Preconsolidation Correlation to field tests
Paper 2 Paper 4
Undrained shear strength -

Field vane shear strength

Undrained shear strength -
CPT cone tip resistance

A 4

Earth pressure at rest

Paper 5

Title: Earth Pressure at rest
of Sovind Marl — a highly
overconsolidated Eocene

clay

Figure 4.1 Overview of the research project and included papers.
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CHAPTER 5
Part 1 - Geotechnical

classification

This part concerns the geotechnical classification of SbMarl. The knowledge of
the characteristics and properties of Sgvind Marl is venytéd, making Sgvind Marl
a "new" material despite its very old age. In order to get a mainensive under-
standing of a material, basic knowledge of the geotechipicgierties and indices is
needed. Part 1 contains a description of the experimentgr@mme and a summary
of two papers: one regarding the test methods used in thentetgion of liquid limit
of Sgvind Marl and the range hereof (Paper 1), and one regsntldé general geotech-

nical classification and properties of Sgvind Marl (Paper2jure 5.1 illustrates the
overview of Part 1.

4 Part 1: ) Geotechnical properties
Geotechnical Paper 2
classification

N Title: Geotechnical
Through: properties of Sovind Marl - a
Classification tests plastic Eocene clay
N Fild tests Y

Liquid limit on highly
plastic clays
Paper 1

Title: Comparison of Liquid
Limit of highly plastic clay
by means of Casagrande and
Fall Cone Apparatus

|

Figure 5.1 Overview of part 1.
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5.1 Experimental programme

The experimental programme describes the preparationestelwhich lies ahead of
the papers. The tests were made on disturbed samples frarakdifferent depths;
all from the same five downwards boreholes. The samples vedlected and stored
in sealed bags at a temperature 6{Buntil the time of testing.

5.1.1 Paperl

The tests were performed on 33 samples from the same dows\wardhole, 13 of
which only the liquid limit was determined and 20 where bdté liquid and plastic
limit were found. The samples were all found to be homogemoappearance with
no visible differences except colour. Tests on the same keawgs made simultane-
ously on Casagrande cup and fall cone.

Work process
Homogenising of the total sample as shown in Figure 5.2 tar€i§.4
Removal of subsample for determination of plastic limit
Determination of numbers of strokes in Casagrande cup

¢ Determination of water content in partial sample
Determination of numbers of fall depth in fall cone

¢ Determination of water content in partial sample
Water added to sample and homogenising
E Waiting 15 min and starting from point 3 until sample is clgdiquid

Determination of plastic limit on subsample

5.1.2 Paper?2

The tests were performed at Aalborg University (AAU) or timgi@eering company
Grontmij|Carl Bro (now Grontmij). Three test types were madrield, Index and
classification and oedometer tests.
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Figure 5.2 Grating the clay to maximise the surfaceigure 5.3 Pugging the clay through a 0.42 sieve.

Figure 5.4 Spackling the clay until fully homogenised.
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Part 1 - Geotechnical classification

In addition to the results presented in Paper 2, the follgveliassification tests were
found on five BS and two LH samples: natural water contentijdignd plastic limit,
relative density, grain size distribution and pH and ©f the pore water. The results

Field tests

¢ Cone Penetration Test (CPT)

¢ In situ shear vane test

®* 6 & o o o

Index and classification

Mineral composition

Natural water content

Liquid and plastic limits

Calcite composition

pH of pore water

Chloride (cI") content of pore water

Oedometer test

¢ Chapter 6 describes the experimental programme for oe@oitests.

of these tests are listed in appendix G.

Gitte Lyng Grgnbech 30



Paper 1 31

5.2 Paperl

Title:
Comparison of Liquid Limit of highly plastic clay by means Gasagrande and Fall
Cone Apparatus

Authors:
Gitte Lyng Grgnbech, Benjaminn Nordahl Nielsen and LarsIi&®h

Published in:

Symposium Proceedings: B4anadian Geotechnical Conference and thHé Ran-
American Conference on Soil Mechanics and EngineeridyyP&n-American Con-
ference on Teaching and Learning of Geotechnical Enginge©ctober ™ to 6",
2011. Toronto, Canada.

Year of publication:
2011

Background:

The Atterberg limits are an essential geotechnical todhéassessment of properties
of a clay. Traditionally, these correlations are made wdhid limits found using the
Casagrande cup. Resent changes in the standard statdsstiaild be preferred to
determine the liquid limit using the fall cone over the Casage cup.

"The fall-cone method is the preferred method of deterrgittie liquid limit of a
soil"
(DS 2004b)

A fine correlation between the results of the two results leen established for clays
of plasticities below 100%. However, the correlation is established for clays with

very high liquid limits of more than 100%, like Sgvind Marlh&@ aim of this paper is

to document whether such a correlation exists for Sgvind.Mar

Summary:

Atterberg limits play an important role in the assessmerat ofay and in the estima-
tion of its properties. Therefore, an accurate deternonas of high importance. The
Atterberg limits consists of the liquid limit and the plaslimit, where the plasticity
index is defined as the difference between the two. Traditiprihe liquid limit is
determined using the Casagrande cup, which was developédgthyr Casagrande
in 1932 (Casagrande 1932). This method is highly dependethieuser of the cup,
which can result in some uncertainties concerning the cemibility and accuracy
of the results. Wroth and Wood (1978) found that the liquidtliof a clay could be
found using the fall cone apparatus; a method that eliménsdene of the uncertain-
ties associated with the Casagrande cup. Wasti (1987) faunggdr linear correlation
between the liquid limit of clays found using the two methaushe range between
27% and 110%. However, this range does not nearly cover #wigty of Sgvind
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Marl, which has liquid limits beyond 350%.

The two methods used, Casagrande cup and fall cone, arabdebas well as the
homogenisation process. The homogenisation process wad fo be of utmost im-
portance, as an incomplete homogenisation would yield lomager content. Tests
were made with increasing water content. The high plagtafiSgvind Marl resulted
in a high absorption time. Tests done immediately afterdasing the water content
did not result in a noticeable change in the number of strfdkdedepth, whereas tests
done 15 min after the increase of water content showed a ehiarsgrokes/fall depth.
Tests used for the comparison are all done 15 min after inzrgahe water content.
The comparison of the two test methods showed a fine cowgl&r liquid limits in
the range of 85% to 200%. However, for a liquid limit above Z)@he fall cone yield
significantly lower liquid limits compared to the Casagramdp (Figure 5.5.a). Since
the correlation is weak at best, the method used to detertihekquid limit should
be stated for Sgvind Marl and similar highly plastic clays.

The plasticity of Sgvind Marl is significantly higher tharetplasticity cover by the
standard Casagrande Chaft (up to 60% ando;, up to 100%), so an expansion of
the plasticity chart is proposed in order to include the tpdag of Sgvind Marl and
other highly plastic clays. This expansion includes two n¢8C categories; Super
High Plasticity Clay (CS) and Extremely High Plasticity €&CE), with liquid limits
in the ranges of 100% to 200% and 200% to 350%, respectivaiuré5.5.b shows
the updated plasticity chart.

The paper can be found in Appendix A.

Main Points:

¢ The liquid limit found using Casagrande cup and the fall cdoes not correlate
after a liquid limit of 200%

¢ Homogenisation is an important process with a significaftiiémce on the re-
sults, cf. section 5.2

¢ An expansion of Casagrande’s plasticity chart was sugdésteclude the plas-
ticity of Sgvind Marl and two new USC categories were introeil

— Super high plasticity clay (CS) with liquid limits from 1008 200%
— Extremely high plasticity clay (CE) liquid limits from 200% 350%

Homogenisation

The homogenisation process of Sgvind Marl was proven to legyatime-consuming

process and the importance of which easily could be undefrathe thoroughness
during the homogenisation process proved to have a largesirde on the result of
the tests. During initial testing, tests with different éésv of homogenisation were
made. Even small lumps of unhomogenised clay had an influemtee result, as the
liquid limit decreased with lower degrees of homogenisatidnhomogenised lumps
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Figure 5.5 (a) Correlation between liquid limit found using Casagraadie and fall cone (b) The updated
Casagrande chart with two new categories (CS and CE).

of clay would have a water content near the natural waterecaiitisually 40% - 50%)
and as the liquid limit of Sgvind Marl is in the normal rangel60% to 250%. These
lumps of lower water content would significantly influence theasured water con-

tent during testing.
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5.3 Paper?2

Title:
Geotechnical properties of Sgvind Marl - a plastic Eoceag cl

Authors:
Gitte Lyng Grgnbech, Benjaminn Nordahl Nielsen, Lars Beiband Peter Stockmarr

Published in:
Canadian Geotechnical Journal, Volume 52

Year of publication:
2015

Background:

The general knowledge of the unique geotechnical progenfi©&gvind Marl is fairly
unknown. When dealing with a "new" sail, like Sgvind Marl,stimportant to get a
fundamental knowledge of the soil through basic geotechmpimperties and charac-
teristics. This is done in order to evaluate which soils agarison could be made to
and to clarify any potential problem areas.

Summary:

Savind Marl is an Eocene deposit found in Denmark, and isgiaeveral tertiary de-
posits found various places throughout Denmark. The sagplalysed in the paper
all originates from the Sgvind Marl formation found at Aashtdarbour. All samples
comes from five boreholes with varying depths of up to 69 m ardiated to be be-
tween 40.5 million years and 46 million years old. The apageee of the samples is
remarkably uniform considering the large period of depddie only mesofabric dif-
ference in the samples is the difference in colour, whictedes on the environmental
circumstance during the time of deposit. An important maiso€ feature of Sgvind
Marl is the fissured matrix, which can cause great difficalieth when working with
intact samples in the laboratory and estimating the intzexd bearing capacity. The
mineral composition of Sgvind Marl showed that a large péttie clay minerals is of
the highly plastic clay mineral smectite. General geotediproperties and classifi-
cation parameters are presented in the paper, as well dsrfiesm CPTs, shear vane
tests and oedometer tests.

A noteworthy property of Sgvind Marl is the extremely higlagicity, with plastic-
ity index in the normal range of 150% to 250% and extreme \&hfemore than
300%, which makes the plasticity of Sgvind Marl much highemt similar soils and
thus complicating comparisons and the use of known coioakst A high calcite
(CaCO3)content of 5% to 65 % was found with large variation over dmigtances.
A clear inverse correlation between the plasticity and #leie content was found.
The correlation weakens slightly with a lower calcite contéendicating that the plasti-
city of the clay particles begins to have a larger influencéherplasticity. In general
many of the measured parameters show a change in behaviautegtth of around
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25 m. This is evident in plasticity, calcite content, vaneatstrength, cone tip resis-
tance and sleeve friction. This pronounced change suggesgsificant change in the
macro behaviour although no mesofabric changes are evitlbig indicates that the
calcite content plays an important role in the behavioura{figd Marl.

CPTs were found to quickly build up a large excess pore pressesulting in limited
use of the tests below 25 m. Furthermore, traditionally CREsification charts was
found to be useless on Sgvind Marl as the high degree of aveotidation causes a
miscategorisation of the clay as silt.

The oedometer test revealed that two apparent values catebpreted as the precon-
solidation stresses due to the fissured matrix of the soil. ré/tie lower value was
found to be a fraction of the higher values. The lower valugratind 700 kPa to 800
kPa was deemed to be due to the collapse of the fissures, wltbeehigher value at
6000 kPa to 7000 kPa was found to be due to previous consolidahd secondary
consolidation. Known correlations between the in situ vahear strength and the
preconsolidation stresses was found not to be valid on Sdviarl.

The paper can be found in Appendix B.

Main Points:

¢ Sgvind Marl has a very uniform appearance with a high presehfissures
¢ The plasticity of Sgvind Marl was in the normal range of 15@2%50%
— The extreme value of 306%

¢ Sgvind Marl has a clear inverse correlation between theigpigsand calcite
content, cf. Figure 5.6 and equation 5.1

¢ A change in the macro behaviour occurs at a depth of 25 m
¢ CPT are of limited use on Sgvind Marl due to the high overcbdaton ratio

4 No correlation between in situ vane strength and the prediolagion stresses
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Figure 5.6 The correlation between the plasticity
and calcite content.
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36 Part 1 - Geotechnical classification

5.3.1 CPT classification charts

Paper 2 explains that CPT charts give a misclassificationgefr Marl which is
shown graphically here. CPT classification charts give hlfiinaccurate description
of Savind Marl due to the high degree of overconsolidatiomctvmost common CPT
classification charts do not take into account. The mosuiatly used classification
charts are based on the pore pressure ration and the cdroecte resistance or on the
friction ratio and corrected cone resistance. These paeagiean be seen in section 6
in the article in appendix B. Only data to a depth of 37 meteissied since the pore
pressure is highly unreliable at lower depths. The clasdifio charts are presented
in Figure 5.7.

9 [MPa]
q, MPa]

(a) (b)

Figure 5.7 Sgvind Marl samples in CPT classification charts,/g)— ¢+ and (b)R; — g¢.

Both classification charts misclassify the Sgvind Marl adta slay to a sandy silt,
which does not correlate with the facts that Sgvind Marl igy\igh plasticity clay.
As stated in the article, this is due to the very high degremvefconsolidation. Based
on this, it is recommended not to use CPTs to classify high®raonsolidated clays,
like Sgvind Marl.
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CHAPTER 6
Part 2 - Stiffness

This part concerns the stiffness and interpretation of oexter tests (also called con-
solidation tests) on Sgvind Marl. As described in chapt&dyind Marl has a highly
fissure matrix. The general influence of a fissure structute@behaviour of a clay is
discussed in section 3. Part 2 consists of a descriptiorecdxperimental programme
and a summary of three papers: Separation of strains faipam oedometer test (Pa-
per 3), the determination of the preconsolidation stresggsand the influence which
the fissured structure of Sgvind Marl has hereon (Paper 4henblehaviour of earth
pressure at resfy, (Paper 5). Figure 6.1 shows an overview of part 2.

a Part 2: h Preconsolidation
Stiffness Paper 4
parameters

sl Title: Preconsolidation of
Sovind Marl - a highly

Oedometer tests fissured Eocene clay
S l /
Separation of strains l
Paper 3 Earth pressure at rest

Paper 5

Title: Interpretation of

Consolidation Test on Title: Earth Pressure at rest

Sovind Marl of Sovind Marl — a highly
overconsolidated Eocene
clay

Figure 6.1 Overview of part 2.

6.1 Experimental programme

The experimental programme describes the preparationestelwhich lies ahead of
the papers. All Incremental Loading Oedometer (ILO) testsanmade in the Danish
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Figure 6.2 lllustration of the Danish incremental
loading oedometer apparatus. Not to scale.

Figure 6.3 Danish incremental loading oedometer
apparatus.

oedometer apparatus (Figure 6.2 and Figure 6.3), and alirf€mus Loading Oedo-
meter (CLO) tests were performed in the continuous loadiedometer apparatus
(Figure 6.4 and Figure 6.5), both apparatus are describBdper 4. The samples all
had a diameter of 35 mm in order to reach the high stress lesglsred in the tests.
Additionally, the samples had an initial height of 35 mm a@dhan for ILO tests and
CLO tests, respectively. All samples were fitted and ledettethe intended height
by hand, Figure 6.6. Tests used in Paper 4 are numbered aftstrtype (ILO tests
are 1-4 and CLO tests are 5-8), location (LH first then BS) anallfi in situ depth
(the higher strata, the lower the number). Tests used inrPapee listed after design
of load programme: Purely loading (1 and 2), reloading ILO tests (3 and 4) and
reloadinga la preconsolidation (5 and 6). Test numbers and genemahiation about
the tests are listed in Table 6.1 and Table 6.2. In followaxg &and in Appendix H and
Appendix | the tests are numbered as in Paper 4, and the twiscadd CLO tests are
numbered 9 and 10.

6.1.1 Incremental Loading Oedometer tests

The ILO tests were all made after a pre-planned load progminrthe Danish oedo-
meter apparatus. The load programme for tests 2 and 3 id list€able 6.3. It was
found that the normal approach of doubling the load at eash @Gt= AU—‘Z/) yielded

a much too coarse description of the behaviour of the soilerd@fore, a new load
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A 1

Figure 6.4 lllustration of the Danish continuous
loading oedometer apparatus. Not to scale.

Figure 6.5 Danish continuous loading oedometer
apparatus.

Figure 6.6 A levelled sample, the variation in colour is evident.

programme was used in the remaining ILO tests; this loadrarome can be seen
in Table 6.4. This load programme was found to give a bettscrijgion of the be-
haviour of the soil and, thereby, the preconsolidationsses. Results and graphs for
each test are presented in Appendix H.

In addition to the ILO tests used in Paper 3 and Paper 4, thezbrig and re-loading
tests were made on material from same test tube as the prdgests and with a sam-
ples diameter of 70 mm. These tests are only used in thisstteestudy the influence
of the smaller diameter used in the ILO tests presented ipapers. The load pro-
gramme, zero point measurements and raw data are presemtpgendix H.
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Table 6.1 Incremental loading oedometer tests used in Paper 3 (marked)wRaper 4 and Paper 54,
not measured on BS samples.

Sample Metric Sample

No. Paper 4 1 2% 3 4
No. Paper 5 - - - -
Test type ILO ILO ILO ILO
Location LH815 LH840 LH840 BS3
Depth [m] 29 39 39 11.5
ol [kPa] 255 350 350 110
7 [KN/m?] 184 186 184 179
What [%0] 40.2 34.6 36.0 415
wr, [%] 187.0 203.8 203.8 78.8
cro [KPa] 786 829 829 -
Calcite [%] 43.3 39.8 39.8 62.0
Cl™ [%] 0.7 0.6 0.6 1.7
pH [-] 9.30 9.30 930 8.3

Table 6.2 Continuous loading oedometer tests used in Paper 4 and Papst, ot measured on BS
samples.

Sample Metric Sample

No. Paper 4 5 6 7 8 (9) (10)
No. Paper 5 4 1 2 3 5 6
Test type CLO CLO CLO CLO cCLO CLO
Location LH825 LH860 BS4 BS4 LH800 BS4
Depth [m] 33 a7 115 115 235 115
ol [kPa] 285 400 110 110 210 110
~ [kN/m?] 18.1 179 175 177 175 179
What [%0] 38.8 40.7 40.0 39.8 39.7 407
wy, [%] 253.0 2398 756 75.6 1340 756
cro [KPa] 744  >1000 - - 615 -
Calcite [%] 10.0 363 645 645 550 645
Cl~ [%] 0.5 0.6 1.7 1.7 0.9 1.7
pH [-] 9.25 9.15 84 84 9.2 8.4

6.1.2 Continuous Loading Oedometer tests

The CLO tests were planned to resemble the ILO tests and matie Danish Con-
tinuous loading oedometer. The load programme is liste@&blel6.5 and Table 6.6.

Prior to every tests, the samples are trimmed by hand to fihénoedometer cell.

The oedometer cell with the sample is placed in a triaxiabagipis, where a load of
10 kg was applied via the load pistol. Hereafter, load pists stopped and test water
was applied at a pressure of 200 kPa. Since deformation aitimgle was not possi-
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Table 6.3 ILO load programme for tests 2 and 3. Table 6.4 ILO load programme for tests 1 and 4.

Step Load o, Step Load o,
[kg] [kPa] [kg] [kPa]

1 0.5 52 1 0,5 52

2 1 104 2 1 104

3 2 208 3 2 208

4 4 416 4 4 416

5 8 832 5 8 832

6 15 1559 6 15 1559

7 30 3118 7 25 2598

8 60 6236 8 50 5197

9 120 12473 9 75 7795

10 180 18709 10 100 10394

11 240 24945 11 130 13512

12 160 16630
13 200 20788
14 250 25985

ble in neither a horizontal nor a vertical direction, the Byweessure could hereby be
measured as the pressure the sample applied to the loald pitéo full saturation of
the sample, the load was increased to simulate the ventis#iLi stresses, and then the
load was decreased to just above the swell pressure. Framtheroad programmes
presented in Table 6.5 were used. Please note that the Idhd isput value, and
not the actual load applied to the sample as they are notatedéor zero point mea-
surements (listed in Appendix ). The CLO system was colgddby the commercial
programme Catman Pro.

Table 6.5 CLO load programme Test 5 to Test 7.

Test
5 6 7

Load o Load oy Load oy
kgl [kPa] [kg] [kPa] [kg] [kPa]

393 3190 547 4750 789 7260
155 780 838 7650 1339 12860
393 3190 1352 12730 2000 19600

118 400 - - - -
393 3190 - - - -
100 200 - - - -
828 7630 - - - -
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Table 6.6 CLO load programme Test 8 to Test 10.

Test
8 9 10

oy, Load oy Load o

kgl [kPa] [kg] [kPa] [kg] [kPa]

393 3140 138 630 140 690

157 770 98 230 80 70
393 3130 562 4930 705 6450

118 4390 98 240 80 80
383 3010 705 6350 1034 9800
100 180 98 240 - -
1049 9590 945 8760 - -
1289 12930 - - - -

Gitte Lyng Grgnbech
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6.2 Paper3

Title:
Interpretation of Consolidation Test on Sgvind Marl

Authors:
Gitte Lyng Grgnbech, Lars Bo Ibsen and Benjaminn Nordahldgie

Published in:
Proceedings of the 16Nordic Geotechnical Meeting. May"ao 12", 2012. Copen-
hagen, Denmark.

Year of publication:
2012

Background:

When consolidation (oedometer) tests are performed thedetarmation of the soil
is measured. However, it is only the consolidation strairag are of interest. Many
methods are used to separate the consolidation and segaratesolidation strains.
Traditionally, in Denmark, Brinch Hansen’s methgd—log (t) (Brinch Hansen 1961)
is used. This method does assumes that the secondary datieoliprocess does not
begin until the primary consolidation is completed. Thiskely not the case, which,
consequently, overestimates the primary consolidatiohe ANACONDA method
described in the paper considers the fact that the primalhgacondary consolidation
happens simultaneously.

Summary:

The article describes three different methods to sepacatsotidation and secondary
consolidation (also known as creep)t — log (t) method, ANACONDA method and
24-hour method. The article focuses on the ANACONDA methdthe different
methods are demonstrated on a Sgvind Marl sample.

The ANACONDA method factors in that the primary and secopdaomsolidation
processes are two separate processes that run simulthneadsindependently of
each other, whereas thgt — log (t) method assumes that secondary consolidation
does not begin until the primary consolidation is completd@ée 24-hour method
does not separate the strains, but uses the total strair?dfteours as the consolida-
tion strain.

The ANACONDA method assumes the primary consolidation terloenentary and
over at the time = 0, the consolidation process can hereafter been viewed day de
of strains. By studying the secondary consolidation isoeks, a strain state can be
reached by either preconsolidation or secondary condmiaThe isochrones give
the theoretical time past before the secondary consatidatiart,t 4, and are used
to estimate the increase in secondary consolidation strdis the secondary consol-
idation is constant under constant stress level, the iser@asecondary consolida-
tion strains can be subtracted from the total strain to aliteé primary consolidation
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strains.

An essential detail when using the ANACONDA method is to easuifficient secon-
dary consolidation of each load step in order to make surénttrease in secondary
consolidation is found correctly. As the primary and se@gdonsolidation is two
separate processes, the ANACONDA method gives a more dgeaescription of the
secondary consolidation for soils which has a large seagraanpression index.
The consolidation test on Sgvind Marl was conducted at higfsses and, conse-
quently, a high strain level. The difference between natamd engineering strain was
found to be significant at high stresses, with a differenc2%% point at 24500 kPa.
The output parameters of consolidation tests are mininadgcted by the method of
separation of the strains, but they are affected by the rdaiked to analyse the con-
solidation strains subsequently in order to find the preclifastion stresses, where
several different methods are needed to get an accuratenilead¢ion of the precon-
solidation stresses.

The paper can be found in Appendix C.

Main Points:

¢ ANACONDA method takes into account primary and secondarysobdation
happening simultaneously

— ANACONDA method is to be preferred if the secondary consdl@h is
large

¢ The method used to separate strains have little influencheopreconsolidation
stresses

¢ There is a large difference on the different method used tierahéne the precon-
solidation stresses

Input:
Measurements, €,

l

Creep filter
g, g

ac

ANACONDA

Janbu Casagrande Akai

- Terzaghi

v

Output:
Parameters
7. M, C,C, ke,

Figure 6.7 Flow chart using the ANACONDA method.
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6.2.1 Use of ANACONDA method

The total straing,., of a load step in a consolidation test consists of primansoe

lidation strainsg,., and secondary consolidation straing,. At the end of each load
step, all deformation is assumed to be secondary consolidaBy identifying these
strains and assuming them to develop constant under conséaling, the primary
consolidation strains can be found. The increase in secprmaasolidation strains
can be described as:

Acge & Cye log (1 + t) (6.1)
ta

The time,t, is known from the load step. The best way to findis as the value that
transforms equation 6.1 into a straight line in a semi-liaric depiction when added
tot, whereC,. (secondary compression index) is the inclination, equaii@. To do
this, the end of the load step should be observed where thmpriconsolidation is
done, c.f. Figure 6.8. The flow chartin Figure 6.9 is used tereine whethet , and
C,. are estimated correctly. Hereafter the increase in secpidasolidation strains
can be found through equation 6.1, and thereby also the pricoasolidation strains
by equation 6.3 and equation 6.4.

t [min]
10 100 1000 10000

GW

N
AN
ooy, \ T

o,

Figure 6.8 ANACONDA method used on a load steq. Total strains[]: Secondary consolidation strains,
A: Primary consolidation strains and ¢ + ¢ 4

& [%]

Coe = slope oft™ + t 4; cnd) (6.2)
Econ = gf(zd - Agas (63)
£ = meanie on) (6.4)
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Estimate Calculate Calculate Calculate
ty C,. Ag,, €
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(ZA+IEM'8 end)zo?

> Ceon

Figure 6.9 ANACONDA flow chart.<¢ denotes the data point from the beginning gfat the end of the
load step.
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6.3 Paper4

Title:
Preconsolidation of Sgvind Marl - a highly fissured Eoceiag cl

Authors:
Gitte Lyng Grgnbech, Lars Bo Ibsen and Benjaminn Nordahldgie

Accepted with changes at:
Geotechnical Testing Journal

Time of acceptances:
Accepted with changes, December 2014, changes submittedrda2015

Background:

Oedometer tests are a key geotechnical tool used to detetharstiffness and precon-
solidation stresses of a soil. Previous tests on Sgvind Ma® mm oedometer cells
have shown that the samples are affected by the fissures soihé his necessitates
a study of the influence of the fissures on the interpretatfaihe preconsolidation
stresses.

Summary:

Gasparre and Coop (2008) showed the determination of psetidation stresses of
a fissure clay is highly difficult, as a unique yield point ist mtearly defined and
an upper and lower bound of the preconsolidation stressebedound. However,
Krogsbgilet al. (2012) suggested that these high plasticity clays lose $te€ss me-
mory and, hereby, their preconsolidation stresses.

Two different oedometer apparatus are used to determim@¢itensolidation stresses
of Sgvind Marl: Incremental Loading Oedometer (ILO) and arous Loading
Oedometer (CLO). Both apparatus are described to give aghinm the applica-
tion of the test methods. The ILO tests were found highly depat on the load
programme, and the analysis of the test was significantbcedtl by it, whereas CLO
tests give a continuous description of the test resultirg nmore accurate determina-
tion of the preconsolidation stresses. All samples had melier of 35 mm during
testing to enable high stresses in the samples to bettetatgrthe geological history
of Sgvind Marl. The smaller diameter, as compared to the 70whinh is standard
in Danish engineering practice, was shown to have a limitfldeénce on the found
preconsolidation stresses. However, the smaller diansétuld only be used when
high stresses are an absolute necessity.

The analysis of the tests shows that the interpretationeoptbconsolidation stresses
was affected by the fissures in the soil, cf. Figure 6.10. iBévident as two apparent
values can be interpreted as the preconsolidation stresfsésgure 6.11 and Figure
6.12. The lower boundaries of the preconsolidation steegsge found in the range
of 600 kPa to 800 kPa in depth from 29 m to 47 m, which is only tavthtee times
the in situ stresses, and hereby deemed to be a result ofshesfismatrix collapsing.
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The upper boundaries of the preconsolidation stressesfauand in the range of 6300
kPa to 8900 kPa in the same depth (the preconsolidatiorsesese listed in Table
6.7). These values are in agreement with the geologicadijistith extensive pre-
vious consolidation and secondary consolidation througloms of years; the stress
memory is thereby not forgotten. While only the upper bourrélsted to the geolog-
ical preconsolidation, it is, however, the lower bound vihig useful for geotechnical
engineering purposes.

The paper can be found in Appendix D.

Main Points:

¢ The fissured structure has a large influence on the deteiionnait the precon-
solidation stresses

4 Two apparent values can be determined as the preconsotiddtesses

— Lower bound is deemed to be caused by the collapse of thedissuatrix

— Upper bound is found to the result of preconsolidation armdiséary con-
solidation

¢ The lower bound is useful in geotechnical engineering, evtiie upper bound is
interesting to geology engineering

¢ High stresses are a necessity in order to get a compreheatesegiption of the
stiffness of Sgvind Marl

¢ CLO tests give a more comprehensive description of the teaslcompared to
ILO tests

6.3.1 Stiffness parameters through known emperical corre-
lations

Through the years, many correlations have been made betyestachnical proper-
ties and various stiffness parameters.

In 1975 Mesri made a correlation between the undrained steargth and the pre-
consolidation stresses, equation 6.5. (Mesri 1975)

Sy =0.22-00, (6.5)

Paper 2 (appendix B) showed that utilising Bjerrum’s (Bjenr1973) factoryu, be-
tween the in situ vane shear strength (listed in Table 6.1Tabtk 6.2) and mobilised
undrained shear strength, (mob), in equation 6.5 does not yield a satisfactory re-
semblance to neither the lower nor upper bound of the pretidiasion stresses found
in Paper 4, cf. Table 6.7.
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Figure 6.10 Stress-strain curves from the oedometer tests. (a) ILO aestgb) cCLO tests.
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Figure 6.11 lllustration used to determine the preconsolidation see$som CLO test 6. (a) Upper
bound found according to Casagrande (1936) and Pachead (3870) methods, (b) lower bound found
via Casagrande (1936) and Pacheco Silva (1970) methods podger and lower bounds found via the
(1970) method.
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Figure 6.12 lllustration used to determine the preconsolidation segé®m ILO test 1. (a) Upper bound
found according to Casagrande (1936) and Pacheco Silv&)If@&thods, (b) lower bound found via
Casagrande (1936) and Pacheco Silva (1970) methods, (c) appdower bounds found via the Janbu
(1970) method and (d) upper and lower bounds found via the @£0) method.

Table 6.7 Empirical correlation for,. used on Sgvind Marl.

Test
1 2 3 5 6

Lowers,. 700 1200 1200 700 800
Uppero,, 6300 9200 9200 6500 6800
Mesri(cs,) 1072 1130 1130 1015 1364

The compression index;., is often correlated to the liquid limit or the natural water
content. Terzagtet al. (1996) suggested a correlation between the liquid limstél
in Table 6.1 and Table 6.2) and the secondary compressiex.ind

C, = 0.009 - (wy, — 10) (6.6)

As shown in Table 6.8, also this correlation yields a norstiaxg correlation between
the compression index and the liquid limit. This is a res@lthe extremely high li-
quid limit of Sgvind Marl. Azzouzt al. (1976) presented several correlations to the
compression index, one in relation to the natural waterauris shown in equation
6.7.
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Co =0.01+ (Wpat — 5) (6.7)

Equation 6.7 also results in fairly poor and slightly tookh@mpression index (Table
6.8).

Table 6.8 Empirical correlation folC'. used on Sgvind Marl.

Test
1 2 3 4 5 6 7 8

LowerC, 9.2 8.9 62 58 7.2 56 53 43
UpperC. 26.3 254 245 333 242 335 270 230
Terzaghi 159.3 1744 1744 619 218.7 206.8 59.0 59.0
Azzouz 352 296 310 355 33.8 357 350 3438

None of the existing and often used empirical correlatiorsugable on Sgvind Marl
due to the extreme properties. This emphasises the impertafrcorrectly and care-
fully planned and executed oedometer tests when dealifgSgtind Marl.
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6.4 Paper5

Title:
Earth pressure at rest of Sgvind Marl - a highly overconatdéid Eocene clay

Authors:
Gitte Lyng Grgnbech, Lars Bo Ibsen and Benjaminn Nordahldgie

Submitted for peer-review at:
Engineering Geology

Year of submission:
2015

Background:

The behaviour of a soil is highly dependent on the stressesept in the soil. Estima-
tion of horizontal stresses are often based on experienchvdlacking for highly
overconsolidated plastic clays, such as Sgvind Marl.

Summary:

Six continuous loading oedometer tests with a constantofag&ain were performed
on Sgvind Marl (three LH samples and three BS samples) twaieathe develop-
ment of earth pressure at resf, during loading and reloading. An advance of CLO
testing is the continuous nature of the resuk%,(nc) was found to be 0.68 and 0.42
for LH and BS samples, respectively and found to be affectethé unloading and
reloading process, as the earth pressure at rest in the iproasolidated range
for reloading samples was 0.89 - 0.96 and 0.62 - 0.81 for tledifferent sample
types. Estimations of the friction angle of the materialdzhsn Jaky's relation (1944):
Ky(nc) = 1 — sin(y) yields unrealistic values of the friction angle indicatimg use
for the relation on Sgvind Marl. This makes the friction angéeless in the estimation
of Ky(nc). The measured earth pressure at rest during reloadingee#ith values
of more than 10, and values in the range of 6 - 8 at in situ stessets. The measured
Ko(nc) for both the loading and reloading tests were used to fit Meyfes (1976)
relation for overconsolidated soilg(oc) = Ky(nc) - OCR>. The relation yields
poor fits and shows a tendency to weaken significantly as OGases, regardless of
whether the loading or reloading, (nc) was used. As determination &f,(nc) for
the loading tests shows (Figure 6.13), the upper bound gireonsolidation stresses
is remembered. However, the poor fit indicates a loss of tdeom” memory. This
results in "new" preconsolidation stresses set duringnigsis the maximum previous
load in the test, redefining OCR 68 Ryt = 0.,,,100a/ s @S SUggested by Krogsbgl
et al. (2012). The use 0OCR;,;, in Meyerhof’s relation gave better fits to the mea-
suredK. The best fit was found wheli, (nc) for the loading branch was used, with
ana value approximately 1.05 (cf. Figure 6.15), regardlessloétiver the sample was
from LH or BS, (equation 6.8 and equation 6.9).

The paper can be found in Appendix E.
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Main Points:

¢ Ko(nc) increases if found after reloading cycles.
¢ Jaky's relation cannot be used on these highly plastic clays
— Consequently, the friction angle cannot be used in estomatf K (nc).

¢ Earth pressure at rest of Sgvind Marl reaches high valuestofden 6 and 8 in
the in situ stress range.

¢ Ky(oc) = Ky(ne) - OCR® yield bad fits to the measurdd,.

4 While the preconsolidation stresses are remembered, tloet-tgim” memory
of the reloading stresses is lost.

— The maximum previous stresses,,; ., in the test were used I0C Ry

— !/ /!
= OCRyap = Ounload/av'

¢ Relation usingOC'R;,;, and initial loadingK(nc) yields good relations, cf.
equation 6.8 and equation 6.9.

¢ High « values found to be 1.04 and 1.05 for LH and BS samples, ragphct

Best fit for LH samples:

Ko(oc) = 0.68 - OCR9* (6.8)

Best fit for BS samples:

Ko(oc) = 0.42 - OCRY® (6.9)
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Figure 6.13 Determination of normally consolFigure 6.14 Determination of normally consoli-
dated earth pressure at rest for loading tests. dated earth pressure at rest for reloading tests.
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Figure 6.15 BestKo - OCRy, fit. (@) SM samples and (b) BS samples.
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CHAPTER 7/
Part 3 - Strength parameters

This part concerns the determination of strength paramefe®gvind Marl. As men-
tioned in Chapter 3, the undrained shear strength of Sgviad M influenced by
the fissured structure as failure occurs at the weakest pénealay structure: the
pre-existent fissures. Part 3 consists of a descriptioneg#perimental laboratory
programme, the determination of strength parameters amdlatons to field tests.
Figure 7.1 shows an overview of part 3.

4 Part 3: h Correlation to field tests
Strength
parameters qurained shear strength -
Field vane shear strength
%
Triaxial tests Undrained shear strength -
Correlation to field tests ) CPT cone tip resistance

Undrained shear
strength

Undrained shear strength
Effective parameters

SHANSEP

L

Figure 7.1 Overview of part 3.

7.1 Experimental laboratory programme
The tests were all made in the triaxial apparatus at the geoieal laboratory at Aal-

borg University. Figure 7.2 shows an illustration of the agus (numbers in brackets
[]1in the following text refer to numbers in the figure).
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[13] [12]

[11]

(D=
==

[4]
-

Figure 7.2 lllustration of the triaxial apparatus. Not to scale.

All test samples were trimmed by hand to ensure a height of m)(inx diameter),
cf. Figure 7.3. After trimming, the samples [1] were ingtdlin the triaxial apparatus.
The upper and lower pressure heads [2] have smooth end pladeder to eliminate
friction between the sample and end plates. Felt drainsuB]from top to bottom
at an angle of 45 which drains the sample and transports pore water to tha dra
pipes [4] which runs to the control board [5]. The samplesen®greafter covered
with two latex membranes [6] separated by a layer of high watsilicone grease
to ensure water tightness of the sample and eliminate sheasss at the surface of
the sample. The pore pressure in the sample is measured Ipaapfessure trans-
ducer [7] placed in the lower pressure head. Axial deforomatiare measured by two
displacement transducers [8] placed opposite of the upmespre head. The total
deviatoric stresses are measured by the load pistol [9%l Tatlial stresses are equal
to the cell pressure applied by the water surrounding cakmia0], which is encased
in a Plexiglas cylinder [11]. The sample is saturated thiotng back pressure system
[12], which, during the consolidation process, measures/ttumetric strains of the
sample through differential pressure measurements. Tiheneoof the sample is keep
constant throughout the undrained shearing tests via theneocontrol [13], which
adjust the cell pressure if the sample consolidates or swell

Saturation of the samples were made with test water resegible salinity and pH of
the pore water to minimise osmotic influence of the test tes®aper 2 describes the
salinity and pH of the samples/(" = 0.6 and pH 9.2 cf. Appendix B). All tests were
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Figure 7.3 Hand trimming of sample.

applied a back pressure of 200 kPa during saturation of thiplgaand the testing.
All samples were prior to the shear test re-consolidatede @physical limitations
of the triaxial apparatus, the samples were only re-codatgd to the lower bound of
the preconsolidation stresses;g = 750 kPa cf. Paper 4, section 6.3). Hereafter, the
stresses were reduced to the intended stresses at whichinadishearing should be
made (cf.o?,, in Table 7.1).

All shearing tests were made undrained with a constant ragrain of 0.5%/h
(minimum deformation rate of the unaltered triaxial appasawhile controlling the
cell pressure acting on the sample to keep a constant vol@ithe esample. This test-
ing method is chosen as the main purpose of the tests wasaiordeé the undrained
shear strength. If the estimation of the effective paramsetas the main purpose, the
tests should have been run at a lower strain rate. This weugjdire an alteration of
the triaxial apparatus and significantly increase thertggtme by at least a factor of
five.
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7.1.1 Samples

A total of seven undrained triaxial tests were made, all orsakhples. Four tests were
made from in situ stresses (Test 1 - Test 4), and three teste)tb x ., 1 x 0,,. and
1.5 x g,,. (Test 5 - Test 7). Information on the samples is listed in &abl.

Table 7.1 Sample classification for undrained triaxial tests, estimated based on Paper 2 (Appendix B),
* extended correlation as samples are located in depth wiffedd vane tests, - symbolises shear test made
from other stresses than the in situ stresses’aextess pore pressure in CPT is above 2 MPa.

Sample Metric Sample

Test 1 2 3 4 5 6 7
Lab. number 130607 130608 130609 130610 130611 130612 33061
Depth [m] 35 23 43 63 27 27 27
ol [kPa] 300 210 370 525 240 240 240
7 [KN/m?] 18.0 18.4 18.5 18.0 18.0 18.2 18.5
What [%0] 42.7 36.7 37.6 44.0 384 38.5 38.7
Ip [%] 143.6 103.2 131.6 188.7 188.7  188.7
cto [KPa] 724* 583 818*  1053* - - -

q: [kPa] 5060 6960 6070 7270 - - -

ol [kPa] 300 210 370 525 375 750 1125

Figure 7.4 to Figure 7.9 presents the physical appeararnte shmples immediately
after testing; unfortunately, no photo was taken of Test ke Tight stripes running
diagonally across all the samples are marks after the felhslland have no influence

on the test results.

Tests 5, 6 and 7 all have shearing patterns in a very simdadi{rwith two shear plains
originating at the top of the sample going down and outwafést 3 has a one shear
plain going downwards across the sample. Test 2 has dewvklbpmall shear band,
but seems to have failed based on horizontal deformaticst.4Teas likely failed at an
existent fissure, as the sample has divided into two piecesaxthe rest of the sample
seems relative undisturbed.

7.2 Strength parameters

Both the undrained and the effective parameters were atéshtp be found through
undrained triaxial tests, but with the main focus on detamng the undrained shear
strengths. Data from the re-consolidation and shearingg$sepresented in Appendix
J.
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Figure 7.5 Test 3 after shearing.

e

Figure 7.6 Test 4 after shearing. Figure 7.7 Test 5 after shearing.

7.2.1 Undrained shear strength

The strength of an undrained soil is solely dependent onrideained shear strength,
T = S,, and is given as the radius of Mohr’s circle at failure:
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Figure 7.8 Test 6 after shearing. Figure 7.9 Test 7 after shearing.

Su=10.5(01 = 03)maz = 0.5 Gmax (7.1)

The undrained shear strength is given by the deviatorisstee The deviatoric forces
are measured directly by the load pistol and are distribotved the actual area to yield
the stresses. Figure 7.10 presents the stress-strainaieeeh test.

The stress strain curve clearly shows which tests weredigigtconsolidated (Test 1 to
Test 5) and which tests were an-isotropic consolidatedt @és Test 7), as the stress
curves for the latter start at a deviatoric stress levekdifiit from zero. However, this
does not affect the results of the tests. Test 4 peaks at é2nfor the stresses to
become stable until they start increasing at around 5.5%6.i$lclear evidence of the
fact that the measured peak strength at 2% is a result of exstent fissure and the
total strength of the sample was not fully reached.

Table 7.2 lists the resulting undrained shear strengttgusguation 7.1 for each test.

Table 7.2 Undrained shear strength of seven Sgvind Marl samples.

Sample Metric Sample
Test 1 2 3 4 5 6 7
S, [kPa] 188 378 280 188 297 421 425
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Figure 7.10 Stress-strain curve of the seven undrained triaxial tests.

The undrained shear strength is generally seen to incredisgsing shearing stresses.
However, Test 2 gives a very high undrained shear streng#e ¢b the field vane shear
strength listed in Table 7.1, indicating the measured gtteis not significantly influ-
enced by the fissured structure, cf. Figure 7.4. Test 4, oottier hand, yields a very
low undrained shear strength at initial failure. Figuregh®ws a very distinct slic-
kenside along which the failure has occurred. The measiear strength is likely a
residual strength in the fissure and not an expression otrbegth of the clay. These
tests are consequently not included in any further fit oredations.

To give a better base for correlations based on the undraimeat strength, prior tests
made on Sgvind Marl by Madseat al. (2008) at Aalborg University are included in
the following (Section 7.3 to Section 7.4.2). Table 7.3slite data from these tests.
These tests were also performed as undrained triaxialwé$tsest water resembling

the pore water. Shearing tests on all sdditional samplesade from in situ stresses.

Figure 7.11 presents all undrained shear strengths astdiuntthe shearing stresses.

7.2.2 Effective parameters

The strength of a drained soil is determined by the effeqizmameter consisting of
the effective friction angley’, and the effective cohesiod, = = ¢’ + g, - tan(y’).
Thggersen (2001b) found the effective friction angle toémvieen 14 and 19 for the
Danish Eocene clay Little Belt Clay, found using a strair m@ft0.1%/h. The effec-
tive parameters at failure are dependent on the deviatode#ective mean stresses
at the time of shear:
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Table 7.3 Prior tests performed on Sgvind Matls,, estimated based on Paper 2 (Appendix B), * extended
correlation as samples are located in depth without field veses and”® excess pore pressure in CPT
exceeded 2 MPa.

Sample Metric Sample
Test 8 9 10 11
Depth [m] 17 31 59 67
ol [kPa] 158 270 494 558
Sy [kPa] 105 213 239 413
cro [KPa] 427 677 1006* 1100*
q: [kPa] 3070 4570 7990F 9490
500

T o

% 400t o * °
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2
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Figure 7.11 Undrained shear strength as a function of shearing stresses

6 sin(y)
- . 7.2
1= 3= sin(¢’) P (7.2

The effective parameters are independent of the shearegsst and, therefore, based
on all tests. Figure 7.12 shows the effective stress patbadf test based on the pore
pressure. Table 7.4 lists the resulting effective pararaete

The pore pressure is very high in some of the samples. Thidtsés negative mean
effective stresses for Test 2 (the pore pressure was me&supe higher than the cell
pressure cf. Figure J.10 and Figure J.12 in Appendix J). Té&ts mean effective
stresses smaller than Test 6, despite being run fromx1loj, and 1x o,,., respec-

tively. Tests 2, 4 and 7 were as a result excluded from thenasitin of the effective

parameters listed in Table 7.4. There is generally a poaw fié stress curves. Both
the friction angle and the effective cohesion are consai&ye high to be realistic for
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Sgvind Marl, making the parameters of little use. In therafieto eliminate the effect
of the large pore pressure, the back pressure was useddratélae pore pressure
when determining the effective stresses and parameteaysré~7.13).

100! 1001
—_ —_ - ~
& 800 S 800 ‘<.
=3 = ™
o 600 o 600 \
% 0 \
g g s
1] s @ _!
5 400 B Test 1 5 400 Test 1
o H Test 2 © Test 2
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. = = =Test 6 == -Test 6
s - —-Test 7 - —-Test 7
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0 200 400 600 800 1000 0 200 400 600 800 1000
Effective mean stresses ép[kPa] Effective mean stresses ép[kPa]

Figure 7.12 The determination of the effectidéigure 7.13 The determination of the effective
parameters using the pore pressure in deternpreameters using the back pressure in determina-
tion of the effective stresses. tion of the effective stresses.

Table 7.4 lists the estimation of the effective parametased on the back pressure
which are also considered unrealistic. In this estimafi@st 2 and 4 are excluded as
prior explained.

Table 7.4 Effective parameters based on the stress paths.
Sample Metric Pore pressure Back pressure

¢ [°] 25.4 26.0
¢ [kPa] 193.5 99.1

The effective parameters estimated based on each indivielstaare usually related
to large uncertainties, but this is attempted, in order ®isacceptable results are
obtained. In the near proximity of the point of shear, thesdtrcurve is approximately
linear; this part of the curve is used to estimate the effeqiiarameters. Figure 7.14
and Figure 7.15 shows the estimation of the effective par@msiewhich are listed in

Table 7.5.

Also, these effective parameters are unrealistic. Thegftefriction angles are gene-
rally much too high, and the effective cohesions are eithechmioo high or negative
(a physical impossibility). As a rule of thumb, the effeetisohesion should not be
more than 10% of5,. If this guideline is applied to the tests, the effectivetion
angle increases making them even more unrealistic as thideaus to a substantial
increase in the friction angle. cf. Table 7.6.
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Figure 7.14 The determination of the effectiveigure 7.15 The determination of the effective
parameters for each individual test using the peaieameters for each individual test using the back

pressure in determination of effective stresses.pressure in determination of effective stresses.

Table 7.5 Effective parameters based on each individual test.

Sample Metric

Sample - Pore pressure

Test 1 2 3 4 5 6 7

¢’ [kPa] 209 335 142 211 226 202 346
¢ [kPa] 164.0 390.0 305.7 -33.1 347.6 392.4 278.3
Sample Metric Sample - Back pressure pressure

Test 1 2 3 4 5 6 7

¢’ [kPa] 20,8 325 270 196 219 18.8 30.7
¢ [kPa] 107.1 256.4 453 -33.5 237.0 393.3 -123.0

Mohr's Circles are used as a final attempt to determining ffective parameters,
using Mohr—Coulomb’s failure criterion for determinatiofithe effective parameters
in Figure 7.16 and Figure 7.17. The same tests are eliminatids estimation as in
the estimation based on the stress paths.

Table 7.6 Effective parameters based on each individual test @it 0.1 x Sy, .

Sample Metric

Sample - Pore pressure

Test 1 2 3 4 5 6 7

¢’ [kPa] 340 64.7 282 18.6 49.2 340 47.8
c [kPa] 18.8 37.8 28.0 18.8 29.7 42.1 425
Sample Metric Sample - Back pressure pressure
Test 1 2 3 4 5 6 7

¢’ [kPa] 272 451 276 17.3 33.3 31.8 2538
< [kPa] 18.8 37.8 28.0 188 29.7 421 425
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Figure 7.16 Mohr’s circles, effective strességgure 7.17 Mohr's circles, effective stresses
based on the pore pressure. based on the back pressure.

The best estimation of the failure line crosses than one dfrfdeircles in both cases,
a physical impossibility, and overestimates the failune lfor others Mohr’s circles.
Table 7.7 lists the effective parameters. Also, this methieldls much too high values
of the effective parameters.

Table 7.7 Effective parameters based on Mohr’s Circles.
Sample Metric Pore pressure Back pressure

o' [°] 24.5 26.0
¢ [kPa] 98.0 46.1

All methods have poor fit and yield either an unrealisticailyh effective friction an-
gle and/or effective cohesion. Sgvind Marl has a very lowrgability resulting in
very large excess pore pressure present in the sample, lemeght the shearing tests
were performed at tha slowest possible deformation ratbeofihaltered triaxial ap-
paratus. The high excess pore pressure leads to a very ainadgtermination of the
effective parameters. To better estimate the effectivarpaters, a slower deformation
rate similar to that used in the CLO tests or as suggested bgérsen (2001b) should
have been used. This optimises the determination of thet®feparameters at the
expense of a much larger testing time.

7.3 SHANSEP

Laddet al. (1977) presented SHANSEP (Stress History And Normalizet BSwi-
neering Properties) as a way to normalise the undrained sheagth to the in situ
stresses in relation to the overconsolidation ratio, eqonat.3.
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Su _ S-OCR™ (7.3)

!
9vo

According to Ladcket al. (1977), Mayne (1988) and Augustesetral. (2005), the pa-
rametersS andm are usually in the following interval for undrained trialkiasts on
various clays:

0.25 <5 <0.55
0.7<m <0.8

Test 2 and Test 4 are not included in the correlation due tsoreadescribed ear-
lier. The re-consolidation pressure equal to the lower borfithe preconsolidation
stresses is used to determine OCR. The best fit is presentédure 7.18 and the
resulting values of andm are listed in Table 7.8.
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Figure 7.18 SHANSEP, OCR found using tHeigure 7.19 SHANSEP, OCR found using the
lower bound of the preconsolidation stressesupper bound of the preconsolidation stresses.

Including Test 7 1.5 x o,,.) in the fit significantly weakens the fit of SHANSEP to
the measured undrained shear strength: SHANSEP overéssith@ undrained shear
strength at high stress levels, where the shear strengteasumed to be virtually un-
changed from the lower bound of the preconsolidation stees§he improvement to
the fit by excluding Test 7 can also be noted if the upper botititegpreconsolidation
stresses are used to determine OCR (Figure 7.19). Tablda@v&<hat the parame-
term is not affected by the preconsolidation stresses, as itirmmanstant between
the two boundaries. The SHANSEP curves are identical betweetwo boundaries
of the preconsolidation stresses as the lagjésr the lower bound makes up for the
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smaller values of OCR.

Table 7.8 SHANSEP parameters and the coefficient of determingtiof) for both the lower and upper
bound of the preconsolidation stresses.

Lower bound Upper bound
S m  R? | S m R?

W/ 1.5 %0, 051 044 0.7 0.20 0.44 0.78
W/O 1.5 x 0,. 058 022 0.820.36 022 0.82

Using the lower bound of the preconsolidation stressissfound to be in the high end
of the interval mentioned earlier, whereass found to be significantly lower. This is
due to the almost linear development$f up to the lower bound of the preconsolida-
tion stresses, which was also used as the re-consoliddtesses. This is yet another
indication that fissured structure determines the lowenbaef the preconsolidation
stresses.

7.4 Correlations

Advanced undrained triaxial tests are time-consuming haceby costly, making es-
timations of the undrained shear strength based on othemeders crucial. Field
vane shear tests and CPTs are often used for this purpose.

7.4.1 Field vane shear strength -

Field vane shear strengtby,,, found via field vane tests are often used to assess the
undrained shear strength,,. However, as stated in section 3 the fissured structure
of Sgvind Marl causes the strength to be significantly less@ompared to that of a
similar unfissured clay. The strength is reduced by a factor

S (7.4)

Cfy

Christensen and Hansen (1959) determinéd be one third on Skive Septarian Clay
(a Danish highly fissured overconsolidated tertiary clajhe relation between the
field vane shear strength for Sgvind Marl and the undrainedrs$trength found in
the undrained triaxial tests and using SHANSEP parametersampared in Figure
7.20. ¢y, is determined based on the linear correlation presentedyserP2 (Ap-
pendix B), as it is believed to give the most accurate deteation. Field vane shear
tests were only carried out to a depth of 42¢p, at lower depths are estimated by
extending the linear correlation.
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Figure 7.20 Comparison of the measured undrained shear strength and &erdshiear strength to deter-
mine x.

u found using the measured undrained shear strength faleimterval between 0.2
and 0.4 which is in great agreement of the findings by ChriatehHansen (1959).
If the undrained shear strength is determined using the SEEparameters found
earlier,y is found to decrease from 0.4 to 0.3 in the first 10 m of Sgvindl ldiae to
the high increase in the field vane shear strength in thesbsldpereafter, becomes
constant at 0.3 throughout the depth.

The determination and use pfhave often been discussed in the Danish geotechnical
community, as it is a vital and commonly used parameter. Theipus knowledge
has been based solely on the tests performed by Christenderamsen (1959) (lI-
lustrated in Figure 3.9). The test methods used differ fromaenn triaxial tests, mak-
ing 1 untested in regards to undrained triaxial tests on highgufisd tertiary clays.
The undrained triaxial tests presented in this chapter worifie relation between the
undrained shear strength and the field vane shear strenigéh.

7.4.2 Cone tip resistance - Ny,

The corrected cone tip resistance from CPT is also a usefillttoestimate the
undrained shear strength, using the cone tip resistantss,fag,, .

qt — Ov0

Nyt = S

(7.5)
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Rad and Lunne (1988) found;; to vary between 8 and 29 and being dependent on
OCR. Whereas Aast al. (1988) and Powell and Quarterman (1988) fouvid to be
dependent on the plasticity, with, increasing with plasticity. Powell and Quarter-
man (1988) foundVy, in the range of 10 to 30 when scale effects were considered.

The measured undrained shear strength is compared to ttecteat cone tip resis-
tance presented in Paper 2 (Appendix B). As stated in Papie2;orrected CPT
data becomes unreliable at a depth of 25 m due to unmeastnighl@ore pressure.
Nonetheless, the correlation is made for the whole deptishuricertain below depths
of 25 m. Figure 7.21 and Figure 7.22 shows the determinatioN;@ through the
depth for the measuret|, and SHANSEP, respectively.
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Figure 7.21 Comparison of undrained shelgigure 7.22 Comparison of undrained shear
strength and corrected cone tip resistance tosttength found via SHANSEP and corrected
termineNy;. cone tip resistance to determing,, .

Ny, is for the measured samples in the interval between 20 andt#oh are in fine
agreement with the intervals mentioned earlier, considettie high degree of over-
consolidation and the very high plasticity of the samplgg, found using SHANSEP
yields values in the same interval at lower depths where ®i€sCare unreliable and
slightly lower with values increasing from 15 to 22 at higsénata, in which the ex-
cess pore pressure was in the measurable range during th@igi*@sented in Figure
7.22). This is relative low and not in correlation with thediimg of Powell and Quar-
terman (1988), considering the very high plasticities eststratal(> between 100%
and 250%). However, the results are likely more affectedhieynigh overconsolida-
tion ratio than the plasticity; an affect that was clear mthisclassification in the CPT
classification charts (section 5.3.1). M, value of 20 seems to be a likely estimate
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of the cone tip resistance factor.

7.5 Recapitulation

The undrained shear strength is found for seven samplesvirficklarl at different
stress levels. SHANSEP parameters were found t§ be 0.58 andm = 0.22 and

are used to describe the undrained strength through thé.d&ptrthermore, corre-
lation factors to field vane shear strength and correcteé tiprresistance are found
to bep = 0.3 and Ny, = 20, respectively. Figure 7.23 and Figure 7.24 present the
undrained shear strength through the depth found by urettaiiaxial tests, field vane
shear tests and cone penetration tests.
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Figure 7.23 Estimations of the undrained sheRijure 7.24 Estimations of the undrained shear
strength through depth via field vane sheaength through depth via corrected cone tip re-
strength and SHANSEP. sistance.

The main purpose of the triaxial tests was to determine thigaumed parameters of
Sgvind Marl. Furthermore, several methods were used intteenpt to determine
the effective parameters of Sgvind Marl. All methods yietdaalistic high parame-
ters due to too high excess pore pressure. To determineftwdied parameters, the
deformation rate at the shearing step should be much loveer ttie 0.5%/h used,
extending the testing time significantly.

The undrained shear strength is often estimated based did#t. For years, the re-
lation between the undrained shear strength and the fiekl slagar strength has been
estimated to one third based on few tests made by Christeamgtiiansen (1959).
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Through the undrained triaxial tests presented, the oglatias confirmed to be ap-
proximatelyy = 0.3. The relation between the CPT corrected cone tip resistande
the undrained shear strength was determined to be appretymé,; = 20.

Main points:

¢ The undrained shear strength is determined at variousdaesls.
¢ The effective parameters are indeterminable due to a lagepressure.

— The shearing speed should be kept at%®/& for Sgvind Marl due to the
very low permeability.

¢ Best SHANSEP fit is obtained when only shear strengths atlomnbie lower
bound of the preconsolidation stresses are used.

- 5=0.58
—m =0.22

¢ The undrained shear strength was found to be 0.3 times tleitele shear
strength (1 = 0.3).

- Dy :0.3~Cf1,

¢ The CPT cone tip resistance factor to the undrained sheargttr was found to
be 20 (Vi = 20).

_ — 49t—0wo
S“ - 20
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CHAPTER 8
Conclusion

The work presented in the present Ph.D. thesis was made éméxpe knowledge of
the behaviour of Sgvind Marl, a highly plastic and fissuredda@ clay. This chapter
gives an overview of the findings and main points of the switéading to this Ph.D.
thesis.

Savind Marl has a post-sedimentation fissured structurgerature study showed the
influence of structure on the stiffness and shearing bebhawaba clay. The presence
of a structure was found to generally have an increasingteffie both the stiffness
and the shear failure envelope. However, a fissured steibd a very distinct influ-
ence on the behaviour. A post-sedimentation structure toat@s a clear definition
of the preconsolidation stresses for a heavily overcodatdd clay, and the presence
of fissures would further complicate the determination advié¢s a gradual change in
the behaviour during closure of the fissures. This leadsd@tipearance of a lower
and upper bound of the preconsolidation stresses. Theinedrahear strength of a
fissured clay was also described to be significantly lowen that of an unfissured
clay, as failure occurs at the weakest part of the clay: tkesgistent fissures.

Part one of the thesis concerned the geotechnical descrigiid properties of Sgvind
Marl. Tests were made to compare the liquid limit of SgvindNMtzund using the Ca-
sagrande cup and fall cone, because the Eurocode statedl tenk as the preferred
method over the traditional Casagrande cup. However, itfouasd that the fall cone
yield values of the liquid limit increasingly lower than g®of the Casagrande cup for
liquid limits above 200%. This makes the usability of thd &ane limited on highly
plastic clays. Visual description, general classificatiod field tests on Sgvind Marl
were presented to give a general knowledge of Sgvind Mag. uded samples were
between 40.5 million years and 46 million years old and atl havisual similar ap-
pearance with a highly fissured structure and only slighhgka in colour. A notable
property of Sgvind Marl was a very high plasticity with plagy index in the normal
range of 100% to 250%, with extreme values over 300%. Sgviad Was found to
be very calcareous, with calcite content up to 65%. An irelgrproportional con-
nection between the plasticity and the calcite content wasd. CPTs were found to
quickly become unreliable due to an excess pore pressutanp®to measure. Also
CPT classification chart was found to mis-classify SgvindlMa a silt or even sand
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due to the high degree of overconsolidation of the clay. Mptmced change in the

behaviour of many properties like plasticity, calcite @it shear vane strength and
CPT cone tip resistance occurred at a depth of around 25 ns sTigigested a sub-

stantial change in the macro behaviour despite no mesofabange was evident in

the appearance of the samples.

Part two of the thesis dealt with the stiffness of Sgvind Mauind through different
oedometer tests and analysing methods. This part presenfdNACONDA method
for separating primary and secondary consolidation sri@itowing oedometer tests,
and introduces the method on highly plastic clays with higéosdary consolidation
index. It takes into account the consolidation and secgndansolidation process
occur simultaneously. This is preferred when the secondangolidation index is
high, as is the case for Sgvind Marl. The ANACONDA method isdut separate
strains in all incremental oedometer tests presented ithiéds. Both incremental
and continuous loading oedometer tests were made to dethe preconsolidation
stresses of Sgvind Marl. Two apparent values of the predidation stresses were
found at each sample independent of the testing or intefiwatmethod used. The
lower bound of the preconsolidation stresses was found toeb&een 600 kPa and
800 kPa, which was only two to three times the in situ streagdsnot in agreement
with the geological history of an Eocene clay. This was dektioebe a result of
the fissured structure. The upper bound of the preconsmitdatresses was found in
the range of 6300 kPa to 8900 kPa and is in agreement of thegjeal history of
primary and secondary consolidation through millions adnge Continuous loading
oedometer tests were found to give a much more accurate séaitededescription of
the behaviour of the sample during increasing testing. dflameter tests were made
on samples with a diameter of 35 mm to enable high stressslavéhe sample. The
reduction of the diameter from the standard 70 mm had verigdidrto no influence
on the test results. During continuous loading oedomesgs, tehe horizontal pressure
exercised by the sample was measured in order to deternareatth pressure at rest.
High earth pressure at rest was found with values around 6irictt& in situ stress
range. The normally consolidated earth pressure at restet@smined to be inde-
pendent of the friction angle, making Jaky’s relatidfy(nc) = 1 —sin(¢)) of no use
on highly plastic clays, like Sgvind Marl. The normally cotidated earth pressure
at rest should be determined through testing, since noestistlation yields useful
values. The development of the earth pressure at rest igajnassumed depen-
dent of the overconsolidation ration. However, Sgvind mad in this thesis found to
lose its "short-term" memory even though the memory of tiee@nsolidation stresses
was intact. The loss of memory results in a "new" preconatibah set during testing,
which should be used in the estimation of the overconsatidagtio.

Part three of the thesis concerned the undrained triaxéts #nd the determination
of the strength parameters of Sgvind Marl. Undrained sheangths were found on
seven samples and generally found to increase with incrgasiesses. The samples
were found to shear at pre-existent fissures, indicatingttiestrength of fissured
clays is significantly lower than that of a similar un-fissisample. The SHANSEP
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parameters andm were found to 0.58 and 0.22, respectively, when using undchi
shear strengths found for stresses lower than the lowerdoofitne preconsolidation
stresses. The lower bound was also used as the re-congwlidaesses and in the de-
termination of OCR in relation to SHANSEP. The undrainedxial tests were made
to determine the undrained shear strength. However, it Wtespted to estimate the
effective parameters, but based on high excess pore pedsproved difficult. Slower
strain rates in the range of 0%/h are expected to be needed if the effective param-
eters are the objective of the tests. The relation betweennldrained shear strength
and the field vane shear strength,is in Danish geotechnical practice usually de-
termined to be one third based on few field tests made by @hgsth and Hansen
(1959). In this thesis, the relation was confirmed for the firme on Sgvind Marl
using undrained triaxial tests to lpe= 0.3 on Sgvind Marl, while the CPT corrected
cone factor was determined to bg; = 20.

8.1 Recommendations for future work

Recommendations for future work related, directly or iedity, to this study are given
to further expand the knowledge of plastic fissured clays.

General:

¢ Reconstituted samples
The effect of the fissured structure should further be aealyk is recommended
to do this with reconstituted samples of Sgvind Marl withdeon deformations
at high stresses.

¢ Empirical correlation
Typically, empirical correlations are made on clays withcmilower plasticity
and degrees of overconsolidation than Sgvind Marl and ainclays. Unique
correlations valid for clays with very high plasticity anchigh degree of over-
consolidation should be made and tested on several diffefays.

¢ Influence of calcite
The influence of calcite should be tested on parameters sufticion angle,
earth pressure at rest and compressibility.

¢ Field tests
Analysis of field tests results, like CPT, on overconsobdatlays in order to
utilise tests results to e.g. classification of the soil.
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¢ Database on plastic clays

As the behaviour and properties of plastic clays are stydiedgeneral knowl-
edge increases. This knowledge should be compiled intcedodaé consisting of
research and commercial information, leading to a more cehgnsive under-
standing.

Oedometer:

¢ Influence of strain rate

Strain rate in CLO tests is chosen in order to minimise bujidsf excess pore
pressure. Analysis should be done on the influence of higassxgore pressure
on test results compared to the influence of secondary ddatioh on soil with
high secondary consolidation index and low permeability.

¢4 Consolidation modulus in CLO tests
When analysing CLO tests, the chos&n or Ao have a significant influence on
the consolidation modulus. The influence that this has ordétermination of
the preconsolidation stresses should be studied furthéra&lear recommenda-
tion should be made. This is not only the case for plastics;layt for CLO tests
made on clays in general.

¢ Normally consolidated earth pressure at rest
Clarifying whether or not a correlation of various paramgte K (nc) exists on
highly plastic clays.

Triaxial:

¢ Triaxial tests

Establish testing procedure for undrained triaxial testshmhly plastic clays
with low permeability in order to make determination of effiee parameters
possible.
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CHAPTER 9
List of Symbols

Greek Symbols

@ Coefficient to determine the earth pressure at rest
¥ Bulk unit weight

Yo Unit weight of water

Acqe Increase in secondary consolidation strains
Ae, Increase in consolidation strains

Ao’ Increase in effective stresses

Au Excess pore pressure

e® Engineering strains

eV Natural strains

Eac Secondary consolidation strains / creep
Ce Consolidation strains

Etot Total vertical strain

1 Field vane shear strength factor

o1 Maximum total principal stresses

o3 Minimum total principal stresses

ol Reference stresses

ol Horizontal effective stresses

oy Horizontal total stresses

Tpe Preconsolidation stresses

0l oaq  Unloading stresses
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List of Symbols

Vertical effective stresses

Vertical effective in situ stresses
Vertical total in situ stresses

Vertical effective consolidation stresses
Effective yield stresses

Vertical effective yield stresses

Lower boundary of the yield stresses
Upper boundary of the yield stresses

Friction angle

Latin Symbols

Co
CF
Ccl~

Activity

Pore pressure ratio

Effective cohesion
Compression index
Secondary compression index
Field vane shear strength
Remoulded field vane shear strength
Coefficient of consolidation
Clay fraction

Chloride content

Void ratio

Sleeve friction

Specific gravity

Initial sample height

Drainage path

Liquidity index

Plasticity index
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I, \oid index

ICL Intrinsic compression line
k Coefficient of permeability
Ky Earth pressure at rest

Ky(nc) Normally consolidated earth pressure at rest

Ky(oc) Overconsolidated earth pressure at rest

M Consolidation modulus
m SHANSEP parameter
Nyt Corrected cone tip resistance factor

OCR Overconsolidation ratio

OCR,;,, Overconsolidation ratio based on laboratory tests

P Vertical mean total stresses

P’ Vertical mean effective stresses
q Deviatoric stresses

e Cone tip resistance

q Corrected cone tip resistance
R? Coefficient of determination

Ry Friction ratio

S SHANSEP parameter

St Sensitivity

Sy Undrained shear strength

S, (mob) Mobilised undrained shear strength

SCL Sedimentation compression line

T Dimensionless time

t Time

ts0 Time passed when 50% of the consolidation has occured

ta Characteristic time pasted before secondary consolitatarted in the point
A
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tp Characteristic time

U Degree of consolidation
u Deformation of sample
U Hydrostatic pressure

o Test water pressure

uy Pore pressure

Us Pore pressure

YCR  Yield stress ratio

Z Depth
w Natural water content
wy, Liquid limit

Wnat Natural water content

wp Plastic limit
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Comparison of Liquid Limit of highly plastic clay
by means of Casagrande and Fall Cone Apparatus

Gitte Lyng Grgnbech, Benjaminn Nordahl Nielsen & Lars Bo Ibsen "
Department of Civil Engineering — Aalborg University, Aalborg, Denmark
P gineering I Y g 2011 PanAm CGS

Geotechnical Conference
ABSTRACT
The connection between the Liquid Limit found using the Casagrande and the Fall Cone Apparatus is tested for the
Danish Eocene Clay that has Liquid Limits up to 350% and Plasticity Index up to 300%, which is well outside the normal
range of Casagrande’s Plasticity Chart. Based on the high plasticity of the Danish Eocene Clay two new classification
categories are introduces to the Plasticity Chart in order to fully describe the clay; super high plasticity Clay (CS) and
extremely high plasticity clay (CE), covering the range up to Liquid Limits up to 200% and 350% respectively. A
correlation between the Liquid Limit from the Casagrande and the Fall Cone Apparatus is for super high plasticity clay.
For extremely high plasticity clay it was found that the Fall Cone method underestimated the Liquid Limit with up to 43
percentage points, making the Fall Cone an unreliable method of finding the Liquid Limit for extremely high plasticity clay

PRESENTACIONES TECNICAS

La relacion entre el limite liquido es obtenida usando los métodos de Casagrande y el Cono de caida, ensayados para
arcillas Danesas del Eoceno las cuales alcanzan limites liquidos de hasta 350% e indices plasticos de hasta 300%, lo
cual esta muy alejado del rango contemplado en la grafica de Casagrande. Basandose en la alta plasticidad de las
arcillas Danesas del Eoceno, dos nuevas categorias de clasificacion son introducidas en el diagrama de plasticidad, de
manera que la arcilla queda completamente descrita; arcillas sUper plasticas (CS) y arcillas extremadamente plasticas
(CE), de tal modo, que el limite liquido superior de 200% y 350% respectivamente queda completamente cubierto. Una
correlacién entre el limite liquido por Casagrande y el cono de Caida es hallada para arcillas super plasticas. Para
arcillas extremadamente plasticas, se hall6 que el método del Cono de caida infravalora el limite liquido hasta con un 43
por ciento, lo cual hace del Cono de caida un método poco fiable para determinar el limite liquido de arcillas
extremadamente plasticas.

1 INTRODUCTION Classification of clay is done by Casagrande’s

Plasticity Chart (Casagrand, 1932), which covers a Liquid

The Atterberg Limits play a great role in assessing and
classifying clay. Atterberg divided the behavior of clay into
types, depended on the water content of the clay, the
Atterberg Limits. The plasticity of clay is a property in clay
that allows wet clay to be molded into a given shape when
pressure is applied, and sustain the shape when pressure
is released. The Plastic Limit, wp, is the water content, at
which the clays consistency changes from semi-solid to
plastic. The Liquid Limit, w, is the water content at which
the consistency changes from plastic to liquid. The
Plasticity Index, lp, is given as the difference between the
Liquid Limit and the Plastic Limit. The definition of the
Atterberg Limits can be seen in Figure 1.

Solid
Semi-solid
Liguid

I T I {>

0 Ws Wp W w [%]
Figure 1. Atterberg Limits.

Limit up to 100% and a Plasticity Index up to 60%. The
highly plastic Danish Eocene Clay has Liquid Limits up to
350%, making the normal plasticity chart useless to
classify the Danish Eocene Clay. The Plasticity Chart for
the Danish Eocene Clay can be seen in Figure 6.

The Liquid Limit is traditionally been determined by
use of the Casagrande percussion cup method. This
method is however very dependent on the apparatus and
the person operating it, possibly resulting in variations of
the results of each individual sample. Hansbo (1957)
showed through a series of tests, that the Fall Cone
Apparatus could be used as a quick and easy way to find
the shear strength of soils. Wroth and Wood (1978) found
that the Liquid Limit test establishes the water content, at
which the clay has a certain undrained shear strength.
They suggested, based on series of tests, that the Liquid
Limit corresponds to a fall depth of 10 mm, when using a
cone weighing 60 grams and having an angle of 60°.

Wasti (1987) compared Liquid Limits in the range
between 27% and 110%, found by using the Casagrande
and the Fall Cone method, of 15 soils from different
locations in Turkey. The correlation found was given by:

Wirg = 100558 -wypm +4.82 1

where wirc) and wyc) is the Liquid Limit found by
respectively the Fall Cone and the Casagrande method,
most of these tests were covered by the Plasticity Chart.
The correlation between the two methods becomes more



unclear, due to lack of data, for clay with extremely high
Liquid Limits, like the Danish Eocene Clay. Head (2006)
and Karlsson (1977) shoved that the Fall Cone tends to
underestimate the Liquid Limit for clay which exceed the
normal range of the Plasticity Chart.

The plastic properties of clay are, among other things,
dependent on its ability to bind water to the crystal
structure; this ability depends on the mineral composition
of the clay. A description of the clay minerals in the tested
Danish Eocene Clay can be seen in section 2.1.

In recent years the Fall Cone penetration method has
however started to become the preferred method of
determining the Liquid Limit compared to the Casagrande
Apparatus method. It is wanted to find if this comparability
of the two methods also applies to clays with an extremely
high Liquid Limit, such as the Danish Eocene Clay.

In this paper the correlation between Liquid Limit found
by the Fall Cone and the Casagrande method is assessed
for highly plastic clays with Liquid Limits up to 350%, and
a modification of Casagrande’s Plasticity Chart is
considered.

2  DESCRIPTION OF THE DANISH EOCENE CLAY
The climate of the Eocene period was in Northern Europe
tropical or subtropical, and the sediments of the period are
all deposited in the ocean of the time. The changes in the
characteristic of the sediments are due to the changes in
the water level and the degree of living organisms of the
time. The sediments changes from limestone in the earlier
deposits to clays and silt in the latest deposits. Through
the Eocene layers around 180 layers of ashes from
volcanic eruption can be found, evidence of a great and
long lasting geological change. Above the layers of ashes
large quantities of plastic clay is found. In Arhus, Denmark
the Danish Eocene Clay is located to depths of more than
70 meters and has a very high concentration of lime. The
lime concentration varies from very light, 1 %, to highly
limy, 65 % (Grontmij | Carl Bro 2008). The lime originates
from coccoliths that lived when the Danish Eocene Clay
was deposited.

Based on the coccoliths the age of the Danish Eocene
Clay from a location in Arhus, Denmark is determined.
The coccoliths are all from NP zone 15 and 16, estimating
the age of the Danish Eocene Clay to be between 40.5
and 46 million years old. It was determined that all the
samples were from the Middle Eocene age, and the
formations are located in a correct stratigraphic order, with
no overlapping. (Thomsen, 2008)

2.1 Mineralogy
An analysis of the composition of the clay minerals in the
Danish Eocene Clay has been made by Balic-Zuni¢
(2008), it showed a very large percentage, up to 95%, of
the clay have a grain diameter less than 2 ym. The
composition of the clay minerals can be seen in Table 1.
The Clay mineralogy is the primary factor controlling
the physical and chemical properties of clay. There are
big differences on the behavior of each mineral type, and
how big an influence it has on the plasticity. The clay
mineral Smectite has a very large influence on the
swelling of clay, since it has a big tendency to expand
when it comes in contact with water. As can be seen in

Table 1, almost half of the clay particles are Smectite,
making the Danish Eocene Clay a very expansive clay,
capable of absorbing large amounts of water.

Table 1. The composition of the clay minerals in the
Danish Eocene Clay. The percentage of each clay mineral
is in relation to the clay portion of the soil, and not the total
soil sample. (Balic-Zunié, T. 2008.)

Depth (m) 15 30 45 60
Clay (%) 95.6 72.8 76.4 74.0
Kaolinite (%) 19 12 14 15
llite (%) 33 15 12 17
Smectite (%) 44 34 42 33
Calcite (%) 2 25 30 34
Quartz (%) 2 1 1 1
Siderite (%) - 7 1 -
Rhodochrosite (%) - 6 - -

2.2 Geotechnical properties

During and after boring a number of classification test was
made on the Danish Eocene Clay and the pore water in
the clay, the geotechnical properties can be seen in Table
2. Classification tests were made by Grontmij | Carl Bro
(2008).

Table 2. Information and geotechnical properties of the
Danish Eocene Clay. (Grontmij | Carl Bro 2008)

Age (mil. Years) - 40.5 - 46
Depth' (m) - 10-70
Water Content (%) w 20-55
Liquid Limit (%) wi 87— 350
Plastic Limit (%) wp 31-60
Plasticity Index (%) Ip 55— 285
Unit weight (kN/m°) v 16.7 - 18.1
Vane strength (kPa) Cv 280 ->715
Angle of friction (°) 03 12- 25
Lime content (%) - 1-65

pH - 8.6-9.6
ClI” content (%) - 0.5-1.6

" The depth of which the Danish Eocene Clay is present.

The natural water content of the samples is similar to
the Plastic Limit of the clay, meaning the soil in its natural
state is semi-solid to only just plastic, cf. Figure 1. The pH
and the Chloride concentration of the sample is measured
in pore water extracted from the soil.

3 METHODS

Two methods have been use to determine the Plasticity
Index of the Danish Eocene Clay, and there are found pro
and cons with both.

3.1 Casagrande

The Casagrande Apparatus tests are carried out on an
apparatus with a base of bakelite and a brass cup with a
manual handle, Figure 2. A similar apparatus, but with an
automatic handle, was also used for a portion of the tests,
and the tests gave identical results independent of the



apparatus used, the measured water content and the
resulting Liquid Limit.

Figure 2. The Casagrande Apparatus used for the tests.

When using a Casagrande Apparatus, the Liquid Limit
is defined as the water content at which the groove closes
over a distance of 12 mm after 25 strokes at a rate of 2
strokes per second.

The results obtained by the Casagrande Apparatus
method is however very dependent on the person
operation the Casagrande Apparatus, thus making it hard
to replicate the results when the same test is carried out
on the same material, but by a different person. The
factors dependent on the operator includes the rate at
which the cup is dropped, judgment on when the sample
is touching over a distance of 12mm, the placement of the
sample in the cup and the making of the groove. Small
variations in the height of the vertical drop of the cup also
have a large influence in the number of strokes used to
close the groove. Other factors that might influence the
results are the material and state of the base and the cup,
the fundaments stability and the grooving tool. (Prakasha
et al., 2002)

3.2 Fall Cone

The Fall Cone tests are carried out on a Geonor Fall Cone
Apparatus with a 60 grams / 60° cone, Figure 3. The
water content corresponding to a fall depth of 10 mm 5
seconds after release of the cone is described as the
Liquid Limit.

Figure 3. The Fall Cone ar used for the tests.

The Fall Cone is widely known throughout the world,
and the accepted standard for finding the Liquid Limit in
many countries. The Fall Cone has the advantage over
the Casagrande Apparatus that the operation of the
apparatus is not affected by the operator, and the results
are thereby comparable independent of the user. When
using the Fall Cone Apparatus, one should be aware of
the state of the cone, since a worn cone can affect the fall
depth, and thereby the results of the Liquid Limit. Air
pockets trapped in the clay around the point of impact can
also influence the measured fall depth.

3.3 Plastic Limit

The Plastic Limit is found by rolling the clay on a glass
plate into stings with a diameter of 3 mm, until they just do
not crumble. Air drying is used to decrease the water
content in the material. This is done to avoid a dry crust
on the material that can occur when drying is done by
slowly heating the material.

3.4 Homogenizing
For both the Casagrande cup and the Fall Cone method,
the clay should be homogenize and the water content
brought to a level close to yet under the Liquid Limit,
which is a time-consuming process. The homogenizing of
the clay is a very important part of finding the Liquid Limit,
and should be done carefully. Not homogenizing the clay
sufficient or mixing air in the clay can have a great
influence on the outcome of the Liquid Limit.

The tests are made while gradually adding more de-
ionized water. The tests are carried out simultaneously on
both apparatus on the same material.



Through the tests, it became evident that the
homogenization process has a great influence on the
results of the tests, making it highly important to be
meticulous.

Based on the high plasticity of the clay, a special
homogenizing process was used. The material was first
grated to small pieces with a maximum length of 1.5 cm
and a thickness of 1-2 mm. The pieces were gathered in a
plastic bag and added de-ionized water. The material was
left over night to fully absorb the water. Hereafter the
material was gently massaged through a sieve with a
mesh aperture of 0.42 mm to discard any larger particles
and to reduce any lumps of clay. There were no particles
left at the sieve in any of the samples of the Danish
Eocene Clay. The material was then placed in small
portions at a glass plate, and a large spatula was used to
further homogenize the material, Figure 4.

Figure 4. The material being homogenized on a glass
plate.

The homogenizing was continued until no visual
imperfections were left and the material had a glossy
surface. This was done to all the material, and the
material was finally collected in a bowl, where the material
was molded together until it appeared as a uniform mass.

The homogenizing process is hard and time
consuming, making it a costly process. At least two hours
were used to sift and homogenize each sample prior to
the tests, before an acceptable homogenization of the
material was obtained.

During the tests when de-ionized was added to
increase the water content of the material,
homogenization was also proven to be important. A
significant amount of water could be added to the material
without an influence on the number of stroke or fall depth.
If, however, the material was covered by a damp cloth
and left to absorb the water for 15 min, there was a clear
difference in the results of the tests. The effect of the
absorption time was particularly clear for clay with an
extremely high plasticity.

The lengthy duration of the homogenization before and
during the test, one test could easily last up to 6 hours.

This causes for a need to simplify or automate the
homogenization process saving valuable man power.

4  RESULTS

The plasticity of the Danish Eocene Clay is found for 33
samples, for depth up to 69 meters under the surface. The
results from both the Casagrande and Fall Cone
Apparatus can be seen in Table 3.

Table 3. The measured Liquid and Plastic Limits for the
samples of the Danish Eocene Clay. (C) marks results
from the Casagrande Apparatus and (FC) marks the
results from the Fall Cone Apparatus. - symbolize that the
test was not preformed.

Sample Depth wp Wi Ip Wi lp

No. (C) (C) (FC) (FC)
(m) (R) () () (%) (%)

1 15.5 - 154.7 - 163.1 -

2 19.5 - 141.1 - 146.2 -

3 315 - 151.6 - 158.0 -

4 33.5 - 160.8 - 164.2 -

5 37.5 - 103.7 - 112.5 -

6 39.5 - 143.5 - 150.7 -

7 43.5 - 129.6 - 137.4 -

8 47.5 - 127.9 - 132.2 -

9 51.25 - 178.4 - 191.8 -

10 515 - 186.0 - 189.2 -

11 63.5 - 207.7 - 2134 -

12 67.5 - 156.2 - 170.4 -

13 69.25 - 169.3 - 184.6 -

14 13 497 1926 1429 190.0 140.3

15 17 446 1726 128.0 1615 116.9

16 17 484 2375 189.2 2212 1729

17 17 40.8 1712 1304 1753 1345

18 21 328 1102 774 1103 775

19 20 432 2641 2209 2501 206.9

20 22 516 2921 240.6 2704 2189

21 24 444 2621 2176 2508 206.4

22 25 313 87.0 557 871 55.8

23 25 353 120.8 855 1144 791

24 29 321 1196 875 1263 94.2

25 33 353 1414 106.1 143.4 108.1

26 33 422 1732 130.8 160.4 118.0

27 33 363 1756 139.3 159.8 1235

28 37 339 1650 131.1 1622 1283

29 41 316 1147 831 1194 879

30 41 339 189.0 1551 1456 1117

31 45 315 156.2 1247 1566 125.1

32 49 323 1559 1236 1564 1241

33 49  60.2 3449 284.7 3111 250.9

To see if there is a direct connection between the
Liquid Limit from the two methods, the results from each
sample is drawn in a chart with the Liquid Limit found
using the Casagrande Apparatus at the abscissa axes
and the Liquid Limit found using the Fall Cone Apparatus
at the ordinate axes, the chart can be Figure 5.
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Figure 5. The relation between the Liquid Limit of the Danish Eocene Clay found using the Casagrande and Fall Cone

Apparatus respectively.

The results appear to be approximately identical
regardless of the methods used until a Liquid Limit of
roughly 200%. Here after the results from the Fall Cone
consistently gives smaller values for the Liquid Limit. This
suggests that results can be divided into two groups, with
a Liquid Limit of 200% as the separation point. The
relation between the Liquid Limit of the Danish Eocene
Clay in the range of 85% to 200% found by the two
methods in Figure 5 can by using linear regression
analysis using the least squares method be described as:

v (FCl= 0885w (CT+ 24 [2]

For the relation in Equation 2 sample No. 30 is not
included since this is believed to give a false description
of the relation. This relation correlates well with the
relation found by Wasti (1987) in Equation 1 for up to very
high plasticity clays.

The relation in Equation 2 shows that the Fall Cone
gives slightly larger results for Liquid Limits up to 200%,
which is also the limit for the valid range of the relation,

and the Fall Cone results starts to significantly differ from
the Casagrande results.

The Plasticity Index of sample no. 14-33 is plotted
against the Liquid Limit in a plasticity chart for both
methods, which can be seen Figure 6 and Figure 7 for
Casagrande and Fall Cone respectively. The A-line in
both figures is described by:

Ip= 073 {uy — 200 [3]

Casagrande defined the U-line (Upper Limit Line) as
the limit for which results located beyond this line the
Plasticity Index is too large for the corresponding Liquid
Limit, and no sample can be located above this line,
without an indication of an error in the results
(Casagrande, as described in Holtz et al., 2011). The U-
line is described by:

=08 -8 [4]
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Figure 7. Plasticity Chart for the Danish Eocene Clay
using the Fall Cone Apparatus. The normal range of the
Plasticity Chart is marked with the dashed lines.

From Table 3 and Figure 6 and Figure 7, it is seen that
all but one sample of the Danish Eocene Clay falls outside
the normal range of the Plasticity chart, but still well above
the A-line (Equation 3) and under the U-line (Equation 4),
indicating that it is an exceptional plastic clay. This gives a
need to expand the Plasticity Chart in order to include the
Danish Eocene Clay. Based on the results found in Figure
5, two new classification categories are introduced; first a
category for super high plasticity clay (CS) with a Liquid
Limit of 100% to 200%, which is the range in which the
results from the two methods correlated, succeed by a
category for extremely high plasticity clay (CE) from 200%
till 350% where there were no correlation between the
results.

The very high concentration of clay particles of
between 73 — 95% of the total soil sample, has large
influence on the plasticity, and gives super and extremely
high plasticity clay. By comparison of Table 1 and Table 3
it is noticed that the extreme high plasticity clay is primary
located in depths with a high content of more than 40% of
the clay mineral Smectite, which causes a highly

expansive clay. The clay mineral composition has an
influence on the Liquid Limit and for clays with large
content of expansive minerals, like Smectite, the Fall
Cone method is unreliable to use for Liquid Limit tests.

5  CONCLUSION
The plasticity and Liquid Limit of Danish Eocene Clay
were discussed in this paper. The Danish Eocene Clay
has a plasticity which has seldom been seen before, with
Liquid Limits up to 350%. The main focus of this paper
was to study the relation between Liquid Limit test
preformed on the Casagrande and Fall Cone Apparatus.
In order to include the Danish Eocene Clay it has been
necessary to modify the Casagrande Plasticity Chart.
Only one sample of the Danish Eocene Clay could be
described as a very high plasticity clay (CV), whereas the
rest laid beyond the normal range of the Plasticity Chart.
Two new categories were added; super high plasticity clay
(CS) for clays with Liquid Limits between 100% and 200%
and extremely high plasticity clay (CE) for clays with
Liquid Limits between 200% and 300%. The updated
plasticity chart can be seen in Figure 8.
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Figure 8. The Plasticity Chart adapted to include the
Liquid Limits covered by the Danish Eocene Clay. The
normal range of the Plasticity Chart is marked with the
dashed line.

The classification of clay based on the Liquid Limit can
be seen in Table 4.

Table 4. Classification of Clay.

wi (%) usc-
system
Low Plasticity Clay <30 CL
Medium Plasticity Clay 30-50 CM
High Plasticity Clay 50-80 CH
Very High Plasticity Clay 80-100 CcVv
Super High Plasticity Clay 100-200 CS
Extremely High Plasticity Clay  200-350 CE

The behavior of the clay during the test varied
dependent on the Liquid Limit, and a significant change
happened around a Liquid Limit of 200%. For super high



plasticity clays (CS) it was found through Equation 2 that
there was a good correlation between the results from the
two methods making Equation 5 a valid approximation for
Danish Eocene Clays with a Liquid Limit up to 200%.

v CFCT Eugp (C) [5]

For extremely high plasticity clay (CE) there was found
no correlation between the two methods for Danish
Eocene Clays, and the Fall Cone largely underestimated
the Liquid Limit, making this method unfit for extremely
high plasticity clays.

On basis of the present tests the Fall Cone Apparatus
only has a limited usability on the Danish Eocene Clay,
and thus the results should be used with caution and clear
specification on the test method used.
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Abstract, English

Results are presented of the analyses of the geotechnical properties of a fissured and highly
plastic Danish tertiary clay: Sevind Marl. The analyses demonstrate the difficulties that can arise
when dealing with this particular clay due to its unique characteristics. To characterise Sevind
Marl and its pore water, samples were collected at multiple depths from five different borings
located at the same site at Aarhus Harbour, Denmark, and all encountering the same Sevind
Marl strata. Although Sevind Marl was deposited under circumstances very similar to those of
London Clay, its properties show a poor resemblance to London Clay or other known clays. One
of the key properties of Sevind Marl was found to be its extremely high plasticity, which can
exceed 300%. Sevind Marl has high concentrations (up to 95%) of clay minerals, with a
particularly large portion of smectite. Several key index parameters are presented and dissued
including natural water content, Atterberg Limits (plasticity in the typical range of 100-250%),
and calcite content (up to 65%). Results of vane shear tests and cone penetration tests are also
presented. Oedometer tests yield two very different values for the preconsolidation stress level,
although only one of these is correct. The dual calculation is associated with the fissured nature
of Sevind Marl, which may confound traditional interpretation of test results, but must be taken

into account for understanding of test results leading to proper classification of the material.

Key words: Fissured clay, Tertiary clay, High plasticity, Soil Classification, Site investigation,

Overconsolidated clay



1 INTRODUCTION

Sevind Marl is an extremely plastic and highly overconsolidated Danish tertiary clay. It is part of a group
of plastic clays found in Denmark, including Lillebzelt Clay, Resnas Clay and others. Although the
engineering challenges posed by these clays have hampered construction projects since the early 19™
century, no comprehensive detailed study of this group has been completed.

Narrow bands of these clays run across Denmark in several areas and intersect locations where extensive
construction activity occurs. One of the most prominent projects is the redevelopment of Aarhus Harbour
from an industrial zone to an urban area. This redevelopment plan includes a variety of features, one of
which is the tallest building in Denmark. At this location, Sevind Marl is found down to depths greater
than 70 meters, a fact that must be taken into consideration when designing effective building
foundations. The high plasticity and expansiveness of the clay can cause very large deformations both
during the construction phase and over the lifespan of the construction. These problems are known from
the Little Belt Bridge (Lillebzelts broen), which opened in 1935. The foundation of this bridge has settled
approximately 0.7 m to date.

The appearance and deposition environment of Sevind Marl is very similar to that of London Clay.
However, Sevind Marl has several unique properties, thus limiting the utility of London Clay
information when designing projects affected by Sevind Marl. Extremely high plasticity is one of the
most prominent properties of this clay, with plasticity indices in the general range of 150% to 200%, and
some as high as 300%. Sevind Marl is highly fissured with an elevated presence of slickensides, which
can compromise the shear strength of the clay. In addition, the fissured structure makes the Sevind Marl
sensitive to water penetration, and thereby possible swelling, in the event of excavation. This paper
focuses on the geotechnical properties of Sevind Marl from Aarhus Harbour, which has been quantified

through laboratory, index and field tests of collected samples.



2  GEOLOGICAL DESCRIPTION

Sevind Marl is a tertiary clay sediment deposited during the middle to late Eocene period. The clay
deposit is found on top of the older Eocene Lillebelt Formation and below the Oligocene Viborg
Formation. More than 60 m of Sevind Marl has been recorded at Aarhus Harbour.

Most tertiary sediments in Denmark are highly plastic clays, which are, in general, strongly fissured and
additionally characterized by frequent slickensides. The formation of fissures and slickensides occurred
due to consolidation, swelling, and glacial disturbance during the Eocene and into the Quaternary period.
Sevind Marl was deposited in a relatively deep ancient seafloor, although the depth of the clay layers
decreases from the underlying Lillebelt Formation and further decreases in the overlying Viborg
Formation deposits. Sevind Marl was covered by up to 1 km of Oligocene and Miocene deposits over a
period of about 20 million years (Geocenter Danmark 2010). These deposits have since eroded and are
now located west of Denmark in the North Sea. At Aarhus Harbour, Sevind Marl is found under a small
layer of glacial till and 10 m of man-made fill, primarily sand. Differences in the deposits may be related
to climatic change factors, such as sea level, temperature, and marine biomass, which can impact the
amount of calcite in the water and sediments. Current data indicate that Sevind Marl was deposited at
about the same time as the first glaciation was occurring in Antarctica, even though Denmark itself had a
tropical-subtropical environment during the Eocene. Elevated climatic variability can be interpreted from
the highly layered calcite content of the marl; these conditions appear similar to the depositional
environment leading to London Clay (King 1981).

Sevind Marl is the youngest Eocene Formation in Denmark and occurs at the western extent of the
Danish Eocene deposits. Figure 1 illustrates the Eocene deposits found in Denmark. Present as a narrow
band throughout the country, the deposits begin along the northwest coast at the island of Mors and run
southeast in a sinuous pattern across Jutland to Aarhus (circled in Figure 1). From there the deposits
cover the Little Belt area, the western and southern parts of Funen, and extend along the seabed to the

southern coast of Lolland-Falster. Eocene deposits are also found in the north-western part of Zealand.
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Figure 1: Locations of plastic Eocene deposits in Denmark (marked with a dark band). Listed coordinates

are for the city of Aarhus, indicated by the circle.

As with any other marl, Sevind Marl has a very high calcite content. In Sevind Marl this calcite
originates from the shells of coccolith fossils, which have been dated to estimate the age of deposits at
Aarhus Harbour. The coccoliths found are all from the NP zones 15a to 16b (Figure 2). Based on these
data Sevind Marl at Aarhus Harbour is between 40.5 and 46 million years old, placing it within the lower
Sevind Marl Formation dating to the middle Eocene. Based on the coccolith stratigraphy presented in
Figure 2, it was concluded that the Sevind Marl at Aarhus Harbour occurs in the stratigraphical order that
reflects older material in deeper layers and progressively more recent deposition in the upper strata. This

pattern indicates that very little or no disturbance or folding has taken place (Thomsen 2008).
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Figure 2: Geological stratigraphy and age determination. Modified after Thomsen (2008). Mio., million

3  CLAY MINERALOGY

The properties and behaviour of clay are highly dependent on the quantity and composition of the
minerals present. Balié-Zuni¢ (2008) determined the clay mineral composition of the same Sevind Marl
that is the subject of the current study. The analysis of mineral composition, conducted on samples from
four different depths of boring 11, was completed using X-ray powder diffraction employing the Rietveld
refinement method and clay mineral preparation. The analysis showed that at a depth of 15 m, more than
95% of the soil particles have a grain size of less than 2 um, as shown in Table 1. Between 15 and 30 m

in depth the total soil composition changes, primarily due to a large increase in calcite.



Table 1: Clay composition of the Sevind Marl. After Bali¢-Zuni¢ (2008)

Sample Metric * Depth [m]

15 30 45 60

Clay size [%] 95.6 728 764 74.0
Kaolinite [%] 19/20 12/17 14/18 15/21
Ilite [%] 33/34 15/21 12/16 17/23
Smectite [%] 44/45 34/46 42/55 33/44
Quartz [%] 2/1 1/1 1/1 1/<1
Calcite [%] 2/- 25/15 30/10 34/12
Siderite [%] -/- 7/- 1/- -/-

Rhodochrosite [%] -/- 6/- -/- -/-

Total carbonat [%] 2/~ 38/15 30/10 34/12

*With the exception of Clay size, values for all
parameters are presented as mineral percentage of
the total sample/percentage of the clay size fraction.
Siderite and rhodochrosite are iron carbonate and

manganese carbonate respectively.

Smectite is the primary clay mineral in Sevind Marl, accounting for 35-45% of the total sediment sample
at every depth, which corresponds to 45-55% of the clay-sized fraction. The high smectite composition
makes Sevind Marl a highly expansive clay. Kaolinite and illite are also relatively abundant at every
depth, making Sevind Marl sensitive to environmental changes. At a depth of 30 m, nearly one-third of
the sediment consists of calcite (CaCOs). Figure 6 shows the calcite composition to be approximately
30% through the depth; however, a large fluctuation is evident. This indicates that the low calcite

composition at 15 m (Table 1) is not representative of this stratum.



4 CLAY PROPERTIES

Characterization of Sevind Marl and its pore water was conducted by Aalborg University and the
engineering company Grontmij AS. For the tests, five different borings (labelled 7, 8, 9, 10, and 11) were
made, all situated approximately 15 m apart at Aarhus Harbour. The depth of the borings varied from 40
to 69 m, but all encountered Sevind Marl at a depth of 11-12 m. Data shown here from the borings
begins at a depth of 10 m. All tests were performed according to current Danish Standards unless

otherwise noted.

4.1 Visual Description

Sevind Marl appears very uniform throughout all the layers, with no visible particles. The fissures and
slickensides that characterize Sevind Marl run in unstructured directions throughout the material. The
fissures developed during the loading and unloading of the clay that occurred over millions of years and
during at least seven known ice ages. During unloading periods, for example during glacial melt and
erosion, clay swelled vertically, resulting in tearing and fissure formation. Figure 3 shows that the
surfaces of the clay, fissures and slickensides have a shiny appearance, which is indicative of high

plasticity. The structure of Sevind Marl is similar to the structure known from formations such as

London Clay.

Figure 3: Fissured surface of Sgvind Marl; slickensides are evident.



The colour of the Sevind Marl ranges from light grey to dark grey, as well as olive brown-green. The
greatest influence on colour is the proportion of calcite, with a lighter colour resulting from higher calcite

levels.

4.2 Unit Weight and Specific Gravity

The bulk unit weight, y, of Sevind Marl is between 16.7 and 18.1 kN/m®. This is a relatively low bulk
unit weight, which is caused by the high natural water content. The presence of large numbers of hollow
coccoliths results in many cavities in which the water can be stored. The bulk unit weight was
determined according to DS/CEN ISO/TS 17892-2 (DS 2004b). The specific gravity, G,, was found to be
relatively high with values between 2.7 and 2.8. The specific gravity was determined according to

DS/CEN ISO/TS 17892-3 (DS 2004c).

4.3 Atterberg Limits and Natural Water Content

The Atterberg limits consist of the plastic limit, wp, and liquid limit, w;. The plastic limit is found by
rolling the clay to a thickness of 3 mm and the liquid limit is found using the Casagrande cup
(Casagrande, 1932). The material was homogenized with de-ionized or distilled water according to
standard procedures, and the tests are performed within 24 h. Using de-ionized water has a leaching
effect of approximately 10% on Sevind Marl Atterberg limits (Grenbech et al. 2010), resulting in a
higher value relative to those determined using a natural saline test water. If the Atterberg limits are to be
used in empirical correlations, it is important to note whether a saline solution is the preferred water. The
plastic and liquid limits and natural water content determinationswere performed as described in
DS/CEN ISO/TS 17892-12 (DS 2004¢) and DS/CEN ISO/TS 17892-1 (DS 2004a), respectively. The

Atterberg limits and natural water content, w, of Sevind Marl are presented in Figure 4.
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Figure 4: Characteristics of Sevind Marl, (a) Atterberg limits and (b) natural water content.

The plastic limit of Sgvind Marl was found to be roughly constant regardless of depth with a value of
around 50%. There was, however, notable variability in the liquid limit. To a depth of approximately 25
m, the liquid limit varied between 150% and 300%, with a mean value of 230% and some values as high
as 350%. From 25 m downward, the liquid limit was just over 200%, increasing slightly with depth to
250%, and with peak values of 350%.

The natural water content varied with depth. In the upper strata, Sevind Marl had a relatively high water
content of around 50% for all borings. Increasing depth resulted in a slight but steady decrease in water
content reaching approximately 35% at 30 m, where it remained as the depth increased further.

The Sevind Marl plasticity index, /p, which is the difference between the liquid and plastic limits, varied
with depth, particularly between 12 and 25 m. Within this depth interval, the plasticity index typically
ranged between 100% and 250%, with extreme values as high as 300%. At greater depths, the plasticity

index was approximately 150%, once again demonstrating a slight increase with increasing depth. At
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306%, Sevind Marl has the highest measured plasticity index of any soil in Denmark. The liquidity
index, /;, was found to vary between -0.05 and 0.05, a range that suggests a consistent ability to shift
between semi-solid and plastic states, with a plastic state most often occurring in the upper strata.

The high plasticity of Sevind Marl is driven primarily by several different clay minerals, comprising
about two-thirds of the clay, one-third of which (50% of the total clay component) is smectite. Spatial
variability in plasticity of Sevind Marl with depth is due to differences in the composition and amount of
clay minerals as well as nonplastic materials, primarily calcite, which can “dilute” the clay.

Casagrande (1932) introduced the plasticity chart to classify soils based on the liquid limit and plasticity
index. The original and most often used plasticity chart has maximum liquid limit and plasticity index of
100% and 60%, respectively. However, this is too restrictive for an adequate description of Sevind Marl
plasticity where liquid limits may be as high as 350%. Grenbech et al. (2011) proposed an updated
version of the plasticity chart, which extends the range to account for the plasticity of Sevind Marl, and
introduces two new Unified Soil Classification categories System (USCS; ASTM 2011): super high
plasticity clay (CS) and extremely high plasticity clay (CE). Figure 5 presents the data from the Sevind
Marl samples, and shows that it easily falls into these categories, with the majority of samples extending

into the CE range.
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Figure 5: Plasticity chart with extended ranges to accommodate Sevind Marl. Dotted lines mark the area
of the original chart. Dashed-dotted lines mark the new USCS categories proposed by Grenbech et al.

(2011). Grey oval marks the location of London Clay (Pantelidou and Simpson, 2007).



4.4 Calcite Composition

Because calcite is generally found in high concentrations in marl, it is not surprising that calcite is
abundant in Sevind Marl. Figure 6 shows that the downhole calcite levels vary significantly, even over
small distances. These variations are a result of environmental fluctuations at the time of deposit. In the
first 15 m of Sevind Marl, in four of the borings, calcite percentage was measured at 5-30%. However,
in boring 10 the percentage of calcite was nearly 65% in the first 10 m of Sevind Marl, after which
calcite percentage declined to approximately 5-20%. This amount corresponds to the calcite content
presented in Table 1. Beyond 25 m calcite levels continue to fluctuate, with a slight increasing tendency
to 40% at 50 m. It is not surprising, given calcite’s non-plastic nature, that increasing calcite levels are
associated with decreasing plasticity, which is clearly evident when calcite percentage is plotted against

the plasticity index in Figure 7.
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Figure 6: Calcite content of Sevind Marl.
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Figure 7: Relationship between plasticity index and calcite content in samples of Sevind Marl collected

at multiple depths.



The effect of calcite concentrations on the plasticity of Sevind Marl is more predictable at higher calcite
levels, with a substantial decrease in variability around the trend line, as shown in Figure 7. As the calcite
level decreases, its effect on plasticity lessens, the correlation weakens and the data are more variable. At
these lower calcite concentrations the plasticity of the clay minerals becomes increasingly significant.
The increasing importance of high concentrations of calcite is evident in the following equation, which

expresses the calcite plasticity index correlation:

I, =242.5-2.24-(Calcite[%)) [1]

4.5 Clay Size Fraction and Activity

The activity, Ac, as defined by Skempton (1953) of Sevind Marl was determined in four samples,
corresponding to the depths shown in Table 2; all samples are from boring 11. Sevind Marl was found to
have a very high activity between 1.74 and 2.74, which is related to a high amount of smectite, which
itself has an activity between 1 and 7. An increase in activity occurs below a depth of 30 m, where

Smectite concentrations also rose.

Table 2: Activity of the Sevind Marlin boring 11.

Sample Metric Depth [m]

15 30 45 60
I, [%] 167* 130 208 174
CF[%] 96 73 76 74
Activity (-) 1.74 1.78 2.74 2.35

*Ip found at a depth of 15.5 m

4.6 Vane Shear Strength

In situ vane shear tests were completed simultaneously with the borings. All in situ vane tests were run

according to current European standard DS/EN ISO 22476-9 (DS 2009) with regard to the Danish
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engineering practice (DGF 1999). A deep vane, V4, was used with a height of 80 mm and a diameter of
40 mm; the torque was measured by a 50 kg dial indicator spring. Both the undisturbed, ¢z, and
remoulded, ¢y, vane shear strengths were measured. The tests were conducted to a depth of 42 m in each

of the borings, and are presented in Figure 8.

10

15F

Depth [m]
[\*)
W

(75
o
T

351

40}

45 : :
0 500 1000 1500
Vane Shear strength [kPa]

Figure 8: Undisturbed, cg, and remoulded, cy,,, vane shear strength of Sevind Marl.

Vane shear strengths in each boring were very similar at every depth. The undisturbed vane shear
strength of Sevind Marl increased with depth in all borings in a relatively linear trend, from
approximately 300 kPa at 12 m to 600 kPa at approximately 25 m. The rate of increase of vane shear
strength slowed after 25 m and reached a maximum of approximately 850 kPa 42 m. The high vane shear
strength values are due to the very high degree of overconsolidation in Sevind Marl. The remoulded vane

shear strength also increased with greater depth, although the rise in values was less pronounced than for



undisturbed vane shear strength. Remoulded vane shear strength increased from 100 kPa to about 350
kPa at 42 m. The rate of increase of remoulded vane shear strength also slowed at approximately 25 m,
which is roughly the depth where calcite concentration dropped, as seen in Figure 6. It is unclear whether
this phenomenon is a direct, indirect or coincidental occurrence, although the data indicate that multiple
parameters are clearly interrelated, with fluctuations in one precipitating concurrent alterations in others
The fissured nature of Sevind Marl affects the shear strength, S,, with respect to load-bearing capacity.
Because load failure occurs at the weakest point, failure in Sevind Marl tends to run along the fissures.
Christensen and Hansen (1959) showed that in highly fissured tertiary clays only one-quarter to one-third
of the vane shear strength can be used as an estimate of the bearing capacity.

Terzaghi (1944) described sensitivity, S;, as an indicator of the loss of shear strength of a soil when
remoulded. Sensitivity is the ratio between the undisturbed and the remoulded shear strengths. In the
current study sensitivity varies between 1.6 and 4 with a slight increase with depth, making Sevind Marl
a medium sensitive clay, as it loses a great part of its strength when remoulded (Rosenqvist 1953). No

correlation was found between the sensitivity or vane shear strength and plasticity or calcite content.

5 PORE WATER CHARACTERISTICS

Sevind Marl is a marine deposit and consequently the pore water is saline. The chemical properties of
pore water play an important role in the behaviour of the clay and its response to external and internal
forces. It is important to understand the composition of pore water prior to performing advanced
analyses. The more the test water resembles the natural pore water, the less the water composition
influences test results (Thegersen 2001). The chloride concentration of the pore water was measured by
dispersing the clay in de-ionized water and measuring chloride in the extracted water mixture. Chloride
was measured in samples from boring 11. Figure 9 shows the chloride concentration and pH of Sevind

Marl.
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Figure 9: pH of pore water in Sevind Marl, and chloride concentration of pore water from boring 11.

The chloride concentration decreased from a high concentration of 1.5% (15 g/L) at a depth of 12 m to
around 0.5% (5 g/L) at a depth of 27 m after where the concentration stabilized. The pH varied from 8.9
to 9.4 for all measured samples with an average value of 9.2. The pH was not correlated with depth or
any index parameter. As the clay minerals kaolinite and illite are very dependent on environmental pH, it
is important during testing and analysis that the natural ambient pH of the test water be maintained in

order to avoid a negative charge in the clay. Failure to do so will result in inaccurate test results.

6 CONE PENETRATION TESTS

Cone penetration tests (CPTs) were performed on all five borings to depths of 40 to 69 m. The cone used

was an ENVI Memocone corded CPT (Environmental Mechanics AB, Alingséas, Sweden), with a cone



diameter of 36 mm. The tests were performed and interpreted according to European standard DS/EN

ISO 22476-1 (DS 2012). The tests were performed as standard CPTs with a penetration rate of 20 mm/s.

Measurements were made every 2 cm. The CPTs on Sevind Marl start at a depth of 12 m.

6.1 Measured Uncorrected Parameters

During the test, three parameters were measured: cone tip resistance, g., sleeve friction, f;, and pore

pressure, u,. These three uncorrected parameters plus vertical effective in situ stresses, o',y and

hydrostatic pressure, u, are illustrated in Figure 10. During testing, it was necessary to drill at several

depths, which is evident in Figure 10 by sudden leaps in the values.
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Figure 10: Uncorrected CPT data: (a) uncorrected cone tip resistance, (b) sleeve friction and (c) pore

pressure. Vertical effective in situ stress and hydrostatic pressure are also shown in (c).
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Cone tip resistance was very uniform in all of the borings up to a depth of just over 20 m, at that point
cone tip resistance increased slightly from 1.5 to 3 MPa. After 22 m the cone tip resistance increased at a
higher rate and reached about 7 MPa at 40 m, after which it stabilized. In this interval, there is a large
variation of the cone tip resistance. Overconsolidated clays tend to have very high cone tip resistance,
due to the high degree of overconsolidation, which for Sevind Marl is approximately 25 (Table 3).
Sleeve friction increased slightly in the first 10 m, from 60 to 100 kPa, before becoming relatively
constant. Pore pressures were found to be very high compared to the hydrostatic pressure. The pore
pressure increased from 0.3 MPa at 12 m to over 2 MPa at 25 m. The high excess pore pressure, Au,
consequently carried a large portion of the applied load. This phenomenon indicates soil with very low
permeability, making it unable to adequately drain during the standard test. The CPT apparatus can only
measure pore pressures up to 2 MPa, resulting in a sharp right edge to the graphed pore pressure from a

depth of 25 m.

6.2 Derived Parameters

Several useful parameters can be derived from the measured CPT parameters, including corrected cone
tip resistance, ¢, friction ratio, R, and pore pressure ratio, B, (e.g. Lunne et al., 1997). All derived
parameters are dependent on the pore pressure, which becomes unreliable at a depth of approximately 25
m. The derived parameters are therefore only considered accurate and reliable down to 25 m, which is

presented in Figure 11.
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Figure 11: Derived parameters of the CPT: (a) corrected cone tip resistance, (b) friction ratio and (c) pore

pressure ratio.

Corrected cone tip resistance measured in the downhole sample showed a pattern very similar to
measured cone tip resistance, as it increased from 1.5 to 4.5 MPa in a depth of 25 m. Friction ratio is
constant around 2-3% at every depth. Pore pressure ratio increased in the first 10 m of measurements,
from 0.1 to 0.3, after which the ratio stabilized with little change, indicating that up to almost one-third of
the applied pressure was carried by the excess pore pressure.

The most frequently used soil classification charts are based on B, and ¢, or on R,and ¢,. However, these
classification charts do not account for the overconsolidation ratio (OCR), which is very high in Sevind
Marl (Table 3). Lacasse and Lunne (1982) and Wroth (1984) showed that B, tends to decrease as OCR
(or q,) increases. This leads to a misinterpretation of the data and misclassification of Sevind Marl as
silty clay to sandy silt, rather that the extremely high-plasticity clay which it is known to be. The utility

of the classification is therefore greatly diminished for Sevind Marl and other highly overconsolidated

tertiary clays.

7 PRECONSOLIDATION

Sevind Marl is up to 46 million years old and has previously been covered by deposits up to 1 km thick.
As a result, Sevind Marl experienced very high consolidation pressures. Furthermore, Sevind Marl has

undergone a secondary consolidation with secondary compression index, C,,, of up to 1% over millions
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of years (Gronbech et al., 2012). Given these historical events the preconsolidation stress level, o”,, of
Sevind Marl would be expected to have a quite high value. Eight oedometer tests were conducted to
determine the preconsolidation stress level of Sevind Marl. Five tests on the material discussed directly
in this paper, as well as three tests on a younger Sevind Marl deposit from a different location (also at
Aarhus Harbour), were evaluated and are presented here.

Both incremental and continuous loading oedometer tests were completed. The incremental loading
oedometer (ILO) tests were performed in the Danish Oedometer Apparatus, made at Aalborg University,
Denmark. The apparatus has a stiff floating ring, and is completely surrounded by test water, with a
salinity and pH matching that of the pore water in the clay specimen. The samples have a diameter and
height of 35 mm, allowing determination of deformations at high stress levels. Load steps are applied
when full consolidation and sufficient secondary consolidation of the previous step is observed. The tests
were performed according to DS/CEN ISO/TS 17892-5 (DS 2004d). Consolidation strains, €, were
calculated using the ANACONDA method described by Grenbech et al. (2012). The continuous loading
oedometer (CLO) tests were conducted in the CLO-apparatus developed at Aalborg University,
Denmark. The CLO-apparatus consists of a stiff fixed ring. The ring, as well as all transducers, is
completely surrounded by test water similar to that of the incremental loading test. The test water is
applied at a pressure of 200 kPa to better enable saturation and drainage of the sample. The samples have
a diameter of 35 mm and a height of 30 mm. The rate of deformation is selectable and set at 0.05 %/h, as
this rate was found to minimize the build-up of excess pore pressure. The tests were performed according
to Norwegian standard NS 8018:1993 (NS 1993). All samples were collected in a 72 mm tube and
trimmed by hand to ensure the best possible fit to the oedometer ring. The resulting stress-strain curves
are presented in Figure 12, which shows that the curves generated by the two methods are very similar.
All curves are located in the same band and demonstrate the same behaviour, with two apparent local

maximum curvatures.
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Figure 12: Stress-strain curves determined from oedometer tests performed on Sevind Marl: (a) ILO-tests

and (b) CLO-tests.

Accurate determination of the preconsolidation stress level can prove to be difficult when working with
highly fissured, overconsolidated clays due to the physical structure of the matrix (Gasparre and Coop
2008). This is also the case with Sevind Marl, where each investigatory method will yield two possible
values, as also indicated by the two maximum curvatures of the stress-strain curves. Of the two suggested
outcomes, only the higher of the two values should be considered as representative of primary and
secondary consolidation. The low value that is obtained represents only about twice the in situ stresses
and is not a result of millions of years of primary and secondary consolidation, as evidence by the
geological history. This behaviour has also been noted in the compression curves of other highly
overconsolidated fissured clays (Cotecchia and Chandler 1997; Gasparre and Coop 2008). Gasparre and
Coop (2008) concluded that the lower value for preconsolidation stress must arise from other factors,
such as the fissured structure of the clay. All interpreted values, along with OCR, can be seen in Table 3,
where the preconsolidation stress level is referred to as the ‘true’ value, while the low value is called the
‘false’ value, as the latter is not related to preconsolidation events. The preconsolidation stress level, false

value, and effective in situ stress level at each depth are shown in Figure 13.
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Table 3: 'False' and 'true' stress level values, as well as an estimate on the preconsolidation stress level

and OCR.
Sample Metric Sample
815 825 840a 840b 860 BS1 BS2 BS3
Depth [m] 29 33 39 39 47 11.5 11.5 11.5
o'vo [kPa] 255 290 335 335 400 110 110 110
Test type ILO CLO ILO 1ILO CLO ILO CLO CLO
Method False values
False value 700 700 1200 1200 800 620 620 570
False OCR 2.7 2.4 3.6 3.6 2 5.6 5.6 5.2
True values
o'y [kPa] 6300 6600 9100 9100 6850 8900 6400 5900
OCR 25 23 27 27 17 80 58 54
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Figure 13: Preconsolidation stress level through depth, as well as false values and effective in situ

stresses.
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Preconsolidation stress levels increased with depth at a rate that roughly corresponded to in situ stress
changes. Because the load program for 840a/b has larger incremental steps, the data are “coarser” and
the results less precise. For the remaining ILO tests, a different load program was developed to yield
higher resolution of the data, and therefore a better estimate of the preconsolidation stress level.
However, it was found that the CLO tests provide a better description of the deformation of the sample
due to the continuous nature of the results.

Mesri (1975) suggested shear strength as an indicator of the preconsolidation stress level. Bjerrum (1973)
developed a correlation between the undrained shear strength, S, and the in situ vane shear strength, as

shown in equation 2:
S, =u-cy [2]
Using u=0.3 for Sevind Marl due to the fissured structure, as suggested by Christensen and Hansen

(1959). Mesri’s (1975) correlation between the undrained shear strength and the preconsolidation stress

level is shown in equation 3:
§,=022-0, =pu-c, [3]

By utilizing these correlations, values for Sevind Marl were calculated and are presented in Table 4.

Table 4: Mesris (1975) correlation between ¢y, and 6y, as well as the measured values.

Sample Sample

Metric 815 825 840a 840b 860
cr [kPa] 786 744 826 826 >1000
G'pemesri kPa] 1072 1014 1126 1126 >1363
¢y [kPa] 6300 6600 9100 9100 6850
6'aise[KPa] 700 700 1200 1200 800

It is very clear that the correlation does not apply to Sevind Marl, as the preconsolidation stress level is

severely underestimated. Because the correlation is not applicable for effective calculation of the
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preconsolidation stress level of Sevind Marl, it is important that accurate estimates be determined

through direct use of oedometer tests.

8 CONCLUSION

Sevind Marl is a tertiary clay common in certain regions of Denmark, with an elevated occurrence of
fissures and slickensides. The plasticity of Sevind Marl is extremely high with plasticity indices of up to
250% and higher. This and other characteristics make it difficult to make direct, constructive
comparisons of Sevind Marl properties to other soil matrices, as many Sevind Marl metrics easily exceed
values utilized in correlations for various clays. A summary of the typical range of values for parameters

presented in this paper is presented in Table 5.
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Table 5: Summary of the range of typical values of classification parameters of the Sevind Marl

presented in this paper.

Parameter Range Parameter Range
Age [milion Years] - 40.5-46 | Remoulded vane shear strength crr  100-350
[kPa]
NP-zone - 15a—16b | Sensitivity [-] - 1.6-4
Depth [m] d 11 ->70 | pH of pore water [-] - 8.6-9.6
Clay fraction [%] - 72.8 —95.6 | CI content of pore water [%] - 0.5-1.6
Bulk unit weight [kN/m’] y  16.7-18.1 | Cone resistance [MPa] q. 1.5-8
Specific gravity [-] Gy 2.7-2.8 | Sleeve friction [kPa] fs 60 — 100
Natural water content w 35-50 Pore Pressure [MPa] U, 0.3->2
Liquid limit [%] wr 150 —300 | Hydrostatic pressure [MPa] up 0.1-0.7
Plastic limit [%] wp 35-55 Corrected cone resistance [MPa] q 1.5-8
Plasticity Index [%] Ip 100 — 250 | Friction ratio [%] Ry 2-37
Liquidity index [-] Ic -0.05 - Pore pressure ratio [-] B, 0.05 -
0.05 0.30
Calcite content [%] - 5-65 Effective in situ stresses [kPa] 6y 100 -560
Activity [-] - 1.57 —2.72 | Preconsolidation stress level O'pe 6000 -
[kPa] 7000
Vane shear strength [kPa]  ¢;  300-900 | Degree of overconsolidation [[] ~ OCR 17 -25

It was noted that many of the measured parameters demonstrated substantial changes at approximately

the same depth of around 25 m. There was, for example, a clear correlation between the plasticity and the

calcites composition of the clay. The rate at which shear vane strength increased shifted noticeably

downward at about 25 m. Conversely, cone tip resistance measured in the CPT began to increase at a

higher rate at 25 m and sleeve friction became almost constant. These multiple shifts suggest a

significant change in the macro behavior and physical nature of Sevind Marl at this depth, even though
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there was no noticeable alteration in the sample appearance. While the strong correlation between
plasticity index and the calcite content was clearly evident, it is possible that the shift in calcite
composition of the clay also may have impacted other properties as well, either directly or indirectly.
These data suggest that calcite plays a very important and governing role in the macro behaviour of
Sevind Marl. The concentration of calcite should be considered as a key metric and potential independent
variable when developing correlations to other parameters such as friction angle, ¢, or earth pressure at
rest, K.

Another important consideration is the manner in which CPTs are interpreted. Commonly used
classification charts provide generally incorrect or incomplete descriptions of the soil type due to the
very high cone tip resistance that occurs because of overconsolidation of the soil matrix. Using CPTs,
therefore, to classify highly overconsolidated clays like Sevind Marl could be problematic and lead to
miscategorization.

Oedometer tests show some interesting results, apparently unique to overconsolidated fissured clays.
While two different interpretations of the data are possible with regard to preconsolidation stress level, it
is physically impossible for a soil to have more than one preconsolidation stress level. Only one of the
interpreted values originates from previous consolidation, whereas the other, and significantly lower,
interpreted value is caused by the fissured structure of Sevind Marl. The preconsolidation stress level of
Sevind Marl is estimated to be between 6 000 and 7 000 kPa, resulting in OCRs of approximately 25.
Due to the difficulties that are encountered in determining the preconsolidation stress level, it is
important to pay close attention to the individual date and structure of the clay matrix to ensure that an
accurate and realistic stress level determination is made. It is also clear based on collected data that the
correlation between in situ vane shear strength and the preconsolidation stress level, while applicable to

other matrix types, is not valid for Sevind Marl, and would underestimate the preconsolidation value.
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ABSTRACT

The article deals with the interpretation of consolidation test in order to determine the
preconsolidation stress; this is done by reviewing different methods. A main point in the article is
the interaction between the consolidation and the secondary consolidation strains, and the
methods used to separate the two strain types. This is in Denmark traditionally done by a (1)-
log(t) description, where the secondary consolidation first starts when the consolidation process is
over. This assumption gives an uncertain description of the strain process, since the two processes
in reality run simultaneously. By use of the ANACONDA-method the two processes are assumed to
run simultaneously. The method gives a more accurate description of the strain process, and
thereby a better determination of the deformation properties. The methods for determining clay
properties are demonstrated on Sovind Marl and the difference in results are shown.

Keywords: Consolidation, Creep, Deformation, Expansive Soils, Laboratory tests

The different theories described in the

1 INTRODUCTION paper will be used on consolidation tests
conducted on Sevind Marl. Classification and

The estimation of deformations in a clay properties of the Sgvind Marl can be found in
when the stress level increases is of great Gronbech et al. (2012). The sample tested in
importance. For some clays, like the Sevind this paper come from a depth of 39 meters
Marl, the secondary consolidation, also called and has a plasticity index, Ip (%), of 132%, a
creep, has a very large influence on the unit weight, y (kN/m”), of 18.1 kN/m* and an
deformation. It is therefore important to be effective in situ stress level, ¢ i, Of
able to give an accurate description of both approximately 350 kPa.
the consolidation and secondary
consolidation process, which is traditionally 2  SEPERATING STRAINS
done with the use of consolidation tests.

Following a consolidation test, separating Three methods to separate the total strains,
the consolidation and the secondary &0, Into consolidation strains, &, and
consolidation (also called creep) strains is an secondary consolidation strains, &, are
important step. In Denmark traditionally described here; the \/t-log(t) method, the
done by using Brinch Hansens method in a ANACONDA-creep filter and the 24 hour
\r-log(r) graph, which assumes the primary measurement method.
and the secondary consolidation process are
two separate processes. However, the two 2.1 Traditional \t-log(t) method
processes are not separate and run In Denmark the traditional method to
simultaneously as suggested by Bjerrum in separate the consolidation and secondary
1967, which the ANACONDA-method consolidation strains is by using a r-log(7)
(Analysis of consolidation test data) takes graph as described by Brinch Hansen (1961).
into account when filtering the strains The method assumes the consolidation strains
[Jacobsen, 1992]. are linear in a \f-¢ graph and the secondary
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consolidation strains are linear in a log(?)- ¢
graph, an example can be seen in Figure 1.

V(t) log(t)
17} \\
€c _______“v:‘::&_

Figure 1: Traditional v'(t)-log(t) graph.

The consolidation strains, &., are found as
the strain level at the intersection point of the
two lines.

2.2 ANACONDA-Creep Filter

As mentioned earlier the consolidation
and secondary consolidation strains are two
separate processes that run simultaneously.
By considering the consolidation process as
an instant  process, the  secondary
consolidation process can be estimated.
Hereafter can the consolidation be regarded
as a delay of deformation. The secondary
consolidation occurring while the
consolidation process is happening will
thereby not be included in the consolidation
strains. This process is called the
ANACONDA-creep filter, and is her
described. A flow chart of the entire
ANACONDA-method can be seen in Figure
2.

Slightly ~ preconsolidated  clay s
approximately described by Bjerrums theory,
and is used to describe the creep filter.

The relation between stresses and strains
can for the curved virgin curve be described
as:

& =C.log (1 +Z—’,;) @)
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Figure 2: Flow chart using the ANACONDA-
method.

where &. (%) is the consolidation strains, C.
(%) is the compression index and ¢’ (kPa) is
the effective stresses and o', (kPa) is a
characteristic stress.

Since the consolidation strains are
assumed to happen instantly, the strains in
equation (1) are not dependent on the time.
o’ is relative small for a slightly
preconsolidated clay and equation (1) can be
simplified to:

!
e ~ Cclog (%) @
It is an assumption that the primary
consolidation process is completed at the
time ¢ = 0, in reality the process last until
t >> 0, and the normally consolidated state is
a theoretical limit state that will never occur.
Under constant stress level, the secondary
consolidation process can be described as:

Eqc = Eslog (1 + Z—;) (3)

where &, (%) is the secondary consolidation
strain, 7, (sek) is the real time, 7, (sek) is a
characteristic time governing the instant
compression curve placement, corresponding
to t = 0 and & (%) is the secondary
compression index, a constant for the
individual secondary consolidation curve. For
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a slightly preconsolidated clay, & is assumed
to be equal to C, for every secondary
consolidation curve, and that ¢, = C,, = aC,,
o is a constant for the given clay. By
combining equation (2) and (3), the total
strain is given by:

Eot = Cclog (i:) + Cye log (1 + t—r) 4)
Oy tp

The strain distribution described in
equation (4) describes curves parallel to the
instant compression curve (¢ = 0) for similar
values of #,, these curves is called secondary
consolidation isochrones which can be seen
in Figure 3. C. determines the slope of the
isochrones and o determines the distance
between the isochrones.

0 - -
NN i =0
AN Seot =2
05 NN tt =100
L t,ft, = 1000
B q M \?
& \\ . “\.‘
N A+ NN
15 N
RN
NN
5 . IR
;
10° O'a10° 10

a'le!
"

Figure 3: Instant compression curve (t = 0)
and secondary consolidation isochrones.

The solid line in Figure 3 is the instant
compression curve and the rest are secondary
consolidation isochrones dependent on the
characteristic time, #,, and describes strains
that can be achieved by either unloading from
a higher stress level or secondary
consolidation under constant stress.

If a given stress-strain level 4, Figure 3, is
reached by secondary consolidation from the
stress-strain  level A’, the secondary
consolidation time, 7 (sek), is given by
t=t,—ty (&)
where ¢4 is the time pasted before the

secondary consolidation started in the point
A
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The increase in strains originated from
secondary consolidation is:
_ _ t+tp+ty
Dege = €4 — €47 = Cye IOg( tatty ) (6)
Since #, << t, equation (6) can be
approximated to:

Agye = Cyelog (1 + é) (7)

Equation (7) can be used to find #4 and «a,
if sufficient time curves are available. The
time ¢4 is easiest determined as the addition
to the time ¢ that transforms the log(¢+24)-¢
curve to a straight line as illustrated in Figure
4.

ta
£, log(t)
A Calculated
curve

Observed
curve

Figure 4: Creep curves and the delay of time,
ty.

The secondary consolidation isochrones
illustrated in Figure 3 can as mentioned be
obtained by both secondary consolidation as
shown, and unloading to ¢’y from the
preconsolidated stress, o’,.. This shows that
secondary consolidation in a clay under
constant  stress  will  increase  the
preconsolidated stress level to a higher level
than any earlier load.

2.3 24 Hour Measurement

The consolidation process is often finished
after 24 hours. In inferior engineering
practice it is suggested that the 24 hour
measurement of the strains is used as the
consolidation strains, &. This method
completely  disregards the  secondary
consolidation, and can only be used to
estimate the preconsolidated stress level, ¢’y
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3 DETERMINATION
MATION PARAMETRES

OF  DEFOR-

Some of the most significant deformations
parameters obtained from consolidation tests
will briefly be covered here.

3.1 Consolidation Modulus

The consolidation modulus, M (kPa), is a
stiffness parameter given by:

_ 4o’

M—A—gE &)

where Ao’ and Ae, is the change in correlated
effective stresses and consolidation strains
respectively. The primary consolidation
strains are separated from the secondary
consolidation strains by either method
mentioned in section 2.

3.2 Coefficient of Consolidation  and
Permeability
The coefficient of consolidation, ¢,

(mz/sek) and the coefficient of permeability,
k (m/s), are both dependent of the
dimensionless time 7 (-) which is given by:

Cy kM

t= t O]

T= 2
YwHp

_Hé

where Hp (m) is the drainage path and 7 (sek)
is the passed time.

The degree of consolidation, U (-), is
dependent of 7 and is given by:
U=1+1r"3 (10)

If the consolidation process is halfway
done, U=0.5, it is found that 7=0.2. By

rewriting equation (9) the coefficient of
consolidation is given by:

HZ
- 2.2 (11)
where 59 (min) is the time when the
consolidation process is halfway done.

The coefficient of permeability, k (m/s), is
dependent on the coefficient of consolidation,
unit weight of water, 7y, (kN/mS) and
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consolidation modulus, M (kPa), and can also
be derived from equation (9):

k= Sv¥w

= (12)

4 PRECONSOLIDATION STRESS

Being able to determine a clay stress
history, and thereby the largest stresses the
clay has been exposed to, is of great
importance. When the preconsolidated stress
level, ¢’ is exceeded a large increase of
secondary consolidation takes place and a
drastic drop in the consolidation modulus, M,
occurs.

The following methods to determine the
preconsolidation stress level is included in
the ANACONDA-method, Figure 2, but can
also be used if other methods have been used
to separate the strains.

4.1 Casagrande-Terzaghi Method

The Casagrande-Terzaghi method seek to
determine o', used in equation (2). ¢’ can be
determined as the stress level that gives the
curved virgin curve the best linear
description in a logarithmic depiction as
illustrated in Figure 5. The preconsolidated
stress level, o’,, can be found to be given by
Jacobsen (1992) as:

&

Figure 5: Casagrande-Terzaghi’s method to
determine o’,.
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4.2 Akai

One of the characteristic for clay is the
increase in the degree of secondary
consolidation that happens when the stress
level approaches the preconsolidated stress
level, o'y Akai (1960) used this knowledge
to determine the preconsolidation stress level
based on the secondary compression index,
Cye- The secondary consolidation is assumed
logartichmic dependent on the time, 7, in
respect to the secondary compression index.
Akai found that the secondary compression
increased porportionally with the stress level,
when this was below the preconsolidated
stress level, and that the secondary
compression index increased porportionally
to the logaritchmic stress level when this was
above the preconsolidated stress level. The
preconsolidated  stress level can be
determined as the interval where the ¢’ - C,,

curve breaks and starts to flatten, as
illustrated in Figure 6.
CGE
N
7
o o

Figure 6: Akai’s method to determine the
preconsolidated stress level based on the
secondary compression index.

4.3 Janbu

Janbu (1970) studied the correlation
between the consolidation modulus, A, and
the vertical effective stresses, o', in a series
of drained consolidation tests. It was found
that a drastic change occurs in the
consolidation modulus when the
preconsolidated stress level was exceeded.
This is due to the fact that the stiffness of the
clay decreases when the preconsolidation
stresses are exceeded, since a change in the
structure of the clay take place. The
preconsolidated stress level can now be
determined as the stress level where a drop in
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the consolidation modulus occurs, as
illustrated in Figure 7.
M
CC
T >
G‘PC olmean

Figure 7: Janbu’s method to determine the
preconsolidated stress level based on the
consolidation modulus

When the stress level in the clay becomes
greater than the preconsolidated stress level,
the consolidation modulus approximately
increases by a straight line dependent on the
effective stresses. Knowing the consolidation
modulus is given by equation (8), it can be
found that the relation for the straight line is
given by:

M= log (10) ,

Ce mean

(49

The consolidation modulus is here shown
to be dependent of the compression index, C.
(%).

5 RESULTS

The methods mentioned above are used on
consolidation test made on Sevind Marl. The
consolidation tests are made on two different
diameters, 35 mm and 70 mm. The tests used
to determine the deformation properties
described in section 3 have a diameter of 70
mm, and the tests used to determine the
preconsolidated stress level (section 4) have a
diameter of 35 mm. The optimal is to have a
diameter as large as possible, to reduce the
influence of the boundary condition (friction
between the ring and sample), but small
enough to be able to obtain high enough
stress levels in the sample to determine the
preconsolidated stress level. The 35 mm
diameter sample is a strictly loading test,
whereas on the 70 mm diameter sample
unloading-reloading branches were made.
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5.1 Determination of strains

The most commonly used engineering
strains, eE, are defined by:

eE=2 (15)

where # (mm) is the deformation and H)
(mm) is the initial height of the sample.
engineering strains uses a constant linear
relation between deformations and strains,
which is valid for small deformations. To
describe larger deformations the non-linear
natural strains, &", gives a better description
of the strains. Natural strains are defined by:

6N=ln( Ho ) (16)

Ho—u

A discussion on the two strain types can
be found in Praastrup et al. (1999).

The two methods to calculate the total
strains are used on tests performed on the
Sevind Marl and the methods mentioned in
section 2 are the used to determine the
consolidation strains. The in total 6 stress-
strain curves can be seen in Figure 8, where
the black curves are calculated using
engineering strains and the red curves are
calculated using natural strains.

From Figure 8 the difference in the two
strain types are clear. Already at a strain level
of 5% a difference in notable. At the highest
stress level, 24,500 kPa, the difference is
very significant from 21.5% to 24% for
respectively engineering and natural strains.
At the stress-strain curves a bend in the
virgin compression curve occurs at the last
load step, this bend is due to insufficiency in
the theory. The bend is however less
significant for the natural strains, which
better handles larges strains.

Based on the significant difference in
results of the two strains types, the further
handling of results will be based on natural
strains, for both the 35 mm and 70 mm
diameter sample.
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Figure 8: Stress-strain curves for Spvind Marl.
Black curves represent engineering strains
and red curves represent natural strains.

5.2 Consolidation Modulus

The consolidation modulus, M, is found
using equation (8). The results are shown in
Figure 9.

The consolidation modulus’ for the
primary load curve are between 50 and 100
MPa, whereas for the reloading curves the
consolidation modulus’ are between 150 and
900 MPa. The Wrlog(r) method gives
consistently higher modulus’ and the lowest
modulus’ originates from the 24 hour
measurements.
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1000
—o— 105 jog(t)
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Figure 9: Consolidation modulus, M.

5.3 Coefficient of Consolidation

The coefficient of consolidation, ¢,, is
found using equation (11). The results are
shown in Figure 10.

43

1)(10
T =
# —e—7%_ jogt)
osf | — ANACONDA
|
= 06F |
l:«g ].I
¢ o4t
|
02 ‘j}& 3"\»5 q\(é Se
“::f-%“ oo N

D a0
0 1000 2000 3000 5000

[kPa]

4000 6000

P
mean

Figure 10: Coefficient of consolidation, c.

After approximately 500 kPa the
coefficient of consolidation is between 0.05
and 0.15 x 10 m%s, with a slightly higher
value for the reloading branches. The t-
log(t) method gives consistently higher
values then the ANACONDA-method.

5.4 Coefficient of Permeability

The coefficient of permeability, £, is found
using equation (12) and can be seen in Figure
11.

The coefficient of permeability is
generally highest for the primary loading
branch, and are located between
0.3 and 1.5 x 10" m/s. Results from the r-
log(f) method gives slightly higher results
then the ANACONDA-method.
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Figure 11: Coefficient of permeability, k.

5.5 Secondary Compression Index

The secondary compression index, Cy, is
found using equation (7) for the
ANACONDA-method, and the slope of the
secondary consolidation curve for the V-
log(#) method. The index can be seen in
Figure 12.

1105 1og(t) ]
o— ANACONDA ?
/
08 /
/
F o8 » J
/
9 ,@'/A )
0.4 /9;—
'/.{} /
02f S-S
N iy
'%rtﬁ’iﬁ' L .
1000 2000 3000 4000 5000 6000
o [kPa]

Figure 12: Secondary compression index, C,.

The index is constantly rising for the
primary compression branch, whereas it is
fairly constant around 0.05-0.1% for the
reloading branches. The ANACONDA-
method gives consistently higher secondary
compression indexes than the \/t-log(t)
method.

5.6 Preconsolidated stress

5.6.1

To determine the preconsolidated stress
level, o'y, it is first need to determine o, as
illustrated in Figure 5, the curves can be seen

Casagrande-Terzaghi Method
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in Figure 13 and ¢’ are listed in Table 1 for
the three separation methods.

O B
—
5 \'\
_ 10
=
“ 15
20} % -log(t)
5— ANACONDA
é— 24 hour
25

10°

o [kPa]
Figure 13: o, found using Casagrande-Terzaghis
method

Table 1: o’ from Casagrande-Terzaghis Method.

Method ', |[kPa]

\r-log(r) 4138

ANACONDA 3541

24 hour 3546
Equation (13) is hereafter used to

determine the preconsolidated stress level
listed in Table 2.

5.6.2 Akai

To determine the preconsolidated stress
level, the secondary compression index, Ci,,
is plotted against the effective stress level, as
illustrated in Figure 6. The plot can be seen
in Figure 14.
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0 05 1 1.5 2 25
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Figure 14: Preconsolidated stress level based on
Akais method.

NGM 2012 Proceedings 92

The preconsolidated stress level interval is
marked with red in Figure 14 and can be seen
in Table 2.

5.6.3 Janbu

The preconsolidated stress level is found
based on the changes in the consolidation
modulus, M, as described in Figure 7. The
curves for the test can be seen in Figure 15.

400 . .
— % og(t)
3501 — — ANACONDA
300 24 hours.
l s
— 250} Ao
[ S
o Bt
= 200 e
s £
= 150 Vi
o
100 l\/ﬁ:f"-?:_"-.ﬁ-.._,//
50
% 0.5 1 1.5 2 25
& [P x10'

Figure 15: Preconsolidated stress level based on
Janbus method.

The three strain methods give very similar
results, all with clear drops in the
consolidation modulus. A drop appears to
occurs twice on each curve. The first drop
happens when the fissured structure in the
clay collapses, decreasing the stiffness of the
clay, the second drop is due to the exceeding
of the preconsolidated stress level as
described by  Janbus  theory.  The
preconsolidated stress level can be seen in
Table 2.

The interval of the preconsolidated stress
level found using the three methods can be
seen in Table 2. Casagrande-Terzaghi
methods gives the lowest preconsolidated
stress level and Akais method gives the
highest preconsolidated stress level interval.

Janbus method is based on results from
each load increment, which is why the results
based on this method are equal independent
of the method used to separate the strains. To
get a finer description, the consolidation tests
need to be performed with smaller load steps.

DGF - Bulletin 27



Interpretation of Consolidation Test on Sevind Marl

Table 2: Preconsolidated stress level based on
the discussed methods.

Method t- ANA- 24
log(f) | CONDA | hour
Casagrande- | ¢)76 | 7080 | 7092
Terzaghi
Akai 11743- | 10726-
12253 12253 )
Janbu 9191 9191 9191

6 DISCUSSION

The natural strains are used in this paper
since they give a more accurate description of
the strains for large deformations compared
to engineering strains, as seen in Figure 8.

Significant differences are found in the
secondary compression index, C,., dependent
on the method used to separate the strains.
From Figure 12 and Figure 14 it is evident
that the ANACONDA-method gives
consistently higher secondary consolidation
indexes. If secondary consolidation is
suspected to be a main component, the
ANACONDA-creep filter should be used to
filter the strains.

The lower consolidation modulus, M,
derived from 24 hour measurements
compared to the other two measurements
suggest that part of the secondary
consolidation is included in the results, and
thereby underestimates the stiffness of the
clay.

The method used to separate the strains
only has little influence on the determined
preconsolidated  stress level, with the
ANACONDA-method giving slightly lower
results than the other methods. The methods
used to determine the preconsolidated stress
level have however great influence, with a
difference of more than 5000 kPa in the
found preconsolidated stress level of the
sample as seen in Table 2.
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Abstract, English

Determination of the preconsolidation stresses is a key tool in geotechnical engineering used to evaluate and
estimate the behavior of soils. However, it has proven difficult to accurately estimate these stresses in highly
fissured, overconsolidated clays, due to the influence of the fissured structure. In the current study,
oedometer tests were performed on Sevind Marl, a plastic Eocene clay containing a large number of fissures
and slickensides. Four incremental loading oedometer tests and four continuous loading oedometer tests
were performed in order to determine the preconsolidation stresses. Multiple assessment methods were used
to assess preconsolidation stresses based on the oedometer test data, results of which are presented and
discussed on this paper. All of the test and interpretation methods yielded very similar results, with two
possible values calculated as the preconsolidation stresses. However, only the upper stress bound is actually
identified as being associated with preconsolidation; and the lower bound is generated as a result of the
collapse of the fissured structure in response to increasing stresses that were applied during testing. The
upper bounds of the preconsolidation stresses of Sevind Marl were between 6,300 and 8,900 kPa, whereas

the lower were between of 600 and 800 kPa.

Key words: Consolidation,stiffness, clays, fabric/structure of soils, laboratory equipment, laboratory

tests
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1 INTRODUCTION

This article examine the preconsolidation stresses, 0”,, of a highly fissured, overconsolidated tertiary clay
called Sevind Marl. The very low permeability found in Sevind Marl, as well as similar tertiary clays like
Little Belt clay and London Clay, is problematic for many advanced characterization tests, causing them to
be both time consuming and expensive. Because of these limitations, data on the stress history of these
highly overconsolidated clays are often lacking at high stress levels. Casagrande (1936) found that the stress
history, and therefore the preconsolidated stresses, of a soil sample can be determined using oedometer tests.
This is accomplished based on the assumption that the natural structure of the soil decays after
preconsolidation stresses are reached and the rate of strain increase is relatively slower at higher stress levels.
In the current study, preconsolidation stresses were identified in several samples of Sevind Marl from two
different locations in the city of Aarhus, Denmark. Two different oedometer test methods were used and
described here: Incremental Loading Oedometer (ILO) tests and Continuous Loading Oedometer (CLO) tests
with a constant rate of strain. Crawford (1986) reported a good correlation between the two test methods as
long as the pore pressure ratio does not exceed 50% in CLO-tests. The test data were analyzed using several

recognized methods to determine the preconsolidation stresses.

1.1 Influence of structure

The structure of a clay is due to a combination of its fabric (e.g., mineralogy, deposit history and fissures)
and bonding (inter-particle forces). Cotecchia and Chandler (2000) defined the structure of an
overconsolidated, stiff clay as a post-sedimentation structure, meaning that the main structure of the clay
arises from events which have taken place after initial sedimentation, such as glacial disturbance or
consolidation and swelling from overlaying deposits, which have later eroded. For many tertiary deposits,
these events have resulted in a stiff and highly fissured matrix, which is also the case for Sevind Marl.
Cotecchia and Chandler (2000) described how the yield point, ¢’,, of a clay with a post-sedimentation

structure will occur outside the sedimentation compression line, and will therefore be greater than the



preconsolidation stresses (¢, > 0’,). Several studies have reported that the yield stresses may not be related
to the geological history (Burland 1990, Cotecchia and Chandler 1997, 2000). In the present paper the term
“preconsolidation stresses” is used to describe both yield and preconsolidation stresses.

The fissured structure of some clays complicates the determination of preconsolidation stresses since a clear
yield point is not evident, and the lower and higher bounds of the yield stress can be determined based on the
compression curve (Gasparre and Coop 2008). The influence of structure has previously been tested on
tertiary clays such as London Clay (Gasparre et al. 2007a, 2007b; Gasparre and Coop 2008) and Vallericca
Clay (Amorosi and Rampello 1998). These studies found that two stress levels can be defined based on an
uncertain yield point.

Krogsbell et al. (2012) suggest that fissured, highly plastic tertiary clays, like Sevind Marl, lose their stress
memory when unloaded and are unable to recall their previous consolidation. The authors suggest that this is
due to the high content of smectite, a very plastic clay mineral, which they propose erases the stress memory
of a clay when unloaded. This results in interpreted preconsolidation stresses as low as a few hundred
kilopascals, which is only a fraction of the expected stresses based on the geological history of these tertiary
clays. However, these tests are often conducted at a maximum stress level of only 5 000 to 7 000 kPa, and
have not been sufficiently elevated past the expected preconsolidation level based on the geological history.
As a result, there is an insufficient description of the stress history at high stresses. Previous tests on Sevind
Marl conducted by Grenbech et al. (2012) indicate the stress history of Sevind Marl is not forgotten;
preconsolidation stresses can be found which approximately correspond to the known level of previous

effective stresses.

2 SOVIND MARL

Sevind Marl is a plastic highly fissured Eocene deposit. Sevind Marl and other similar clays are found in
various places throughout Denmark. Analysis shows the age of Sevind Marl to be between 46 million years

and 34 million years old. The deposits haves a very high clay content. Between 60% and 95% of the material



is consistent with clay particles, of which between 44% and 55% is smectite. The high plasticity of Sevind
Marl is evidence by a typical plasticity index in the range of 100% to 250%, and extreme values of more
than 300%. Additionally, Sevind Marl has a very high calcite content (up to approximately 65% of the total
sample). Grenbech et al. (2014) gives a detailed description of the geotechnical properties and characteristics
of Sevind Marl.

The samples used in this study were all from Sevind Marl deposits located at two different locations at
Aarhus Harbor in Aarhus, Denmark. These locations are named LH and BS. The only significant difference
between these two locations is the age of the samples, where LH samples are of the older part of the Sevind
Marl formation and BS samples are from a younger part of the same formation. All LH samples originated
from the same borehole, whereas BS samples were from the same depth, but from two different boreholes
located 5 m apart. At these locations Sevind Marl reaches thicknesses of more than 60 m and is covered by
10 m of primarily man-made fill (sand) and glacial till. After deposition Sevind Marl was covered by up to 1
km of Oligocene and Miocene deposits (Geocenter Danmark 2010), which caused a comprehensive
consolidation. These deposits have now eroded and are located in the North Sea west of Denmark, resulting
in an unloading of the Sevind Marl. The visual appearance of Sevind Marl is very uniform, despite the
extended depositional period. The only mesofabric difference in the samples is the color which depends on
the calcite content. Field and laboratory work revealed that a very fine net of fissures runs through Sevind
Marl in different directions with no apparent origin. This characteristic proves problematic when fitting
samples to, for example oedometer rings. The fissures originated from millions of years of consolidation,
swelling and glacial, which have resulted in tearing of the clay. The surfaces of the fissures have a very clean

cut and shiny appearance. Figure 1 shows the fissures in a Sevind Marl sample directly out of a sample tube.



Figure 1: Fissured structure of a Sevind Marl sample. Sample diameter is 72 mm.

Table 1 shows some significant classification parameters of the samples presented in this paper. Sample

numbers in Table 1 correspond to legends in the subsequent figures.

Table 1: Classification of utilized samples.

Sample Metric Sample
1 2 3 4 5 6 7 8

Test type 1ILO ILO ILO ILO CLO CLO CLO CLO
Location LH LH LH BS LH LH BS BS
Depth [m] 29 39 39 11.5 33 47 11.5 11.5
o’y [kPa] 255 350 350 110 285 400 110 110
y [kN/m’] 18.4 18.6 18.4 17.9 18.1 17.9 17.5 17.7
Wiar [%0] 40.2 34.6 36.0 41.5 38.8 40.7 40.0 39.8
1p [%] 150.2 132.2 132.2 47.2 205.6 195.2 43.6 43.6
Calcite content [%] 433 39.8 39.8 62.0 10.0 36.3 64.5 64.5
Chloride content [%] 0.7 0.6 0.6 1.7 0.5 0.6 1.7 1.7
pH [-] 9.30 9.30 9.30 8.3 9.25 9.15 8.4 8.4




3 TEST METHODS

The preconsolidation stresses of Sevind Marl were found using two different oedometer tests: Incremental
Loading Oedometer test (ILO) and Continuous Loading Oedometer test (CLO). When determining
preconsolidation stresses of a highly overconsolidated soil, one of the main goals is to ensure the presence of
sufficiently high stress levels in the samples in order to guarantee the preconsolidation stresses are exceeded.
To obtain this during the tests within the limitations of the test apparatus, sample diameter was set to 35 mm,
which is within the size requirements of standards. The standard diameter in Danish engineering practice is
70 mm. Using a smaller diameter samples did not adversely affect the tests; additional detail on the effect of
sample size is presented in Section 7. Samples were collected in a 72 mm rotary tube and hand trimmed to
ensure the best possible fit to the oedometer ring. Stresses of almost 25 MPa could be obtained by applying a
maximum of 2.5 metric tons.

In both methods, the oedometer ring is surrounded by test water to ensure full saturation of the sample.
Thegersen (2001) showed that the chemical composition of test water greatly influences the test results, as
an incorrect chemical composition or pH of the test water will cause internal forces in the sample to yield
inaccurate results. To prevent potential errors, the water used in all tests must reflect resemble the salinity

and pH of the sample pore water.

3.1 Incremental loading oedometer

All ILO tests were completed in a Danish consolidation apparatus at Aalborg University, Denmark. The tests
were performed according to Danish standard DS/CEN ISO/TS 17892-5. The Danish consolidation
apparatus is illustrated in Figure 2; numbers in parentheses () in the following text refer to numbers in the

figure.
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Figure 2: Illustration of the Danish incremental loading oedometer apparatus. Figure not to scale.

The consolidation apparatus consists of a rigid ring (1), in which the soil specimen (2) is placed. The soil
specimen has a height of 35 mm. The rigid ring hinders horizontal deformation of the soil and maintains a
constant cross-sectional area of the sample, thus ensuring all deformations to be one-dimensional. The ring
floats, being held in place only by the cohesion between ring and sample, minimizes boundary conditions
between the two. The entire consolidation cell is covered by test water at all times (3). Porous bronze filter
stones (4) are placed in the upper (5) and lower pressure heads to allow double-sided drainage of excess pore
water. The pressure heads are carefully fitted to allow free vertical movement, while preventing rotation of
the pressure heads. The pore size of the filter is chosen to ensure free water flow while retaining soil
particles. The top drain and lower drain pipes (6) are cover by test water at all times. The vertical one-
dimensional deformation is measured by two displacement transducers (7), with a measuring range of 20
mm. The transducers are placed at opposite sides of the upper pressure head to ensure measurement of the
mean displacement of the sample. Load is applied by placing weights on a lever arm, which transfers the
load to the sample via a steel ball placed at the upper pressure head. The steel ball enables the load to be

applied centrally and vertically to the sample. Load steps are applied when full consolidation and sufficient



secondary consolidation of the previous step are observed. Displacements and time elapsed since initiating
the load step are measured at a set interval by a connected computer (not depictured in Figure 2).

A loading schedule was used to determine the load increments. After the first two tests (tests 2 and 3), the
loading schedule was found to be too coarse, resulting in an imprecise description of the deformations and,
consequently, an inaccurate estimate of the preconsolidation stresses. A new, finer schedule was thereafter
used, yielding greater differences in the determined preconsolidation stresses presented in section 5.
Consolidation strains were identified and separated from secondary consolidation strains using the
ANACONDA method described by Grenbech et al. (2012), which takes into account the simultaneous
occurrence of the primary and secondary consolidations during the consolidation process. At the end of each
consolidation step all strains were due to secondary consolidation, providing the secondary compression
index. The secondary consolidation was assumed constant during each individual load step, enabling back
calculation of secondary consolidation strains occurring since the beginning of each step. These back

calculated secondary strains are subtracted from the total strain to obtain the consolidation strains.

3.2 Continuous loading oedometer

The CLO tests were all completed in a Danish continuous loading oedometer apparatus as Constant-Rate-of-
Strain tests. The apparatus was developed at Aalborg University. The tests were performed according to
Norwegian standard NS 8018:1993. The Danish continuous loading oedometer apparatus is illustrated in

Figure 3; numbers in brackets [] in the following text refer to numbers in the figure.
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Figure 3: Illustration of the Danish continuous loading apparatus. Figure not to scale.

The apparatus consists of a rigid ring [1], bolted to the CLO-base [2], and an O-ring sealing the joint. The
soil specimen [3], with a height of 30 mm, is placed in the rigid ring, which prevents horizontal
displacement, making it possible to measure the horizontal pressure, o'y, exerted by the soil sample. The
horizontal pressure is measured by three, 20 bar pressure gauges [4] placed evenly in the ring with an
internal spacing angle of 120°. The pressure gauges each have a diameter of 7.6 mm and are placed to ensure
full contact with the soil specimen at all times. The vertical one-dimensional deformation of the soil
specimen is measured by two, 20 mm displacement transducers [5] placed at opposite sides of the upper
pressure head, measuring the mean displacement. Porous bronze filter stones [6] are placed at the top and
bottom of the sample, giving the soil specimen access to the test water surrounding the apparatus. The test
water [7] is applied at a pressure of 200 kPa to better enable saturation and drainage of the sample. Drainage

paths [8] are placed in the upper pressure head [9] and the CLO base. The drainage paths in the CLO base



are closed during testing allowing the sample to only drain single-sided. Excess pore pressure built up in the
sample is measured by a 7 bar pore pressure transducer [10] placed in the CLO base. The load is measured
continuously by a two metric ton load cell [11] to a steel ball placed on the upper pressure head. The CLO
apparatus and all the measuring components are surrounded by the pressurized test water and enclosed in a
Plexiglas cylinder. The rate of deformation is selectable and set to 0.015 mm/h, corresponding to an initial
rate of 0.05 %/h. This rate was chosen to minimize the build-up of excess pore pressure in the sample.

All measurements, consisting of two displacements, one pore pressure, one load (effective vertical stress),
three total horizontal pressures, one test water pressure and the time, were recorded using a linked computer
(not shown in Figure 3) at a rate of 0.1 Hz. This rate was chosen in order to assemble a comprehensive
description of what is happening in the sample as well as to limit the amount of data to an acceptable
quantity.

The tests were conducted with stresses from the swell pressure of the individual soil sample to the lower

maximum capacity of either the horizontal pressure transducer or load cell.

3.3 Interpretation methods

Casagrande (1936) suggested that the consolidation test could be used to determine the preconsolidation
stresses. Several other methods have been suggested as useful in interpreting the results of consolidation
tests. All methods are empirical, based on observation of plots of various test results. Five different methods
were used to determine the preconsolidation stresses in this study; further information on the interpretation
methods can be found in the referenced literature.

Casagrande (1936) used the compression curve in a semi-logarithmic depiction to determine the
preconsolidation stresses. The method is based on the point of maximum curvature of the compression curve

and the virgin branch. The virgin branch is described as:

e=C, xlog(l+ i‘) [eq. 1]
o

K



where ¢ is the vertical strain, C, is the compression index, ¢’ is the effective vertical stress and ¢’ is a
reference stress corresponding to the point of the maximum curvature of the compression curve. Pacheco
Silva (1970) (As mentioned in Clementino 2005) presented another method based on Casagrande’s depiction
of the compression curve. Jacobsen (1992) defined the preconsolidation stresses as two times the reference
stress corresponding to the point of the maximum curvature ¢’.. Akai (1960) and Janbu (1970) used the
change in secondary compression index, C,., and consolidation modulus, M, respectively, to determine the

preconsolidation stresses.

4 RESULTS

Eight oedometer tests (four ILO and four CLO tests) were performed to obtain a comprehensive description
of the deformation behavior of Sevind Marl under increasing stress levels (Figure 4). All of the curves show
similar behavior, and all are located in the same narrow band. A significant feature of all the curves is the
presence of two maximum curvatures and two approximately straight sections of the compression curves
following these curvatures. These two features are typically present only once for unfissured clays and
usually indicate of a clay with characteristics that approach a normal consolidated state. The fact that these
trends (maximum curvatures and straight sections) occur more than once is reflective of the macrostructure
of Sevind Marl. The fissures substantially influence the stiffness of the clay at lower stresses, as the
increased stresses force the fissures to close and the stiffness of the intact clay begins to dictate the behavior

of the soil sample.
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Figure 4: Compression curves: (a) ILO tests (b) CLO tests.

The results of the oedometer tests were analyzed using the methods described in section 4. The Akai (1960)
method, however, was only applied on the ILO tests, since the secondary consolidation index was not
determined during the CLO tests. While only results from ILO test 1 and CLO test 6 are graphically
presented in Figures 5 and 6, respectively, the graphs of all tests follow the same patterns. Table 2 presents
the result of all tests and interpretation methods. The compression curves for tests 1 and 6 are marked with

fully drawn lines in Figure 4, Figure 5 (a) and (b) and Figure 6 (a) and (b).
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Figure 6: Illustration used to determine the preconsolidation stresses from CLO test 6. (a) Upper bound found
according to Casagrande (1936) and Pacheco Silva (1970) methods, (b) lower bound found via Casagrande

(1936) and Pacheco Silva (1970) methods and (c) upper and lower bounds found via the Janbu (1970) method.

As expected, based on the fissured matrix of the clay, a clearly defined single preconsolidation stress is not
evident. Regardless of whether the data are from an ILO or CLO test, all methods yields two values for all
samples which could both be interpreted as the preconsolidation stresses. As two preconsolidation stresses
are a physical impossibility, the lower bound is deemed to arise from the fissured matrix as suggested by
Gasparre and Coop (2008).

A significant change in the behavior of the samples occurs twice, as shown in Figures 5 and 6. Also, the high
stresses generated for these tests were necessary in order to obtain an adequate description of the total

behavior and with this the full description of the preconsolidation stresses. Further alterations at even higher



stresses have not been evaluated and therefore cannot be ruled out. However, as the effect of the fissures was
eliminated in these tests, it seems unlikely that any further changes are likely to occur.

Both the ILO and CLO tests yield similar results. However, a comparison of Figures 5 and 6 make it clear
that the CLO tests provide a more detailed description of sample deformations. Due to the continuous nature
of the CLO tests, a description of all the behavioral changes is generated whereas ILO tests only describe the
changes at increasing intervals. The additional information provided in the CLO tests lends itself to increased

accuracy, a more thorough description and the best estimate of the preconsolidation stresses.

5 PRECONSOLIDATION

Table 2 lists an estimate on the two possible interpreted values (upper and lower bounds), the appurtenant

values of the overconsolidation ratio, OCR, and the compression index, C...



Table 2: The upper and lower bounds, as well as an estimate on the preconsolidation stress level and OCR.

Sample Metric Sample

1 2 3 4 5 6 7 8
Depth [m] 29 39 39 11.5 33 47 11.5 11.5
o'vo [kPa] 255 350 350 110 285 400 110 110
Location LH LH LH BS LH LH BS BS
Test type ILO ILO ILO ILO CLO CLO CLO CLO
Method Lower bound [kPa]
Casagrande 530 1,150 850 450 580 750 480 480
Pacheco Silva 550 1,190 790 440 610 690 450 390
Jacobsen 830 1,640 1,650 620 930 1,300 860 810
Janbu 620 1,180 1,180 620 710 840 620 550
Akai 1,000 3,200 3,300 850 - - - -
Lower o'y [kPa] 700 1,200 1,200 620 700 800 620 550
Lower OCR [-] 2.7 34 34 5.6 2.5 2.0 5.6 5.0
Lower C, [%] 9.2 8.9 6.2 5.8 7.2 5.6 53 43
Method Upper bound [kPa]
Casagrande 4,340 5,340 5,280 6,140 5,080 4,840 4,860 4,160

Pacheco Silva 3,210 4,660 4,580 5,350 4,050 4,070 4,740 4,260

Jacobsen 7,670 9,200 9,200 10,220 8,130 9,410 6,780 4,010
Janbu 6,380 9,200 9,200 8,940 6,660 6,850 8,500 5,920
Akai 6,330 10,720 10,040 8,050 - - - -

Upper o'y [kPa] 6,300 9,200 9,200 8,900 6,500 6,300 6,700 4,700
Upper OCR [-] 247 263 263 80.1 2238 17.0 60.9 427

Upper C.[%] 26.3 254 24.5 333 242 33.5 27.0 23.0




The lower bounds are only two to three times the vertical effective in situ stresses, ¢, resulting in very low
OCRs. Results such as these are highly unlikely for preconsolidation of a tertiary clay, since it is known to
previously have been covered by up to 1 km of sediment deposits and endured several ice ages and the
associated ice sheets. The lower compression index was also found to be very low and dissimilar to values
which could be expected of an overconsolidated clay. These results demonstrate the significant influence of
the fissured matrix on the stiffness behavior of Sevind Marl.

The impact of the geological history of the Sevind Marl is evident in the preconsolidation. The upper bounds
are significantly higher than the lower bounds and, consequently, the OCRs are significantly higher. The
compression index is elevated for Sevind Marl, corresponding to the very high plasticity of up to 250%. The
values from tests 2 and 3 are significantly higher than the other values from the LH location (1, 5 and 6).
This is due to a coarser load program, which consequently leads to a higher and less precise preconsolidation
stress values. This illustrates the importance of a detailed and carefully planned load program.

The lower and upper bounds of the preconsolidation stresses are unrelated, as only the upper bound is
associated with preconsolidation, while the lower is related to the structure of the clay. As the upper bound
is significantly higher than any realistic stresses following an engineering project, the upper bound is mainly
interesting from an engineering geology point of view, as it provides valuable information on the clay
history. The lower bound, while being independent of the preconsolidation, can be used as a benchmark for
preconsolidation stresses in designing of geotechnical engineering projects.

The interpretation methods that were used in this study yielded very different results on the same tests, cf.
Table 2. The difference between the methods can be as high as a factor of two. Akai’s method, and
occasionally Jacobsen’s method, often produced values that are significantly higher than found using the
remaining methods. Because of these method-specific differences, it is important to use several different
methods when determining the preconsolidation stresses. The preconsolidation stresses found in Table 2 are
estimated based on all methods.

Preconsolidation stresses and OCR measured at increasing formation depth are shown in Figure 7. Only

preconsolidation stresses from the older part of the Sevind Marl formation (LH) are illustrated since the



samples from the younger part of the formation (BS) were collected from a different location, and the depths

could not be directly compared.
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Figure 7: Interpreted value as well as in situ stresses at different depths.

Both the upper and lower bounds (not including tests 2 and 3) increased with depth at a rate that roughly
corresponds to the rise in the in situ stresses. Conversely, OCRs decreased with increasing depth because of

the diminishing influence of the previous clay consolidation compared to the in situ stresses.

6 INFLUENCE OF SOIL SAMPLE DIAMETER

The standard diameter of a soil sample in the Danish consolidation apparatus is 70 mm. Reducing the sample
core diameter to 35 mm, as needed for this study quadruple the applied stresses, while also increasing the
influence of the boundary conditions between the ring and the sample. This influence is further enhanced by
the fact that the height/diameter ratio is not keep constant. It was deemed important, therefore, to further

evaluate the effect of the smaller sample diameter on the results of this study. In order to do so, incremental
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oedometer tests using both 35 and 70 mm sizes were conducted on samples from the same test tubes as the

ILO tests presented in this paper. Figure 8 shows the comparison of the compression curves from those tests.
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Figure 8: Comparison of compression curves for different sample diameters.

The comparisons for test 1 and 4 show no effect of the smaller diameter, as the compression curves are
coincident and all show the same behavior at the various stress levels. For test 2, a small effect of the
boundary conditions is apparent, with a parallel displacement of about 1% in strain present at every stress
level. However, the shape of the two curves is identical, with maximum curvatures at similar stresses. The
upward displacement of the curve derived from the 35 mm sample diameter has a limited, to essentially no,
effect on the preconsolidation stresses, compared to the effect of the large load increments in this test.

The importance of the high stresses in the sample is apparent in Figure 8, as the second maximum curvature

was found only at the very end of the 70 mm compression curve. While the smaller sample size was essential
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to the current studies where high stress levels were evaluated, use of the smaller diameter in tests requiring

only lower stresses is not recommended.

7 CONCLUSION

Eight oedometer tests (four ILO tests and four CLO tests) were performed on a highly fissured Danish
tertiary clay called Sevind Marl. The samples originated from two different locations in Arhus, Denmark,
LH and BS, both with large quantities of Sevind Marl. The samples used are up to 46 million years old and
have previously been covered by up to 1 km of Oligocene and Miocene deposits, and were overlain by
glaciers from seven known ice ages. Because of these events, it was expected preconsolidation stresses
would be high.

The geological history of Sevind Marl is known, providing a priori insight into the previous stresses the clay
has sustained. In order to reproduce these high stresses, a sample diameter of 35 mm was used, rather than
the 70 mm sample typically used in Danish engineering practice. The sample diameter should be as large as
possible, while still prioritizing the goal of achieving the required stresses. This should be done in order to
minimize the influence of boundary condition. In this study, the smaller diameter did not noticeably the
affect the results. One main concern when determining the preconsolidation stresses of Sevind Marl is
ensuring that adequate stresses in the sample are reached so as to exceed the stresses which can be expected
based on the geological history.

As stated by Gasparre et al. (2007a, 2007b) among others, the preconsolidation stresses are difficult to
clearly determine in a fissured overconsolidated clay, due to the structure of the clay. The fissures influence
the stiffness of the soil and, consequently, also the determination of the preconsolidation stresses.
Consequently, two apparent values can be determined as the preconsolidation stresses based on several
recognized methods. This is also the case with Sevind Marl, with lower and upper bounds identified in all
eight tests. The lower bounds were between 600 and 800 kPa at depths from 29 m to 47 m, which

corresponds to only two to three time the effective in situ stresses. This does not correlate with the known
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geological history and is deemed to be a result of the fissured structure. The upper bounds are more likely a
result of the previous consolidation as well as secondary consolidation. The preconsolidation stresses range
from 6 300 to 8 900 kPa at the same depth interval. While the upper bound is deemed to represent the ‘true’
preconsolidation stresses, this is only useful from an engineering geology point of view. In contrast, the
lower bound, despite being independent of the previous consolidation, can be used in the design of
geotechnical engineering projects.

Both ILO and CLO tests yielded data that could be used to describe the deformation of the soil at varying
stresses. However, the continuous nature of the CLO tests yields a more detailed description of the
deformations, compared to ILO tests. Consequently, the CLO test enables a more accurate estimate of the
preconsolidation stresses, since it does not rely on increasing load steps, as does the ILO test. The design of
the load program for ILO tests proved to be important. There was a large difference in the results of ILO
tests 2 and 3 compared to the other tests performed on LH-material. Tests 2 and 3 were performed by
doubling the effective stresses in the samples at each load step. This process resulted in deformation
descriptions that were too coarse because of the small diameter of the samples. Adjusting the load program
to smaller load steps improved the deformation description. Based on these observations, CLO tests are

preferred over the traditional ILO tests.
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Abstract, English

The present study evaluated earth pressure at rest, Ky, in highly overconsolidated Eocene clay called Sevind
Marl, which exhibits extremely high plasticity indices of up to 300%, a highly fissured structure, and
preconsolidation stresses up to 6,800 kPa. Continuous Loading Oedometer (CLO) tests with a constant rate
of strain were conducted on Sevind Marl in the Danish Continuous Loading Oedometer Apparatus, which
enables test water to be applied at 200 kPa, and measures the horizontal stresses via pressure gauges placed
in a stiff oedometer ring. The horizontal and vertical stresses were measured from in situ stresses to various
stress levels to estimate continuous K, development in this highly overconsolidated clay. The normally
consolidated earth pressure at rest was found for two different sample ages of Sevind Marl to be between
0.42 and 0.68. Results indicated the overconsolidated K, reached values as high as 6 to 8 in the in situ stress
range. Meyerhof’s (1976) reported correlation between Ky(oc) and OCR was found inconsistent with Ky(oc)
development of in Sevind Marl. However, the development of OCR,,, dependent on previous test stresses,
as an alternative to preconsolidation stresses, showed congruent results using o = 1.05 independent of

sample age.

Key words: Earth pressure at rest, Overconsolidated clay, Constant rate of strain, Plastic clay



1 INTRODUCTION

Current stresses are the governing factors determining soil behavior. The initial stress state is essential, an
integral element to properties. Donath (1891) first introduced the concept of a stationary pressure of
unlimited ground. The in situ vertical effective stresses, o’y can be easily estimated based on the weight of
soils located at higher levels in the soil column and soil pore. However, the horizontal effective stresses,
o’'m, are more difficult to estimate, and are often determined based on prior experience and knowledge. The
relationship between horizontal effective and vertical stresses in the in situ state, when horizontal
displacement is not permitted in a homogeneous natural soil deposit is known as the earth pressure at rest,
Ky, and the coefficient is a constant given by:

1
Oy

K, = M

a'y
The earth pressure at rest coefficient is often used to estimate horizontal stresses on structures in soils,
including but not limited to piles, sheet pile walls, and underground tunnels.
Several methods are known to estimate Ky(nc) based on, for example the plasticity index shown in Eq. 2

(Brooker and Ireland 1965 and Massarsch 1979) or the friction angle indicated by Eq. 3 (Jaky 1944):

K,(nc)=0.44+0.42(1, /100) @)

K, (ne) =1-sin(p) 3)

Ky(oc) is then estimated by the overconsolidation ratio, OCR, Eq. 4 by Meyerhof (1976) and Eq. 5 by Mayne

and Kulhawy (1982):
K,(oc) = K,(nc)x OCR” C))
K, (oc) = K, (nc)x OCR™? (5)



where Ky(nc) is derived from Eq. 3, and based on Meyerhof (1976), o in Eq. 4 is 0.50.46 = 0.06 according
to Lancellotta (1993); and Lefebvre et al (1991) and Hamouche et al (1995) found a as high as 1.0 for
sensitive clays. Krogsbel et al. (2012) determined a at approximately 0.6 — 0.7 for Resnas Clay and Little
Belt Clay, which are Danish Tertiary clays from the same geological period as Sevind Marl. However, these
results were calculated based on much smaller preconsolidation stress values; and thereby OCR.

In the present study, K, for the Danish Tertiary clay Sevind Marl was examined.

This article describes the Constant Rate of Strain (CRS) tests performed in a Continuous Loading Oedometer
(CLO) apparatus on Sevind Marl and the subsequent data analyses and interpretation. The purpose of this
study was to determine how the earth pressure at rests, specifically of Sevind Marl a Danish Tertiary clay,

behaves during high stress levels.

2  SOVIND MARL

Sevind Marl is a Danish tertiary clay, which is found distributed in various geographic locations throughout
Denmark. The formation age is determined between 46 million years and 36 million years old. Sevind Marl
is characterized by a very high plasticity index of a nominal range up to 250%, with maximum values
exceeding 300%. The extreme plasticity results from a relatively high content of different clay minerals, and
specifically, increased plastic Smectite (approximately 50% of the clay minerals). Sevind Marl was
determined a sensitive clay. An additional characteristic is the highly fissured clay structure. Sevind Marl
exhibits a very uniform visual appearance, despite the long deposit period. The only noteworthy mesofabric
difference is sample color. While working with the material, a fine net of fissures and slickensides were
clearly defined. The fissures ran in unstructured directions through the deposit. Grenbech et al. (2015a)
provided a thorough description of Sevind Marl, including the geotechnical properties and characteristics.

Samples from two locations (named LH and BS) located approximately 1.3 km from each other at Aarhus
Harbor in Denmark were examined in this study, Sevind Marl from both locals was found at great depths of

more than 70 m, and the only notable difference between the two locations was the Sevind Marl age. LH



samples originated from an older portion of the formation, whereas BS samples originate from a younger
part of the same formation. LH samples were derived from different depths in the same downward borehole,
and all BS samples were from the same depth but at two different boreholes situated approximately 5 m

apart.

2.1 Preconsolidation stresses

Structure has an effect on fissured clays behavior. Gasparre and Coop (2008) found structure particularly
influential in determining preconsolidation stresses, giving an appearance of an upper and lower bound of
preconsolidation stresses. Krogsbel et al. (2012) reported Eocene clays lose stress memory due to its high
plasticity, and the lower bound of the preconsolidation stresses were the only preconsolidation stresses
resulting in much smaller OCR values. However, these tests were only conducted to stress levels between
1,000 kPa and 4,000 kPa, and therefore not near the upper bound of the preconsolidation stress (up to 9,000
kPa). Grenbech et al. (2015b) examined Sevind Marl preconsolidation stresses and found the clay was
highly affected by its fissured structure, as two values were be interpreted as the preconsolidation stresses.
The lower bound was between 550 kPa and 800 kPa, only two to three times the in situ stress values. This
result was not consistent with Sevind Marl’s geological history and millions of years of secondary
consolidation. It was therefore determined the lower bound of the preconsolidation stresses resulted from the
fissured structure collapse. The upper bound of the preconsolidation stresses was between 5,000 kPa and
9,000 kPa, which were congruent with the geological history of Sevind Marl.

Relevant classification properties and preconsolidation stresses of study samples are listed in Table 1.



Table 1: Classification of study samples. *Represents estimates as no tests were conducted to directly determine

the preconsolidation stresses.

Sample Metric Sample

1 2 3 4 5 6
Location LH BS BS LH LH BS
Depth [m] 47 11.5 11.5 33 23.5 11.5
o’y [kPa] 400 110 110 285 210 110
Upper o”,.[kPa] 6,300 6,700 4,700 6,500 6,200* 4,700%*
Lower o', [kPa] 800 620 550 700 680%* 550%
v [kN/m’] 17.9 17.5 17.7 18.1 17.5 17.9
Woar [%0] 40.7 40.0 39.8 38.8 39.7 40.7
Ip [%] 195.2 43.6 43.6 205.6 95.7 43.6
Calcite content [%] 36.3 64.5 64.5 10.0 55.0 64.5
Chloride content [%] 0.6 1.7 1.7 0.5 0.9 1.7
pH [-] 9.15 8.4 8.4 9.25 9.2 8.4

3 CONTINUOS LOADING OEDOMETER

Hamilton and Crawford (1959) first introduced the continuous loading oedometer (CLO) method as a fast

and easy approach to determine soil preconsolidated stress level, o’,.. The setup and boundary conditions

were similar to an incremental oedometer test (ILO), with the exception of a single sided drain placed on top,

allowing the excess pore pressure to be measured in the bottom of the sample (Larsson and Séllfors 1986).

Back pressure was later applied to increase sample saturation (Lowe et al. 1964 and Ducasse et al. 1986).

The primary difference between the conventional ILO and CLO tests is the manner in which the load is



applied to the sample. The load in ILO tests is applied in increasing increments, resulting in an incremental
description of the sample stiffness, whereas the load is applied continuously in CLO tests, which therefore
yields a continuous description of sample deformation and stiffness of the sample. The strain rate should be
chosen to reduce substantial excess pore pressure in the soil sample. The entire applied load is therefore a
direct increase in effective stresses to the sample. Gorman et al. (1977) suggested the strain rate should be
chosen based on the liquidity index; this method is used to determine strain rate in the ASTM (2012)
standard. Lowe at al. (1969) varied the strain rate to maintain a constant excess pore pressure, whereas Janbu
et al. (1981) maintained a constant excess pore pressure ratio compared to the applied load. Both methods
require careful test monitoring to vary the strain rate. Hamilton and Crawford (1959) reported CLO tests
yielded results comparable to ILO tests, under the requirement that strain rate was maintained at a rate that
minimized the excess pore pressure. Traditionally, CLO tests were conducted in rigid oedometer cells placed
in modified triaxial frames (Larsson and Séllfors 1986, Smith and Wahls (1969), Wissa et al. 1971, Gorman
et al. 1977, Gronbech et. al 2015b). The rigid ring is the method used by the American (ASTM 2012), and
Norwegian (Standard Norge 1993) standards. Alternatively, a Rowe cell with a motorized piston can be
employed (Rowe and Barden 1966, Davison 1989).

CLO tests advantages include continuous results, yielding more accurate determinations. For example,
compression curves and preconsolidation stresses, and the possibility for slow strain rates make CLO tests
ideal for very plastic clays, including Sevind Marl. Amour and Drnevich (1986) reported the two of the most
notable disadvantages of CLO tests. The first was the challenging determination of secondary compression
indices, significant in Sevind Marl. . The second, excess pore pressure build up was dependent on strain rate
and soil permeability, which is very low in Sevind Marl. Therefore, the strain rate should be chosen

carefully to minimize the pore pressure accumulation. (Sheahan and Watters 1997, Dobak 2003).



4 METHOD

CLO tests exhibit the potential advantage of achieving a clear and continuous description of the
earth’s pressure at rest. A modification of the oedometer and placement of the pressure transducers
in the rigid ring (Figure 1) allows the total horizontal pressure to be measured (Ladd 1965,
Abdelhamid and Krizek 1976, Lefebvre and Philibert 1979, Thegersen 2001). Measurement of
horizontal pressure in a rigid ring prevents of horizontal movement, hence all deformation is one-
dimensional. This is at the cost of friction between the rigid ring and soil sample. Side friction can
be reduced by using a semi-rigid ring, where strain gauges measure lateral movement, which is
subsequently prevented by applying pressure to surrounding oil, corresponding to horizontal
pressure incurred by the soil sample (Mesri and Hayat 1993). Side friction influence can be avoided
by measuring horizontal pressure in a triaxial apparatus, where the sample is enclosed by a flexible
membrane and horizontal movement is controlled by applying pressure to surrounding water, much
like the semi-rigid ring; however, a feedback system is required to control the water pressure

(Andrawes and El-Sohby 1973).

4.1 Testing method

The CLO apparatus at Aalborg University was used to conduct all soil tests in this study. Pressure was
applied to the test water in the triaxial cell, which better enabled sample saturation and drainage. The
apparatus is composed of a stiff ring with three horizontal pressure gauges placed evenly around the ring.
Two displacement transducers positioned at opposite sides of the sample measured vertical deformation. The
sample diameter was set to 35 mm to obtain sufficient stresses that exceeded the preconsolidation stresses
(listed in Table 1) within the physical limitation of the 2 metric ton load pistol. Samples were collected in
situ in a 72 mm tube and hand trimmed to the required diameter and height. The sample was drained single-

sided and the sample pore pressure was measured at the sample bottom. Test water with pore water pH and



salinity was applied at 200 kPa. Deformation rate was adjustable and set to 0.015 mm/h, corresponding to an
initial deformation rate of 0.05 %/h with an initial height of 30 mm. This rate was chosen to minimize excess
pore pressure build up in the sample. The tests were performed according to Norwegian standard NS
8018:1993 (NS 1993).Gronbech et al. (2015b) provided a more comprehensive physical description of the

apparatus, and an illustration is provided in Figure 1.

1: Oedometer ring
2: CLO base

3: Soil sample

4: Horizontal
pressure gauge

5: Displacement
transducer

6: Porous bronze
filter stones

7: Test water

8: Drainage path
9: Upper pressure
hea

10: Pore pressure
transducer

11: Load cell

Figure 1: Schematic of Continuous Loading Oedometer apparatus developed at Aalborg University. Not to scale.

Three different test programs were used to examine the behavior of the earth pressure at rest under different
conditions. Two tests (on LH and BS materials) were performed with each test program. The test programs
were as follows: i) Strictly loading (tests 1 and 2) from sample swell pressure to the maximum load the
apparatus could sustain to estimate earth pressure at rest for normally consolidated Sevind Marl, ii)
unloading and reloading from three predetermined stresses (tests 3 and 4) and iii) unloading and reloading
from lower and upper bounds of the preconsolidation stresses (tests 5 and 6) to estimate the earth pressure at
rest under different conditions.

The vertical effective stresses, o'y, test water pressure, ug, pore pressure, u;, and sample deformation were
measured directly and need little correction. However, measured horizontal pressure is total horizontal

pressure, and therefor needs a correction to take into account the pore pressure. The excess pore pressure is



zero at the top of the sample (as it is allowed to drain freely), and is measured at the bottom of the sample.
The excess pore pressure is assumed to take the shape of a parabola and 2/3 of the excess pore pressure acts

on the horizontal pressure gauges. The effective horizontal pressure is therefore calculated as follows:

o'y =0, —2u, (6)

5 RESULTS

The compression curves derived from the six tests and the vertical and horizontal pressures from each test

are respectively presented in Figure 2 and Figure 3.

(a)
0 0 —
5 5
S
£
£ 10 10
E
€
5]
2 15 15
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2071 — — - Test2(BS) y 20 Test 4 (LH) 2071 — = —Test 6 (BS)
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Vertical effective stress [kPa]

Figure 3: Compression curves. (a) Strictly loading; (b) Reloading from predetermined stresses; and (c)

Reloading from preconsolidation stresses.
The unloading/reloading compression curves show similar behaviors within the sample group; the LH

samples, which exhibited increased plasticity, showed more expansive behavior than the less plastic BS

samples, resulting in substantially steeper unloading/reloading curves.
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Figure 3: Vertical vs. horizontal stresses. (a) Strictly loading; (b) Reloading from predetermined stresses; and (c)

Reloading from preconsolidation stresses.

The initial horizontal pressure (after saturation) of LH vs. BS samples was considerable higher, resulting in
substantial higher earth pressure at rest. An upper and lower bound presence for preconsolidation stresses is
evident, most notably in the strictly loading curves (Figure 3(a)), as earth pressure changed at two stress
levels corresponding to the upper and lower bounds of the preconsolidation stress levels. The normally
consolidated earth pressure at rest in LH and BS samples was detected based on test 1 and test 2, respectively

(Figure 4).
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Figure 4: Determination of normally consolidated earth pressure at rest.

Ky(nc)decreased slightly as stressed increases above the preconsolidation stresses for both samples; Ky(nc)
was given the value OCR=1. The normally consolidated earth pressure at rest for both samples is listed in
Table 2, as well as the resulting friction angle based on Jaky (1944) (Eq. 3). Thegersen (2001) reported the
friction angle for a similar Danish Eocene clay was in the 14 ° — 19 ° range, therefore the back calculated
friction angles for LH samples were slightly too high. However, the friction angles for BS samples were
unrealistically high, indicating the relation was of little to no use on Sevind Marl, suggesting that the
relationship derived by Jaky (1944) cannot be used on Sevind Marl. Results determined K,(nc)was higher in
LH compared to BS sample, consistent with Eq. 2, which predicts increased higher plasticity results in
higher Ky(nc) values. Table 2 shows that Eq. 2 cannot be applied to estimate normally consolidated earth
pressure at rest for most extreme plastic clays. When the plasticity in Table 1 was used in the calculation, Eq.
2 generated a more reliable estimate of the normally consolidated earth pressure at rest for the less plastic
BS.

Ky(oc) for all reloading branches of tests 3 to 6 in relationship to the vertical effective stresses is provided in

Figure 5.
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Figure 5: Earth pressure at rest in relation to the vertical stresses. (a) LH samples and (b) BS samples.

The tests yielded very high K, values for high overconsolidation ratios. All reloading K, curves expressed

similar behavior within the sample types (LH or BS). However, a large spread was detected for the BS

samples reloading curves.

Figure 6 shows normally consolidated earth pressure at rest based on reloading tests 4 and 5, and 3 and 6 to

evaluate the effect of the reloading process on Ky(nc).
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Figure 6: Determination of normally consolidated earth pressure at rest based on reloading tests.



The normally consolidated earth pressure at rest seems to be affected by the reloading process, as these
values were much higher than the strictly loading parameters. Consequently, the friction angle calculated
using Eq. 3 were also affected, however, it became much too low for LH samples, and was within a more
realistic range for the BS samples. Overall, Eq. 3 did not provide reliable friction angle estimate for the
normally consolidated earth pressure at. These tests indicated that Ky(nc) could not be estimated using the
Jaky (1944) relationship (Eq. 3) for these highly plastic clays. Additional tests are necessary to determine is
an association exists between friction angle and K, for these highly plastic clays with a relatively low

expected friction angle.

Table 2: Ky(nc) with the connected friction angle.

Ko(nc) 9(eq.3)  Ko(eq.2)

[-] [°] [-]

Test 1 (LH) 0.68 18.7 1.26
Test 2 (BS) 0.42 355 0.62
Test 3 (BS) 0.81 11.0 0.62
Test 4 (LH) 0.96 2.3 1.30
Test 5 (LH) 0.89 6.3 0.84
Test 6 (BS) 0.62 223 0.62

6 RELATION WITH OCR

A relation between OCR and Kjy(oc) was assessed using Eq. 4. The upper bound of the preconsolidation
stresses listed in Table 1 was used in the OCR determination. Fits were made by determining Ky(nc) and
optimizing a. Figure 7 shows the best fit of the measured data to Eq. 4 using Ky(oc) for tests 1 and 2 listed in
Table 2 and the mean a from each test , the a range from both sample types is listed in Table 3. The ranges

observed were high compared to values initial suggested by Meyerhof (1976) and Lancellotta (1993);
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however a values in BS samples were consistent with those reported by Lefebvre et al. (1991) and

Hamouche et al. (1995).

10 10
Test 4 , Test 3
— — -Test5 / — — -Test6 !
L ! / !

_ 8 Test4:0.=0.72 1 _ 8 Test3:o=1.14 |, / ;
L Test 5: o= 0.68 L Test 6:0.= 0.81 / /
8 4
= 3
g 2
& a
5 g
(= o
g g
g &
=) m

ol

1 10 20 50 50

Overconsolidation ratio [—] Overconsolidation ratio [—]

Figure 7: Best fit Ko(nc)OCR" to measured K curves. (a) LH samples and (b) BS samples.

The fit resulted in lower estimated K values for low and high OCRs and a generally poor fit to the measured
K. LH samples yielded similar « results, as expected due to the similarity in reloading branches. However, a
notable variability was observed in BS samples due to the substantial differences in the measured K. In
Figure 8 Ky(nc) found using the reloading branches (tests 4 and 5 and tests 3 and 6) was used to best fit the

measured data using the mean a’, the o’ ranges are listed in Table 3.



Table 3: Various a using OCR.

o a'*
[-] [-]
Test 3 (BS) 0.80 —1.55 0.47-0091
Test 4 (LH) 0.63 - 0.81 0.46 —0.58
Test 5 (LH) 0.62-0.73 0.49-0.61
Test 6 (BS) 0.81 0.72-1.13
* o' 1s found from Ko(nc);eload
(a) (b)
10 10
Test 4 , Test 3
— — -Test5 / — — -Test6
1
8 Test 4: 0.=0.52 1 8r Test 3: a.=10.72
Test 5: a0 =0.55 Test 6: 0. =0.92

Earth pressure at rest [—]
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Overconsolidation ratio [—]

Overconsolidation ratio [—]

Figure 8: Best Ky(1n¢),10,dOCR" fit to measured K, curves. (a) LH samples and (b) BS samples.

By using Ky(1¢),ei0aa, the curve fit improveed for small OCR values. However, it weakened for higher OCR
values, in particular for LH and BS test 3 samples, where a severe underestimate of K, resulted. Test 6 fit
was very good considering the wide spread of the measured K, curves.

Eq. 5 stipulates that a=sin(¢), however using a from Table 3 back calculated much too high friction angles
with an absolute minimum of 38 °. The friction angles were therefore impossible to use in estimations of any

kind regarding K.
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6.1 Relation with OCRy,

The fit of K, to OCR using Eq. 4 generally yielded poor results, i.e., it did not follow the measured K,
curvature. Figure 4 shows the clay recalled the stresses where it becomes normally consolidated. The poor
K,y to OCR fit suggested the “short term” memory was not maintained due to swelling after excavation; the
clay did not recall the stresses of unloading conditions, consistent with Krogsbel et al. (2012). As the sample
was subsequently reloaded during testing, the clay responded as if the previous maximum test stresses were
the preconsolidation stresses. OCR was then redefined as dependent on the previous maximum stresses in the

test, 0 uioaa, @s shown in Eq. 7, incongruent with normal preconsolidation stresses (Krogsbel et al. 2012):

OCR,, = 7ttt ™

v

Figure 9 shows the relation to OCRyy, using Ky(nc) determined using loading tests. Table 4 provides the a
range using these assumptions. o values for the reloading branches from the lower bound of the
preconsolidation stresses for tests 5 and 6 yielded negative values and were not included in Table 4. The
negative " was obtained as the earth pressure at rest for OCR;,, =1 was much too high compared to Ky(nc,
indicating the relation yielded very poor fit for reloading branches with small reloading stresses. This results
suggested the fissure influence on K, was substantial, and confirms the lower bound of the preconsolidation

stresses was not the result of soil preconsolidation.
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Figure 9: Best Ky(nc) OCRy,,” fit to measured K, curves, ' * - indicate excluded reloading branches. (a) LH

samples and (b) BS samples.

However, the general relation fit improved, as increased variation in o for individual samples was detected.

Figure 10 shows the fit using Ky(nc) for each reloading step and OCR,,;. The general fit deteriorates, as the

fitted curve flattens using Ky(nc) from individual tests.
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Figure 10: Best Ky(nc¢),ci0aa OCR,,;" fit to measured K, curves, " indicate excluded reloading branches. (a) LH

samples and (b) BS samples.

Table 4: Various a using OCR,,p.

a o' *

[-] [-]
Test 3 (BS) 0.80 - 1.55 0.78 - 0.91
Test 4 (LH) 0.90 - 1.41 0.71-1.10
Test 5 (LH) 0.73 -0.75 0.60 — 0.62
Test 6 (BS) 0.81 0.78

* a'1is found from Ko(nc)reload

6.2 Mean fit

Ky-curve fit for each sample type was fairly similar. When all tests within each sample type were combined,

a very good fit was is obtained using the mean « and Ky(nc) from the loading tests (Figure 11).
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Figure 11: Best Ky(nc) OCR,,q" fit to all measured K curves, ** indicate excluded reloading branches. (a) L H

samples and (b) BS samples.

Ky is slightly underestimated when OCR¢o,q =1. It is noteworthy that & was identical for the two sample
types. This indicated a was not influenced by clay properties, as these varied substantially for Sevind Marl.
The best fit was found applying Eq. 4 with Ky(nc) from the loading tests (tests 1 and 2). Therefore, the
reloading process did not notably affect the relation. However, unloading during excavation affected the
relation test results, and the unloading stresses should be used to determine test OCRs. The relation fit was
acceptable for all reloading branches under reloading stresses above the lower bound of the preconsolidation
stresses; therefore the relation is likely valid for all Sevind Marl samples independent of the upper bound of
the preconsolidation stresses. K, estimates for in situ cases should be made based on the upper bound of the
preconsolidation stresses as “short term” memory loss due to excavation did not occur. & was congruent with
results reported by Lefebvre et al (1991) and Hamouche et al (1995) for sensitive clays, consistent with
Sevind Marl. K, Sevind Marl estimates are consequently best expressed as follows:

K, (oc) =K, (nc) x OCR'"” ®)

measured
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The Jaky (1944) relationship to Kj(nc) was not valid on highly plastic clays, including Sevind Marl,

measured Ky(nc) was used in the relation, which resulted in the best relation for LH and BS, Eq. 9 and 10,

respectively:
K,(oc)=0.68 x OCR'" )
K,(oc) =0.42x OCR'"” (10)

7 CONCLUSION

Earth pressure at rest was measured on the highly plastic and overconsolidated Danish Eocene clay Sevind
Marl. Six continuous loading oedometer tests with a constant strain rate were conducted using the Aalborg
University continuous loading oedometer apparatus. The apparatus distinguishes itself by applying
pressurized test water to better saturate and drain the sample during testing. The horizontal pressure is
measured by three pressure gauges inserted in the stiff oedometer ring. The CLO provides reliable and
continuous description of the horizontal stresses which subsequently provided the earth pressure at rest.
Sevind Marl is highly overconsolidated, but with the appearance of a lower and upper bound of the
preconsolidation stresses due to the clays fissured structure, and approximate values of 700 kPa and 6,800
kPa, respectively. This results in high in situ OCRs based on the upper boundary. Tests were made on
Sevind Marl samples from two different regions of the formation; LH from the older and BS from the
younger regions. The only considerable difference between the two was plasticity; LH samples showed
plasticity index up to 200%, whereas BS samples exhibited a 40% index.

The measured earth pressure at rest exhibited high values (<10), and between 6 - 8 in the in situ stress range,
caused by high horizontal stresses. The normally consolidated earth pressure at rest was approximately 0.66
for LH samples and 0.42 for BS samples from strictly loading tests. Unloading and reloading affected Ky(nc),

as values increased from approximately 0.89 to 0.96 and 0.62 to 0.81 for LH and BS samples, respectively.
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Ky(nc) can typically be determined using friction angle by the relationship established by Jaky (1944).
However, neither of the measured Ky(nc)s could be calculated using Jaky (1944) based on friction angle, as
the expected friction angle was much lower than the friction angle required to obtain the measured Ky(nc).
Consequently, Jaky (1944) was of very limited to no use on highly plastic clays.

Results showed the measured K, was related to Meyerhof’s (1976) correlation between K, and the
overconsolidation ratio. The correlation did not yield a good fit when Ky(nc) obtained from either loading or
reloading tests was used in relationship to OCR. The samples were affected by unloading which occurred
during excavation; and while the preconsolidation stresses were remembered, the “short-term” memory was
affected. Consequently, the stresses from which the clay had been unloaded from were not remembered.
Therefore, OCR,,;, was introduced, which integrated the relationship between the maximum stresses previous
executed in the test and the current vertical stresses (Eq. 7). Results showed a good fit between Meyerhof
(1976) and the measured data when the loading Ky(nc) was compared to OCR,,, under the conditions the
previous maximum stresses were above the lower bound of the preconsolidation stresses, and hence not
influenced by the clay fissures. K, should therefore be estimated based on the upper bound of the
preconsolidation stresses. o was determined at 1.04 and 1.05 for LH and BS samples, respectively. Lefebvre
et al (1991) and Hamouche et al (1995) reported comparable « values for sensitive clays, such as Sevind

Marl.
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APPENDIX F
Boring logs

This appendix contains the boring logs from the test sit@d.shmples used in oe-
dometer tests originate from boring L*H11 and the triaxedttsamples comes from
boring L¥*H9 and L*H11. All BS samples originate in the neappimity of boring
B304. Please note that all boring logs are in Danish.
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< weazal ] -1030| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
{’ © V=801 merkt grenlig grat, khl.
-31
Wi=162.7 Wp=43.7
Q\ o 031| LER, meget fedt, brokket, glideflader, olivenbrunt, Ma Eo
1 032 sv. khl.
I
ac Cvr C . .
~ - , meget fedt, brokket, glideflader, olivenbrunt, a Eo
| Cv=67 033| LER t fedt, brokket, glideflad | brunt, Ma E
_ khl.
-32
‘5&7 S —
g W=44.9 —1034| LER, meget fedt, brokket, glideflader, markt Ma Eo
Ped i Cu=715 olivenbrunt, khl.
— \O Cv=772
< W=42.5 [11035| LER, meget fedt, brokket, glideflader, meget Ma Eo
> = a3 meorkt olivengrat, khi.
i\ C N [1036| LER. meget fedt, brokket, glidefiader, lyst granfig  Ma Eo
® Ww=42.8 037 grat, khl.
7 038 LER, meget fedt, brokket, glideflader, meget Ma Eo
P merkt grat, khl.
9 r .7 Cv
; b [0) Cv=829 [F11039| LER, meget fedt, brokket, glideflader, olivenbrunt, Ma Eo
L _ khl.
\% / 4
WI=117,2 r( Wp=37,2
} 4614—040 LER -"- Ma Eo
qc pH w
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m>2)
® 9 pH
Boremetode : Terboring med foring
X : 218995 (m) Y :192907 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071204 DGU-nr.: Boring : L*H9
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 3 s.4/6
. TIf. 987998 00, Fax 98 79 98 01 -
6G|‘Qn‘tm|‘ [ Carl Bro Sofiendalsvej 94, 9200 Aalborg SV Bo reprofll
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=3 >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
qc pH w Fortsat
' A
—1 /’ I S
~
Cv=62.
W=41.2 F11041| LER, meget fedt, brokket, glideflader, markt Ma Eo
35 olivengrat, khl.
qc / WI=186.8 Wp=44,5
q fo 042| LER -"- Ma Eo
\ 043
Cyr Cv . .
w=41.2 Cv=620 [11044| LER, meget fedt, brokket, glideflader, olivenbrunt, Ma Eo
— S hicad P khi-
Cv=701
WI$189,2 Wp41,7 4
7‘9 1045]| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
Cv=172 olivengrat, khl.
P4 1
> o} Hioas| LER i i 4
, meget fedt, brokket, glideflader, olivengrat, Ma Eo
2 i i khl.
- WI=190,8 Wp=43,7 !
¢ 047| LER, meget fedt, brokket, glideflader, markt Ma Eo
/ 048 olivengrat, khl.
/
—
<> Cv j o 11049| LER, fedt, brokk lideflad li b Ma E
o v=858 ,rrklﬁlget ‘edt, brokket, glideflader, olivenbrunt, a Eo
-38| .
wi=tog7 W Wp=40,8
Sten Q 1050 LER -"- Ma Eo
2ot | -fios1] LER -*- Ma Eo
I
I
ll -39
=1810 | | Wp=412
é 052| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
053 khl.
qc N
- Q@ F11054| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
f A olivengrat, khl.
—T-40
wi={89,9 We44.2
b 1055 LER -"- Ma Eo
7/
[N ,
% Q@ F11056| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
41 morkt olivenbrunt, khl.
| —T e ( wman
057| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
058 Kkhl.
c e
Q [F11059| LER, meget fedt, brokket, glideflader, olivenbrunt, Ma Eo
q \ 42 Khi.
S -
— WI$222,8 \ Wp=40,1
‘J”‘- ?9 1060 LER -"- Ma Eo
\
\
0] 1061 LER -"- Ma Eo
z -43)
_5 l |=223,2 Wp=43,9
& 062 LER -"- Ma Eo
pH w
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218995 (m) Y :192907 (m)  Plan :
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071204 DGU-nr.: Boring : L*H9
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 3 s.5/6
. TIf. 987998 00, Fax 98 79 98 01 -
6G|‘Qn‘tm|‘ [ Carl Bro Sofiendalsvej 94, 9200 Aalborg SV Bo reprofll
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> >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
pH w Fortsat
N 063
fc N
) b [—11064| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
S ' W olivengrat, khl.
1=189,2 p=48,8 '
(}l —11065| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
el 1 meget morkt grat, khi.
1
ﬁ> C() [11066]| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
AL 45 morkt grat, khl.
! \|
__> WI=212,3 |Wp=50,5
=40.2 067| LER, meget fedt, brokket, glideflader, meget Ma Eo
/| 068 morkt grat, khl.
7
qc| /
= (0] [F11069| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
1 _46| olivengrat, khl.
/
Wi=181,7 |Wp=42.3 | 4
o] Ho7o| LER -"- Ma Eo
\
\
b H1071]| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
L 47 khi.
D WI=211.9 Wp=44, !
(b 072| LER -"- Ma Eo
\ 073
ac '
b F11074| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
_48] olivengrat, khl.
Id wedoz W [ peaso
K 11075| LER, meget fedt, brokket, glideflader, kip. lyst gult Ma Eo
=~ kalk, olivengrat, khl.
< W=48.3 F11076| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
49 olivengrat, khl.
WI=217,4 (p=42,3
N 1077 LER -"- Ma Eo
aq  pH
-50
-51
-52
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218995 (m) Y :192907 (m)  Plan :
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071204 DGU-nr.: Boring : L*H9
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 3 s.6/6
. TIf. 987998 00, Fax 98 79 98 01 -
6G|‘Qn‘tm|‘ [ Carl Bro Sofiendalsvej 94, 9200 Aalborg SV Bo reprofll
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<) >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
DVRO0 +1,8
B
ASFALT
W ]
0] FYLD: SAND, mellem, ringe sorteret, gruset, Fy Re
; I markt gulbrunt, khl.
n il
11|
(é m FYLD: SAND, mellem, sorteret, gralig brunt, khl. Fy Re
\ 11|
A 1
o) J— FYLD: SAND, mellem, sorteret, trestk., gralig Fy Re
I brunt, khl.
w Il
Q i FYLD: SAND, mellem, sorteret, gralig brunt, khl. Fy Re
N —
A I
\O I
FYLD: SAND, mellem, sorteret, merkt brunlig grat, Fy Re
[
| —1
w
FYLD: SAND -"- Fy Re
\
— N
Q o] FYLD: SAND -"- Fy Re
v
@ 3 FYLD: SAND -"- Fy Re
\
/( FYLD: SAND, mellem, sorteret, organiskh., markt Fy Re
< | grat, khl.
==
— FYLD: SAND, mellem, ringe sorteret, gruset, grat, Fy Re
[
| w khl.
/r [C FYLD: SAND, groft, ringe sorteret, gruset, grat, Fy Re
L\\\ —a-5 Kkhl.
| FYLD: SAND, fint, ringe sorteret, siltet, sv. Fy Re
= organiskh., grat, khl.
w
Q FYLD: SAND, fint sorteret, grat, khl. Fy Re
IS
\\
(6] FYLD: SAND, mellem, sorteret, grat, khl. Fy Re
v
Q FYLD: SAND -"- Fy Re
> N\
—é N
/ N
/@ FYLD: SAND -"- Fy Re
< .
4
[ FYLD: SAND, mellem, ringe sorteret, gruset, grat, Fy Re
// N
7
"‘jiz FYLD: SAND -"- Fy Re
- r”
PRE—
—CF FYLD: SAND, mellem, ringe sorteret, grat, khl. Fy Re
W qc
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 5 s.1/8
. TIf. 98 79 98 00, Fax 98 79 98 01 -
6G|‘Qn‘tm|‘ [ Carl Bro Sofiendalsvej 94, 9200 Aalborg SV Bo reprofll
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10 4
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12 A
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=) >
9 % £ .
o3 |2 - £ 0
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
w qc Fortsat
~T_ —
===
o) SAND og GRUS, sv. gytjeh., skalrester, grat, khl. Ma Pg
T w
/( @ MORZENELER, sandet, grat, khl. Gl Gc
\
§ G -~ MORAENELER -"- Gl Gc
Wi=174,3 Wp=43,87]
W=46.7 MORZENELER, meget fedt, st. tertieert preeget, Gl Gc
olivengrat, khl.
dvr Cv| W2s8.d wp=s1.7
W=54.4 LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
Eﬁ khi.
W wi=23p wp=s0,8[P" '
LER -"- Ma Eo
Cvr Cv
Wp=41,9
f \ W=50. [ 773] LER -"- Ma Eo
Wizeod wosie [ 11
774| LER, meget fedt, brokket, glideflader, markt Ma Eo
775 grenlig grat, khl.
cvr v Wi=209,0/ Wp=53.6
W=52.1 — 776] LER -"- Ma Eo
o °
Wizrsd weesr | 12
Cvr Cv — 777| LER, meget fedt, brokket, glideflader, meget Ma Eo
o ° merkt grat, khl.
wi=144,3 Wp=38.6
H 778| LER, meget fedt, brokket, glideflader, markt Ma Eo
1 W=49.6 brunlig grat, khl.
-13|
779| LER, meget fedt, brokket, glideflader, meget Ma Eo
780 morkt grat, kfr.
Cir Cv| w2148 Wp=a7.6
a o W=48. H 781| LER, meget fedt, brokket, glideflader, markt Ma Eo
- \\ brunlig grat, khl.
Wizaod woszs | 14
M — 782| LER, meget fedt, brokket, glideflader, meget Ma Eo
4 .< merkt grat, khi.
~ WI=235,0 [Wp=a2:
W=48.8 [ 783| LER, meget fedt, brokket, glideflader, markt Ma Eo
~ grenlig grat, khl.
WI=251,00 Wp=52,0 -15
784| LER, meget fedt, brokket, glideflader, markt Ma Eo
785 brunlig grat, khl.
{ Cwi Wi=240 0 (Wp=44.8
4 Ww=43.5 [ 786| LER, meget fedt, brokket, glideflader, meget Ma Eo
T .\ merkt brungrat, khl.
[ T L B R
2y — 787| LER, meget fedt, brokket, glideflader, markt Ma Eo
qc Cvr pH v brungrat, khl.
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m>2)
® 9 pH

Boremetode : Terboring med foring

X:218921 (m) Y : 192840 (m)

Plan :

Sag : 25.0705.61 Arhus, Light*House

Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 5 s.2/8

TIf. 987998 00, Fax 98 79 98 01 -
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Dybde

18 1

19 4

20

211

22 A

23 A

24 A

25

26

27 -
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=3 >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
qc Cvr pH v Fortsat
§ f
o«
v=458 W|=2550 wg=455
Q H 788| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
\ % khl.
q WI=196,5 Wp=42,1 -17
[ 789| LER -"- Ma Eo
790
Cvr Wi=21,0 Wo=(3¢
w=44.7 - e
E Q| Cvet20 791[ LER Ma Eo
? oS Wiz0s.§ otz 4 | 18
— 792 LER -"- Ma Eo
S Cv=472
] Cveath wizzad| wema¥¥
> W=42.2 1 793| LER, meget fedt, brokket, glideflader, markt Ma Eo
4 grabrunt, khl.
Z g Wi=186.5f Wp=44, -19
’ 794| LER, meget fedt, brokket, glideflader, merkt gralig Ma Eo
’ brunt, khl.
Vi 795
< Cvr WI$139,5 sze
Gf [ 796| LER, meget fedt, brokket, glideflader, lyst brunt, Ma Eo
Cv=68
SR \ khl.
1 =4 w|=17e‘? Wp=43,2 -20
1 797| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
\ \cv=486 khl.
/{ Cv=4%8 Wi=133p wp=34.8|"
¢ H 798| LER, meget fedt, brokket, glideflader, lyst brunt, Ma Eo
| Khl.
E: WI=140,8 'p=35,s -21
— 799[ LER -"- Ma Eo
| Cv cv 800
v=615 Wi=134.5 | wp=3s8
g CH ~ H so1| LER -*- Ma Eo
\
Wi=181,8] Wp=44,3 -22
\ — 802| LER, meget fedt, brokket, glideflader, grenlig grat Ma Eo
\ khl.
\
qqg wi=1465 Wp=3f2  \
k S - 803[ LER -"- Ma Eo
‘§ \
CEE ET=rd e
| 804| LER -"- Ma Eo
\ 805
Gvr Wi=169,5 p=A1€‘
\'\ Cv=54§} | 806] LER -"- Ma Eo
=5 WI=197,8 Wp=415 -24
<(f J | I 807| LER -"- Ma Eo
v Cv=6T2
o115 5 drs1o welssz T
N S IH 808| LER, meget fedt, brokket, glideflader, olivenbrunt, ~ Ma Eo
| Kkhi.
X K[ Wi=194,0] Wp:‘fm -25
24 — 809 LER -"- Ma Eo
qc pH w
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 5 s.3/8

&% Grontmij | Carl Bro

TIf. 98 79 98 00, Fax 98 79 98 01
Sofiendalsvej 94, 9200 Aalborg SV
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271

28
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30

31 1

32 1
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=) >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
qc pH w Fortsat
t:> e 810
S = =
P Cvr WI=1§78 2| W8y
[0 . — 811| LER, meget fedt, brokket, glideflader, lyst brunt, Ma Eo
G\,\ | |ov=Tis Khi,
* We=3.3 [ Wi=1207 26|
[ =| — 812| LER, meget fedt, brokket, glideflader, lyst Ma Eo
\ Cv=701 olivengrat, khl.
qc c{=7860) wpfat7 T | wi=157.0
I - B
3 | 4 813| LER -"- Ma Eo
\
WI:18;\O Wp=40,1 -27
\ 814| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
815 Kkhi.
—
N Clr V2 woazal', Gy
S a Qreroe H e1e| Ler -- Ma Eo
5 =8 w704 womaos | 28|
{ — 817 LER -"- Ma Eo
wi=\e6.3 [Wp=350 |V
d —818] LER -"- Ma Eo
> \
S —1 29|
Wi=230,8 Wp5.3
N 819[ LER -"- Ma Eo
820
Cvr Wi=245,0] W=y
W=41.9 B [ 821| LER, meget fedt, glideflader, glaukonitk., markt Ma Eo
IEN Cv=629 grenlig grat, khl.
Wi=225.4] Wp=44/ -30]
/ 1 822| LER, meget fedt, glideflader, merkt grenlig grat, Ma Eo
C-686 khl.
cv=712 =170
[ 823| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
khl.
2 1
oC Wizsa g whara | 3
\\ 824| LER, meget fedt, brokket, glideflader, markt Ma Eo
?> N 825 olivengrat, khl.
; @R10.9 W=
w=X1.5 - .
o Cv=744 826| LER Ma Eo
/]
—~] } wi=213p Wp=3€8 -32
<7 0 " H — 827| LER, meget fedt, brokket, glideflader, olivenbrunt, Ma Eo
4 khl.
wi=T{1.5 lp=35.5
41:: o H s28| LER -"- Ma Eo
1
-33|
I=182,1| Wp=38,5
</ & 829| LER -"- Ma Eo
53 1 830
=32[7 Wiap
r Cv=972 1 831| LER, meget fedt, brokket, glideflader, lyst granlig Ma Eo
| v=or grat, khl.
=~ Wi=22 1‘& L Womate | o4
& — 832| LER, meget fedt, brokket, glideflader, markt grat, Ma Eo
qc WpH khl.
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m>2)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 5 s.4/8
. TIf. 987998 00, Fax 98 79 98 01 -
6G|‘Qn‘tm|‘ [ Carl Bro Sofiendalsvej 94, 9200 Aalborg SV Bo reprofll
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=) >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
qc wpH Fortsat
o /(\\ Cv=858
N .
— [—1 833| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
1 khl.
qc Wi=215,8 Wp=44.0 -35
- | 834| LER -"- Ma Eo
! 835
Cvr | Wf190.d wp=35.1 T Cv
gg o i 520 [ 836| LER, meget fedt, brokket, glideflader, oliven, khl. Ma Eo
1
WI=189,5 Wp=38,2 -36
Cvi 1 [ 22 — 837| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
o 1 |cv=887 khl.
wif207.0 ' \p=35.1
1 838] LER -"- Ma Eo
\
>
é WI=203 ) Wp=38,3 -37
\ 839| LER -"- Ma Eo
\
\ 840
Cvr WI§228,0 Wp43,5 v
\§ H 841| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
T Cv=829 khl.
‘\ 71 WI=199,7] Wp=40,8 -38
® — 842 LER -"- Ma Eo
Cv=744
Cl=887 Wi{iss0 |y VW lwp=35.8
@ H 843| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
\ Kkhl.
e e B
® \ 844| LER -"- Ma Eo
\ 845
T TR CY_Cv H s46| LEr -~ Ma E
T Qcv=972 o a ko
847 LER -"- Ma Eo
Cy=829 W
- 848| LER, meget fedt, brokket, glideflader, lyse Ma Eo
kalkkonkretioner, grenlig grat, khl.
WI=225,5 Wpag1.1 -41
\ 849| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
\ khl.
lac \ 850
Wi=220,0| Wp=42.0
< '=40.5 [ 851| LER, meget fedt, brokket, glideflader, markt Ma Eo
\H olivengrat, khl.
Wizaad womiez | 42
— 852| LER, meget fedt, brokket, glideflader, markt Ma Eo
< grenlig grat, khl.
WI=227.5 [Wp=395
5\%’ =402 § - 853 LER -"- Ma Eo
g J Wizsod womaz7 | 43
& —| 854 LER -"- Ma Eo
pH w
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
Udarb. af : HLa Kontrol : Godkendt : Dato : Bilag: 5 s.5/8

TIf. 98 79 98 00, Fax 98 79 98 01
Sofiendalsvej 94, 9200 Aalborg SV
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<) >
9 % £ .
Q 3 |12 N N = o
Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
pH w Fortsat
qc \ 855
=190,0 Wg=39,5
\ (ﬁl [ 856| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
khl.
WI=237,00 Wp=43, “ 44
J — 857| LER -"- Ma Eo
Wi=234,0] Wp=41.8
=40.5 1 858] LER -"- Ma Eo
— Wizas g womaas | 49
859 LER -"- Ma Eo
dc 860
Wi=208.0
/; - 861| LER -"- Ma Eo
-46|
> I 862| LER -"- Ma Eo
W=45.4 H 863| LER, meget fedt, brokket, glideflader, mearkt grat, Ma Eo
khl.
Iy
S WI=293,5] Wp=57,2 -47
> 864| LER -"- Ma Eo
qc 865
Wi=281.0| Wp=47.4
4\ W=44.5 H s66| LER -"- Ma Eo
>
< WI=294,7] Wp=51.6 -48|
r> — 867 LER -"- Ma Eo
’\ wi=288,5 Wp=50Y
% W=47.9 H 868 LER -"- Ma Eo
— é Wimazod wesze | 49|
869| LER, meget fedt, brokket, glideflader, enk. Ma Eo
870 kalkkonkretioner, markt grat, khl.
qec WI=308,5 Wp=44,7
W=45.1 H 871| LER, meget fedt, brokket, glideflader, markt Ma Eo
% olivengrat, khl.
= wiszs.q wo-ss7 | ~20
( } H 872 LER -"- Ma Eo
Wi=331,0] Wp=46.4
W=47.5 H 873| LER -"- Ma Eo
} WI=349,7| Wp=56,4 -51
. 874| LER -"- Ma Eo
qc 875
1=259,0 Wp=36.0
} - [ 876| LER, meget fedt, brokket, glideflader, merkt grat, Ma Eo
khl.
4 \n Wizesd oo | 22
& — 877 LER -"- Ma Eo
qc pH w
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
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Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
X O |l Z < <
qc pH w Fortsat
WI=279,5 Wp=46,9
W=44.8 [ 878| LER, meget fedt, brokket, glideflader, markt grat, Ma Eo
khl.
WI=285,4] Wp=50,7 -53
879| LER -"- Ma Eo
880
qe Wi=296,0| Wp=433
W=46.1 [ 881| LER, meget fedt, brokket, glideflader, markt Ma Eo
QL olivengrat, khl.
WI=271,00 Wp=54,8 -54
882 LER -"- Ma Eo
>
WI=176,8 Wp=47.1
< W=42.9 1 883| LER, meget fedt, brokket, glideflader, mearkt grat, Ma Eo
khl.
7| Wp=45.0 -55
@ 884| LER, meget fedt, brokket, glideflader, merkt grat, Ma Eo
885 st. khl.
qc WI=240,00 Wp=42,6
| W=43.2 H 886| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
{ merkt grat, khi.
WI=234,6] Wp=452 -56
? — 887| LER, meget fedt, brokket, glideflader, olivengrat, Ma Eo
khl.
WI=203,0 p=42.9
/Ef - 888| LER -"- Ma Eo
_ -
-
w3252 Wp=463 -57|
Pl 889| LER -"- Ma Eo
47 - 890
_ =20 p=129
(@] —| 891| LER, meget fedt, brokket, glideflader, store Ma Eo
kalkkonkretioner, lyst olivengrat, st. khl.
WI=216,5| Wp=42.6 -58|
— 892| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
khl.
Wpizm wi=gh,5 V¥
< [ 893| LER, meget fedt, brokket, glideflader, markt Ma Eo
[ \ grenlig grat, khl.
T ETR O R
\ 894| LER, meget fedt, brokket, glideflader, nedknust, Ma Eo
1 895 merkt grenlig grat, khl.
T 1217.3 Wp=42,0 |
[ 896| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
<::r'— | st. khl.
g Wi=237.0] wmslh ~60)
[ | — 897| LER -"- Ma Eo
§ !
7~ =2120 wg=410 |
<§ H 88| LER -"- Ma Eo
I
& WI=233,8] Wp:ﬁw 61
1 899| LER, meget fedt, brokket, glideflader, grenlig grat, Ma Eo
pH w kfr.
Fortszettes
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
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Forsggsresultater S'E’J S 18| « Jordart Karakterisering 2 T
N O o 4 < <
pH w Fortsat
\ 900
qc WI=243,5| Wp=438
W=45.7 I 901| LER, meget fedt, brokket, glideflader, meget Ma Eo
ﬂ markt grenlig grat, khl.
é WI=207,4] Wp=53.9 -62
— 902| LER, meget fedt, brokket, glideflader, markt grat, Ma Eo
Kkhl.
T wi=321.0| Wp=48.8
% W=42.8 [ 903| LER -"- Ma Eo
= WI=246,8 Wp=47.4 -63)
904| LER -"- Ma Eo
905
qc WI=266p Wp=39,8
\ W=44.4] ] 906] LER -"- Ma Eo
=
zf WI=243,81 Wp=46,9 -64
> — 907| LER -"- Ma Eo
’
’
{ 1=298,0 Wp=51,5
d [ 908] LER -"- Ma Eo
\
Ps .
/{ WI=263,5 Wp=452 |
N 909| LER, meget fedt, brokket, glideflader, meget Ma Eo
910 maerkt grat, khl.
qc Wi=241.0] Wp=46.2
f W=42.9 911 LER -"- Ma Eo
{‘r WI=236,0] Wp=58,0 -66|
é — 912 LER -"- Ma Eo
WI=288,0] Wp=52,0
/ W=45.6 1 913] LER -"- Ma Eo
= ®/ Wiszs12 wpmez7 | 07|
914| LER -"- Ma Eo
qc pH élsus
-68|
-69
-70
6] 10 20 30 W (%)
[ Je] 100 200 300 Cv,Cvr (kN/m?)
10 qc (MN/m?)
® 9 pH
Boremetode : Terboring med foring
X : 218921 (m) Y :192840 (m)  Plan:
Sag : 25.0705.61 Arhus, Light*House
Geolog: JBM Boret af : LER/JQB Dato : 20071015 DGU-nr.: Boring : L*H11
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>
P . N
Forsegsresultater oE DR o Jordart Karakterisering X T le |®
xT|08| Z < ju | ¥
DVRS0 +1,9
qc ; 1
~ASFALT, iflg. boreleder
STABILT GRUS, brun, iflg. boreleder
1| FYLD: SAND, fin, m. enk. skalfragmenter, Fy Re -
brungrat
2| FYLD: SAND, fin - mellem, sv. gruset, Fy Re -
brungrat
3| FYLD: SAND, fin, slaggebl. m. enk. martel Fy Re -
og teglstykker, grasort
e
4| FYLD: SAND, fin, m. enk. sma Fy Re -
skalfragmenter og tegistykker,
markegrat
5| FYLD: SAND, fin, m. enk. sma Fy Re -
skalfragmenter, merkegrat
x 6] FYLD: SAND -"- Fy Re e
7| FYLD: SAND, fin, m. enk. grusk. og sma Fy Re =
skalfragmenter, merkegrat
l 8| FYLD: SAND -"- Fy Re -
9} FYLD: SAND, m. enk. sma skalfragmenter, Fy Re -
grat
10| FYLD: SAND -"- Fy Re -
11| GYTJE, stedvis sandet, m. enk. grusk., Ma Pg (+)
P og skalfr: 4
12 markt grenliggrat -
“SAND, fin - mellem, m. enk. sma Ma Pg
skalfragmenter, morkegrat
L 13} SAND -"- Ma Pg -
14| SAND, fin - mellem, m. enk. sma Ma Pg -
og skalir B
[k}
| — maorkegrat
15| SAND, fin, siltet, m. gytjelag og enk. sma Ma Pg -
skalfragmenter, morkegrat
w
G 18| LER, sandet, siltet, sv. gruset, m. enk. Ma Pg -
=4 sma skalfragmenter, grat
~<
17| LER, meget fed, m. enk. sandslirer og Gl Ge +)
Cvr] by grusk., graligt olivenfarvet
18| LER, meget fed, m. enk. sandslirer, sv. Gl Ge ()
5 glimmerh., lyst olivengrat
i
\.. g
qc  Civr Cfv w
Fortsasttes
T T T
o] 10 20 30 w (%) Pr. 4 - 10: Indpumpet postglacialt marint sand. Pr. 15: Lagdelt.
T T T
A 14 18 22 v (kN/m?) Pr. 16: Tertizert praeget. Pr. 17 og 18: Tertizert preaget.
T T T
® 100 200 300 Cfv,Cfvr (kN/m?) Pr. 17 - 23: Viborg ler. N. Oligecaen. Pr. 24 - 55: Sevind mergel. &. Eoc:
T T T
10 20 30 qgc (MN/m?#) Boremetode : Terboring med 6" snegl
Koordinat system : U3ZEUREF88
X : 575537 (m) Y : 6224513 (m) Plan:
Sag: 72993-G-1 Bestseller. Nyt kontordomicil, Pier 2 Arhus Havn
Geolog :  LCX Boret af : SNC Dato : 20100407 DGU-nr.: Boring : B/CPT304
Udarb. af : AMU/AMIA, Kontrol : ELP&E Godkendt : /VYES> Dato: = v Bilag : 1.4 s.1/3
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245 2 - £ 5|8 |
Forsagsresultater o Ela DR o Jordart Karakterisering ° o |g |=
Xxj02,| 2 L T
qc  Cfvr M Cfv w Fortsat
A /0 % 19[-LER, meget fed, sv. glimmerh., gréligt Ma Te )
/ olivenfarvet
{ N 20| LER -"- Ma Te +
1 21| LER, meget fed, stedvis, glaukonith., sv, Ma Te +
glimmerh., graligt olivenfarvet
\.(& 22} LER, meget fed, m. glaukonitpartier, sv. Ma Te +
glimmerh., graligt olivenfarvet
b \c Y
4 A 23| LER. meget fed, st. glaukonith., sv. Ma Te *
: C( glimmerh., lyst olivengrat
i 24| LER, meget fed, m. enk. glaukonitk., lyst Ma Te *
olivengrat
3
L
i 25| LER -"- Ma Te +
} 3\» 26} LER -"- Ma Te +
) / A 27} LER -"- Ma Te +
i \x) cy{ —| 28| LER, meget fed, lyst olivengrat Ma Te +
cm/ |
/ =112/ 4 29| LER -"- Ma Te +
e
K }\ B —{ 30| LER -"- Ma Te +
o cz% .14
/ A o /- 31| LER -"- Ma Te +
G
ivd
} K 1 32| LER -"- Ma Te F
< Do =
r 1 33| LER -"- Ma Te +
L 1< :
\G\ B 5 -| 34| LER, meget fed, graligt olivenfarvet Ma Te (+)
\ﬁ) 671 _15]
/ A G'e/ /- 35| LER, meget fed, lyst olivengrat Ma Te +
& o
H 36| LER -"- Ma Te +
/ N i
¢ p -1 £
— 37| LER -"- Ma Te +
qc Cfvr Cw
Fortsesttes
T " T
O 10 20 30 w (%) Pr. 4 - 10: Indpumpet postglacialt marint sand. Pr. 15: Lagdelt.
T T T
A 14 18 22 7 (KN/m*) Pr. 16: Tertizert preeget. Pr. 17 og 18: Tertizert preeget.
T T T
® 100 200 300 Cfy,Cfvr (KN/m?) Pr. 17 - 23: Viborg ler. N. Oligoczen. Pr. 24 - 55: Savind mergel. &. Eoci
T T T
10 20 30 qc (MN/m?) Boremetode : Terboring med 6" snegl

X : B75537 (m)

Koordinat system : U32ZEUREF89

Y : 6224513 (m)

Plan =

ren

Sag : 72993-G-1

Bestseller. Nyt kontordomicil, Pier 2 Arhus Havn

Geolog: LCX Boret af : SNC Dato : 20100407 DGU-nr.: Boring : B/ICPT304
Udarb. af : AMU/A™i Kontrol : ELFE Godkendt : Ar 5 Dato: Z5 t(L Bilag: 1.4 s.2/3
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Forspgsresultater o § ‘g =3 1 Jordart Karakterisering e B |2 1T
X 2l 2 < < jo jx
qc Civr Civ Fortsat
4 :d v
}K C? ] 38| LER, meget fed, lyst olivengrat Ma Te +
[
o 551 A I
A /G /- 39| LER -"- Ma Te +
@< e 76'
\i Cyéé —1 40| LER -"- Ma Te +
: w/
c{ = —| 41| LER, meget fed, granlig grat Ma Te +
cf 7€
o Cy£ — 42| LER -"- Ma Te +
/
¥ dwidr] | |
A q / /- 43| LER, meget fed, lyst olivengrat Ma Te e
¢ )z’
d ( —| 44| LER, meget fed, stedvis m. heerdnede Ma Te +
VEFOZ mergelpartier, lyst olivengrat
Cv>702 20)
L —| 45| LER, meget fed, stedvis m. enk. haerdnede Ma Te +
Cyr :/ mergelpartier, lyst olivengrat
el o
\C C‘{‘}g — 46| LER, meget fed, olivengrat Ma Te =
L /'jﬁw-m
A /@' /- 47| LER, meget fed, lyst olivengrat Ma Te +
il
3 % —| 48] LER -"- Ma Te +
Cyv>70p 29)
") T —| 49| LER, meget fed, m. enk. glaukonitslirer, Ma Te +
Ciyr / lyst olivengrat
el c] y/e'
Gk —{ 50| LER, meget fed, m. enk. glaukonitslirer, Ma Te )
>0 <645 olivengrat
0l L oy
A G /. 51} LER, meget fed, m. enk. glaukenitslirer, Ma Te +
( ) ;64" lyst olivengrat
c}’é- 1 52| LER, meget fed, lyst olivengrat Ma Te (+)
1} 'éﬂ.._u .
/ | =2 — 53| LER, meget fed, m. enk. glaukonitslirer, Ma Te (+)
| | Iyst olivengrat
4 <71
~5 Cyé? 54| LER -"- Ma Te )
Cfw /
Cv>70 v
= 55| LER, meget fed, lyst olivengrat Ma Te +
o 10 20 30 w (%) Pr. 4 - 10: Indpumpet postglacialt marint sand. Pr. 15: Lagdelt.
T T T
A 14 18 22 7 (KN/m?) Pr. 16: Tertizert praaget. Pr. 17 og 18: Tertizert praeget.
T T T
® 100 200 300 Cfv,Cfvr (kKN/m?) Pr. 17 - 23: Viborg ler. N. Oligoceen. Pr. 24 - 5§5: Savind mergel. @. Eoc
T T T
10 20 30 qgc (MN/m?) Boremetode : Terboring med 6" snegl
Koordinat system : U32ZEUREF89
X : 575537 {m) Y : 6224513 (m) Plan :

ten

Sag: 72993-G-1
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EE Forsggsresultater § |Jordart Karakterisering
DVR90 +1,9
J,.
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2 oy 53
i L }
D
L

T e I e L L LR LT T

Fortszettes
T T T T T T T T T T
0.4 0.8 1.2 1.8 0.04 0.08 012 0.16
"""" 9e (MPa) Tt fs (MPa) Ry (%)
1 T T T ¥ L Y 4
8 16 24 32 0 0.1 0.2 0.3
qc (MPa) u (MPa)
Sonde nr. : Koordinat system : U32ZEUREF89
Sonde type : X : 575537 (m)

Y : 6224513 (m)

Plan :

Sag : 72993-CPT Bestseller. Nyt kontordomicil, Pier 2 Arhus Havn
Project : Udfart af : HJT 20100408 Rig :
Udarb. af : AMUAMK Kontrol : ELPE /é¢@s” Godkendt: Ar 25
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25 1—tv

CPT nr. : CPT304

Bilag: 1.4CPT s.1/3
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Fortszettes
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Sonde . : Koordinat system : U32EUREF89
Sonde type : X : 575537 (m)
Y : 6224513 (m) Plan :
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APPENDIX G
Additional classification

This appendix contains data and results from classificaésts that are not directly
presented in an paper. The tests listed below and the resaltisted in Table G.1:

¢ Natural water contenty

¢ Grain size distribution

4 Liquid limit, wy,

¢ Plastic limit,wp

¢ Relative density(7,

¢ Chloride (cI") content of pore water

¢ pH of pore water
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224 Additional classification

Table G.1 Classification of BS samples as well as two LH sample&:%: found on sample part smaller
than 0.063 mm, **: Smaller than 0.063/0.02 mm and ***: test parfed twice.

Sample w,,; Grainsize* w;, wp Gy cl™ pH

BS1  39.3 90.7/57.5  90.0 323 272  1.68 8.28
BS2  39.3 91.1/529 805 30.0 2.77/2.71* 151 8.63
BS3 399 91.1/526 788 316 272 172 83
BS4 400 92.0/51.3 756 319 272 171 8.43
BS5  40.1  90.4/50.8 761 322 272 161 8.43
LH815 3.0 91.8/79.7 1743 362  2.79 1.0 9.36
[94.4/68.4]*
LH855 38.2  95.8/81.6 1953 33.0 277 0.8 9.24
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APPENDIX H
Incremental Loading

Oedometer Tests

This appendix contains data and results from Incrementatiioy Oedometer (ILO)
tests that are not directly presented in a paper.

Re-loading load programme

— 225 —



226 Incremental Loading Oedometer Tests

Table H.1 Load programme for the re-loading ILO tests.

Re-load (test 1) Re-load (test 2/3) Re-load (test 4)

Step Load o}, Load oy Load oy,
kgl [kPa] [kg]  [kPa]  [kg] [kPa]

1 0.5 16.2 1 26.9 0.5 141
2 1 26.9 2 52.4 1 26.9
3 2 52.4 4 103.5 2 52.4
4 4 103.4 9 231.0 4 103.5
5 8 2055 19 486.2 8 205.5
6 155 396.9 29 741.4 155 396.9
7 10.5 269.3 135 345.9 8 205.5
8 155 396.9 19 486.2 155 396.9
9 31 792.4 39 996.5 31 792.4

10 62 15834 59 1506.9 62 1583.4
11 125 31910 79 2017.2 125 3191.0
12 62 15834 99 2527.5 62 15834
13 31 792.4 119 3037.9 31 792.4

14 62 15834 99 2527.5 62  1583.4
15 125 31910 79 2017.2 125 3191.0
16 62 15834 59 1506.9 62 1583.4
17 155 396.9 39 996.5 155 396.9
18 31 792.4 59 1506.9 31 792.4

19 62 15834 79 2017.2 62 1583.4
20 125 3191.0 99 2527.5 125 3191.0
21 31 7924 119 3037.9 31 792.4

22 8 205.5 99 2527.5 8 205.5

23 155 396.9 79 2017.2 155 396.9
24 31 792.4 99 2527.5 31 792.4

25 62 15834 119 3037.9 62  1583.4
26 125 3191.0 139 3548.2 125 3191.0
27 250 6380.6 159 4058.6 250 6380.6

28 - - 179 4568.9 - -
29 - - 199 5079.2 - -
30 - - 219 5589.6 - -
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Tolkning af konsolideringsforseg - Test 1
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Tolkning af konsolideringsforsgg - Test 1

Forsggsresultater

Veerdi Bemarkninger

Tejningsindeks Q= 24,88 %

Krybningstgjningsindeks Q= 1,89 %

Forbelastningsspaending ‘e kPa

Svelletryk w = kPa

Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 56 0,082 -0,259 -0,970 68,25 7,7E-09 5,28E-05
2 107 0,037 -0,442 -1,318  -112,62 -1,2E-11  1,31E-07
3 209 -0,236 -0,001 -0,001 -37,48 -1,1E-10 3,95E-07
4 413 0,515 0,114 0,074 27,20 2,2E-11  5,99E-08
5 821 2,404 0,082 0,230 21,61 1,5E-11  3,15E-08
6 1536 4,694 0,151 0,344 31,20 7,8E-12 2,44E-08
7 2557 6,961 0,197 0,388 45,01 4,4E-12 1,98E-08
8 5108 11,191 0,533 1,138 60,33 2,2E-12  1,32E-08
9 7660 15,376 0,721 1,890 60,97 1,0E-12 6,15E-09
10 10212 18,424 1,337 0,924 83,71 5,8E-13 4,87E-09
1" 13274 21,954 0,624 1,796 86,75 4,0E-13  3,49E-09
12 16336 24,475 0,538 1,678 121,43 2,3E-13  2,79E-09
13 20418 26,651 0,952 0,803 187,61 1,7E-13  3,16E-09
14 25522 29,298 0,460 1,397 192,86 1,2E-13  2,41E-09
15 5 13,337 -0,404 -0,875 159,88 1,3E-13  2,12E-09
Sag: Sgvind Marl Side 2

Undersggt d.  April 2012 Boring nr.  LH815
Lab. nr. Test 1

Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforsgg - Test 2

Forsggsresultater

Veerdi Bemarkninger
Tejningsindeks Q= 22,15 %
Krybningstgjningsindeks Q= 1,74 %
Forbelastningsspaending ‘e = 6973 kPa
Svelletryk 'sw = kPa
Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 56 0,033 -0,205 -0,536 170,14 1,1E-10 1,89E-06
2 107 -0,132 -0,071 -0,150 -30,94 -1,6E-11  4,82E-08
3 209 -0,138 -0,046 -0,122  -1662,92 -4,0E-13 6,72E-08
4 413 0,018 0,010 0,029 130,72 1,4E-11 1,77E-07
5 821 0,724 0,041 0,106 57,86 1,2E-11  7,19E-08
6 1536 2,071 0,077 0,198 53,03 6,1E-12 3,26E-08
7 3067 4,295 0,146 0,378 68,83 4,6E-12 3,18E-08
8 6129 7,415 0,552 0,501 98,16 3,2E-12 3,14E-08
9 12253 14,901 0,532 1,742 81,80 1,2E-12  9,64E-09
10 18377 19,546 0,444 1,508 131,85 4,7E-13  6,14E-09
1" 24501 21,481 0,297 1,079 316,37 1,2E-13  3,94E-09
Sag: Sgvind Marl Side 2
Undersggt d.  8.April 2010 Boring nr.  LH840a
Lab. nr. Test 2 Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforseg - Test 3
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Lab. nr. Test 3 Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforseg - Test 3

Forsggsresultater

Veerdi Bemarkninger

Tejningsindeks 19,74 %

Krybningstgjningsindeks = 2,02 %

Forbelastningsspaending 5785 kPa

Svelletryk = kPa

Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 56 0,080 -0,340 -0,848 69,69 3,1E-11  2,19E-07
2 107 -0,195 -0,316 -0,903 -18,53 -1,6E-10 2,89E-07
3 209 -0,449 -0,128 -0,259 -40,17 -4,5E-11  1,82E-07
4 413 -0,387 0,038 0,008 330,95 9,1E-12  3,01E-07
5 822 0,451 0,042 0,109 48,70 2,3E-11  1,13E-07
6 1536 1,936 0,095 0,244 48,12 8,7E-12 4,17E-08
7 3067 3,879 0,340 0,188 78,77 6,5E-12 5,11E-08
8 6129 7,581 0,350 1,004 82,71 2,9E-12 2,37E-08
9 12253 15,018 0,723 2,023 82,35 1,2E-12 9,87E-09
10 18377 19,186 0,573 1,652 146,92 4,1E-13 6,07E-09
1" 24501 20,882 0,695 0,638 361,01 1,8E-13 6,56E-09
Sag: Sgvind Marl Side 2
Undersaggtd. 19. november 2009 Boring nr.  LH840b
Lab. nr. Test 3

Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforseg - Test 4
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Tolkning af konsolideringsforseg - Test 4

Forsggsresultater

Veerdi Bemarkninger
Tejningsindeks 24,63 %
Krybningstgjningsindeks = 1,29 %
Forbelastningsspaending kPa
Svelletryk = kPa
Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 56 0,414 -0,547 -1,389 13,55 2,8E-10 3,80E-07
2 107 -0,056 0,004 0,004 -10,87 -3,9E-10 4,24E-07
3 31 0,755 0,237 0,078 25,18 5,1E-10 1,29E-06
4 413 4,719 0,000 0,000 2,57 5,4E-13 1,40E-10
5 822 2,419 0,403 0,140 -17,75 -7,0E-10 1,24E-06
6 1536 3,829 0,508 0,182 50,68 2,5E-10 1,29E-06
7 2557 5,277 0,718 0,321 70,48 1,1E-10 8,01E-07
8 5108 8,310 1,773 0,687 84,14 3,7E-11  3,10E-07
9 7660 11,314 0,438 0,187 84,94 4,2E-11  3,60E-07
10 10212 15,768 2,839 1,158 57,28 9,0E-12 5,13E-08
1" 13274 19,759 1,888 1,274 76,73 3,8E-12 2,93E-08
12 16336 22,592 1,518 1,203 108,08 1,6E-12 1,74E-08
13 20418 25,409 0,661 0,576 144,96 8,7E-13 1,26E-08
14 25522 27,365 1,210 1,290 260,89 4,7E-13 1,23E-08
15 5 10,221 -0,779 -2,067 148,84 1,7E-13  2,46E-09
Sag: Sgvind Marl Side 2
Undersggt d.  April 2012 Boring nr. BS3
Lab. nr. Test 4

Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforseg - Re-load (test 1)
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Lab. nr. Re-load (test 1) Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforseg - Re-load (test 1)

Forsggsresultater

Veerdi Bemarkninger
Tejningsindeks Q= #VARDI! %
Krybningstgjningsindeks Q= 1,92 %
Forbelastningsspaending ‘e = 0 kPa
Svelletryk 'sw = kPa
Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 16 0,133 -0,279 -3,850 12,15 3,3E-10 3,99E-07
2 27 -0,146 -0,361 -1,051 -3,84 -6,5E-11  2,49E-08
3 52 -0,443 -0,363 -0,770 -8,58 -5,9E-11  5,02E-08
4 103 -1,049 -0,199 -0,566 -8,43 -2,0E-12  1,67E-09
5 206 -0,994 0,018 0,037 185,73 7,6E-12 1,41E-07
6 397 -0,068 0,056 0,157 20,68 2,2E-11  4,56E-08
7 269 -0,178 -0,018 -0,035 116,49 5,3E-12 6,18E-08
8 397 -0,030 0,047 0,080 86,25 1,5E-11  1,33E-07
9 792 1,987 0,193 0,482 19,61 1,0E-11  2,00E-08
10 1583 4,899 0,242 0,543 27,16 6,2E-12 1,68E-08
1 3191 8,297 0,399 0,859 47,31 4,1E-12  1,94E-08
12 1583 7,843 -0,035 -0,077 353,63 1,2E-12 4,22E-08
13 792 6,330 -0,134 -0,237 52,30 3,1E-12 1,64E-08
14 1583 6,850 0,074 0,060 152,03 2,7E-12 4,16E-08
15 3191 8,622 0,321 0,210 90,76 3,8E-12 3,44E-08
16 1583 8,169 -0,019 -0,037 355,15 1,2E-12 4,15E-08
17 397 5,426 -0,544 -1,428 43,26 2,9E-12 1,24E-08
18 792 5,320 0,022 0,058  -374,90 -9,2E-13  3,46E-08
19 1583 6,819 0,106 0,189 52,78 4,2E-12 2,23E-08
20 3191 8,524 0,569 0,176 94,29 2,8E-12 2,62E-08
21 792 6,805 -0,119 -0,227 139,52 1,4E-12 1,97E-08
22 205,517 4,131971792 -0,66421 -1,863114 21,95733  1,65E-12 3,62E-09
23 396,893 3,680805337 0,051832 0,0281614 -42,41798 -1,261E-11 5,35E-08
24 792,402 4,827299499 0,082401 0,1737806 34,49732 6,152E-12 2,12E-08
25 1583,42 6,80091382 0,127546 0,2480988 40,07974 4,742E-12  1,9E-08
26 3190,98 9,0291904 0,171881 0,3349456 72,14346 3,831E-12 2,76E-08
28 1,38275 2,607988856 -2,44973  -7,46015 59,8325 1,008E-12 6,03E-09
Sag: Sgvind Marl Side 2
Undersagt d.  April 2012 Boring nr.  LH815
Lab. nr. Re-load (test 1) Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforsgg - Re-load (test 2/3)
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Tolkning af konsolideringsforseg - Re-load (test 2/3)

Forsggsresultater

Veerdi Bemarkninger
Tejningsindeks Q= 19,53 %
Krybningstgjningsindeks Q= 0,86 %
Forbelastningsspaending ‘e = 6812 kPa
Svelletryk 'sw = kPa
Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 27 0,026 -0,002 -0,003 104,47 1,3E-10 1,36E-06
2 52 0,130 -0,001 -0,002 24,54 7,6E-10 1,87E-06
3 103 0,340 0,001 0,001 24,22 1,1E-09 2,67E-06
4 231 0,546 -0,007 -0,011 62,14 2,9E-10 1,81E-06
5 486 0,805 0,084 0,167 98,38 8,8E-11 8,67E-07
6 741 1,413 0,032 0,067 41,97 1,6E-11  6,92E-08
7 346 1,220 -0,035 -0,076 204,42 1,3E-12  2,56E-08
8 486 1,219 0,002 0,003 -94383,84 -2,5E-14  2,35E-07
9 997 1,985 0,103 0,213 66,71 9,0E-12 6,01E-08
10 1507 2,651 0,553 0,160 76,55 6,0E-12 4,62E-08
1" 2017 3,673 0,407 0,188 49,93 1,7E-11  8,47E-08
12 2528 4,463 0,384 0,222 64,66 1,3E-11  8,22E-08
13 3038 5,228 0,351 0,289 66,69 8,5E-12 5,66E-08
14 2528 5,571 0,000 0,000 -148,73 -1,3E-11  1,92E-07
15 2017 5,478 -0,003 -0,011 547,33 2,4E-12 1,30E-07
16 1507 5,224 -0,003 -0,014 201,16 3,0E-12 6,10E-08
17 997 4,693 0,000 0,000 96,10 5,1E-12 4,94E-08
18 1507 4,772 0,032 0,019 647,64 2,8E-12 1,78E-07
19 2017 5,054 0,051 0,035 180,98 6,3E-12 1,15E-07
20 2528 5,340 0,098 0,058 178,04 5,7E-12 1,01E-07
21 3038 5,705 0,109 0,166 139,94 4,7E-12 6,62E-08
22 2527,55 5,785926285 0,00502 0,0202522 -631,3152 -4,465E-12 2,82E-07
23 2017,21 5,70255739 0,000248 0,000433 612,141 1,716E-12 1,05E-07
24 2527,55 5,756257902 0,011978 0,0080727 950,3358 2,7E-12  2,57E-07
25 3037,88 5,878528171 0,043078 0,1044079 417,3829 3,089E-12 1,29E-07
26 3548,22  6,140268385 0,209266 0,1963904 194,9778 3,946E-12 7,69E-08
28 4568,89 7,190750849 0,529429 0,4347791 83,88082 1,259E-11 1,06E-07
29 5079,22 7,938779876 0,601555 0,5868878 68,22398 7,767E-12 5,3E-08
30 5589,56 8,907265061 0,448814 0,8579452 52,69417 2,766E-12 1,46E-08
Sag: Sgvind Marl Side 4
Undersggt d. 19. november 2009 Boring nr.  LH840
Lab. nr. Re-load (test 2/3) Samlet belastningsforleb (AC.)
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Tolkning af konsolideringsforseg - Re-load (test 4)

Forsggsresultater

Vaerdi Bemarkninger
Tejningsindeks Q= #VARDI! %
Krybningstgjningsindeks Q= 0,55 %
Forbelastningsspaending ‘e = 0 kPa
Svelletryk 'sw = kPa
Trin ' [kPa] 100 [%] or [%] s[%] KIMPa] k [mis] _c, [m?s]
1 14 -0,009 -0,382 -7,608  -150,94 -4,6E-10 6,88E-06
2 27 -0,390 -0,173 -0,283 -3,35 -1,4E-09 4,57E-07
3 52 -0,492 -0,013 -0,039 -24,91 -7,5E-13  1,87E-09
4 103 -0,363 0,015 0,009 39,59 9,9E-11  3,94E-07
5 206 0,023 0,206 0,064 26,45 2,5E-10 6,50E-07
6 397 1,005 0,236 0,116 19,49 2,3E-10 4,46E-07
7 206 1,035 -0,011 -0,030  -633,00 -3,0E-12  1,92E-07
8 397 1,208 0,055 0,078 110,61 4,5E-11 5,01E-07
9 792 2,172 0,329 0,199 41,05 1,6E-10 6,54E-07
10 1583 3,492 0,438 0,301 59,89 8,7E-11 5,20E-07
1" 3191 5,547 0,779 0,552 78,25 8,0E-11 6,23E-07
12 1583 6,052 -0,002 -0,002  -317,97 -5,0E-11  1,59E-06
13 792 5,581 -0,027 -0,074 167,87 2,5E-11  4,17E-07
14 1583 5,801 0,051 0,048 360,30 4,2E-11 1,53E-06
15 3191 6,484 0,234 0,536 235,11 5,6E-11 1,31E-06
16 1583 6,451 -0,005 -0,009 477178 3,9E-12 1,86E-06
17 397 5,238 -0,090 -0,151 97,89 3,0E-11  2,90E-07
18 792 5,341 0,062 0,025 385,32 3,2E-11  1,23E-06
19 1583 5,921 0,115 0,078 136,48 7,8E-11  1,07E-06
20 3191 6,763 0,203 0,410 190,80 7,4E-11  1,41E-06
21 792 6,180 -0,020 -0,041 411,39 2,4E-11 1,01E-06
22 205,523 4,740912731 -0,14545 -0,246616 40,77577 3,878E-11 1,58E-07
23 396,898 4,763377184 0,018201 0,0263731 851,9045 5,342E-12 4,55E-07
24 792,408 5,200666391 0,172931 0,0519158 90,44581 8,344E-11 7,55E-07
25 1583,43  6,028074003 0,169547 0,0824925 95,60216 1,046E-10 1E-06
26 3190,98 6,980204877 0,174948 0,5438988 168,8377 6,618E-11 1,12E-06
28 1,38862 1,581846098 -0,45709 -1,01258 80,30682 3,009E-12 2,42E-08
Sag: Sgvind Marl Side 2
Undersagt d.  April 2012 Boring nr. BS3
Lab. nr. Re-load (Test 4) Samlet belastningsforleb (AC.)
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APPENDIX |
Continuous Loading

Oedometer Tests

This appendix contains raw data from Continuous Loadingddeder (CLO)tests.
First the swell pressure,,,, was measured (first picture in each test), then the tests
were loaded to in situ stresses,,, and back to swell pressure (these steps are not
included in these graphs). The data is only adjusted in dsgarzero point measure-
ments. If one measurement was believed to be unreliablea(isecof faulty trans-
ducer), this measurement was ignored in the analysis oé#teAn example of this is
displacement transducer 2 in test 5 (laboratory number306elect analysed data
from each test is presented after the raw data; horizomies Iseparate each step.
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Continuous Loading Oedometer Tests

Laboratory number 130601 - Test 6

Zero point measurements

Table 1.1 Zero point measurements for test 6.

Transducer

Zero measurement

Cell pressure

Load cell

Pore pressure
Displacement 1
Displacement 2
Horizontal pressure 1
Horizontal pressure 2
Horizontal pressure 3

111 kPa

57.6 + 20 kg
0 kPa

2.333 mm
2.481 mm
515.7 kPa
-348.4 kPa
152.3 kPa

N N
] a
Q e

Swell pressure [kPa]
[
al
-

100
50¢
—— Vertical Stresses
—— Swell Pressure
o L L T T
0 2 4 6 8
Time [sec] ¥ 1d"

Figure 1.1 130601 - Swell pressure.
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130601 130601
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Figure 1.2 130601 - Cell pressure. Figure 1.3 130601 - Load cell.
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Figure 1.4 130601 - Pore pressure. Figure 1.5 130601 - Displacement 1.
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244 Continuous Loading Oedometer Tests

130601 130601
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Figure 1.6 130601 - Displacement 2. Figure 1.7 130601 - Horizontal pressure 1.
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Figure 1.8 130601 - Horizontal pressure 2. Figure 1.9 130601 - Horizontal pressure 3.
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Table 1.2 Select data from 130601.
oy oy ey
241.6 1782.3 0.50
501.2 1789.6 0.52
787.8 1880.6 0.99
1084.2 2059.1 1.62
1862.6 2498.2 2.89
3815.2 3358.2 5.42

5052.1 3831.6 7.65
5887.1 4189.0 9.64
7554.7 51195 13.61

77115 5210.6 13.92
9212.1 6044.0 16.37
12296.4 7871.6 20,14
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Continuous Loading Oedometer Tests

Laboratory number 130602 - Test 7

Zero point measurements

Table 1.3 Zero point measurements for test 7.

Transducer

Zero measurement

Cell pressure
Load cell

Pore pressure
Displacement 1
Displacement 2

Horizontal pressure 1
Horizontal pressure 2
Horizontal pressure 3

110 kPa
57.9+20kg
-12.5 kPa
3.488 mm
3.736 mm
485.6 kPa
0 kPa
362.5 kPa

50r
T
% 40
ol
=}
@ 30
ol
o
S 20}
%)
10f
—— Vertical Stresses
—— Swell Pressure
o L L L L T T T
0 0.5 1 15 2 2.5 3 3.5
Time [sec] < 16°

Figure 1.10 130602 - Swell pressure.
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Cell pressure [kPa]

Pore pressure [kPa]

130602
330
325
320
315
310
305 —— Step 1]
—— Step 2
—— Step 3|
300
0 2 4 6 8
Time [sec] % 16°
Figure 1.11 130602 - Cell pressure.
130602
300, ‘ :
250
200 —
S o e
150
100
50
0
0 2 4 6 8

Time [sec]

x 10°

Figure 1.13 130602 - Pore pressure.

Load cell [kg]

Displacement 1 [mm]

130602
2000
1500
1000/ ]
500/ )
0
0 2 4 6 8
Time [sec] < 10°
Figure 1.12 130602 - Load cell.
130602
12 . ‘
8 /
6
4
2
0
0 2 4 6 8
Time [sec] ¥ 10°

Figure 1.14 130602 - Displacement 1.
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248 Continuous Loading Oedometer Tests

130602 130602
12 1000
1O/ 8000
= T
E 8 g
g 6000
o
£ 6 5
3 c
8 R 4000
3 a 5
a T
2 | 2000
0 0
0 2 4 6 8 0 2 4 6 8
Time [sec] % 16° Time [sec] < 10°
Figure 1.15 130602 - Displacement 2. Figure 1.16 130602 - Horizontal pressure 1.
130602 130602
1000 : : 1000 ‘ :
8000 1 8000
T T
o o
=3 =3
N 6000 1 ™ 6000
a a
g s
c c
< 4000 ] R 4000
IS 5]
I I
2000 4 1 2000
0 I “‘ 0
0 2 4 6 8 0 2 4 6 8
Time [sec] < 10° Time [sec] % 10°

Figure 1.17 130602 - Horizontal pressure 2. Figure 1.18 130602 - Horizontal pressure 3.
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Table 1.4 Select data from 130602.

oy ol %
57.1 220.3 0.05
185.0 2215 0.06
448.1  236.9 0.33
614.5 311.7 0.94
803.5 4221 154
1052.0 558.6 2.17
1881.8 9055 3.36
3119.7 1362.4 4.75
5868.5 2476.1 8.19
7259.3 3048.0 10.00

8242.6 34512 11.23
9681.9 41111 13.08
12763.7 54275 16.37

14142.4 6012.2 17.67
16835.5 7268.8 19.70
19592.4 8480.7 21.38
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Continuous Loading Oedometer Tests

Laboratory number 130603 - Test 5

Zero point measurements

Table 1.5 Zero point measurements for test 5.

Transducer

Zero measurement

Cell pressure

Load cell

Pore pressure
Displacement 1
Displacement 2
Horizontal pressure 1
Horizontal pressure 2
Horizontal pressure 3

108 kPa

58.2 + 20 kg
-18.4 kPa
2.498 mm
2.566 mm

0 kPa

0 kPa

0 kPa

100r

80

60p

Swell pressure [kPa]

—— Vertical Stresse
—— Swell Pressure

2

0 . .
2

Time [sec]

3 4
x 10°

Figure 1.19 130603 - Swell pressure.
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Cell pressure [kPa]

Pore pressure [kPa]

130603 130603
330 ] 120
——Step 1 o
325 Step 2 1000 -
R Step 3 -
;1| ———step4 o
320 / |- - -sSteps| 5 800
P - - -Step 6 E
315 - - -Step7 8 600
y - - ~Step 8 ]
o S
310[ 77 400,
305 1 200
300 0
0 1 2 3 4 5 0 2 4
Time [sec] % 16° Time [sec] < 10°
Figure 1.20 130603 - Cell pressure. Figure 1.21 130603 - Load cell.
130603 130603
250 : 8 :
- B 7 -
200 - -7
ST g6 -~ B
é B - -
150 =5 -7
= -
E 4?,"*‘4\ - -
8
100 g3
A7)
[a)
2
50
1
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Time [sec] < 10° Time [sec] % 10°
Figure 1.22 130603 - Pore pressure. Figure 1.23 130603 - Displacement 1.
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252 Continuous Loading Oedometer Tests

130603 130603
5 . 900
8000 L
_ O 1 _ 7000 g
IS \ g - .
E X, 6000 -
N - M — g
é , o’ 5000
-10 s
! \\ S 4000
& N
% _15 I S 3000
a \ T
S hS 2000
-20 ‘iu.\ J
e — - — = 1000
-25 0
0 1 2 3 4 5 0 2 4
Time [sec] % 10° Time [sec] < 10°
Figure 1.24 130603 - Displacement 2. Figure 1.25 130603 - Horizontal pressure 1.
130603 130603
900 : : 900 :
800 8000
__ 700 __, 7000
g g
=, 600 =, 6000
~ ™ 7
o’ 500 o 5000 7
g s e
S 400 S 4000 - _
N N e
%300 jC:>3000 ///,/
200 2000 e
100 1000/24‘-
0 0
0 2 ) 4 0 2 ] 4
Time [sec] < 10° Time [sec] % 10°

Figure 1.26 130603 - Horizontal pressure 2. Figure 1.27 130603 - Horizontal pressure 3.
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Table 1.6 Select data from 130603. step 1-4.

ot oy ey
96.7 898.2 0.73
189.6 905.7 0.73
406.3 973.2 1.07
612.1 1189.3 1.66
1195.2 17741 2.84
836.2 3003.3 4.92
3189.5 3153.7 5.54

2091.7 3035.9 5.59
1565.0 2882.1 5.58
1004.6 2561.1 5.56
791.7 2327.8 5.48

1233.8 2327.2 5.48
1495.4 2354.0 5.48
2631.0 26714 5.52
3190.2 2994.1 5.75

2036.5 28925 5.75
1173.8 2590.8 5.74
762.1 23359 5.64
548.3 21746 5.47
398.0 2007.2 5.29

Table 1.7 Select data from 130603. step 5-8.

!
Oy

!
OH

gv

666.8
1571.4
2218.7
2844.6
3188.2

1989.5
2103.0
2298.5
25725
2780.7

5.28
5.3
5.49
5.7
5.84

2447.2
2037.9
1151.0
733.9
459.9
296.6
206.2

27511
2697.5
2437.3
2229.3
2048.4
1858.4
1606.7

5.85
5.84
5.83
5.72
5.49
5.27
4.92

254.8
745.7
1340.4
1964.2
2418.3
3642.8
4895.4
7397.4

1588.5
1619.6
1774.6
2033.0
2262.0
29945
3970.2
5833.7

4.89
4.9
5.12
5.43
5.63
6.16
7.29
10.24

8141.5
9644.5
11093.8

6421.0
7682.2
8933.0

11.19
12.94
14.59
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254 Continuous Loading Oedometer Tests

Laboratory number 130604 - Test 8

Zero point measurements

Table 1.8 Zero point measurements for test 8.

Transducer Zero measurement
Cell pressure 108 kPa

Load cell 58.2 + 20 kg
Pore pressure -20 kPa
Displacement 1 1.622 mm
Displacement 2 1.155 mm
Horizontal pressure 1 0 kPa
Horizontal pressure 2 -101 kPa
Horizontal pressure 3 -8 kPa

iy
o
o

®
o

60

Swell pressure [kPa]

40,

20 —— Vertical Stresse
—— Swell Pressure
o L L T T
0 2 4 6 8
Time [sec] < 1d"

2

Figure 1.28 130604 - Swell pressure.
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Cell pressure [kPa]

Pore pressure [kPa]

130604
330
— Step 1]
— Step 2
325 — Step 3]
— Step 4
— — -Step 5|
320 — — -Step 6
- — - Step 7|
315 |
310
TR IO /At M
305
300
0 2 4 6 8 10
Time [sec] ohi
Figure 1.29 130604 - Cell pressure.
130604
‘ ‘ 7
600 S
500
/
/
400 /
300
200
100
0

0 2 4 6 8 10
Time [sec] < 10

Figure 1.31 130604 - Pore pressure.

130604
120
1000
— 800 /7
(2] ’
2 P
8 600
e] 7
I} p
o
|
400!
200
0
0 5 10
Time [sec] < 10°
Figure 1.30 130604 - Load cell.
130604
8 ‘ ‘
7
£6 >
£ -
— e
<
()
IS
[}
Q
©
Q.
£
[a)
1
0
0 2 4 6 8 10

Time [sec] ¥ 10

Figure 1.32 130604 - Displacement 1.
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Continuous Loading Oedometer Tests

130604

Displacement 2 [mm]
IS

1000

130604

8000

6000

4000

Horizontal P. 1 [kPa]

Figure 1.33 130604 - Displacement 2.

4 6
Time [sec]

8 10 0

x 10°

Time [sec]

10
x 10°

Figure 1.34 130604 - Horizontal pressure 1.

130604

130604
1000 ‘ 1000
8000 ] 8000
T T
o , o
3 . =
N 6000 R ™ 6000
o /’ o
s ‘ <
c c
& 4000 ] S 4000
S S
T T
2000 ] 2000
0 0
0 10 0

Figure 1.35 130604 - Horizontal pressure 2.

Time [sec]

x 10°

Time [sec]

10
x 10°

Figure 1.36 130604 - Horizontal pressure 3.
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Table 1.9 Select data from 130604. step 1-4.

!
Oy

!
Og

v

112.0
273.4
504.7
680.1
1033.8
20111
3136.7

2128.4
2137.7
2191.7
2258.4
2653.1
3606.9
4489.4

-0.11
-0.11
0.25
0.85
2.00
4.35
6.39

3111.9
2479.0
1773.7
1334.8
921.9
770.8

4486.3
4461.8
4320.7
4064.6
3629.4
3291.3

7.17
7.18
7.17
6.94
6.33
5.93

762.0
910.9
1365.7
1933.4
2601.3
3130.3

3264.9
3280.1
3316.4
3431.3
3719.2
4110.4

5.15
5.14
5.14
5.40
5.95
6.47

3127.3
1704.1
1370.1
853.1
515.8
402.9
385.0

4109.7
3962.6
3807.1
3370.9
2755.8
2463.6
2395.9

7.25
7.25
7.08
6.40
5.53
5.03
4.88

Table 1.10 Select data from 130604. step 5-7.

!
Oy

!
g

gv

373.1
595.6
1159.7
1322.6
1559.3
2337.1
3008.7

2381.4
2393.2
2488.4
2543.7
2651.9
3255.5
3825.6

411
3.99
4.31
452
4.87
5.80
6.52

3005.3
2087.3
1592.3
1254.6
875.4
448.9
202.3
181.7

3824.8
3758.4
3631.8
3441.4
3129.1
2379.6
1802.1
1704.9

7.31
7.31
7.23
6.97
6.43
5.30
3.96
3.79

196.9
261.9
589.3
768.1
1013.7
1364.7
1671.6
2629.6
4862.8
7253.0
9587.7

1694.3
1701.8
1719.0
1737.9
1789.7
1933.3
2256.2
3107.8
4979.0
6908.5
9029.8

3.02
2.96
2.97
3.18
3.63
4.34
4.94
6.11
8.44
11.38
14.37
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Continuous Loading Oedometer Tests

Laboratory number 130605 - Test 9

Zero point measurements

Table 1.11 Zero point measurements for test 9.

Transducer

Zero measurement

Cell pressure

Load cell

Pore pressure
Displacement 1
Displacement 2
Horizontal pressure 1
Horizontal pressure 2
Horizontal pressure 3

111 kPa
55.8 + 20 kg
-20 kPa
3.921 mm
3.669 mm

0 kPa

0 kPa

0 kPa

60
50r
T
o
X,
) 40r
=}
%]
%]
O 30¢
o
g
& 200
1 L
0 —— Vertical Stresses
—— Swell Pressure
o L L L T T
0 0.5 1 15 2 2.5
Time [sec] < 16

Figure 1.37 130605 - Swell pressure.
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130605
330

——Step 1
——Step 2

325 —— Step 3|

——— Step 4
— — -Step 5|
— — - Step 6
- — -Step 7|

320

Cell pressure [kPa]
w
=
[9)]

w
g
o

305

300
0 2 4 6

Time [sec] % 16°

Figure 1.38 130605 - Cell pressure.

130605
450 w

400
350

300p

=
a
o

Pore pressure [kPa]

0 2 4 6
Time [sec] ¥ 10

Figure 1.40 130605 - Pore pressure.

Load cell [kg]

Displacement 1 [mm]

130605
100
///
800
600
400
200
0
0 2 4 6
Time [sec] < 10°
Figure 1.39 130605 - Load cell.
130605
10 ‘
2
0
0 2 4 6

Time [sec] ¥ 10

Figure 1.41 130605 - Displacement 1.
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Continuous Loading Oedometer Tests

130605

Displacement 2 [mm]

Figure 1.42

1000

4 6
Time [sec]

x 10°

130605 - Displacement 2.

130605

8000

6000

4000

Horizontal P. 2 [kPa]

20004

Figure 1.44 130605 - Horizontal pressure 2.

Time [sec]

x 10°

Horizontal P. 1 [kPa]

1000

130605

8000

6000

4000

Time [sec]

x 10°

Figure 1.43 130605 - Horizontal pressure 1.

Horizontal P. 3 [kPa]

1000

8000

6000

4000y _

130605

2

4
Time [sec]

6
x 10°

Figure 1.45 130605 - Horizontal pressure 3.
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Table 1.12 Select data from 130605. step 1-4.

oy oy ey
Table 1.13 Select data from 130605. step 5-7.
784 1120.0 -0.27 , ;
178.1 11309 -0.27 S
290.0 1154.9 -0.04 4108 18783 5.39
373.8 12249 0.44 786.2 19540 582
5163 14217 131 1924.7 27282 7.59
6213 15588 183 3064.8 4099.8 9.38
5669.7 5274.7 10.79
461.0 15430 1.80 6349.0 5802.4 11.60
394.6 1530.7 1.73
2804 14931 154 4932.8 5662.9 11.63
2310 14734 1.35 2032.4 4980.2 11.34
1855.4 4313.7 10.73
2955 1477.8 1.37 906.9 32405 943
360.9 1487.2 1.42 4287 25003 7.97
534.2 1541.0 1.66 2399 21369 662
7955 1801.0 2.53
1536.6 2568.2 5.05 404.6 21584 6.68
2879.1 3564.4 7.06 8053 22341 7.13
2063.2 2967.7 8.98
36434 46315 9.71 5250.0 5026.5 11.38
2230.6 4072.2 9.34 6973.9 6200.3 12.58
14155 3516.3 8.69 8751.1 7649.8 14.59

72.7 2633.2 7.47
238.6 1864.5 5.43

261 January 2015



262 Continuous Loading Oedometer Tests

Laboratory number 130606 - Test 10

Zero point measurements

Table 1.14 Zero point measurements for test 10.

Transducer Zero measurement
Cell pressure 107 kPa

Load cell 54.1 + 20 kg
Pore pressure -15 kPa
Displacement 1 2.873 mm
Displacement 2 1.709 mm
Horizontal pressure 1 0 kPa
Horizontal pressure 2 0 kPa
Horizontal pressure 3 0 kPa

e <
o N &

Swell pressure [kPa]
o

6
4
2 —— Vertical Stresses
—— Swell Pressure
o Il T T
0 5 10 15

Time [sec] ¥ 1d"

Figure 1.46 130606 - Swell pressure.
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Pore pressure [kPa]

Cell pressure [kPa]

130606
320
— Step 1
—— Step 2
—— Step 3|
315 —— Step 4|
— — - Step 5
310
MR NI
305
300
0 2 4 6
Time [sec] % 10°

Figure 1.47 130606 - Cell pressure.

130606
250, w

200 R

150

100

50

4
Time [sec]

6
x 10°

Figure 1.49 130606 - Pore pressure.

Load cell [kg]

Displacement 1 [mm]

130606
1000
800
600
400
200
0
0 2 4 6
Time [sec] < 10°
Figure 1.48 130606 - Load cell.
130606
10 ‘
8
2
0
0 2 4 6
Time [sec] ¥ 10°

Figure 1.50 130606 - Displacement 1.
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264 Continuous Loading Oedometer Tests

130606 130606
12 1000
10 PR | 8000
T / T
E 8 / g
, =
o i 6000
S e ) o
£ 6f SV W T
g U g
IS
2 4W g 4000
a T
2 | 2000;
0 0
0 2 4 6 0 2 4 6
Time [sec] % 10° Time [sec] < 10°
Figure 1.51 130606 - Displacement 2. Figure 1.52 130606 - Horizontal pressure 1.
130606 130606
1000 : 1000 :
8000 1 8000
T T
o o
=3 =3
N 6000 ™ 6000
a a
g s
c c
< 4000 R 4000
IS 5]
I I
2000 2000
0 0
0 2 4 6 0 2 4 6
Time [sec] < 10° Time [sec] % 10°

Figure 1.53 130606 - Horizontal pressure 2. Figure 1.54 130606 - Horizontal pressure 3.
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Table I.15 Select data from 130606. step 1-3.

oy oy ey
65.3 458.9 -0.02
195.0 470.6 -0.02
327.1 511.0 0.26
4709 564.4 0.55
676.2 7115 1.09
4176 709.0 1.10
190.1 6919 1.10
83.2 608.5 1.10
65.5 5825 1.09
208.9 586.4 1.09
467.2 612.2 1.09
688.8 702.4 1.09
807.2 843.8 1.45
1967.6 1492.3 3.16
3873.8 2575.7 5.00
5449.4 34955 6.75
6440.4 4164.0 8.24

Table 1.16 Select data from 130606. step 4-5.

!
Oy

!
OH

gv

5060.2

3345.6
1538.2
761.5
530.9
289.9
115.0

65.8

4096.5
3832.5
3247.7
2634.7
2323.3
1828.0
1425.2
1207.0

8.25
8.25
8.25
8.23
7.97
7.45
6.93
6.46

66.6
219.2
685.5
1413.9
2221.9
3395.7
4875.6
6362.3
7830.3
8779.9
9794.0

1145.1
1143.7
1164.2
1328.6
1714.8
2306.3
3006.6
3799.0
4844.6
5450.9
6061.5

6.30
6.30
6.30
6.53
7.11
7.67
8.19
8.72
9.89
10.82
11.86
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APPENDIX J
Undrained triaxial tests

This appendix contains data from the undrained triaxidkteSach test was first sat-
urated by applying a back pressure of 200 kPa. After saturatll samples were
re-consolidated to the lower bound of the preconsolidatioesses (as physical limi-
tations of the triaxial apparatus hindered reaching theeuppund of the preconsol-
idation stresses). Hereatfter, the stresses in the sampéetalen to the stress level
from where the shearing step was planned to start (listedliteTd.1). Samples were
an-iostropic consolidated whenever the apparatus wolda/él. Finally, the samples
were taken to failure by undrained compression. For eackatoiation step, the axial
and volumetric strains, pore pressure, horizontal andcastresses are graphically
presented. For each shearing step, the cell pressurel foiste, pore pressure and
axial deformation are graphically presented, and the tigtailatoric and mean stresses
along with excess pore pressure and axial strain are listétkifollowing table.

Table J.1 Load programme for undrained shear triaxial test.

Laboratory number Test number’ shear state

shear

130607 1 300 in situ
130608 2 210 in situ
130609 3 370 in situ
130610 4 525 in situ
130611 5 375 OCR=2
130612 6 750 OCR=1
130613 7 1125 1%,
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268 Undrained triaxial tests

Laboratory number 130607 - Test 1

Re-consolidation step

130607
-3 T T T T T T T T T T
T 2 1
=,
O o r l -
Ot I I I I I I 1 | 1 1 7]
0 0.5 1 15 2 25 3 3.5 4 4.5 5
x10°
T T T
-4
S
e “2r
Ot 1 1 1
0 0.5 1 15
300 1

u [kPa]
N
o)

1000
800 b
600fF b
400 b
200 b

g, [kPa]

800 N . 1
600 v 1

400} .
200 .

g, [kPa]

1
0 0.5 1 15 2 25 3 35 4 45 5
Time [sec] X 10

Figure J.1 Re-consolidation test 1.
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Step to shearing stresses

(%]

€

u [kPa]

[kPa]

—

o

a, [kPa]

130607
-1.5F T T T T ]
_1_ -
-0.5 J
0 1 1 1 1 -
0 2 3 4 7
x 10
T
L]
7
x10°
320_ T T T T ]
300( 1
280 1
260 1
1 1 1 1
0 2 3 4 7
x 10
600 T T T
400 1
200f 1
(1 1 1 1 3
0 2 3 4 7
x 10°
600 T T T T
400 1
200f 1
0_ 4
1 1 1
0 2 3 4 7
Time [sec] X 10

Figure J.2 To shearing stresses test 1.
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270 Undrained triaxial tests

Shearing step

130607 130607
600 7 1.6
1.4
500
E 1.2
X, 400 é 1
(]
5 8
g 300 sos
a L
= 2 0.6
& 200 a
0.4
100
0.2
0 0
0 5 10 15 0 5 10 15
Time [sec] % 1" Time [sec] ¥ 10"
Figure J.3 130607 - Cell pressure. Figure J.4 130607 - Pistol force.
130607 130607
9
250 8
T —_7
g 200 E
0 2 °
>
? 150 g5
2 g
o
. £
(%]
g 100 53
2
50
1 Delta 1
- — -Delta 2
0 . . . 0 . - :
0 5 10 15 0 5 10 15
Time [sec] ¥ 10" Time [sec] ¥ 10
Figure J.5 130607 - Pore pressure. Figure J.6 130607 - Displacements.
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q [kPa]

u [kPa]

400

400

300 300
g
200 X 200
o
100 100
0 0
0 100 200 300 400 0 5 10 15
p’ [kPa] g, [%]
290 290
285 285
280 — 280
g
275 X, 275
e — 1 S M
270 270
265 265
260 260
0 100 200 300 400 0 5 10 15
p’ [kPa] e, [%]

Figure J.7 Shearing step test 1.

Table J.2 Data triaxial test 1.

q P u €1 q P u €1
[kPa] [kPa] [kPa] [%] | [kPa] [kPa] [kPa] [%]
11.5 509.0 273.2 -1.48260.3 489.3 2729 -0.95
58.8 526.5 273.2 -1.4y270.3 493.4 2729 -0.88
779 6057 2745 -1.46293.8 503.2 273.0 -0.70
109.8 614.9 274.7 -1.44313.5 4985 2729 -0.51
137.8 558.4 274.1 -1.41349.2 497.1 2727 0.14
159.4 540.9 274.0 -1.3p365.2 513.7 2725 0.89
179.7 5259 273.7 -1.3p376.2 510.0 271.6 1.60
196.1 526.2 273.6 -1.24372.1 540.1 271.7 455
2125 5124 273.4 -1.18361.5 577.0 2719 7.57
225.1 517.1 2734 -1.13353.3 586.4 272.1 10.53
237.7 504.2 273.2 -1.0f/349.8 569.8 272.1 12.53
249.0 508.7 273.2 -1.01L
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Undrained triaxial tests

Laboratory number 130608 - Test 2

Re-consolidation step

130608
0 -
S 1
NH
2 - -
3 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
x 10*
T T T T T T T T
0 -
£ 1t -
ol |
3 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
x 10°
400 :
F
o
= 300/ g
=}
200- 1 1 1 1 1 1 1 1 -
0 1 2 3 4 5 6 7 8
x 10*
T T T T T T T T
1000 -
T
& 800 _
il
© 600} g
1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
x 10°
__ 900} -
g 8001-\\F“'"“"' ]
< 700 -
o 600} i
500- 1 1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8
Time [sec] x 10"

Figure J.8 Re-consolidation test 2.
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Step to shearing stresses

u [kPa]

1

o, [kPa]

03WPd

130608
1 C T T T T T T T ]
1.5 .
2H -
25 .
1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 3.5
x10°
T T T T T T T
-2 -
-1F -
0 -
1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5
x 10
700_ T T T T T T T -
600} .
500N .
400- 1 1 1 1 1 1 1 ]
0 0.5 1 15 2 25 3 3.5
x10°
600 T T T T T T T
500} .
400F .
1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5
x 10°
600 T T T T T T T
500} .
400 1
1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 3.5
Time [sec] X 10

Figure J.9 To shearing stresses test 2.
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Undrained triaxial tests
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Figure J.10 130608 - Cell pressure.
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Figure J.12 130608 - Pore pressure.
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Figure J.11 130608 - Pistol force.
130608
7
10 y
7
7/,
7,
€ 8 Y
E %
E /
) /
g ® 7
3 .
Qo
2 4 7
a L
7
7,
2t s
y Delta 1
- — -Delta 2
O 1 1 L L
0 2 4 6 8 10
Time [sec] ¥ 10"

Figure J.13 130608 - Displacements.
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Figure J.14 Shearing step test 2.

Table J.3 Data triaxial test 2.

q p u €1 q p u €1
[kPa] [kPa] [kPa] [%]| [kPa] [kPa] [kPa] [%]

-3.6  409.3 405.1 1.04695.4 540.0 3085 4.83
52.3 459.6 4135 1.0y701.0 543.0 308.7 4.87
103.2 433.0 416.9 1.15720.9 553.3 309.4 5.02
187.7 406.7 422.6 1.43755.1 586.6 309.5 5.55
208.0 405.1 4243 1587424 593.1 308.4 5.70
227.2 4029 4255 1.68612.4 593.4 269.7 6.28
274.6 403.4 428.8 1.94486.0 608.5 287.6 7.77
304.1 406.7 426.2 2.14469.1 623.0 2974 9.92
388.3 415.7 3349 2.73449.1 626.0 307.8 12.52
503.6 454.8 309.2 3.58436.0 629.2 320.5 14.87
603.6 495.6 305.7 4.2
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Undrained triaxial tests

Laboratory number 130609 - Test 3
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Figure J.15 Re-consolidation test 3.
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Step to shearing stresses
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Figure J.16 To shearing stresses test 3.
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278 Undrained triaxial tests

Shearing step
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Figure J.17 1306009 - Cell pressure. Figure J.18 130609 - Pistol force.
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Figure J.19 130609 - Pore pressure. Figure J.20 130609 - Displacements.
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Figure J.21 Shearing step test 3.

Table J.4 Data triaxial test 3.

q
[kPa]

P u
[kPa] [kPa]

€1 q
[%0] | [kPa]

p u €1
[kPa] [kPa] [%]

11.3
64.9
104.9
145.9
181.9
211.6
238.8
263.4
285.4
307.4
326.9
346.4
364.6
411.6

563.8 210.1
571.9 210.0
565.5 210.0
565.6 210.0
566.4 210.2
568.8 209.8
570.7 210.0
574.9 210.3
577.7 210.3
583.5 210.3
587.2 210.2
591.2 210.2
598.0 210.5
610.9 210.4

0.61458.2
0.60513.7
0.62539.8
0.68553.9
0.7[7559.5
0.87559.3
0.96559.0
1.06557.1
1.16554.5
1.26522.6
1.36490.7
1.45480.3
1.55470.4
1.8

624.0 210.6 2.15
645.2 210.7 2.57
661.5 210.8 2.93
673.4 210.8 3.23
684.3 210.8 3.52
684.3 2109 3.57
684.1 211.0 3.61
693.8 211.0 3.94
709.0 211.1 4.40
715.8 2109 5.60
746.1 2109 7.81
757.1 211.2 9.98
749.9 2114 11.83
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Undrained triaxial tests

Laboratory number 130610 - Test 4

Re-consolidation step
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Figure J.22 Re-consolidation test 4.
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Step to shearing stresses
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Figure J.23 To shearing stresses test 4.
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282 Undrained triaxial tests

Shearing step
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Figure J.24 130610 - Cell pressure. Figure J.25 130610 - Pistol force.
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Figure J.26 130610 - Pore pressure. Figure J.27 130610 - Displacements.
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Figure J.28 Shearing step test 4.

Table J.5 Data triaxial test 4.

q p u €1 q P u €1
[kPa] [kPa] [kPa] [%]]| [kPa] [kPa] [kPa] [%]

-106.2 795.4 239.1 0.52346.8 7425 2395 1.22
-57.3 836.6 239.5 0.54366.4 740.1 240.1 1.52
-17.0 810.0 239.2 0.56375.7 740.2 240.6 1.93
-13.4 7954 239.2 0563721 733.7 2414 254
294 7979 239.1 0.55365.7 7379 243.0 3.60
68.4 7859 239.0 0.58364.2 738.0 244.3 4.30
119.6 772.3 239.1 0.6B368.0 749.9 2459 5.73
173.2 765.4 239.1 0.7p384.4 757.7 248.7 7.10
219.3 759.0 239.2 0.78405.9 762.1 250.1 8.42
279.8 749.8 239.3 0.98425.1 750.1 251.3 9.82
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284 Undrained triaxial tests

Laboratory number 130611 - Test 5
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Figure J.29 Re-consolidation test 5.
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Step to shearing stresses
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Figure J.30 To shearing stresses test 5.
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Undrained triaxial tests

Shearing step
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Figure J.31 130611 - Cell pressure. Figure J.32 130611 - Pistol force.
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Figure J.33 130611 - Pore pressure. Figure J.34 130611 - Displacements.
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Figure J.35 Shearing step test 5.

Table J.6 Data triaxial test 5.

q
[kPa]

p
[kPa]

u
[kPa]

€1
[%0]

q
[kPa]

[kPa]

u
[kPa]

€1
[%0]

12.5
80.7
136.5
178.5
214.2
245.0
270.7
297.5
318.2
338.8
356.9
373.7

570.8
563.7

337.6
337.7

5449 337.5

540.6
537.0
526.6
534.4
533.4
533.6
534.1
534.5
537.9

337.4
337.4
337.3
337.4
337.4
337.4
337.5
337.6
337.7

0.44390.5
0.48433.4
0.5p473.6
0.6p535.1
0.74589.6
0.84593.4
0.98585.9
1.05556.6
1.15504.5
1.25486.8
1.35479.3
1.45466.8

539.5
541.3
559.7
581.0
613.6
618.8
632.9
655.9
682.1
693.3
698.7
701.6

337.8
337.9
338.4
339.2
340.4
340.6
341.3
342.3
343.5
344.1
345.6
347.2

1.56
1.85
2.16
2.73
3.55
3.71
4.15
5.07
7.25
8.83
10.03
12.16
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288 Undrained triaxial tests

Laboratory number 130612 - Test 6

Re-consolidation step to shearing stresses
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Figure J.36 Re-consolidation to shearing stresses test 6.
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Shearing step
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Figure J.37 130612 - Cell pressure. Figure J.38 130612 - Pistol force.
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Figure J.39 130612 - Pore pressure. Figure J.40 130612 - Displacements.
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Undrained triaxial tests
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Figure J.41 Shearing step test 6.

Table J.7 Data triaxial test 6.

10 15

[kPa]

p u e | g p u
[kPa] [kPa] [%]| [kPa] [kPa] [kPa]

€1
[%]

198.5
286.6
320.1
346.4
370.1
391.4
412.7
453.9
473.8
509.9
529.7
575.9
628.8

805.7 222.2 1.5p742.8 751.0 240.6
785.5 2219 1.5p801.2 776.8 241.3
770.6 221.8 1.68827.2 801.3 2424
756.4 221.4 1.78841.3 825.8 244.1
749.8 2215 1.88820.0 844.6 248.2
741.3 221.1 1.98724.2 859.3 248.5
736.2 221.2 2.08577.7 848.1 248.0
726.8 221.0 2.28531.1 850.7 247.3
725.8 221.2 2.38519.1 850.2 246.5
720.6 227.0 2.58514.5 850.3 245.6
719.9 231.3 2.68514.9 845.6 244.4
721.8 238.2 2.95521.7 8354 242.8
727.6 240.1 3.2

4.04
4.52
4.90
5.29
5.73
6.30
6.89
7.83
8.76
9.94
11.39
14.22
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Laboratory number 130613 - Test 7
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Figure J.42 Re-consolidation test 7.
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Undrained triaxial tests

Step to shearing stresses
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Figure J.43 To shearing stresses test 7.
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Figure J.44 130613 - Cell pressure. Figure J.45 130613 - Pistol force.
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Figure J.46 130613 - Pore pressure. Figure J.47 130613 - Displacements.

293 January 2015



294 Undrained triaxial tests
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Figure J.48 Shearing step test 7.

Table J.8 Data triaxial test 7.

q p u €1 q p u €1
[kPa] [kPa] [kPa] [%]| [kPa] [kPa] [kPa] [%]

402.2 1029.0 567.5 0.18823.6 9719 5804 1.54
512.7 1074.7 571.1 0.188459 9819 581.1 1.79
578.1 1050.2 568.2 0.26849.8 993.0 582.7 2.05
618.6 1036.8 566.6 0.36827.1 1020.2 590.8 3.13
647.7 1027.1 565.5 0.46808.2 1016.0 591.0 3.52
673.1 1017.5 564.6 0.5p753.2 10144 5914 5.73
694.7 1011.4 565.4 0.66741.3 1039.7 593.0 8.65
709.1 1009.4 566.7 0.73762.3 1046.0 575.1 11.88
726.9 1008.7 567.2 0.83768.3 1040.1 532.7 13.68
756.3 9859 566.0 1.08776.7 1038.7 525.1 15.46
773.8 10059 567.2 1.1
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SUMMARY

The thesis regards the characterisation and determination of properties of
Sevind Marl, a Danish highly fissured and plastic clay. Highly fissured, plas-
tic clays are present at great depths several places in Denmark, where exten-
sive development activity is currently ongoing. Nonetheless, the knowledge
of these highly clays is very limited. The thesis consists of three parts based
on five scientific papers and a monograph covering a range of different ge-
otechnical tests and properties.

The first part describes the geotechnical description and properties of Sevind
Marl in order to get a general knowledge of the material and an idea of poten-
tial challenges. The second part deals with the preconsolidation and stiffness
of Sevind Marl. This study herein evaluates the preconsolidation stresses and
clarifies and discusses potential difficulties. During continuous loading oed-
ometer tests, the earth pressure at rest is measured at various stress levels and
assessed to known correlations. The third part concerns the strength parame-
ters of Sevind Marl. The study consists of conducting undrained triaxial tests
normalised using SHANSEP to determine the undrained shear strength, and
the study will determine the correlation factors from field tests to undrained
shear strength. Finally, the thesis is concluded with recommendations for
further work within the field of plastic clays.
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