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Preface

This report presents a study of quick clays in Sweden. Quick clays involve
considerablerisks, for examplein connection with stability problems, where small
initial slips may evolve into large landslides involving the entire quick clay
formation. The sliding masses become consistencies of heavy liquids, which can
flow over largedistancesand cause extensivedamageto anythingintheir path. The
formation of quick clay may also cause part of thestructureto break down. Thereby
the associated resistance to compression and the shear strength are reduced. This
will increase the risk of both settlements and stability problems.

The report deals with geological prerequisites and chemical and mineralogical
compositions and processes leading to the formation of quick clays. It also deals
with the geotechnical and geophysical methodsthat can beusedtofind and mapthe
extension of existing quick clay formations. The literature survey on the chemical
and mineralogical compositions and processes leading to the formation of quick
clays has previously been presented in Swedish in SGI Varia No. 526 (Rankka,
2003). A detailed datareport concerning the geophysical resistivity measurements
included in the present report has also been presented by the Department of
Engineering Geology at Lund University (Leroux and Dahlin, 2003).

Thereport isintended for geotechnical engineersand all agencies, authorities and
offices involvedintheplanning of land useand of preservation of existingland and
structures.

The project has been financed jointly by the Swedish Rescue Services Agency, the
Swedish Geotechnical Institute and the Department of Engineering Geology at
Lund University. The geophysical investigations have been performed by the
Department of Engineering Geology at L und University and the geotechnical field
investigations by FMGeo AB under supervision by the Swedish Geotechnical
Institute. The project hasal so made use of datafrom previous SGI investigationsand
data from Skepplandathat has kindly been put at our disposal by GF Konsult AB.
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landowners who have provided access to the test areas.

Linkoping, Goteborg and Lund, October 2004
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Summary

Thedesignation “ quick clay” refersto aclay whose structure collapses completely
at remoulding and whose shear strength is thereby reduced almost to zero. Quick
clay isdefined asaclay with asensitivity of 50 or moreand afully remoul ded shear
strength of lessthan 0.4 kPa. Thelatter value correspondsto apenetration of 20mm
by the 60g conewith 60°tip angleinthefall-conetest. Thesensitivity istherelation
between the undisturbed and the fully remoulded undrained shear strength.

The classification of less sensitive claysis made according to Table S1.

Table S1. Classification of clay with respect to sensitivity.

Designation Sensitivity
Low sensitivity <8
Medium sensitivity 8-30
High sensitivity >30

Quick clay is formed through slow geological processes. Most quick clays have
been formed in sediments that were deposited in seawater at the last deglaciation.
Theland then heaved astheinland ice retreated, leaving the clay depositslocated
above sealevel. The clay deposits have then been subjected to |eaching, whereby
theion concentration in the pore water has changed. Theleaching has been caused
by infiltration of rain water, artesian water pressuresin underlying permesable soil
or rock, and by diffusion. These processes are very slow and entail that quick clay
isfound more often in clay depositswith moderate thicknessand lessfrequently in
thick deposits, where it only occurs close to permeable layers and the ground
surface. However, there are also quick clays that have been deposited in brackish
and sweet water. Through contact with organi c substancesin peat and other humus-
rich soils, for example, theion concentration in the pore water may change and the
clay become quick.
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A clay consists of solid particles forming a skeleton and gas and/or liquid in the
voids between the particles (or aggregates of particles). The particles contain
mainly clay minerals, but also other minerals are present. The clay minerals have
been formed through chemical weathering of mica, feldspar and amphibolite,
among other rock minerals. Examples of clay mineralsareillite, montmorillonite
and chlorite. A common feature of the clay mineralsisthat they are built up from
plane networks of a uminium hydroxide or magnesium hydroxide and silicaoxide.
A certain number of the positiveionsin the clay minerals are replaced by positive
ions of alower valency when the mineral comes into contact with a fluid. The
surface of the clay mineral then becomes negatively charged. To compensate for
this, the clay mineral attractspositiveionsfromthefluid, for example K*, Na" and
Ca?*. The concentration of the positiveionsin the fluid determines the size of the
"sphere" outside the clay particle that is required to compensate for the surface
charge; the higher the ion concentration in the fluid, the smaller the sphere. This
sphere is called the diffuse double layer.

The structure of the clay sediments depends on the ion concentration in the water
inwhich they are deposited. If the particles are deposited in seawater with ahigh
ion concentration, thespherewill besmall and theparticleswill movecloser toeach
other in the suspension. The attractive forces between the particles will then
dominate and may cause the particles to flocculate, whereby large aggregates of
particleswill sediment without any preferred orientation and thereby create aclay
with a high void ratio. On the other hand, if the particles are deposited in fresh
water, the repulsive forces between the particles will dominate and prevent them
from coming close together while suspended. Thiswill result in the formation of
aclay with alarger number of oriented particles and alower void ratio compared
to aclay deposited in sea water.

Research on why certain clays become quick started as far back as the 40's.
Rosenqvist (1946) presented the theory that leaching of salts in marine clays
resulted in the clays becoming quick. Further research has shown that alow salt
content isaprerequisitefor high sensitivity, but that thisis not always sufficient to
make the clay quick. Thus, there are many marine clays with a low salt content
which are not quick or particularly sensitive. One reason for this is that the
composition of the ionsin the pore water has a major influence on the formation
of quick clay. The ion composition depends, apart from leaching, on a possible
weathering of the clay minerals, whereby ionsmay bereleased from the particles
to the pore water. The larger the content of univalent ionsin relation to the total
content of ionsinthe porewater, themorefavorabl e conditionsfor high sensitivity.
The concentration of multivalent ionswill thereby belower and each clay particle
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has to have alarge diffuse double layer in order to obtain a neutral charge. A re-
flocculation after remoul ding of the soil isthereby not possible, but amaterial may
be created with clay particles suspended in the pore water. If the void ratio in the
undisturbed clay is high, the water content may then be significantly higher than
the liquid limit, which means that the remoulded clay behaves like aliquid.

The sensitivity may increase when organic and a number of inorganic substances
affect the clay sediments. These substancesact asdispersing agents, which remove
positive ions from the surfaces of the minerals and absorb them. This causes an
increasing negative charge of the surface of the clay particleand anincreasein the
extent of the diffuse double layer.

Brenner et a. (in Brand & Brenner, 1981) constructed a chart for the principles of
quick clay formation. The chart is shownin Fig. S.1.

Quick clays are dominated by non-swelling clay minerals with low activity.
Smectites, such as montmorillonite and saponite, are among the swelling clay
minerals. The activity, a, is defined as

I
a, =—+>
|C

C

where Ip =W W, (w,_ =liquid limit, W, = plastic limit)
|, = clay content, per cent in weight of the total mass of fines

The clay is considered as low-active when the activity is less than 0.75.

Quick clays have liquid limits that are lower than their natural water contents.
Compilations made by the Géta Alv Committee (Statens offentliga utredningar,
1962) and Larsson & Ahnberg (2003) show that theratio between thewater content
and the liquid limit is normally higher than 1.1 in quick clays.

The preconditionsfor the formation of quick clay imply that such clays occur only
in areas where the local geology and geohydrology create these preconditions. A
flowchart for use in a screening process to distinguish such areas has been
proposed, Fig. S2.
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Non-swelling clay minerals and rock flour
(quartz, feldspar and hornblende

| Deposition in fresh-water | | Deposition in sea water |
[
Absence of multivalent ions Adsorption of multi valent ions, |LOW electro-kinetic potential resulting in flocculated 5tructure|
results in high electro-kinetic Fe®, A" results in low
potential and orientated structure | |electrokinetic potential and |
l flocculated structure
Low sensitivity Low sensitivity Leaching with soft Leaching with hard
Normal clay, low water content Normal clay, high water content groundwater (e.g. Na") groundwater (Ca®*, Mg®")
A
Complex bonding of High sensitivity Low sensitivity
multivalent ions by organic quick clay Normal clay
dispersive substances
- — Complex bonding of
2+ 2+
Hll?i:ksce;;smvny Release of Ca™, Mg multivalent ions by
Q y through chemical organic dispersive
weathering substances
Fig. S.1.  Principles of quick clay formation Figh sensitivity |
(Brenner et al. in Brand & Brenner, 1981). AUEx TEy
| Sediment deposited below the highest shore line |
yes no
Cambrian Silurian bedrock in the area Organic soil below or
or uptream the groundwater flow above the clay layer
no yes yes | no
\ 4 \ 4 A A
Any of these factors valid?* Low risk of quick Quick clay can not No quick clay
-Artesian groundwater pressure clay be excluded
-Small thickness of clay layer 7'y
-Permeable layers
-High elevation no
-Coarse-grained material
below clay deposit
-Peak in underlying bedrock
-Large catchment area
-Infiltration from more than one
direction (3D)
Yes o *(the more factors that are
Possibility of quick valid, the higher the probability
clay formation of quick clay formation)
Fig. S2. Flowchart for location of areas with prerequisites for

quick clay formation.
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Fulfilment of the preconditions indicates only the possibility of a quick clay
formation. The actual presence of quick clay hasto be established by geotechnical
site investigations and the extent of a quick clay formation can only be found by
conducting investigations of the whole area.

Mapping of quick clay formations can be performed with a combination of
laboratory tests, soundings and surfaceresistivity measurements. Thereisnofield
test for measuring the remoulded shear strength with sufficient accuracy and
resolution for a detailed classification of the sensitivity in highly sensitive and
quick claysaccording to the Swedish classification. This property therefore hasto
bemeasuredinthelaboratory. Theundrained shear strength can bemeasuredinthe
field by field vanetestsor CPT tests, or by laboratory tests on undisturbed samples.

Good indications of the relative sensitivity in different parts of an area can be
obtai ned with any sounding method that providesaccuratemeasurement of thetotal
penetration force. The most reliable of these methods, in which also arough check
of the estimated sensitivity can be obtained by the measurement of sleevefriction,
is the CPT test combined with measurement of the total penetration force.
However, aso less elaborate methods yield fairly good information. The relative
valuesfromthesoundingshaveto bechecked and calibrated by actual measurements
of the sensitivity at selected points.

Surface resistivity measurements can be auseful aid in areaswhere the quick clay
formation has originated from |eaching of salts. The method providesinformation
on how far theleaching process has proceeded in different parts of theinvestigated
sections, and by combining several measuring sections, a3-dimensional picture of
the soil mass can be obtained. The method can only be used in combination with
the other test methods, but providesacontinuous pi cture of the soil massin contrast
to the point information obtained by the others.
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Introduction

Background

Almost all landdlidesinvolving claysin Sweden, Norway and Canadawherethere
have been major consequences can be designated as quick clay dlides. The final
extent of a dide in clay is governed largely by the sensitivity of the clay to
disturbance and particularly the presence of quick clay. Quick clay istherefore a
significant factor for therisksinvolved with slopesof low stability. In assessments
of risk areas, it isthus necessary to determine whether quick clay ispresent, and if
S0, to what extent. Thisis the case both in general mapping of slide risks and in
specific slope stability investigations.

The only reliable method for the detection of quick clay used so far in Swedenis
to take undisturbed samples and to perform fall-cone tests on the clay in its
undisturbed and remoulded states. Thisis also the method that has been used in
practice. Mapping of quick clay formationsinthisway requiresextensivesampling.
For economic reasons, the method is therefore not practically applicable to a
detailed mapping of the extent of aquick clay formation, but only at afew points
in selected investigated sections.

Quick clays are common in those parts of the world that have geological and
climatic conditions similar to those in Sweden, for example Norway and Canada.
Considerableeffort hasthereforebeen put into studying the basi c conditionsfor the
formation of quick clay and its properties. Much of this research was carried out
during the 50's and 60's.

The project “Mapping of quick clay”

In 2002, a project entitled “Mapping of quick clay” was started at the Swedish
Geotechnical Institute. This was an interdisciplinary project aiming at gathering
knowledgeamong specialistsin soil mechanics, geology, hydrogeol ogy, geophysics
and soil chemistry, and presenting this in a uniform way. The aim was also to
devel opamethodol ogy for rational useof thisknowledgeinorder tofind quick clay
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formations and map their extent. The project was divided into the following parts:

1. Gathering of present knowledge concerning quick clay.
2. Geological and hydrogeological conditions for quick clay formation.

3. Control of estimated preconditions for quick clay formation in leached marine
clay deposits by a geophysical method.

4. Geotechnical investigation of the presence of quick clay, its stratification and
other properties by sampling and investigation of the possibility of mapping
quick clay formations using common sounding methods.

This report deals with the results of this project.
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Chapter 1.

Processes leading to formation of quick clay
— @ literature survey

Karin Rankka, Swedish Geotechnical Institute

The author wishes to acknowledge the comments and views on this section
which have been received from:
Tor Lgken, Norwegian Geotechnical Institute
Roland Pusch, Geodevelopment AB
Karsten Hakansson, Claes Alén and Bo Lind, Swedish Geotechnical Institute

11 COMPOSITION AND STRUCTURE OF CLAY

In order to understand how and under what conditions a clay can be transformed
intoaquick clay, itisnecessary to study the composition and structureof clay. Clay
is composed of solid, liquid and gaseous substances. The solid particles form a
skeleton and the voids between the particles are filled with gas or liquid, or a
mixture of both.

1.1.1  Clay minerals

Minerals are small components of the earth's crust, occurring as chemically and
physically homogeneous solid bodies. They consist of abasic element, analloy or,
which is most common, a chemical compound (Loberg, 1980). Silicates, i.e.
compounds of silicon and oxygen, make up more than 90% of the Earth's
continental crust. The most common clay minerals are kaolinite, illite (hydrated
mica), smectite (montmorillonite, saponite etc.) and chlorite, see Table 1.1. lllite
is the dominating clay mineral in Sweden. Clay minerals are so called secondary
minerals that have been formed by weathering of other silicates such as mica,
amphibolitesand feldspar. Chemical weathering isaprocesswhereby amineral or
rock isbroken down by the action of water; aloneor in combinationwith substances
fromtheair or the soil layers. This process often occurs at elevated temperatures.
A chemical weathering of potassium feldspar, K[AISi;Og], can thus result in the
formation of the clay mineral kaolinite. The chemical weathering process can be
written schematically as

AK[AISi,0] + 22H,0 - 4K *+40H+AI [Si,0, ] (OH);+8H,SIO,
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Table 1.1 Compilation of data for different materials. (After Mitchell, 1976.)

Clay Chemical Bonds lon Capacity of cat-
mineral designation between layers exchange ion exchange
(meq/100g)*
Kaolinite Al, Si,0,,(OH), O-OH, strong ~ Small 3-15
Illite (KH,0),Sig(AlMg,Fe), s0,4(OH), K-ions, strong ~ Some Si always 10 - 40
exchanged with
Al. K provides
balance between
the layers
Montmorillonite  Sig(Al, 3,M9; 56)04,(OH), 0-0, very Mg exchanged
(smectite group) weak, swellable with Al 80 - 150
Chlorite (SiAl)g(Mg,Fe)s0,,(0H), (MgAl),(OH),, AlagainstSiin  10-40
(2:1 layer) 2:1 layer

Al against Mg in
intermediary layer

*  meq = milliequivalents, i.e. the amount of the substance that in the chemical process
corresponds to 1 mol of the other substance.

The type and amount of clay mineral in aweathered sediment depends mainly on
the climate but also on the parent material, the drainage conditions and the local
vegetation (Brenner et a. (in Brand & Brenner, 1981).

All clay mineralsarebuilt up from layers of plane networks. The networks consist
of aluminium hydroxide or magnesium hydroxide (Al/Mg(O/OH) octahedronsand
silica (SO, tetrahedrons), Fig. 1.1. A tetrahedral coordination means that a
cathodicionissurrounded by four oxygenions, whereasan octahedral coordination
means that a central cathodic ion is surrounded by six oxygen ions (Appelo &
Postma, 1994). A tetrahedral coordination has smaller cathodicions, suchasSi or
Al, and octahedral coordinations have larger ions, such asMg, Fe, Mn, C, Naand
K. The stability of the structure depends on how well the cathodic ion fits in
between the oxygen ions (Troedsson & Nyqvist, 1980). The radius of an oxygen
ion is 1.32 nm (10° m) and a cathodic ion with a radius of 0.30 nm would
theoretically havethebest fitin atetrahedral coordination. Silicon hasanionradius
of 0.39 nm and isthe element that fits best in between the oxygenions, creating the
most stable structure (Troedsson & Nykvist, 1980). To give further examples, a
magnesium ion (Mg?*) has aradius of 0.78 nm, an aluminium ion (Al3*) 0.57 nm
and an Fe** ion 0.67 nm.
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@ Si
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Fig. 1.1. Cluster of crystals of the clay mineral illite. (After Hansbo, 1975)

The following text is a summary of the descriptions given in “Geochemistry” by
Appelo & Postma(1994) and “ Fundamental sof soil behavior” by Mitchell (1976).

The type of clay mineral formed is determined by the way in which the plane
networks are stacked on top of each other. In kaolinite, octahedral layers (0) and
tetrahedral layers (-I ) are stacked in the pattern o -{ o -{ o -I . The stacking of one
tetrahedral layer with a thickness of 3 nm and one octahedral layer with a
thickness of 4 nm gives a repetition of the structure every 7 nm. In smectite, the
layers are stacked in a pattern of o4 Foq }o with a minimum thickness of
the structure of 9.6 nm. In another group of clay minerals, of which chlorite is an
example, each octahedral layer is surrounded by two tetrahedral layers and there is
another octahedral interlayer between these three-layer structures in a pattern of
|—0-| o ]—o-l o |-0-| . A stacking of |-o-| is also denoted 2:1.

The mineral layers in illite and muscovite consist of networks of aluminium or
magnesium hydroxide surrounded by two networks of silica oxide. A mineral
layer of illite is bonded to another mineral layer by positive potassium or
hydronium ions in a pattern of F o4 K* F o4 K* } 0. The bonding between
the different mineral layers in illite is very strong and the counter ions are
normally not exchangeable. In montmorillonite on the other hand, the ions are
exchangeable and the distance between the layers can thereby increase and the
material swell (denoted a swelling clay mineral).
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The structural composition of montmorillonite, kaolinite, illite and chlorite is
shownin Fig. 1.2.

s cation

usually Mg
Octaheder, cation
i
usially Al
silica layer
[ & 1]
l G | n H,0 + cations
I 7.2nm
[ G | I >9,6 nm
Montmorillonite Kaolinite
[ BG |

G K - non exchangeable
/ [ B [
14 nm

l 10 nm [ B-G |
G

Chlorite

lllite

Fig. 1.2. Structural composition of montmorillonite, kaolinite, illite and chlorite,
(efter Mitchell, 1976).

11.2  The clay particle

The solid parts of aclay are made up of small crystalline particles. The grain size
of aclay particleclay is0.002mmor less. A soil classified asaclay containsat |east
40% clay size particlesby weight of thetotal massof thefines, but particlesof rock
mineralsin the silt and sand fractions are normally also present. Among the rock
minerals are quartz, feldspar, carbonates and mica, for example muscovite and
biotite. A clay mineral particleis made up solely of clay mineral anditsgrain size
isnormally not larger than 0.002 mm, (2,000 nm), although particles of kaolinite
and illite may have sizes up to about 10,000 nm (Mitchell, 1976). Pusch (1970)
studied the maximum diameter, a, (see Fig. 1.3) of particles with grain sizes less
than 0.002 mm. The studies were performed on threeillitic clayswiththe aid of a
transmission electron microscope. The maximum diameter was found to vary
between 4 and 2,000 nm.
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Fig. 1.3. Layout of a clay particle. (After Pusch, 1970).

The most common clay particles areflat, see Fig. 1.4. Mitchell (1976) states that
a particle of the clay minera illite is somewhat thinner at the edges and has a

terraced surface.

Fig. 1.4. Well crystallised kaolinite from Cornwall, England, photographed
through a scanning electron microscope (after Tovey, 1971).

19

Quick clay in Sweden



1.1.3 The system of clay particles and water

In asystem containing both clay particlesand water, thereisacontinuousreaction
between thetwo phases. Clay mineralshave considerableion exchange capacities,
whichimpliesthat ionsfrom surrounding water, for example, can replaceionsthat
are bonded weakly to the clay particle.

According to Mitchell (1976), the most common cationsin pore water in clay are
calcium (Ca?*), magnesium (Mg?*), sodium (Na*) and potassium (K*). The most
common anionsin soils are sulphate (SO,?), chloride (CI), phosphate (PO,*) and
nitrate (NO;). Calcium isthe dominating cation in fresh water, whilein seawater
thereisahigh concentration of magnesium (Talme, 1968). Sodium (Na*) isthough
the most common ion in salt water. The possibility for one ion to be replaced by
another depends mainly onthevalency of theions, accessto different typesof ions,
the bonding strength of theionsand the size of theionsin ahydrated condition, i.e.
in pore water. Smaller cations normally replace larger ones, but the opposite may
also take place. For example, Ca?* may be replaced by Na*, Na+ by Ca?*, Fe3* by
Mg?*, and so on. The following series shows in decreasing order the relative
bonding strength of the most common ionsin the ground: Al%*, Fe3*, Ca?*, Mg?*,
K*, NH,*, Na* (Troedsson and Nykvist, 1980). Lgken (1970) found the same
relation in chemical analyses on clays.

Inthemineral cluster of al clay minerals, except for kaolinite, acertain number of
positive ions are always replaced by ions of lower valency. This provides a
negatively charged surface on the long sides of the mineral. Inillite, for example,
acertain number of Si** ions are always replaced by Al3* ions. In order to obtain
aneutral charge, the surface attracts and bonds positive ions such as K*, Na* and
Ca’*. These cations are bonded strongly in a clay with low water content. The
cations that are not required to neutralise the negative charge are then instead
precipitated as salt on the surface of the clay particle (Mitchell, 1976). At ahigh
degree of water saturation, the positive ions may be dissolved while they are till
retained by the negatively charged particle surface. These compensatingionsinthe
fluid surrounding the charged particles are denoted counter ions. The counter ions
donot form awell defined layer around the particle, but amorewidely spread zone
inwhich theion concentration decreaseswith distanceto the particle surface. This
layer of positiveionsiscalled the diffuse electrical doublelayer, seeFig. 1.5. The
extent of the double layer is small at a high ion concentration in the pore water,
whileamuch larger doublelayer isrequired to obtain charge neutrality at alow ion
concentration. The extent of the double layer is a measure of the electrokinetic
potential of the system, see Fig. 1.5. The cations are thermally mobile and an
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exchange of ionsproceeds between the doublelayer and the porewater outside. An
equal number of cations move in and out of the double layer per unit of time
(Troedson & Nykvist, 1980).

Clay particles in a suspension influence each other with both repelling and
attracting forces. The repelling forces occur when both particles have the same
charge. Thesizeof therepelling forcedependson theextent of thediffuseelectrical
doublelayersaroundtheclay particles. At highion concentrations, thedoublelayer
isthinandtheclay particlesmovecloser toeach other. Theattractingforcesconsist
of van der Waal bonding forces (forces that create fluctuating dipolar bonds),
hydrogen bonds, and Coulomb attraction due to the fact that the edges of the
particles may be positively charged while the base planes are negatively charged.
The repelling forces are largest when the particles are suspended in fresh water.
When salt is added, the repelling forces cease to dominate and the particles
flocculate. The flocculation is proof of the existence of attracting forces between
the particles (van Olphen, 1977). Other theories have been proposed to explain the
distribution of ions around charged particles in colloids. No description of the
different theories is given here, but the reader is directed to authors such as
Mitchell (1976).
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Thefollowing text isasummary of more detailed descriptions of the clay particle/
pore water system by Mitchell (1976) and Appello & Postma (1994):

The edges of aclay mineral have acrystal structurethat differsfrom that in the
base planes and the diffuse electrical double layers are thereby also different.
The charge at the edges depends onthevalue of pH inthe solution. Thevalue
of pH at which the particleshave minimum mobility inanelectricfieldiscalled
the point of zero net proton charge, pH,c- The clay minerals have an ability
to exchange anions when the pH in the water is lower than pH,pc and to
exchange cations when the pH is above this value. Positive surface charges
therefore occur in acid conditions and negative surface charges in basic
conditions.

Appelo & Postma (1994) give values of pH__, s = 4.6 for kaolinite and pHy e
lower than 2.6 for montmorillonite. The pH isthusvery low when the clay mineral
is capable of exchanging anions. The influence of pH is described further in
Chapter 1.2.2.

Particles in a suspension abundant with positive ions will be connected, i.e.
flocculated and aggregated, which may lead to many different types of particle
arrangements. The flocculation |eads to sedimentation and the deposited material
becomes an open structure with large voids between the aggregates. According to
van Olphen (1977), the flocculation can take place in the following manner, see
Fig. 1.6:

1. Planeto plane

Thisresultsin large, thick sheets.
2. Edgeto plane

Thisresultsin athree-dimensional “house of cards’ structure.
3. Edgeto edge

Thisresultsin athree-dimensional “house of cards’ structure.

A combination of the connections mentioned above may also occur, according to
van Olphen (1977). For example, planeto planeand edgeto plane connections may
occur at the sametime, see Fig. 1.6.

There are also proposals for other types of particle connection, see for example
Rosenqgvist (1955) and Tan (1957). An important factor that affects the particle
bondingisthevariationin particlesize. Thesmallest particlesare most mobile and
surface active, and are primarily connected. If the concentration of positiveionsin
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Fig. 1.6. Different types of particle connection in clay suspensions

(after van Olphen, 1977).

theporewater islow, only afew particleswill be connected, whilealarger number
of particleswill be connected when theion concentrationishigh. Brenner et al. (in
Brand & Brenner, 1981) state that the flocculation is also affected by type of clay
mineral, organic content, particle collisons and temperature. The number of
particlecollisionsisin turn affected by theturbulence of the medium, temperature,
andtheconcentration of particles. Concerningthetypeof clay minerals, Whitehouse
et a. (1969) have shown experimentally that kaolinite and illite can floccul ate at
lower chloride contents than montmorillonite.

The clay particles were deposited after the latest glaciation at places where the
water flow was low, i.e. initially at great distances from the ice front and then
mainly inseaandlakebaysaspost-glacial sediments. Dependingontheconcentration
of particles and the salt content in the water, among other factors, sedimentswere
formed with different structures. These sediments were later affected by further
overlying deposition and other subsequent processes. A common characteristic of
the clays in Sweden that were formed in this way is that they are built up from
aggregatesconnected by linksconsisting of smaller particles. Pusch (1970) showed
that the aggregatesin clay deposited in seawater arelarger and denser thanin clay
deposited in fresh water, see Fig. 1.7. As explained above, this may be related to
the electrical doublelayer being thinner in asuspension with ahigh concentration
of cationsthan in one with alow concentration, and the fact that the clay particles
canthereby movecloser to each other and form large aggregates. When theselarge
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Fig. 1.7. Schematic pictures of aggregates
of particles and structure in clay
deposited in a) sea water and b)
fresh water. (After Pusch, 1970).

aggregates sediment, they will be arranged without any preferred orientation,
resulting in a structure with a high void ratio. In a suspension with alow cation
content, each aggregate will consist of only afew particles and these can thereby
sediment into a denser and more uniform structure.

Brenner et a. (in Brand & Brenner, 1981) are of the opinion that the successive
increaseinload that iscreated by the subsequent deposition of overlying sediments
hasto be slow if the open structure created during sedimentation in seawater isto
be retained.

Pusch (1970) investigated the structure of different clays. Hemeasured astructural
parameter for the clays, which was defined as the ratio between total pore area, P,
and total investigated area, T, in transmission micrographs of ultra-thin, i.e.
2-dimensional, dices. It wasthen foundthat thehighest valuesof P/T corresponded
to the clays with the highest sensitivities, which indicates that a high porosity is
required for the clay to be quick.
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1.2 FORMATION OF QUICK CLAYS
1.2.1 General

Research into the formation, properties and occurrence of quick clay has been
carried out since the 1940's, mainly in Sweden, Norway and Canada. Rosengvist
(1946) presented atheory that the properties of quick clays are due to leaching of
the salt content in marine clays.

Thefollowingisasummary of adescriptionby Brenner etdl. (inBrand & Brenner, 1981):

Quick claysarefoundin areaswhichwereonceglaciated during the Pleistocene
epoch (1.65 million to 10,000 years ago). They have mainly been identified in
northern Russia, Norway, Finland, Sweden, Canada and Alaska. These areas
are characterised by isostatic uplift which took place after the retreat of theice.
The development of very high sensitivity isusually the result of processes that
havetaken place after thedeposition of theclay layers. All sedimentswith quick
properties are young in ageological sense. Most of them are deposited in sea
water but in some cases aso in brackish or fresh water.

1.2.2  Factors affecting sensitivity

Leaching of salt

Clays that have been deposited in sea water contain a certain amount of salt. In
everyday language, saltisusually takento mean sodium chloride (NaCl), whilesalt
inthe context of chemistry refersto chemical compounds consisting of cationsand
anions, such as potassium hydrogen phosphate (KH,PO,). The compounds occur
asfreeionsinasolution, for exampleCa?*, Mg?*, Cl-, Na*, CO,%, K*, but formsalts
on drying. It is important to note what the term “salt” really stands for when
studying theliterature. In soil chemistry, it isnecessary to distinguish the chemical
composition of the pore water measured in analyses of water squeezed out of the
soil from the amount (number) and type of adsorbed ions determined by ion
exchange analyses.

Theoriginal salt contentintheporewater inadeposit may decreaseduetoleaching.
Leachingisaprocessthat removes substances such asdissolved salt ionsfrom part
of thesail profile. Itisanatural processin all temperate regionswith marine clays
that through the isostatic uplift of the land have been raised above sea level
(Torrance, 1978). In principle, there are three different types of leaching process;
rain (and snow) water percolating through the deposit, water seeping upwards
through the deposit due to artesian pressure, and diffusion of salts towards zones
with lower ion concentrations. Combinations of these processes may also occur.
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L eaching affectsthe forces between the particles, but normally not the floccul ated
structure as such, (Brenner et al. in Brand & Brenner, 1981). On the other hand,
leaching strongly affectstheability of theparticlestore-flocculateafter remoul ding.
Asdescribed in Chapter 1.1.3, aclay deposited in seawater isbuilt up from large
aggregates joined by a system of links. If the salt in such aclay isleached and the
clay is remoulded, the clay particles cannot be connected into large aggregates
again. Thewater holding capacity of theclay, whichisreflectedintheliquid limit,
isthereby reduced. If the void ratio and thusthe water content is high asaresult of
the original conditionsat the deposition of theclay, remouldingwill resultinaclay
gruel with small and separated particlesand aliquid, low viscousconsistency. This
also implies a reduction in remoulded shear strength and an increase in the
sensitivity of theclay. Changesin sensitivity, shear strength and consistency limits
during leaching were studied by Bjerrum (1954 b) and Rosenkvist (1955), see
Fig. 1.8.

Therate of the leaching process depends mainly on the hydraulic gradient and the
hydraulic conductivity (Torrance, 1978). The presence of permeable layers, such
assand and siltlayers, that are connected to surface water or other water conducting
layers greatly enhances the possibility of leaching. It may be possible to |ocate so
called discharge areas (areas with an upward hydraulic gradient) by studying the
type of vegetation that occursin the area.
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Fig. 1.8. Changes in sensitivity, shear strength and consistency limits as functions

of the salt concentration in pore water during leaching.
(After Bjerrum, 1954 b).
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It was earlier considered that a low salt content as a result of leaching was the
primary factor for the formation of quick clay. The original quick clay model
proposed by Rosenkvist (1946), which is based on experience from Norwegian
clays deposited in sea water, showed a connection between low salt content and
high sensitivity. Later research by Talme (1968), Soderblom (1969) and Penner
(1965), among others, has shown that alow salt content is a precondition for high
sensitivity, but that this condition alone is not always sufficient. Thus, there are a
largenumber of claysdeposited in seawater whichtoday havelow salt contentsbut
arenot quick or even highly sensitive. The explanation for thiscan befoundinthe
following Section, “lon composition in the pore water”.

L eaching may also cause areduction in the undisturbed, undrained shear strength.
Investigations by Bjerrum & Rosenkvist (1965) showed that both the undisturbed
and theremoul ded shear strength may bereduced by leaching, seeFig. A9. Brenner
et a. (in Brand & Brenner,1981) report that leaching causes not only areduction
in shear strength but also an increase in the compressibility of the clay, i.e. the
compressionmodul usat consolidati ondecreases. Bjerrum (1967) simulatedleaching
of aclay under load in the laboratory. A sea water deposited clay specimen was
mounted in an oedometer and loaded to a vertical stress of 55 kPa. It was then
leached by fresh water and loaded further with increasing load steps. The stress
strain curveiscomparedtothat for unleached clay in Fig. 1.9. Theresultsshow that
a compression was obtained during leaching under constant load and that further
loading showed astress-strainrelation with alower compression modul usthan that
for the unleached clay. The increase in compressibility is attributed to the large
reduction in water holding capacity (liquid limit) that occurs at leaching and the
resulting decrease in water content if the clay is subjected to a stress close to its
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Fig. 1.9. Results from leaching tests in the laboratory on clay specimens
from Drammen, Norway. (After Bjerrum, 1967)
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original preconsolidation pressure and stresses above that. Torrance (1974) aso
conducted |eachingtestson seawater deposited clay intheoedometer. A significant
compression was obtained when the salt content decreased below 1.3 g /I, see
Fig. 1.10.
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Fig. 1.10. Results from a leaching test on sea water deposited clay in an oedome-
ter. (After Torrance, 1974).

The Gota Alv Committee (Statens offentliga utredningar, 1962) reported that
certain general rulesfor the course of theleaching process can be given asfollows:

e Thelocation of the clay in relation to the recipient determines the depth of the
leaching.

e Therate of the leaching process is higher the more coarse-grained sediments
thereare. Presence of sand and till layersisbeneficial for the leaching process.

» Theleaching processisoften completeat thevalley sidesandinthinclay layers.
e Leaching occurs through diffusion combined with ground water flow.

e The leaching of clays from the top of the profiles takes place with rain water
containing carbon dioxide. Cl-ions are then exchanged by bicarbonate (HCOy),
among other ions. (The carbon dioxide in the rain water reacts with water and
formscarbonic acid H,CO,, whichisdissolvedinto HCO, and hydrogenions).
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The GotaAlv Committee (Statens of fentligautredningar, 1962) was of the opinion
that leaching occurs as a combination of diffusion and ground water flow. Tame
(1968) showed the connection between permeablelayersand quick clay, but did not
mention that there should also be a combination of diffusion and water seeping
through the clay.

Values of the diffusion constant, D, have been proposed, for example, for ionsin
water. Atkins (1982) reported that the diffusion constant in a free water phaseis
1.33-10° for Na* and 2.03 10° m?/s for Cl-. The distance an ion moves during a
certain time at redistribution through diffusion in two directions can be calculated
as.

X=+2[D
where D = diffusion constant [mP/s]
t =time [5]

The distance travelled by Na*" through diffusion in afree water phase will then
reach 20 m after 5,000 years. Soderblom (1969) studied diffusion of saltsin natural
clay deposits. Diffusion constants with values of between 0.11 and 0.14 cm?/day
(1.27-10% and 1.62:10"1° m?/s) were measured at Surteinthe Gétadlv valley. This
corresponds to a diffusion of 67 metres over a period of 5,000 years.

The Gota Alv Committee (Statens offentliga utredningar, 1962) reported that all
clay deposits in the Gota dlv valley located north of Lilla Edet community are
almost completely leached. I nvestigationsperformed south of L 6d6se, about 10km
south of Lilla Edet, have shown several clay deposits in which the origina salt
content (i.e. that of seawater) is preserved. About 500 years ago, L 6dose was the
main port on the Swedish west coast and large areas further south in the Géta dlv
valley have been located above sealevel for less than 100 years.

lon composition in the pore water

Theion composition in the porewater has shown to be of great importance for the
formation of quick clay. In principle, the amount of Na* and K* ions in the clay
affectsthe sensitivity in such away that the larger share of Na* and K* ions of the
total amount of cations(Ca?*, Mg?*, K*, Na*) inthe porewater, the morefavorable
the conditionsfor high sensitivity. A large proportion of monovalent ionsleadsto
large diffuse double layers around the clay particles. A larger extent of the double
layer is required to achieve charge neutrality when the pore water contains
monovalent ions compared to when it contains bivalent ions (provided that the
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same number of ions are present). Larger diffuse double layers imply larger
repulsive forces between the particles. After remoulding, theseforceswill prevent
flocculation of the clay particles. This reduces the remoulded shear strength and
increases the sensitivity of the clay.

Falmanet al. (2001) studied thefloccul ation of colloidsin suspensionsat different
ion concentrations. They established that a decrease in the ion concentration
reduced the flocculation considerably and that contents of Ca?* and Mg?* ionsin
the pore water resulted in a better flocculation than corresponding contents of the
monovalent ions.

Therearetwo maintypesof ground water in Sweden; so called hard and soft water.
Hard water contains Ca?* and Mg?* as dominating ions. When clay isleached by
hard water, pore water containing mainly bivalent ions will be created and,
regardless of the ion composition before the leaching process, the clay will then
normally not becomequick (see Soderblom, 1974, for example). Ontheother hand,
|eaching with soft water, which containsNa* asthe dominating cation, will provide
aporewater in which monovalent ionsdominate. Thisisabeneficial condition for
the formation of quick clay. Hard water occurs in areas where the bedrock in the
surroundingsconsistsof limestone. Lundqvist (1958) has produced amap showing
the occurrence of Cambrian-Silurian material in deposits and the bedrock in
Sweden, see Fig. 1.11. Soderblom (1969) statesthat it is not necessary to remove
by for instance leaching the Ca?* and/or Mg?* ions from the clay by for instance
leaching and/or fromtheclay in order toterminatetheir influence. Instead, they can
be bonded in conglomerates with mainly organic matter. They will then no longer
remain as free cations in the pore water or in the electrical double layers.

Talme (1968) reportsthat normally quick clay occursin post-glacial clay deposits,
thatitisfound directly aboveglacial clay layers, and that thereis often apermeable
layer above, below or embedded in the layer of quick clay. Glacia clay normally
containsalarger shareof calcium carbonatethan post-glacial clay, whichaccording
to Tame (1968) may explain why glacial clay is more seldom quick. The original
content of calcium carbonate in a clay depends on the amount of limestone in the
bedrock in the surroundings and the location in this area where the clay has been
deposited.

Weathering of minerals can changetheion composition inthe porewater. Positive
ionsthat have been bonded to the clay particles can be rel eased in weathering and
thereby increase the concentration of suchionsin the porewater (see Chapter 1.4).
Troedsson & Nykvist (1980) describe how thebal ancethat existsbetween different
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Fig. 1.11.  Distribution of Cambrian-Silurian material originating from limestone
bedrock in Sweden. (After Lundqvist, 1958).

layersinthe mineralsis changed because of the action of roots, whereby hydrogen
ions are released. The clay minera illite becomes more easily eroded when, for
example, Al®* replaces Si** inthe minera since the new ion has apoorer fitinthe
cluster. Hydrogen ions can then enter the mineral and force out other ions. If the
latter are dispersed by the ground water and new hydrogen ions are added, the
process |eads to a westhered clay.
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Theremoulded shear strengthinaquick clay increaseswhen saltisadded. Thiswas
shown by Talmeet al. (1966), among others, intestson claysfrom Ugglum outside
Goteborg. 0.5 meq of six different sdts, (NaCl, KCI, CaCl,, MgSO,, Al(SO,),,
FeCl,), was added to 100 g clay specimens. All the salts gave increased values of
theremoul ded shear strength, but thelargest effectswere obtained when adding the
bivaent and trivalent ions. Lgken (1970) and Moum et a. (1971) aso performed
tests aiming at increasing the remoulded shear strength in quick clay by adding
different saltions(Na*, K*, Ca?*, Mg?*, Al®*, Fe?*, Fe3"). In the presentation of the
results, the amount of added ions was normalised by expressing it as the molar
concentration of theionsin the porewater (mol/litre) divided by thevalency of the
ions. Theresultsare shown in Fig. 1.12. They showed that AI®* and K* were most
efficient in increasing the remoulded shear strength at equal values of the ratio
between molar concentration and valency.

SKEMPTONS REMOULDED
ACTIVITY SHEAR STRENGTH

Su
t/m2

Q: . Mg Cay ,_~
0.4 |/ ot—— = _____——=}X=+ 04

A [“Fel |

I o

°0— Na
0.3 + 0.3
0.2 H 0.2
o1 0.1

0.1 0.2 0.3 04 0.1 0.2 0.3 0.4

Normality Normality

Fig. 1.12.  Ability of different ions to increase the remoulded shear strength of a
quick clay (After Lgken, 1970).

pH level

The pH in the pore water affects the properties of clay. The pH is most important
duringdeposition of thesediment, but al solater changesinthechemical composition
of the clay are affected by the pH of the pore water.
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Féllman et a. (2001) performed laboratory tests on laboratory prepared clay
originating from Holma mosse, Ostergétland. The clay was remoulded into a
suspension, sedimented and consolidated, and the influence of three different
parametersin the pore water on the undisturbed and the remoul ded shear strengths
was studied. The clay was remoulded and the clay particles were suspended in
solutions of water with different chemical compositions. The variablesin the pore
water werethe pH, theionic strength and therel ativeamountsof differentions. The
clay particlesweresedimented by using acentrifugeand specimensof theclay were
then consolidated and tested regarding shear strength properties. Fig. 1.13 shows
the measured sensitivity at different ionic strengths (25 and 50 mM respectively),
pH ranges (6-8 and 9.5-10.5 respectively) and amount of sodium ionsin relation
tothetotal amount of calcium, magnesium and potassiumions. Theresultsshowed
that with a normal relation between sodium ions and total amount of calcium,
magnesium and potassium ions (Na/(Ca, Mg, K) =5,5) therewas adrastic increase
in sensitivity with pH. There was no increase in sensitivity with pH at a low
proportion of sodiumions (Na/(Ca, Mg, K) =1,5), while the sensitivity increased
with the proportion of sodium ions at high pH.
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Fig. 1.13. Measured sensitivity related to proportion of sodium ions in the pore
water, pH, and ion concentration. (After Fallman et al., 2001).

It should be pointed out that the artificial method used to producethe clay does not
yield the open structure dominated by aggregates that is a precondition for aclay
with very high sensitivity (Pusch, 2002).

Talme (1968) investigated the influence of the pH level on the remoulded shear
strength of clay. Anacid solution (hydrogen chloride) and abasi ¢ solution (sodium
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hydroxide) were added to both normal and quick clays. The remoulded shear
strengthin both normal and quick clay increased when adding the acid solutionand
decreased when adding the basic solution.

Bjerrum (1967) assumes the following processes to take place when rain water
percolates through a clay deposit:

Therain water contains dissolved O, and CO,,. CO, reducesthe pH in the pore
water. If thisreduction continuesfor asufficiently longtime, the pH will finally
reach alevel that is so low that a decomposition of feldspar, micaand chlorite
starts. The decomposition resultsin arelease of multivalent ions bonded to the
mineral surface.

Asdescribed above, anincreased amount of multivalentionsintheporewater |eads
to a decrease in the extent of the double layers and thereby a decrease in the
repelling forces between the particles and alower sensitivity.

Mitchell (1976) reportsthat if, on the other hand, the pH level inthe pore water is
high, there is a tendency for hydrogen ions to be dissolved (SIOH - SIO+H?"),
resulting in a higher negative charge at the particle surface. This leads to an
expansion of the double layer and thus a higher sensitivity.

TheGotaAlv Committee (Statensoffentligautredningar, 1962) considered that the
pH level should be within certain limits if the clay is to be highly sensitive.
However, no values for these limits were given.

Dispersing agents

Dispersing substances break up bonds and separate particles similar to the effects
of detergents and washing-up liquids. They consist mainly of natural organic
substances but there are also a number of inorganic dispersing agents. When
organic substances act dispersively, they can bond bivalent ions (Ca?*, Mg?*) and
changetheion compositionintheporewater, whichinturn canleadtoanexpansion
of the diffuse double layer (Brenner et al. in Brand & Brenner, 1981). According
to Soderblom (1974), the dispersing agents act in such way that they bond cations
fromaclay particleandthereby increasethe negative charge of the particle surface.
The double layers around the particles thereby expand. Among the inorganic
dispersing agents are silicates, phosphates, sulphides and bicarbonates.

Penner (1965) studied the effect of chemical dispersing agents on the remoul ded
shear strength of clay. Addition of sodium metaphosphate (Na(HPO,), ) had shown
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to result in increased sensitivity. Measurements of the electrokinetic potential
showed that also this parameter increased upon the addition of sodium
metaphosphate. Penner (1965) proposed the explanation that particleswhich were
held together by strong van der Waal forces were separated by remoulding. When
adding sodium metaphosphate, the phosphate is absorbed on the mineral surfaces
and thereby increase the repul sive forces between the clay particles. Therepulsive
forcesaretoo high to allow the clay particlesto be reconnected and the remoul ded
shear strength is thereby reduced.

Also claysdeposited infresh water, and which havefloccul ated structuresand low
activity, may become quick dueto the action of dispersing agents. Thiswas shown
indirectly by Soderblom (1974), who treated fresh water deposited clays with
different dispersing substancesand found very low remoul ded shear strengths. The
testswere performedin such away that an artificial kaolin clay wasremoulded and
the remoul ded shear strength measured. The dispersive agentswasthen added and
remoul ding and shear strength measurement of the specimen repeated. Soderblom
(1974) aso showed an example of a natural, quick, fresh water deposited clay
beneath peat.

According to Soderblom (1974), organic agents affect claysin several waysfrom
achemical point of view. Certain organic agents can, apart from their ability to act
dispersively, also act in a cementing way. They thereby provide a stable gel
structure, whichin certain cases can result in aheterogeneous macrostructure with
fine fissures and increased permeability.

Particle shape

Pusch (1962) considersthat also the shape of the clay particlesisimportant for the
tendency of the soil to become quick. Flat particles with alarge value of a/c, see
Fig. 1.3, become more highly separated at remoulding than particles with more
uniformdimensions. Thisismainly the casefor normally consolidated claysof low
density, i.e. with high water contents.

1.2.3  Principles of quick clay formation

Rosenqvist, (1978) proposed thefollowing general theory for quick clay formation:

1. Clay size particles of non-swelling clay minerals sediment in a flocculated
condition since the electrokinetic potential is low (small electrical double

layers), either because the water is salt or because of adsorption of strongly
bonded counter ions such as Fe3*, Al®*, Ca?* and Mg?*.
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2. After deposition and moderate consolidation of the clay, the electrokinetic
potential isincreased, (i.e. theelectrical doublelayer expands), dueto leaching,
reduction of trivalent iron to bivalent iron (Fe** to Fe?*), or bonding of
multivalent ions to organic compounds, for example.

3. A subsequent mechanical remoulding of the clay causes a unidirection of the
particles. A reflocculation thereafter is not possible because of the strong
repulsive forces between the particles and it is only possible to bring the
particlesinto contact again after a considerable reduction in the water content,
i.e. consolidation.

Fig. 1.14 showsaflowchart for quick clay formation presented by Brenner etal. (in
Brand and Brenner, 1981).

Illite and chlorite are examples of non-swelling clay minerals. Smectite is a
swelling clay mineral.

Non-swelling clay minerals and rock flour
(quartz, feldspar and hornblende

| Deposition in fresh-water |

v

| Deposition in sea water |

Absence of multivalent ions
results in high electro-kinetic
potential and orientated structure

v

Adsorption of multi valent ions,
Fe*, A results in low
electrokinetic potential and
flocculated structure

|Low electro-kinetic potential resulting in flocculated structure|

Low sensitivity
Normal clay, low water content

Fig. 1.14.

Low sensitivity
Normal clay, high water content

A

Leaching with soft
groundwater (e.g. Na“)

y

Leaching with hard
groundwater (Ca**", Mg®")

v

Complex bonding of
multivalent ions by organic
dispersive substances

High sensitivity
quick clay

Low sensitivity
Normal clay

High sensitivity
Quick clay

Release of Ca®*, Mg®*
through chemical
weathering

Flowchart for formation of quick clay.

(After Brenner et al. in Brand and Brenner, 1981).
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13 GEOTECHNICAL PROPERTIES OF QUICK CLAY

This chapter dealswith typical geotechnical propertiesof quick clays. Quick clays
differ from non-quick clays mainly concerning therel ation between water content,
consistency limitsand activity. Talmeetal. (1966), for example, showed that quick
clay and clay with normal sensitivity can havethe sametypeof mineralogy andthat
the difference in sensitivity was not related to the particle size distribution. The
differences in sensitivity are instead related to microstructural and physical/
chemical conditionsinthe porewater intheclay, asshownin Chapters4.1and 4.2.

1.3.1  Activity and clay mineral

A precondition for theformation of quick clay isthat the sediment isdominated by
anon-swelling mineral with low activity.

The concept of activity of clay mineralswas introduced by Skempton (1953). He
studied therelation between plasticity index and clay content in clay. Thisrelation
was designated the activity of the clay, a,, and is defined as:

a,= Igll,

where |, =plasticity index = w -wp, %

w, = liquid limit, %

Wp = plastic limit, %

|, = clay content, percent of the total mass of fines, %
Skempton (1953) found the activity to be different for different clay minerals but
fairly independent of the particle size distribution. He thus obtained straight lines
when plotting plasticity index versus clay content for each type of clay mineral.
Vauesof activity for sometypesof clay mineralsarelistedin Table1.3. Activity
depends mainly on the ion exchange capacity and the specific surface of the clay
minerals, aswell as on the content of organic colloids (Hansbo, 1975). According
to Bjerrum (1954a), a designation of clay with respect to activity can be made
according to Table 1.4.

Bjerrum (1955) compiled values of clay content and plasticity index for several
natural Norwegian clays, see Fig. 1.15. Hefound that the activity of all theseclays
fell intherange 0.15 < a, < 0.65 and the clays were thus designated as low-active
clays. The activity of quick clay isnormally lessthan 0.5 (Mitchell, 1976).
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Table 1.3. Activity, ac,, of various clay minerals.
Values from Skempton (1953) and Mitchell (1976).

*

Mineral Activity, a,
Muscovite 0.23
Kaolinite 04-05
Smectite * 1-7

Illite 05-1

The activity of montmorillonite depends on the type of adsorbed cation. Na montmorillonite has an
activity of about 6, while Ca montmorillonite has a considerably lower activity,

(about 1.5 according to Skempton (1955)).

Table 1.4. Designation of clay with regard to activity

according to Bjerrum (1954a).

Activity Designation
0<a, <075 low-active
0.75<a <14 normal
l4<a <o active
SV
*  |Sarpsborg o
| Activitys0-64
salt concentration=21 gm. per litee
« Vi a
Studenterlunden, Oslo v
. / Activity =0-54, salt concentration=27gm. per litre
» L~ Oslo. harbour —o
r4 A ° / Activity =0-47, salt concentration=12gm. per litrc
x 30 Horten-—.—
& /,"8 Activity = 0-44
% A(tlye - Ensjoveien. Oslo, strata above quick clay ©
< T~ / // Activity =038
>
z
I N\o% P (}‘ s// __{ Toyen. Oslo, sensitive clay strata X
E2 e, - Activity =030, salt.concentration=5-9 gm. per
é & /°/ - Bekkelaget | licre
% / M ,,/( / Activity = 0-24: salt’concentration=Igm. per litre
";‘/ // - //
10 “‘n | v Toyen,Oslo,quick clay strata >
Y : "] Activity=0-15, salt concentratlor=3 gm. per litre
- | S
x
0
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CONTENT OF CLAY FRACTION <2u) in %
Fig. 1.15.  Activity of various Norwegian clays. (After Bjerrum, 1955).
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Certain clay minerals, such as montmorillonite, have a swelling capacity (see
Chapter 1.1.1). Only very small amounts of these minerals arefound in those clay
sediments that have shown to have the potential to become quick. Rosenqvist
(1978) stated that no quick clay has been found in sediments containing morethan
afew percent of swelling minerals of the smectite type.

1.3.2 Void ratio and water contents

A clay that sedimentsinto afloccul ated structure devel ops ahigher void ratio and
water content compared to sediments with orientated structures. The extent of the
electrical double layer may decreaseif aflocculated clay is subjected to leaching,
and are-floccul ation after remoul ding may thereby not bepossible. Thiswouldlead
to a significant reduction in the liquid limit, whereas the natural water content
normally remains constant. A characteristic of quick clay isthat the water content
is higher than the liquid limit. The liquid limit determined by fall-cone tests is
defined asthe water content at which the penetration of the 60 g—60° coneinto the
remoulded soil is 10 mm. The corresponding remoulded shear strength is about
1.5 kPa. The percussion liquid limit is approximately the same as the cone liquid
limit and investigations concerning the remoul ded shear strength at the percussion
liquid limit have yielded approximately the same remoulded shear strength.
According to the Swedish definition of quick clay, the remoulded shear strength
must be equal to or less than 0.4 kPaif the clay is to be designated as quick. The
water content therefore has to be higher than the liquid limit in aquick clay.

Theplasticlimit decreasesonly slightly at leaching, seeFig. 1.8. A larger decrease
in liquid limit than in plastic limit implies that the plasticity index (Ip = WL—Wp)
decreases. Brenner et a. (in Brand and Brenner, 1981) also report that quick clays
often havelow valuesof the plasticity index (I~ 10—15), whichmay beexplained
by a high content of low-active minerals. However, the quick clays found in
Sweden often have considerably higher plasticity indices. The main changes in
liquid limit, plasticity limit, remoulded shear strength and sensitivity occur when
the salt content is reduced below about 2 g/litre (Torrance, 1974).

Thesensitivity increaseswithincreasingliquidity index, |, = (wn—wp)/(wl_—wp), See
Fig. 1.16. For the same type of clay, thereis afairly linear relation between the
liquidity index and the logarithm of the sensitivity. Anincreasein liquidity index
is caused by leaching, ion exchange or the action of a dispersing substance. A
decreaseinliquidity index isnormally caused by drying, weathering or consolidation.
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Fig. 1.16. Relation between sensitivity and liquidity index in Norwegian and
Canadian marine clays (Kenney, 1976).

A schematicdiagramfor an approximaterel ation betweenliquidity index, effective
vertical stress and sensitivity in normally consolidated clay isshownin Fig. 1.17.
Thediagram, which hasbeen presented by Mitchell (1976), wasintended for rough
estimations of sensitivity when undisturbed sampleswerenot available. It isbased
onaveragevauesfrom several normally consolidated claysin Norway, the UK, the
USA and Canada. However, it cannot be used for claysin Sweden.

Results from 1450 clay samplestaken along the Gétadlv valley were compiled in
the Gota alv investigation (Statens offentliga utredningar, 1962). The relation
between the sensitivity of the clays and the quotient between water content and
liquid limitisshowninFig. 1.18. Theresults show that the quotient should exceed
1.1if theclay istobequick. Corresponding resultshave been obtained for clay from
Munkedal (Larsson & Ahnberg, 2003).
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Fig. 1.17.  Approximate relation between sensitivity, liquidity index and effective

vertical stress in normally consolidated clay. (After Mitchell, 1976).
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liquid limit for clays from the Gota alv valley (Statens offentliga utred-
ningar, 1962).
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14 EXAMPLES OF QUICK CLAY OCCURRENCE
AT SOME TEST SITES

14.1 Courthouse in Drammen, Norway

An example of the way in which theion composition and the sensitivity can vary
with depth in a marine clay was presented by Moum et al. (1971; 1972). They
investigated and analysed clay samplesfrom asite at the courthousein Drammen,
Norway. Thesoil at thesiteconsistsof upto 25 metresof soft clay withanundrained
shear strength of 15-20 kPa, increasing dightly with depth. The mineralsinthe soil
are quartz, feldspar, illiteand chlorite. The present salt content in the porewater is
lessthan 0.35%. Chemical analysesof the concentration of differentions(K*, Na*,
Mg?*, Ca2*) showed an inverse relation between the concentration of Mg?* and
Ca?* ions in the pore water and sensitivity. Results from the geotechnical
investigations and the chemical analyses are shown in Figs. 1.19 and 1.20.

L eaching has occurred both from bel ow because of artesian ground water pressure
and by a horizontal water flow and percolating rain water in the upper layers.
However, the leaching process has not resulted in quick clay throughout the clay
profile, see Fig. 1.20, which may be explained by the varying concentration of
different saltions, seeFig. 1.20. Moumet al. (1971;1972) explained thedifferences
between boringsnos. | and |1 by an assumption that the sensitivity inthelower clay
layershad once been high but then decreased dueto anincreasein theconcentration
of K*, Ca?* and Mg?*. They further assumed that this increase is a result of
weathering, in which Mg?* has been released from the clay mineral chlorite, Ca?*
from calcium carbonate and K* from illite.

30 —

20

Boringno:

DRAMMEN RIVER

oos
BEDROCK

Elevation inmetres
+
o

¢ 100 260 300 200 500

Distance in metres
Fig. 1.19.  Section of the test site at the courthouse in Drammen, Norway,
showing the thickness of the clay sediments and the occurrence of quick
clay. (After Moum et al., 1971).
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Fig. 1.20.  Sensitivity and pore water chemistry of the clay at the test site at the
courthouse in Drammen, Norway. (After Moum et al., 1971).

1.4.2  Jonaker and Ugglum

Talme et al.(1966) investigated clay from Jondker near Nykoping in eastern
Sweden and Ugglum near Goteborg in western Sweden, among other places. The
purpose of the investigation wasto study differences between quick clay and clay
withnormal sensitivity. Theclay at Jondker wasdeposited at atimewhentheBaltic
Seawas afresh water lake, the so called Ancylis Lake, with asalt content of less
than 0.2%, whilethe clay at Ugglum was deposited in a sea bay with asalt content
of over 3%. Today, Ugglum islocated about 15 km from the sea.

No differences regarding particle size distribution or clay minerals could be
observed between the quick and non-quick clays in the investigation. The clay
contents, i.e. the percentage of particles smaller than 2 mm , was 50 — 60%. The
main clay mineralswereilliteand chlorite. Thedifferenceswerefoundtoberel ated
mainly to the chemical composition of the clays. The concentration of ions (meg/l)
innormal and quick clay at Jondker and UgglumisshowninTablel.5andFig. 1.21.
The quick clay at Jondker was found to have a considerably lower total amount of
ions compared to the clay with normal sensitivity, whereas that at Ugglum had a
total ion content that was only slightly lower compared to the normal clay here. A
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characteristic of both sitesisthat the content of the bivalent ions Mg?* and Ca?* is
considerably lower in the quick clay compared to the normal clay.

Table 1.5. Concentration of ions in the pore water of clay from Jonaker and
Ugglum (after Talme et al., 1966).

Testsite Typeofclay  Positive ions Negative ions Totalion
(meq/l) concentration

(meg/l)

Jonaker  Normal 33.66 35.54 69.20

Quick 13.82 13.52 27.34

Ugglum  Normal 33.87 33.96 67.83

Quick 29.28 29.27 58.55

B Normal Ugglum
%; M Quick Ugglum
EE)/ £ Normal Jonaker

M Quick Jonaker

Na K Mg Ca ClI HCO3 sO4

Joner

Fig. 1.21. Concentration of different ions in the pore water (meg/l) in clay from
Jonaker and Ugglum. (After Talme et al., 1966).
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1.43  Atorp, Munkedal

An investigation of aslope towards the river Orekilsalven in the southern part of
Munkedal community inthe early 1980's showed that the stability of the slopewas
unsatisfactory. An excavation was therefore carried out at the crest of the slopein
1985 in order to increase the stability. New investigations regarding the long-term
effect of the stabilising measures were started at the end of the 1990's. These
investigations involved geophysical methods, among them surface resistivity
measurements. The results of the investigations were reported by Larsson and
Ahnberg (2003) and Dahlin et a. (2001). No investigation has been performed
regarding the pore water chemistry in the area.

The soil deposits in the area consist of glacial and post-glacial marine clay with
deltaand lateral fluvial sediments on top. The thickness of the soil layers varies.
Quick clay wasfoundinthelaboratory testson samplesfrom somepartsof thearea.
The natural water content is generally equal to or dightly lessthan theliquid limit
inthenon-quick clay, whereasitishigher thantheliquid limitinthequick clay, see
Fig. 1.22. Theresistivity measurements in the area showed that quick clay could
befoundinthosepartsof theinvestigated section wheretheresistivity waslessthan
about 7Wm, seeFig. 1.23. A corresponding limit for the resistivity, whichinturn
isrelated to the salt content, was proposed by Soderblom (1969). Thelateral extent
of the quick clay formation was not investigated in that project.

Theresults showed that the quick clay occurred at a certain distance from theriver
towards the valley side.

Quick clay in Sweden 45



1000 -

A Point S13 ]
mPoint S2 - "W
¢ Point S3
100 m Point S4 .‘
>
.‘§ | |
2 - - -
2 L 2R J
3 '
L] I? n?
10 Al ‘&
|
1 : : : : ‘
06 0,7 08 0,9 1 11 12 13 14 15 16

WN/WL

Fig. 1.22.  Relation between sensitivity and quotient between water content and
liquid limit in clay samples from Atorp (Larsson & Ahnberg, 2003).
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Fig. 1.23.  Sensitivity and evaluated resistivity in Section A at Atorp. Superficial
layers with high resistivity consist of lateral fluvial sediments of sand
and silt and/or dry crust (after Dahlin et al., 2001). The dark grey zones
in the boreholes indicate sensitivities lower than 50, light grey zones
correspond to sensitivities between 50 and 100, and light zones with
single dots to sensitivities over 100.
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Chapter 2.

Geological and geohydrological prerequisites for
formation of quick clay in nature

Karin Rankka, Swedish Geotechnical Institute
Carina Hultén, Swedish Geotechnical Institute
Yvonne Andersson-Skold, Swedish Geotechnical Institute

Theprocesses|eading to theformation of quick clay werepresentedintheliterature
survey in the previous section.

Inthissection, guidelinesarepresented on how todistinguish areaswith prerequisites
for quick clay formation based on geol ogical, topographi cal and hydrol ogical maps
and siteinspections. Examplesof the geol ogical and hydrogeol ogical conditionsin
three areas with quick clay in western Sweden are also given.

However, the fact that areas have prerequisites for quick clay formation does not
necessarily imply that quick clay is present.

2.1. GUIDELINES FOR DISTINGUISHING AREAS WITH
PREREQUISITES FOR QUICK CLAY

In an early stage in the planning process or in a survey mapping of the risk of
landslides, certain conditionsleadingtothepossibility of quick clay occurrencecan
be found with the aid of geological, topographica and hydrogeol ogical maps and
descriptions.

Theconditionsthat shouldthereforebestudied aregivenin Chapters2.1.1—-2.1.11.
Fig. 2.6 showsasimpleflowchart for useinthescreening processwhendistinguishing
areas with prerequisites for quick clay.

21.1 Ice sea sediments

Most quick clays have been formed in deposits which were deposited in seawater
after thelatest glaciation, c.f. Fig. 2.1. Quick claysmay befound alsoin other areas
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Fig. 2.1. Occurrence of quick clay in Sweden. (After Jerbo & Hall, 1961).

if the clay isin contact with organic substances, see Chapter 1.2.2. Claysdeposited
inseawater can befound by examiningthehighest sealevel for thearea. In Sweden,
the highest sea level can be found on the “Map of ice regression and the highest
shoreline in Sweden — Karta 6ver landisens avsmaltning och hdgsta kustlinjen i
Sverige” (1961) .

Very little clay isfound in the area adjacent to the highest shoreline. The largest
deposits are found at elevations below approximately 80% of the level of the
highest shoreline.

2.1.2  Thickness of clay sediments

The leaching process in alow-permeable soil isavery slow process. The thicker
the sediment layer, thelonger it will takefor the leaching processto reducethe salt
content to a sufficiently low level. Quick clays are thus more common in thin
deposits and close to permeable water-conducting layers. The clay thickness may
be estimated from geological maps or from earlier investigations.
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2.1.3 Cambrian-Silurian bedrock

During the Cambrian, Ordovician and Silurian geological periods, bedrock of
limestone was formed in seven main areas in Sweden, see Fig. 1.11. These rocks
contain the two-valency cation Ca?*, which as aresult of weathering can be found
inthe surrounding ground water. L eaching with hard ground water (containing, for
example, Ca?* and Mg?*) givesaporewater with ahigh concentration of polyvalent
ions and thuslimited possibilities of quick clay formation. Thisimpliesthat clays
inareas adjacent to Cambrian-Silurian bedrock, which have been |eached by water
that has percolated the bedrock, are seldom quick. However, it should be noted that
quick clays have been found fairly close to limestone areas in Sweden. Such
deposits have been found along the stream Slumpan about 15 km south of
Hunneberg and in Skoéttorp along the stream Lidan about 20 km south-west of
Kinnekulle, among other places. Both Hunneberg and Kinnekulleare hillsbuilt up
partly of Cambrian-Silurian bedrock. Thedirection of the ground water flow from
the bedrock hasto be studied in order to evaluate the likelihood of leaching with
hard ground water.

Bedrock mapsover Swedenareavail ablefromthe Swedish Geol ogical Survey, SGU.

2.1.4  Underlying coarse-grained material

Due to its high permeability, coarse-grained soil beneath the clay may transmit
large quantities of ground water. The quantity of water depends, apart from the
permeability, onthethicknessof the coarse-grained layer and whether itisin direct
contact with infiltrating rain water or water-conducting fractures in the rock, see
Fig. 2.2.

Thereisoftenathinlayer of till betweentheclay depositsand thetop of thebedrock.
Whether thislayer can be considered as water-conducting can only be determined
by some type of in situ test.

Theoccurrenceof larger (thicker) depositsof till underlyingtheclay canbeinferred
by looking at thelocation of extensiveice-marginal deposits. During therecession
of theiceafter thegl aciation, themovement of theice-front slowed down or stopped
during colder periods. Large deposits of ice-marginal till and other coarse-grained
soilswerethen deposited at theicefront. Largeformationsof ice-marginal tillsare
commoninawideband across Swedenfromtheprovincesof Halland and Bohuslan
inthewest, acrossV astergotiand, Varmland, Narke and Ostergétiand inthe centre,
totheprovincesaround L akeM & aren and the provinceof Upplandintheeast. Most
of the quick clay formations in Sweden are found in the same area, see Fig. 2.3.
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The fracture zonesin the bedrock can be studied from tectonic maps and bedrock
maps. Thepossibility of water infiltration into the clay sedimentsincreasesin areas
with frequent fracture zones.

Hydrol ogical mapsshow main fracture zonesand areaswherelaterally continuous,
thick, fine-grained sediments occur, and in which water-bearing sand and gravel
layers may be found beneath the clay.

215 Peaks in the bedrock surface

If thereisalocal peak inthe surface of the bedrock underlying the soil, the outflow
of ground water may be concentrated to this point. A concentration of the outflow
of water resultsin more extensive leaching and thus a greater possibility of quick
clay formation at thispoint, see Fig. 2.4. Such areasmay befound by aninspection
of the ground surface and the topography. If the ground surface has a small
depression, which cannot be explained in any other way, thismay bean indication
of quick clay formation below.

Fig. 2.4. Peak in bedrock surface causing a concentrated outflow of ground
water through the clay and thus increased leaching.

2.1.6  Artesian ground water

There are mainly three different types of leaching process: rain water percolating
through the deposit, an upward hydraulic gradient and diffusion (see Chapter 1.2.2
and section Leaching of salt). Therate of theleaching processis affected strongly
by the hydraulic gradient. Areas with a high artesian ground water pressure
therefore have better prerequisites for quick clay formation than areas with
hydrostatic ground water conditions.
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The risk of artesian ground water conditions is highest where thick water-
conducting layers are found bel ow the clay deposits, where the bedrock surfaceis
sloping and rain water from higher ground is led into the layers beneath the clay
deposits, and where the bedrock has many fracture zones.

Downward gradientsinthe porewater may havean effect similar to that of artesian
water pressuresif thesurfacerun-off isinsufficient or if theclay layersareoverlaid
by water-bearing formations.

Possible occurrence of underlying water-bearing layersof sand and gravel isgiven
on hydrological maps.

2.1.7  Layers with high permeability within the clay deposit

Theoccurrence of permeablelayerssuch assilt and sand layers, that are embedded
intheclay deposit and arein contact with surface water or other water-conducting
layers, increases the possibility of leaching. The occurrence of layers with high
permesability dependson variations during sedimentation, i.e. in the distance to the
ice front, the material carried and deposited by the streaming water, the flow
velocity, the topography, the sea water level and on the situation after the ice
regression (post-glacial sediments). Mg or geol ogical eventscausing formationsof
distinctly different layers are temporary re-advancements of the ice front during
colder periods, transgression periodswithrising sea-level, the breaking through of
ice-dammed | akes etc.

Geotechnical and geological investigations carried out in or close to the area of
interest should be studied in order to estimate the possibility of such layering.

2.1.8  Height above present sea level

Sediments at higher elevations have been above the sea for a longer period
compared with those at lower elevations. The time available for leaching has
thereforebeenlonger for thesedimentsat ahigher level . For two areaswith all other
prerequisites being equal, the area with the highest elevation has the greatest
possibility of quick clay formation. Exceptions are clays located above the
elevation of the highest shoreline, which have not been deposited in sea water.

2.1.9  Organic soils

Through contact with organic materials, such as peat and other soilsrichin humus,
bark heaps etc., the ion composition in the pore water may change and thereby
provide preconditions for quick clay formation.
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Organic soil depositsare shown on geol ogical maps. The occurrence of quick clay
in connection with organic soil in eastern Sweden is shown in Fig. 2.5. (see dso
Fig.2.1 and 2.3)
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©® DITTO AND WITH UNDERLYING QUICK SEDIMENTS

® QUICK SEDIMENTS BELOW OTHER ORGANIC
SOILS, e.g9. PEAT DEPOSITS

® OTHER QUICK SEDIMENTS
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Figure 2.5. Occurrence of quick clay in eastern Sweden. (After S6derblom, 1974).

2.1.10 Catchment area

Thepossibilitiesof |eachingincreasewith anincreasing amount of water percolating
through the deposit. The amount of water depends on the annual precipitation and
on the size of the catchment area. The catchment area is the area from which all
precipitation (except for evapotranspiration) isled to the clay deposit studied. The
larger the catchment areais, the larger will be the potential for leaching.
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The extent of the catchment area can be determined from topographical maps.

2.1.11 3D-effects

Inareassurrounded by barehillsin morethan onedirection, thepossibility of water
infiltration and leaching is enhanced. The surrounding topography can be studied
from topographical maps.

2.1.12 Flowchart for finding areas with prerequisites for quick clay

| Sediment deposited below the highest shore line |

yes no
Cambrian Silurian bedrock in the area Organic soil below or
or uptream the groundwater flow above the clay layer
no yes yes | no
\ 4 \ 4 A 4 \ 4
Any of these factors valid?* Low risk of quick Quick clay can not No quick clay
-Artesian groundwater pressure clay be excluded
-Small thickness of clay layer y
-Permeable layers
-High elevation no
-Coarse-grained material
below clay deposit
-Peak in underlying bedrock
-Large catchment area
-Infiltration from more than one
direction (3D)
Yes ¢ *(the more factors that are
Possibility of quick valid, the higher the probability
clay formation of quick clay formation)
Fig. 2.6. Flow chart for distinguishing areas with prerequisites for quick clay

formation.
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2.2 EXAMPLES OF PREREQUISITES FOR QUICK CLAY
FORMATION IN THREE AREAS IN SOUTH-WESTERN
SWEDEN

Thischapter providesadescription of the prerequisitesfor quick clay inthreeareas
insouth-western Sweden. Theprerequisitesarediscussed accordingtotheguidelines
given above. Quick clay has been found in all three areas. Two of the areas, Torp
and Utby, have been used astest sitesin thisproject, see Chapter 3.2.2 of thereport.

221 Torp

Torpislocated inthe community of Munkedal on the west coast of Sweden, about
115 km north of Goteborg. Parts of the community border on the bay named
Saltkallefjorden. Torp is situated on the west bank of the river Orekilsilven, see
Fig. 2.7, along which the stability conditions are known to be unsatisfactory in
many places. Inthemid 1980’s, the Torp areawas stabilised by alarge excavation
along the slope crest. For amore detailed description of the Torp area, seeLarsson
and Ahnberg (2003) and Part 3 of this report.

Fig. 2.7 Photo of the Torp test site.
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Informationfromthe®Hydrol ogical map of thecounty of V astraGaétaland (western
part)” (SGU, SerieAhnr 12), thegeol ogical map (SGU, Serie Acnr 3), thebedrock
map of the county of Géteborg and Bohus (SGU, Serie Ahnr 12) and from Larsson
and Ahnberg (2003) has been used in the following description.

Highest coastline
The sedimentswere deposited in salt water after the latest glaciation, which in this
area ended about 12,400 years ago.

Thickness of clay sediment

Thevalley along theriver Orekilsilven issurrounded by barerock hills, whichrise
about 75 m above the present sealevel. Fine-grained sediments were deposited in
the valley after the retreating ice front had passed the area. Later on, the land rose
from the sea and Orekilsilven was formed. The river transported new materials,
which were deposited on top of the clay sediments. These new sediments became
coarser astheriver mouth approached the areaand sand and silt layersnow overlie
the clay deposit. Since the period of deposition, the river has eroded its channel
approximately 20 m through the sediments. Due to the topographical conditions
and the eroded river course, the thicknesses of the soil layersvary withinthe area,
with thinner layers close to the valley sides and below the river. In spite of the
erosion process, the fine-grained soil layers are thick in the central part of the
valley, and at least 40 m of low-permeable clay remainsin this part.

Cambrian-Silurian bedrock
Thebedrock at Torp consistsof grey, usually veined gneiss. Thereisno limestone
in the vicinity.

Underlying coarse-grained soil

From earlier geotechnical investigations, it can be inferred that a layer of till
underlies the clay sediments. Thetill layer is estimated to vary and be from 1-2
metres and up to about 10 metres thick.

Peak in the bedrock surface
A study of the surrounding topography showsthat it ismost likely that the bedrock
surface varies. No depressions in the ground surface could though be detected.

Artesian ground water

The pore pressure situation in the clay is probably affected by a high permeability
intheoverlyinglayersof sandand silt, thewater level intheriver and theunderlying
layer of till. Rain water may infiltrate the layer of till whereit reaches the ground
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surfaceat thevalley sides. Sincethe bedrock and the ground surface slopetowards
the central parts of the valley, water from the catchment area on the hillsides will
infiltrate the till layer at an elevation that is higher than the ground surface in the
central parts of the valley and much higher than the water level in theriver. Thus,
thereareprerequisitesfor artesianground water intheseparts. Theunderlying layer
of till also provides preconditions for a downward pore pressure gradient in the
ground higher up towards the valley sides.

On the tectonic map, no distinct fracture zones are shown within the area. On the
hydrological map, the area is designated as an area with continuous, thick, fine-
grained sediments. Water-conducting sand and gravel may occur in or beneath
these sediments.

Artesian ground water has been measured below theriver bank and river bed, and
downward pore pressure gradients have been measured in higher ground.

Layerswith high permeability within the clay deposit
No high-permeablelayershavebeenfoundinthegeotechnical investigationsof the
clay deposit.

Height above present sea level
The areaislocated below the highest shoreline and at an elevation between 5 and
20 meters above the present sealevel.

Organic soils
No organic soils have been found in the area.

Catchment area

The catchment areaaround Torp on thewest side of thevalley extendsto theridge
of the hill at aheight of 70 m abovethe present sealevel. Thesize of the catchment
areais about 1.5 ha

3D-effects
Thevalley at Torpisnarrow and thereisthusapossibility of water infiltration from
two sides.

Results

According to the conditions listed above, quick clay could be expected below the
sand and silt layers and along the valley sides. Geotechnical investigations have
shown that quick clay ispresent in the area, asshownin Fig. 3.49. Ascan be seen,
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a deduction that quick clay may be found towards the valley sides is correct. A
deductionthat quick clay may befound closeto theupper sand and siltlayersisalso
valid. Quick clay is not found where the clay layer is very thick.

222  Utby

The Utby areaislocated about 10 km north of the community of Lilla Edet along
the west side of the river Gota alv. The river makes a sharp turn around a couple
of small outcropping hillocks just upstream of the Utby area. Thisisarural area
with farmland all the way from the riverbank up to the nearest buildings and the
public road about 1 km away. The area nearest the river is used solely as
pastureland. Most of theareaisflat or slopesonly gently towardstheriver and then
changesto steep slopesdownto theriver or intheravines at itstributaries. Further
tothewest, theareaisbordered by arangeof barehillsextendingtoalevel of around
150 metres above the present sealevel. A number of small streams, which have
eroded gulliesin the clay deposit, carry water from the mountainsthrough the area
towards the river. The area is described in more detail in Chapter 3.2.2.2 of this
report.

Information from the Hydrol ogical map of the county of Alvsborg (SGU, SerieAh
nr 13), the geological map (SGU, Serie Aenr 48) and from the bedrock map of the
county of Alvsborg (SGU, Serie Ah nr 13) has been used in the following
description.

Geological processes that have formed the sediments

in the valley of theriver Géta alv

Duringtheregression of thelatest inland ice, extensive sedimentsof clay begantobe
depositedinthevalley of theriver Gotadlv. Thedepositionstarted about 12,000 years
ago. At this time, the sea level was located 125 m above its present level and the
sedimentswerethusdeposited in salt water. Theglacia clay formed by thisprocess
shows a higher content of silt towards the top of the profiles compared to the
postglacial clay deposit above. Inthecentral part of thevalley, extensive post-glacia
claysweredeposited ontop of theglacial clay. By theend of the period of deposition,
when the areawas still below sealevel, ariver had been formed which entered the
valey at Lilla Edet. This river transported sand and silt particles, which were
deposited on the post-glacial clay. Theice regression was not a continuous process,
but was often subject to stops and re-advancements. During re-advancements of the
ice front, coarser material was deposited on top of the existing clay layers and such
embedded coarser layers have been found in many placesaong the Gotadlv valley.
Many landdides have occurred, both during and after the sedimentation period,
which hasled to a disturbed and irregular soil layer formation in many places.
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Theice-marginal deposits constitute moraineridges of somelength stretchingina
south-east — north-west direction. The largest ice-marginal depositsin the county
of VastraGatal and (the provincesof Bohuslénand V astergétland) arethe Géteborg
till, the Berghem till and the Trollhétte till (Engdahl et a., 1999), see Fig. 2.8.
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Fig. 2.8. Larger ice-marginal deposits in the county of Vastra Gotaland.
(After Engdahl et al., 1999).

Highest shoreline
The area is located well below the highest shoreline and the sediments were
deposited in sea water.

Thickness of clay sediment
The sail is characterised by extensive deposits of glacial clay sediments, whose
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thickness increases from the foot of the hills on the western side of the valley
towards the river. The uppermost layers consist of glacial fineto coarse silt, fine
sand and silty clay. Below the clay, amoraine layer is assumed to exist on top of
the bedrock. Sandy till is found close to the outcropping hillocks to the north and
the hills to the west of the Utby area.

The thickness of the clay depth is assumed to be approximately 40 metres below
the riverbanks and then decreases gradually toward the hillocks and the valley
sides.

Cambrian-Silurian bedrock
Thebedrock inthis part of thevalley consistsof grey, usually veined, homogenous
or banded gneiss. No limestone exists in the vicinity.

Underlying coarse-grained material

The clay hasbeen assumed to be resting on alayer of till ontop of the bedrock. No
investigations have been made to determine the thickness of thetill layer. On the
hydrologica map, the area is designated as an area with continuous thick clay.
Water-conducting sand and gravel may occur within and beneath the clay.

Peak in the bedrock surface

Directly upstream of the site, the river makes asharp turn around acouple of small
outcropping hillocks. The existence of buried hillocks below the ground surface
cannot be excluded on the basis of the geological and hydrological maps and
descriptions alone.

Artesian ground water

The bedrock slopes downwards from the hillsin the west to the central part of the
valley. Water may infiltratethe presumedtill layer whereit surfacesat the hill sides
and flow towards the central part of the valley, creating artesian pressures there.
Infiltration may also occur at the hillocksdirectly upstream of thesite, althoughthe
catchment areais very small here. In higher ground, the till layer would provide
conditions for a possible downward pore pressure gradient.

Larger fracture zones are found in the bedrock within the area. These zones stretch
inthesamedirectionastheriver. A fault lineisalsofound inanorth-east and south-

west direction.

Slightly artesian ground water pressures have been measured at the riverbanks.
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Layerswith high permeability within the clay
A thin and very hard layer of coarse soil has been found approximately 40 metres
below the ground surface (see also Part 3 of this report).

Height above present sea level
The areais located about 30 metres above the present sealevel.

Organic soils
No organic soils have been found in the area.

Catchment area

The catchment areafor the clay deposit extends to the hill ridge at aheight of 150
m above the present sea level on the west side of the valley. The size of the
catchment area is about 600 ha. However, much of the run-off water isled down
to the river through the small streams and gullies.

3D effects
No specific 3D effects exist in the area.

Results

According to the conditions described above, quick clay could mainly be expected
in higher ground towards the valley sides and close to the hillocks where the
thicknessof theclay layersislimited. Geotechnical investigationshave shown that
quick clay ispresentinthearea, asshowninFig. 3.48. Ascan beseen, thededuction
that quick clay may be found in areas with limited thickness of the clay layersis
correct. The same areas also have preconditions for a significant downward
gradient in pore pressure and are flat enough to prevent efficient surface run-off.
No provisions for surface drainage have been installed in the area, which is used
solely as pastureland.

Noquick clay isfoundin partsof theareawithvery thick clay layersand hydrostatic
or only dlightly artesian pore pressures.

2.2.3  Agnesberg

In 1993, alandslide occurred at Agnesberg on the east side of the river Gota dlv.
The event isbelieved to have started as asmall underwater slidein the steep slope
towardsthefairway. Thelandslide at Agnesberg has been described by Larsson et
al. (1994).
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Theriver valley in the area of Agnesberg is characterised by awide valley with a
flat ground surface surrounded by steep, high hills. The difference in elevation
betweenthegroundinthevalley andthehill ridgesisupto 100 metres. A sidevalley
at an orientation of about 90° to the main river valley reaches some distance into
the eastern hill ridge here. The difference in elevation between the water level in
the river and the ground surface at the end of the side valley is about 50 metres.

Theriver outside Agnesbergisshallow, only 1-2 metresdeep. Thereisthen asteep
slope down to the dredged fairway, in which the depth is about 8 metres.

Information fromthe*Hydrol ogical map of the county of V astraGotaland (westen
part)” (SGU, Serie Ah nr 12), the geological map (SGU, Serie Ae nr 72), the
bedrock map of the (former) county of Géteborg and Bohus (SGU, SerieAhnr 12)
and from Larsson et al. (1994) has been used in the following description.

Highest coastline
The area is located well below the highest shoreline and the sediments were
deposited in seawater after the latest glaciation, which ended about 12,000 years

ago.

Thickness of clay sediments

The clay sediments have a thickness of about 35 metres in the central part of the
valley and become thinner towards the valley sides. Fluvial deposits of sand are
found on top of the clay sedimentsin some places.

Cambrian-Silurian bedrock
The bedrock in the area consists of grey and usually veined gneiss. No limestone
existsin the vicinity.

Underlying coarse-grained material

The ice regression from the west coast of Sweden is characterised by temporary
stops and re-advancements of the ice front. During such periods, ice-marginal
deposits were formed and layers of coarse-grained material sedimented on top of
previously deposited clay sediments. An extensiveice-marginal deposit of till (the
Goteborgtill, seeFigureB10) isfound beneath theclay sedimentsinthe Agnesberg
area. Thistill deposit becomesvisibleclosetothebarerock inthehillsat thevalley
sides. Here, rain water has a possibility to infiltrate the till beneath the clay.
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Peak in the bedrock surface
The surrounding topography indicates that the bedrock surface varies below the
clay. However, no depression could be detected in the ground surface.

Artesian ground water

The pore pressure distribution in the clay is probably affected by the high
permesability in the underlying till. Prominent fracture zones in the bedrock are
found within the area and run parallel to theriver. In the side valley, a prominent
fracturezoneisalso foundinthebedrock, which stretchestowardsthemainvalley.

Artesian ground water pressures have been measured in the till. The pressure
correspondsto apressurelevel 6-8 metres abovethe mean water level intheriver,
seeFig. 2.9.
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Fig. 2.9. Measured ground water levels and pore pressures close to the river
Gota alv in the Agnesberg area (after Larsson et al., 1994).
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Layerswith high permeability within the clay
No layerswith significantly higher permeability have been found intheclay inthe
area.

Height above the present sea level
Theclay areaislocated between just afew metresand up to about 50 metresabove
the present sea level. The higher levels refer to the side valley.

Organic soils
No organic soils have been found in the area.

Catchment area

The catchment areafor the clay deposit extends to the hill ridge at a height of 100
m above the present sealevel on the eastern side of the valley. The hills are steep
and are situated close to the area. Water isled directly from the hill sidesinto the
till beneath the clay and also viathe sidevalley. The size of the catchment areaiis
about 400 ha.

3D-effects
Because of thesidevalley, the areaisaffected by water infiltrating from morethan
one direction.

Results

According to thedescription given above, quick clay could be expected to befound
along the sides of the main and side valleys. Dueto the high artesian ground water
pressures, quick clay could possibly also be found closer to the central part of the
valley, mainly in the lower parts of the clay deposit.

Resistivity measurements donein the areashowed alower salt content inthe upper
and lower layers. Accordingly, geotechnical investigations showed occurrence of
quick clay in layers close to the ground surface, in deep seated layers and right
below thhe bottom of thr river. Large deposits of quick clay werealso foundinthe
side-valley.
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2.3 DISCUSSION

Fromthedescription givenin Chapter 2.2, it isseen that there areanumber of main
prerequisites for the formation of quick clay. They are:

 limited thickness of the clay deposit

» largethickness (i.e. large water-conducting capacity) of the underlying coarse
sediments

» possibility for infiltration of water into the water-conducting layer and
» clay sediment deposited in sea water

Quick clays are thus found mostly in areas:
e closeto valley sides where bare rock becomes visible

 above(andbel ow) thick and continuousdepositsof coarsesediments(sometimes
only in parts of the clay layers which are located close to the coarser layer)

e closeto outcropping (and buried) hillocks

As part of the project, a search was made for an areain western Sweden where the
prerequisites existed but no quick clay could be found. However, the search was
unsuccessful. Inthisregion, itisthusrelatively unusual for all the prerequisitesto
be fulfilled, but without finding quick clay. This fact has been confirmed by
Hellgren (2004).

Ingeneral, all clayswhich have been depositedin salt water may become quick as
a result of leaching. The main restrictions are the availability of water, the
conditionsgoverning water seepage through the clay, and the duration of leaching.
On certain occasions, theion composition of theleaching water isalso arestriction.
Moumetal. (1971 and 1972) presented an areain Drammen, Norway, where quick
clay was found only in the central part of the clay deposit, see Figure 20. The
explanation given by the authors was that the clay had probably been quick in the
lower parts but had reverted to non-quick clay through weathering of two valid
ions. An analysis of theion compoasitionin clays deposited in or adjacent to areas
with Cambrian-Silurian bedrock would be interesting for understanding the
influence of polyvalent ions on the formation of quick clay. However, this is
beyond the limits for this project.

The main factors preventing the formation of quick clay in areas where the main
prerequisites exist are weathering and consolidation. Weathering releases ions
bonded to theclay mineralsand counteractstheleaching process. Quick clay isthus
never found in or directly beneath weathered dry crusts. Consolidation reducesthe
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natural water content in the soil. If thisis reduced to values close to or below the
lowest liquid limit that can result from leaching, the clay will neither be quick nor
will it become so.
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Chapter 3.

Mapping of quick clay formations by
geotechnical and geophysical methods

Rolf Larsson, Swedish Geotechnical Institute
Virginie Leroux, Department of Engineering Geology, Lund University
Torleif Dahlin, Department of Engineering Geology, Lund University

3.1 EXISTING METHODS OF QUICK CLAY MAPPING
311 General

Thereareno generally adopted methods of quick clay mapping in Sweden. In most
cases, the existence of quick clay is observed in the results of the ordinary
geotechnical investigationsfor different projects, mainly in the routine laboratory
investigations which includedetermination of the sensitivity. The extent of the
quick clay formationisthen estimated from the existing results of theinvestigation
and various arbitrary considerations.

3.1.2 Geotechnical methods

Correlations between sounding resistance and sensitivity were investigated by
Moller and Bergdahl (1982) for the most commonly used sounding methods in
Sweden at that time". These methods were the traditional weight sounding test and
static pressure sounding. Since quick clays occur most frequently in western
Sweden, a study was made of alocal variant of the static pressure sounding test in
which aweight sounding tip is connected to 25 mm rods and pushed down at a
constant rate. The investigation was based on previous Norwegian observations
that the slope of the penetration resistance versus depth curve in clay could be
linked to the sensitivity (Rygg 1978), see Fig. 3.1.

* The sounding methods that are relevant for this report are described in
Chapter 31.2.
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Fig. 3.1. Schematic correlation between slope of penetration resistance
versus depth and sensitivity (Rygg 1978).

Certain correlationswerefound also in the Swedishinvestigation. Tentative charts
were proposed for sounding resistances versus depth with certain fields assigned
for certainrangesof sensitivity, Fig. 3.2. However, thesefields presupposethat the
soil isfairly homogeneous throughout the profile and that thereisa“normal” dry
crust but no other layers causing high rod friction which lie on top of or are
embedded in the clay. The utilisation of these charts has therefore been limited.

For the static pressure sounding, ancther correlation was presented, in which the
slope of the static force— depth curve wasrelated to the sensitivity, Fig. 3.3. It was
stated that if this curve had an inclination of less than 4 degrees from the vertical,
the clay was likely to be highly sensitive or quick. With the standard scales for
presentation, thislimit correspondsto anincreasein penetration force of 0.07 kN/m.
Thistype of correlation has been used to some extent in subjective estimates of the
relative sensitivity, although no specific limits have normally been applied.

In Norway, there is an accepted method for establishing the presence of quick or
highly sensitive claysin connectionwith slopestability assessments. Thisinvolves
rotary pressure soundings at uniform distances of about 150 metres along aslope
crest and at pointslocated up to 75 metres behind the crest (L gken, 2002). Possible
quick clay formations at greater distances from the slope are normally not
considered. The results of the rotary pressure soundings are scrutinised along the
guidelines presented by Rygg (1978) and any parts of the curves that are smooth
and almost vertical are designated as very sensitive clay. The actual sensitivity is
then checked by field vane tests, if required.
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Total resistance, weight sounding tests (kN or half turn /0.2 m)
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Gradient of the resistance curve (degrees from vertical)
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Fig. 3.3. Slope of penetration resistance versus depth in relation to the sensitiv-
ity of the penetrated clay (Moller and Bergdahl 1982).

The Norwegian method is not straightforward in regard to its application in
Sweden. Therotary pressure sounding method israrely used here. The crest of the
dopeisnot easily defined in a gently sloping and undulating terrain, and severa
large landslides have started in quick clayslocated far from the most pronounced
crests. The field vane test has also been found to be inappropriate for accurate
determinationsof the sensitivity owing to thixotropic effectsaswell asinsufficient
accuracy and resolution of the measurements.

3.1.3  Geophysical methods

In marine claysthat have been leached by fresh water, thereis often alink between
thesalt content and the sensitivity of thesoil, aswell asbetween the salt content and
theelectrical resistivity of thesoil. However, alow salt content doesnot necessarily
imply that the clay is quick but only that a precondition for this exists. Torrance
(1974) found that the salt content had to be reduced below 2 g/litre (0.2%) before
quick clay can beformed, Fig. 3.4. The corresponding resistivity varies somewhat
with the porosity of the soil since it is mainly the pore water that is conductive
(Penner, 1965). Laboratory studies on a typical Swedish clay have shown that a
content of 0.2% NaCl correspondsto aresistivity of between approximately 6 and
13Qmfortherangeof bulk densitiesof interest for quick clay formationin Swedish
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clays, Fig. 3.5. Clays with lower densities are normally organic and clays with
higher densitiesnormally havewater contentswell below their liquid limits. Inboth
cases they are not quick.
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Fig. 3.4. Sensitivity as a function of salinity at leaching of marine clays
(Torrance, 1974).
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Fig. 3.5. Resistivity in typical Swedish clay as a function of salinity and bulk
density (Larsson, 1974).
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During the 1950's, a special “salt probe” was developed (Soderblom, 1969). The
probe was pushed down into the soil and the resistivity was measured throughout
the profiles. The method appeared to work satisfactorily and certain relationswere
established. S6derblom found that the resistivity was higher than 5 — 10 Qm in
quick clays. However, when using the salt probe, data were only obtained at
individual pointsandthemethod wasnot very rationa withthemeasuring and data
processing techniques of that time. A resistivity higher than the given limit also
only indicated that the clay could be quick, but ahigh resistivity could correspond
to any sensitivity.

Recentinvestigationsusing surfaceresi stivity measurementshave shownthat good
continuous two-dimensional pictures can be obtained of the variation of the
resistivity in whole sections of an investigated area (Dahlin et a., 2001). By
combining several sections and cross-sections, a continuous three-dimensional
picture can be obtained of the whole soil volume. Sincethe variation in resistivity
largely reflectsthe variation in salt content in marine clays, also agood picture of
thisvariation can be obtained. Theresults of oneinvestigation showed tentatively
that agood picture of the variation in sensitivity could beinferred from the picture
of the variation in resistivity and in the particular case the limit for possible quick
clay wasat 7 Qm. It wastherefore recommended that the method be tested further.

3.2 Methods of quick clay mapping used in this project
3.2.1  Soundings

Rotary pressure sounding

Rotary-pressure sounding is a Norwegian method developed in the 1960's (see
Statens vegvesen, 1997). It usesatwisted tip that issimilar to thetip in the weight
sounding test but larger. Thetipismanufactured from asteel bar with arectangular
cross-section of 25 x 41 mm, which istwisted and then shaped into aconical tip at
the lower end. One of the outer ridges of this screw is supplied with an extrahard
welded top. Thelength of thetip is 225 mm and the projection of the cross-section
has a diameter of 55 mm, Fig. 3.6.

Thetipisattached to ¢ 36 mm sounding rods and pushed down into the soil at arate
of 3+ 0.5m/minwhilerotating at 25 + 5 rpm. Thedrill rig shall provide apushing
force of at least 30 kN and atorque of about 1 KNm.

Rotary pressure sounding was extensively used in Norway up to about 1990.

Thereafter it has been gradually replaced by the now predominant total sounding
method (Hagberg 2003).
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Fig. 3.6. Rotary pressure sounding tip.

Total sounding

Thetotal sounding method was developed in Norway in order to obtain a method
that is sensitive enough to register all significant stratain a soil profile and their
relative stiffness, and whichisstill ableto penetrate all typesof fillsand soil layers
aswell aslarge blocks and bedrock (Statens vegvesen 1997, Hagberg 2003). The
equipment is therefore supplied with atip consisting of a specialy designed drill
bit with a diameter of 57 mm. This contains a spring loaded ball valve for the
flushing medium, which preventssoil from entering thedrill bit whenthisisdriven
without flushing but allows the flushing medium to flow out when so desired,
Fig. 3.7.

Thedrill bit is connected to hollow @ 45 mm steel rods of the same type as those
used for soil-rock drilling (so-called geo-rods). The equipment can be driven into
thesoil indifferent waysdepending onthe penetrationresistance. | nsoft soil layers,
it is advanced in the same way as in rotary pressure sounding, i.e. at a rate of
3+ 0.5m/minand arotation of 25+ 5 rpm. Therequired pushing force and torque
are also the same, i.e. 30 kN and 1 kNm.
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Fig. 3.7. Drill bit for total sounding.

When this driving work becomes insufficient to penetrate the soil, the rate of
rotation is increased to 50 — 70 rpm. If this is insufficient, the rotation speed is
returned to normal, flushing iscommenced and driving continuesat thenormal rate
of penetration. If thisinturn provesinsufficient for penetration, the pushing force
is reduced and percussion drilling with simultaneous rotation and flushing is
started. Whenever a stiffer layer is penetrated and softer underlying layers are
encountered, the drilling mode is returned to only pushing and rotation.

Control to ensurethat bedrock has been reached isnormally performed by drilling
3 metres into the rock.

Themethod requiresaheavy drill rig (for Scandinavian conditions). It must beable
to provide aregulated rate of rotation of 0 — 100 rpm, ahammer effect of 8 kW, a
blow frequency of at least 1000 blows/min and aflushing-water pressure of 8 bars
at aflow rate of 40 litres/min. Water is the normal flushing medium but may be
replaced by compressed air. In this case, the compressor must deliver air at a
pressure of 8 bars and volume of 7 m3/min.
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Static pressure sounding

Static pressure sounding was devel oped in Sweden during the 1950’ s (SGF 1996).
The original equipment has atip with asguare cross-section of 34 x 34 mm giving
aprojected area of 1000 mm?. Thetip is connected to the drill rods through adlip
coupling which enablesthetipto movefreely inrelation totherodsover adistance
of 50 — 100 mm in the pushing direction. Thetip is pushed down into the soil at a
constant rate of 20 mm/s, (1.2 m/min) and thetotal pushing forceismeasured. After
each stroke of 1 or 2 metres, new rods are attached and the rod assembly is lifted
adistance corresponding to the stroke of the slip coupling. At the next stroke, the
frictionalongtherodsismeasuredfirst, followed by thetotal penetrationforceafter
the coupling hasbeen re-engaged. Inthisway, the rod friction can be separated and
the tip resistance evaluated. After the maximum pushing force has been reached,
the system isrotated to achieve further penetration, if possible.

The origina equipment was of lightweight, manually operated design with a
specia crank-jack and mechanical recording. It used 22 mmrodsand themaximum
pushing force was 10 kN. Rotation was seldom used in the early days of the
equipment.

Today, modern crawler rigs with hydraulic pushing and rotation devices are used.
Inthiscontext, the pushing force hasbeen increased to 20 kN and the rod diameter
to 25 mm. The pushing force is reduced to 5 — 9 kN
beforerotation isstarted. Nevertheless, theoriginal tip
and the dlip coupling have proved to be vulnerable
partsin thisapplication and, since these are expensive
to replace, they are often exchanged for a standard
twisted weight sounding tip. The latter has
approximately the same projected cross-sectional area
as the original tip, i.e. 1000 mm?, see Fig. 3.8. This
exchangedoesnot allow separation of therod friction
from the total friction, which would be desirable for
estimation of the sensitivity. However, therod friction
is only measured after making stops to add new rods
and to raise the jack for a new stroke. Owing to the

234

130

55

\
%@)@T

Fig. 3.8. Standard tip for weight sounding tests also
often used in static pressure soundings.
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reconsolidation and thixotropic effects occurring during this time, the measured
value of therod friction when resuming sounding may be highly erroneousand the
stroke of the dlip coupling isfar too small to enable these effectsto be eliminated.

Cone penetration tests

Thecone penetration test, CPT, normally measures coneresistance, sleevefriction
and penetration pore pressure (SGF, 1993a). The sleevefrictionismeasured along
the perimeter of an approximately 133 mm long portion of the probe located just
aboveitsconical tip, Fig. 3.9. The probe has a diameter of 36 mm and a projected
cross-sectional areaof 1000 mm?. Itisattached to sounding rods, whichinthiscase
also had adiameter of 36 mm. The probe is pushed down into the soil at arate of
20 mm/s (1.2 m/min).

The sleeve friction, like the friction along the rod system, should in principle be
related to the remoulded shear strength of the soil in the shear zone between the
penetrating equipment and the soil. However, the sleeveislocated so close to the
tipthat, depending onthework requiredto completely remould the soil, the soil will
normally be only partly remoulded here.

Becauseof practical limitations, theaccuracy of themeasurementsisal sorestricted.
In highly sensitive clays, most of the recorded friction is an effect of the pore
pressuresacting ontheend surfacesof thesleeve. Even after careful calibrationand
correctionfor all known sourcesof error, theaccuracy of the measurementswill not

be better than + 2 kPa. This accuracy refersto

‘hi:: Sounding Rod  the most accurate application class used in
- Sweden. For most probes, the accuracy will be
considerably less. Thisshouldbeputinrelation
_ | Extension to the limit in the classification, where quick
clay hasaremoulded shear strength of < 0.4 kPa
N R andaproper cal culation of thesensitivity would
- Seal require an accuracy of approximately 0.1 kPa.

P Friction Sleeve

The total penetration force is normally not
measured in a CPT test. However, this can be
donefairly easily if thedrill rigisequipped for
any penetration test where the pushing forceis

CPT-probe
A__

» Seal

- / Filter

" Conical Tip
\7LA Fig. 3.9. Geometry of a CPT probe.
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measured in the rig itself, e.g. rotary pressure sounding, total sounding or static
pressure sounding. In this case, the weight of the equipment can be added and the
tip resistance subtracted from thetotal penetration force. A sounding isobtainedin
which both the friction at the tip and the friction along the perimeter of the whole
equipment are obtained as functions of penetration depth.

3.2.2  Comparison of the sounding methods

The static pressure sounding test uses the simplest and most easily operated
equipment. Since the twisted tip with an overall diameter of 35 mm is pushed
straight down, it causesaconsiderable remoul ding of the soil. Asitisconsiderably
larger in diameter than the ¢ 25 mm push rods, it also acts as a friction reducing
expander of thedrill hole. Although it usesthelightest type of equipment, it hasin
thisinvestigation also proved to bethetypethat ismost proneto sink under itsown
weight without any extra pushing force in profiles with quick clays.

The rotary pressure sounding equipment is similar in appearance, but with a
@55 mm overall diameter of thetip and ¢ 36 mm sounding rods. The equipment
is thus heavier, but the test takes less time since the penetration rate is 3 m/min
compared to 1.2 m/min. The pitch of the twisted tip and the rate of rotation match
approximately the rate of penetration, and the equipment is thereby more or less
screwed down into the profile. The remoulding of the soil and the relative
expansion of the hole by the tip are thereby reduced. On the other hand, the
simultaneous rotation and pushing entails that only part of thefriction forceaong
therodsistakenupandrecorded asavertical force. Thetest methodisinmost cases
being replaced by total sounding, but experiencein estimating the sensitivity of the
soil is larger with this method.

Total sounding usesthe heaviest equi pment, which apart fromaheavy drill rigalso
requires a supply of high-pressure flushing water or compressed air. The rate of
penetration isthe same asfor rotary pressure sounding and the ability to penetrate
also coarser and firmer layers widely surpasses that of any of the other methods.
Because of the adapted modes of penetration during sounding, theresolutioninthe
soft layerscan beexpected to beabout the sameasthat for rotary pressure sounding.
The diameter of thedrill bitis57 mm and the rods have adiameter of 45 mm. The
drill bit thereby expands the hole and reduces the friction along the rods. The
rotating drill bit also causes remoulding, but it is difficult to estimate how much.

All thesethree methods measurethetotal penetrationforce, whereastheremoul ded
shear strength and indirectly the sensitivity are linked to the rod friction only. At
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start of thetest and in superficial layers, theaccumulated rod frictionislow and the
recorded penetrationresistanceismainly related to thetip resistance. Thischanges
gradually with depth, and at great depths the friction along the rodswill normally
betotally dominating. Thefriction along therodsin ahomogeneousclay profileis
normally highest closeto thetip, unless large friction-reducing effects occur here
because of aconsiderably larger tip diameter. Thefriction in the soil layershigher
up decreases gradually because of further remoulding as the rod system passes
through and a certain decrease can also be expected as the hole becomes enlarged
by wobbling effects from rotating rods, particularly in friction soils. On the other
hand, there may be acertain migration of pore water from the smeared zone along
the rods and thereby agradual increase in remoulded strength. When studying the
trend of total force versus depth, it has to be assumed that these effects are
negligible and that variationsin thetip resistance dueto variationsin the nature of
the clay are also negligible. Thisis not always the case, particularly in transition
zonesbetweenthedry crust or any other stiffer or coarser overlying soil and the soft
clay below or when entering the more silty and varved bottom layers that occur
frequently in the Swedish clay profiles.

The CPT test with additional measurement of the total penetration force is a
considerably more elaborate method, which requires time for preparation of the
probe. On the other hand, it yields much more detailed information on the soil in
theprofilethan any of the other methods. Oncethetest isstarted, it continuesat the
samerateasstatic pressuresounding, i.e. at 20 mm/s. Thetest isperformed without
rotation and, when therods have the same diameter asthe probe, it createstheleast
disturbance. Thefriction measured against the sleevejust abovethetipistherefore
normally measured in only partly remoulded soil. Since the tip resistance is
measured and subtracted from the total penetration force, al errors in the rod
friction related to the tip resistance and its variations are eliminated. The dua
measurement of the friction, at the tip and along the rod assembly respectively,
makesit possible to check that variationsin the total rod friction that are assumed
to berelated to additional friction at the lower end of the assembly are matched by
asimilar pattern of the friction measured here.

3.2.3 Field vane tests

Thefield vanetest (SGF 1993b) isthe only type of in situ test that has so far been
used to estimate both the undisturbed and remoul ded undrained shear strength and
thereby alsothe sensitivity. Themethodiswell established for determination of the
undisturbed undrained shear strengthin clay. M easurement of theremoul ded shear
strength is a possible addition, which because of cost and insufficient reliability is
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often omitted. The required accuracy of the shear strength determination in soft to
medium stiff clay isnormally + 1 kPa. To achievethisaccuracy, thefrictioninthe
system and along the rods has to be measured, usually by means of aslip coupling
between the rods and the vane. This is the case aso for vane equipment using a
casing around the rods. For an accurate estimate of the remoulded shear strength
in highly sensitive clay, the accuracy should be about 10 times better than what is
normally required and achievable. In the normal procedure of measuring the
remoul ded shear strength, therecording instrument isdisengaged after determining
the undisturbed shear strength. The rods and the vane are then rotated about 20
turns, after which the rods are turned back to open up the slip coupling. The
recording instrument isthen re-engaged and the rods are turned slowly to measure
therod friction beforethe slip coupling isclosed and thetotal torquerecorded. The
operationsfrom the end of rotation of the vaneuntil remoulded failurefor vaneand
rodsisreachedtakeacertaintime, during whichvariousthixotropy effectsal sotake
place. A large number of parallel investigationswith both field vanetestsand fall-
cone tests have been performed in the extensive Gota Alv investigation in soft
sensitive Swedish clay (see Statens offentliga utredningar 1962). From the results
of thisinvestigationit can beobservedthat thefield vanetestsgeneral ly underestimate
the sengitivity, particularly in quick clays. Field vane tests to estimate sensitivity
have therefore been excluded in the present investigation.

3.24 Fall-cone tests

The usua way of estimating the remoulded shear strength in clay in Sweden isto
use the fall-cone test (Swedish Standard 02 71 25). This test can be used to
determine both undisturbed and remoulded shear strength, and the former
determination requires undisturbed samples. If such samples are available, the
sensitivity can be determined based on the fall-cone test results alone.

However, undisturbed sampling is time-consuming and costly, particularly in
quick clays. A possible aternative is therefore to take disturbed samples and use
the fall-conetest to determine the parameters remoul ded shear strength and liquid
limit, which arenot sensitiveto disturbance. Theremoul ded shear strength canthen
becompared to the undisturbed shear strength that iseval uated fromfield vanetests
or CPT tests, after which the sensitivity can be calculated. When checking the
estimated sensitivity from sounding testsin quick clay mapping inthisway, use of
the CPT test is more rational.
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3.25  Surface resistivity measurements

The genera principle for measuring electrical surface resistivity isto use astring
of evenly spaced el ectrodes pushed into the ground surface along ameasuring line.
In ameasurement, two of these electrodes are used for injecting electrical current
into the ground, the electrical potential being measured between another pair of
electrodes, and possibly between several other pairs.

The measured potentials areinfluenced by the magnitude of the current and of the
conducting properties of the underlying soil. The depth and volume of the soil that
influences a measurement are dependent on the spacing and position of the
electrodes. By collecting measurements for alarge number of electrode positions
and spacings, aset of dataisobtained that makesit possibletointerpret and present
an image of the electrical resistivity in the ground beneath the measuring line.

Inthepresent project, the ABEM-L undimaging systemwasused for measuring the
resistivity (Leroux and Dahlin, 2003). The version employed comprises a current
transmitter, a multi-channel measuring and logging instrument, and an electrode
selector. The whole system is controlled by a microcomputer, which scans the
given combinations of input and measuring electrodes. These combinations are
selected according to patternsthat from experience provide good, informative data
coverageand at the sametime speed up themeasurements(Dahlinand Zhou, 2003).
The system has seven measuring channels, which makes it possible to acquire
measurements from seven pairs of electrodes at atime.

For interpretation, afinite element programis used, which compares the measured
valueswiththosethat theoretically shoul d beobtained for amodel of theunderlying
soil. Theerrorsbetween the measured and thetheoretical valuesare cal culated, and
the model is adjusted to obtain the best fit to the measured values. In this case, the
Res2Dinv program (Loke, 2003) has been used.

Thequality of themeasured datadependsgreatly on the homogeneity of theground
andthecontact betweentheel ectrodesandtheground. Natural ground, homogeneous
clay profiles, thin crustsand fairly wet conditionsare thus beneficial factorsfor the
measurements. Fills, pavements, overlying layers of coarse soilswith low ground
water tables, thick dry crusts, buried objects in the ground such as cables, pipes,
pilesand walls, aswell asahighly irregular ground surface, arefactorsthat reduce
the quality of the measurements. In the latter case, certain criteria may therefore
have to be applied when evaluating the measurements in order to eliminate
apparently erroneous data. Alternatively, less weight can be given to such datain
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anew interpretation. The procedureisthen to make an evaluation using al the data
andthentorepeat theprocessafter sel ecting and amending erroneous measurements.
Data removal has to be performed with caution and must be limited because the
procedureisnot straightforward and any removal a so meansalossof information.

The interpreted resistivity sections can be presented separately and can also be
compiled to form athree-dimensional view of the whol e soil volumeinvestigated.
Inthis case, this has been done by using the “Rockware” program, which presents
aview of theintersecting images. Theview can berotated and inspected from any
direction.

It is not yet possible to perform true three-dimensional surveys of sites with
dimensions such asthoseinvestigated in this study. With the desired resolution, it
would take far too long to perform the measurements and the computations would
be amost impossible. For the time being, the method is therefore limited to
measurements in a number of more or less paralel lines and intersecting
perpendiculars, and to present the results in quasi 3D images of intersecting 2D
sections. The main limitation of this processis that the interpretation of the two-
dimensional sections assumes that the conditions in the underlying soil are the
same in the horizontal direction across the measuring line. This is not a major
problem in fairly homogeneous soil conditions, but the uncertainty increases with
the complexity of the geological environment.
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3.3 SCOPE OF THE INVESTIGATION
3.3.1 General

The present investigation has aimed at obtaining sufficient data to evaluate
different methods of quick clay mapping. For this purpose, three different areas
with known occurrence of quick clay were selected. Theinvestigation programme
wasdesignedto cover partsof theareaswith quick clay aswell aspartswithout such
formations and thereby to enable establishment of the limits of the quick clay
formation. Therewasthusapriori informationinall threeareasthat quick clay was
present, although it was not sufficient to provide more than a rough idea of its
extent. All three areas are located in western Sweden and the clays have been
deposited by sedimentation in a marine environment after the latest glaciation.

From the existing information, a rough outline of a probable border for the quick
clay deposit wasdrawn ontheplanfor each area. A geophysical investigationusing
surface resi stivity measurements was then designed to cover an areaextending far
out on both sides of this tentative border.

When the results from the geophysical investigation were at hand, they were
compared to the priori information and were found to match thisfairly well. New,
adjusted and more detailed tentative bordersfor the quick clay depositswere then
outlined and the geotechnical mapping and control programmes were designed.

Thegeotechni cal mapping programmeconsi sted of 9—10 static pressuresoundings
and 3—4rotary pressure soundings, total soundingsand CPT testsat each site. The
static pressure soundings were located in both quick clay and non-quick clay, and
were placed to verify the assumed border of the quick clay formation. Based on
these results and the previous information, 3 — 4 of the investigation points were
selected to cover the range quick clay — highly sensitive clay —normally sensitive
clay. At these points, parallel tests were performed with the other three sounding
methods and undisturbed samples were taken. In one of the test areas, the static
pressure soundings were supplemented with results from apreviousinvestigation
using the sametype of equipment and at another site sampling waslimited because
of fairly extensive sampling in a previous research project.
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3.3.2  The test site in Skepplanda

Area and previoustests

The Skepplanda test site is located northwest of the community of Skepplanda,
about 40 km north of Gothenburg. Thetest areaisan areaof farmland besideasmall
industrial estate. The terrain slopes gently over a distance of about 500 metres
towards a steeper slope down to a small river, Gronan. The soil consists of soft
marine clay below a relatively thin, dry crust. The upper border of the area is
defined by aroad, whichrunswheretheclay layershavethinned out and the coarser
soil overlying the bedrock reachesthe surface. Thethickness of the clay layer then
increases to about 40 metres at the centre of the area. The investigations further
down havegenerally been limited to depths of about 30 metresand the actual depth
of theclay layersthereisunknown. Intheareanow investigated, and probably over
the whole area, there is a layer of coarse friction soil between the clay and the
bedrock. Its thickness varies between almost zero and a couple of metres, but can
generally be assumed to be about 1 metre. The layer is permeable, and the water
pressures in this layer are artesian because of the sloping terrain and bedrock.

The free groundwater level islocated in the dry crust and varies seasonally from
the ground surface to about 1 metre below. Because of the artesian water pressure
in the bottom layers, there is an upward gradient and pore water flow in the soil
mass.

Fig. 3.10. The test site at Skepplanda.
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The soil conditions close to Grénan have been investigated in connection with the
establishment of the industrial estate and because of stability problems along the
steeply sloping riverbanks. No quick clay has been found in this part of the area.
However, in anew investigation further up the slope, which was performed for a
planned extension of theindustrial industrial estate, extremequick clay withhigher
than measurabl e sensitivity wasfound during undisturbed samplingin oneborehole
designated D2 (GF 2003). Aninspection of the resultsfrom the various soundings
in the areaindicated that this could be the case for alarge part of the upper slope.

Investigations marked 72 BM refer to an investigation in 1972 using the original
static pressure sounding, i.e. with asquare tip and a dlip coupling. Investigations
marked D or by a number alone refer to investigations by GF in 2002 — 2003.

Geophysical tests

The resistivity measurements were performed in six lines about 300 metres long
fromjust below theroadintheupper part of theslopetowell below thecentral parts
of the area. Two cross lines of the same length running on opposite sides of the
centre of thefirst six lineswere also measured. The positionsof thelinesare shown
inFig. 3.11.

T\ "’ ‘\\\4
A < » »4,\\5.,
NS o> //A\\\\\\ W/ ﬂ&ér//é\\
Fig. 3.11.  Lines for resistivity measurements and location of test points in the
current investigation at Skepplanda.
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Geotechnical investigations

Thegeotechnical investigationsin the present project were performed at ten points
numbered 1 to 10. Static pressure soundings were performed at all of these, rotary
pressure soundings and CPT tests were performed at points 1, 7, 8 and 9, and
undisturbed sampling was performed at points 1, 8 and 9. Thetotal soundingswere
limited to points 1 and 9 after these tests had shown that the level of the bedrock
mainly coincided with the stop levels in the other types of sounding and that
problems with artesian water pressure had been encountered in these two holes.

Results

The results of the laboratory tests, together with the results from the previous
investigationsinthearea, showed that the undrai ned shear strengthinthefarmland
was about 5 kPajust below thevery thindry crust and increased by about 1 kPaper
metre depth. The crust effect is more pronounced close to the river and in the
industrial estate, where the undrained shear strength is more or less constant at
around 12 kPa down to 10 metres depth and then increases by about 0.8 kPa per
metre depth, Fig. 3.12. A certain anomaly is that the highest shear strength is
measured at point D2, where the sensitivity is highest.

Also in other respects, the clay appearsto be somewhat different in the upper part
of the area compared to that closer to the river. The density isthus higher and the
water content andliquid limit aresignificantly lower. Someof thesedifferencescan
be attributed to changes during leaching, but not all of them. However, the depths
to bedrock vary considerably anditisnot uncommon for thelayering tofollow the
contour of the bedrock and for some of the top layers found in the central, deeper
parts of the valleys to be missing at the valley sides. This has been illustrated
previoudy, e.g. by Cato et al. (1981) in SGI Report 11 on the geology of the Tuve
area. It isthus possible that the same type of clay asin the upper parts of the area
will be found at greater depths closer to theriver.

Therelation between the natural water content and the liquid limit is often agood
indication of the sensitivity of the soil, (Statens offentligautredningar 1962). It has
been found that thisquasi liquidity index normally hasto be above 1.15in western
Sweden if the clay is to be quick (Larsson and Ahnberg, 2003). This was aso
observed in the results from Skepplanda and the high quasi liquidity indexeswere
found solely inthe upper part of the area, Figs. 3.13 and 3.14. At point 8, whichis
located about midway from the upper boundary of the areato theriver, theclay in
the lower half of the profileis of the same type asthat at the points further up, but
hereit hasalower liquidity index and isnot quick down to 35 metresdepth, which
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Undrained shear strength evaluated from fall-cone tests, kPa
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Fig. 3.12. Undrained shear strength at Skepplanda.

was the lowest sampling level. The total depth of the clay profile here is about
42 metres. According to the laboratory results, the quick clays are confined to the
upper part of theareaand ultraquick clay with sensitivity valuesof several hundred
isfound at point D2, Fig. 3.15. It may also be noted that the clay tendsto be more
quick indeeper layersat point 9, whichislocated somewhat lower downintheares,
and that quick clay isfound only in the bottom layers at point 1, which islocated
even further down towards the river.

The resistivity measurements showed high values in the upper part of the area,
whereas gradually lower resistivity was found further down towards the river.
Lower resistivity corresponds to a higher salt content and the resistivity sections
indicate that leaching occurs from the bottom upwards, which should correspond
to the artesian groundwater conditions, Fig. C16.
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Fig. 3.14. Quasi liquidity index versus depth at different points at Skepplanda.
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Fig. 3.15.  Sensitivity versus depth at different points at Skepplanda.

The results of the static sounding tests confirmed the general picture in that the
inclination of the curvefor sounding resi stance versus depth wasamost vertical or
even negativeinthedepthintervalswith quick clay. At points9and 10, wherethere
is quick clay almost throughout the profile, the equipment sank under its own
weight for large depth intervals. In those parts where the sensitivity was lower, it
was observed that the sounding resistance increased each time the penetration was
stopped to add new rods and raise the pushing yoke. It then took almost ametre of
further penetration before all the effects of the stop were erased. Theresults of the
static pressure soundings in this project are presented as smoothed curves after
removal of the stop effect in Fig. 3.17. Even afirst glance of the results provides
agood relative picture of the distribution of the sensitivity in the soil mass. From
theresultsit can be observed that in the upper part of the slope each profileisquick
throughout and that further down there is only a zone in the lower part of each
profile which is quick. This zone follows the bottom contour and decreases in
thickness with distance from the upper area and increasing thickness of the clay

layer.

The results from the previous static pressure sounding have been included in
Fig. 3.18. These results have not been smoothed and the increases in sounding
resistances after each stop can be observed. Apart from this, they supplement the
general picture in order to make it more complete.
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Skepplanda line 040 (gradient L/S and dipole-dipole L/S) 2003-09-09
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Skepplanda line 120 (gradient L/S and dipole-dipole S) 2003-09-10
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Fig. 3.16.  Resistivity sections for lines 040 and 120. The uppermost thin high
resistivity layer corresponds to the dry crust and bedrock is found
somewhere in the red — dark red zones.
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Theresultsfromtherotary pressuresoundingsweresimilar, with higher resistances
after each stop. The curveswere also more jagged since the noise in the registered
values became considerably higher when rotation was applied. The smoothed
curves are shown in Fig. 3.19. Approximately the same picture as for the static
pressure soundings appears, but with somewhat less detail. Also in this case, the
equipment sank under its own weight for a large part of the profile in the most
sensitive clay.

Pushing force, kN

Depth, m

45

Fig. 3.19.  Results from the rotary pressure soundings at Skepplanda.

Thetotal soundingsshow asimilar picture, althoughthereareonly resultsfromtwo
points, Fig. 3.20. Also this equipment sank under its own weight for part of the
profile in the most sensitive clay.
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Fig. 3.20.  Results from the two total soundings at Skepplanda

For the CPT tests, the results have been corrected by subtracting the measured tip
resistance from the total penetration force and adding the weight of the rods,
Fig. 3.21. Thecurveshaveal so been smoothed to removetheenhanced friction due
to temporary stopsin the penetration. Therod friction is generally higher than for
the other sounding methods, which can be attributed to the considerably lower
remoulding by thetip. The pattern of the rod friction versus depth is the same as
for the other test methods, but the curves are not quite as steep.

Intheplot in Fig. 3.21, aguiding line corresponding to an average rod friction of
1 kPahasbeeninserted. Aninclination steeper than thislineindicatesthat the clay
ishighly sensitive and probably quick, and partsinwhich the curvesarevertical or
amost vertical indicate quick or ultraquick clays. The general pictureis verified
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Fig. 3.21. Results from the CPT tests at Skepplanda in terms of rod friction and
sleeve friction versus depth.

by the measured sleevefriction, whichiszero or ailmost zero in the partswith ultra
sengitive clays and generally less than 2 kPa in the parts with highly sensitive —
quick clays. When judging the absolute values of the sleeve friction, it should be
consideredthat thesemay beexpected tobeconsiderably higher thanthecompl etely
remoulded shear strength and that the measuring accuracy is normally + 2 kPa at
best. However, the pattern should match the estimated sensitivity fromthetotal rod
friction, which it clearly does here. The results of the CPT tests also indicate that
thereiscoarser clay at thebottom of theclay profiles, withembedded thinsiltlayers
at the very bottom. The quick clay inthe deeper clay profilesislocated mainly in
this layer.
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3.3.3  The test site in Utby

Area and previous tests

Thetest siteat Utby islocated onthewestern bank of theriver Géta Alv about 10 km
north of the community of LillaEdet. Theriver makesasharp turn around acouple
of small outcropping hillocksjust upstream of thesite. Theareaisarura areawith
farmland all the way from the riverbank up to the nearest buildings and the public
road about 1 km away. The area closest to theriver is used solely as pastureland.
Most of the areaisflat or slopes only gently towards the river and then turnsinto
steep slopesdowntotheriver orintheravinesat itstributaries. At thetest site, there
is a depression in its south-western part reaching about 200 metres in from the
riverbank as aresult of an earlier landslide. There are no installations in the area
except for farm tracks and an erosion protection of rock fill along the riverbank.

The banks of the GétaAlv wereinvestigated during thelate 50’ s—early 60’sin an
extensive investigation of the stability conditions along the river (see Statens
offentligautredningar 1962). Theinvestigationswereconfinedtotheareaextending
from the river that could be involved in a primary slide and areas further away
towardsthevalley sideswerenormally not involved. Theinvestigation pointsat the
test siteat Utby are shown inFig. 3.22. It wasthen found that quick clay is present
over theentireinvestigated strip along theriver to the north of the bend at Utby. A

& uTByr

Fig. 3.22.  Plan of the area with the investigation points in the Gota alv
investigation.
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short distanceto thesouth of thebend, the qui ck clay formation seemed to di sappear
close to the river, where the investigations were concentrated and most detailed.
However, coarser and more scattered investigations indicated that it was still
present at greater distances from theriver.

Theclay in the areais marine clay that has been assumed to be resting on alayer
of till on top of bedrock. The top of the assumed till layer below and close to the
river was encountered about 40 metres below the surrounding plateau. It then
sloped gently towards the valley sides and more steeply towards the outcropping
hillocks. The depth of the clay layers was thus assumed to range from about
15 metres below the eroded river course to about 40 metres at the crest of the steep
dopesabovetheriverbank and then decreasegradually towardsthevalley sidesand
hillocks. The sounding results from a single test point, one of about 80 in that
particular area, indicated that the clay depths could be considerably deeper south
of the bend.

The pore pressure measurements performed in the earlier investigation indicate
freeground water levelscloseto theground surface. Below theupper plateau, there
isthen adownward gradient with lessthan hydrostatic pore pressures. Below lower
ground at the river banks, this has turned into artesian water pressures with
somewhat higher than hydrostatic pore pressures. Considering thetopography, the
pore pressures below the river may be assumed to be even more artesian.

Geophysical tests

Thetest sitein the present investigation was located with the intention of finding
theborder of thequick clay formation. Sincethelocation of thiswasmoreuncertain
than at Skepplanda, theinvestigated areawasmadesomewhat larger. Theresistivity
measurements were thus performed in six parallel lines about 400 metres long
running perpendicularly to the river and starting just above the crest of the steep
dopeat theriverbank. A crossline approximately 500 metreslong running parallel
to theriver and at the centre of thefirst six lineswas also measured. The positions
of thelines are shownin Fig. 3.23.
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Fig. 3.23.  Lines for resistivity measurements and new investigation points
at Uthy.

Geotechnical investigations

The geotechnical investigations in the present project were performed at nine
points numbered 1 to 9. Static pressure soundings were performed at all of them,
rotary pressure soundingswere performed at points 1, 3, 5and 6, and CPT testsand
undisturbed sampling were performed at points 1, 5 and 6. All these soundings
stopped at approximately the samelevel sasthosein the previousinvestigation and
in what appeared to be avery firm bottom or bedrock. Thetotal soundings were
performed at points 2, 5 and 6. The reason for switching to point 2 for these tests
wasthat thetestsat points 5 and 6 had shown that the assumed firm bottom wasan
approximately 0.5 metrethick very hard layer of coarse soil and that theclay layers
continued to very large depths below this layer. The test at point 2 was then
performed to ascertain that the assumed bedrock at the shallower bottom at this
point really existed.
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Results

The results of the laboratory tests, together with the results from the previous
investigationsintheareashowedthat theundrai ned shear strengthwasapproximately
20 kPa just below the level of the plateau and then increased by approximately
1 kPa /metre, Fig. 3.24. However, there is a considerable scatter in the results,
particularly inthepreviousinvestigations. Thedry crustisonly about ametrethick.

Undrained shear strength evaluated from fall-cone tests, kPa
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Fig. 3.24. Undrained shear strength at Utby.
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The measured densitiesand water contents do not indicate any large differencesin
the clay in the area. The scatter in the results mainly obscures possible variations
due to factors such asthe slide in the south-western part of the area. The scatter in
liquidlimitisevengreater, and alsofor thisparameter itisdifficult todiscernaclear
pattern.

However, the values of the quasi liquidity index, the remoul ded shear strength and
the sensitivity all show that the clay is different over the area. The clay with high
quasi liquidity index and sensitivity is thus found in the north-eastern part of the
area, whereas the clay in the south-western part has lower values, Figs. 3.25 and
3.26. Correspondingly, the opposite pattern is found for the remoulded shear
strength, Fig. 3.27. It isalso found that the thickness of the highly sensitive layers
generally increases with distance from the river and towards areas with lower
thicknessof theclay layers. Here, it must be observed that the clay layersbel ow the
river are probably considerably thicker than previously assumed.
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Fig. 3.25.  Quasi liquidity index
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Sensitivity
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Fig. 3.27. Remoulded shear
strength versus
level at different
points at Utby.
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The usual type of correlation between quasi liquidity index and sensitivity was
found for theresultsfrom Utby. Therelationsfor the earlier results and those from
the present investigation differ somewhat, possibly asaresult of different sampling
equipment and sample qualities, and possibly also because ultra-sensitive clays
were not encountered in the earlier investigation. Nevertheless, the results show
that the quasi liquidity index should be higher than approximately 1.15for theclay
to be quick, Fig. 3.28.
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Fig. 3.28.  Relation between quasi liquidity index w,/w, and sensitivity for
Utby clay.

The resistivity measurements showed high values in the north-eastern part of the
area, whereasgradually lower resistivity wasfound further down towardstheriver
and southwest. The resistivity sections indicate that leaching has occurred from
both percolation of water from the ground surface and diffusion from draining
layers at the top and bottom, which corresponds to the groundwater conditions,
Fig. 3.29.

The dark red zone in the upper part of the resistivity image for section 090
corresponds to bedrock, whereas no check of the bedrock level at great depthsis
available. The hard and coarse layer found in the geotechnical investigations at
approximately elevation —20 metres does not show up in the resistivity images.
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Utby line 090 2003-09-17
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Fig. 3.29.  Resistivity sections for lines 090 and —127. The uppermost thin high
resistivity layer corresponds to the dry crust.
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The results of the static sounding tests confirmed the genera picture previously
found at Skepplanda, Fig. 3.30. The curves showed the same pattern with increased
resistances after each stop in the penetration and almost vertical penetration
force — depth curvesin the parts with quick clays. No quick clay was indicated at
points 5 and 8 in the south-western part of the area, whereas such parts with
increasing thicknesstowards the northeast could be seen at the other points. Inthis
case, the crest and upper non-quick layers were thick enough to prevent the
equipment from sinking under its own weight. Below this part, the layer of quick
clay islimited to acertain depth interval except for points 6 and 7, in which quick
clay appears to occur throughout the penetrated depth. At point 6, the latter
corresponds to hitting the level of the hard layer, whereas it is uncertain whether
this layer or bedrock was reached at point 7.
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6 8 10

Depth, m

40 —_

45 -

Fig. 3.30. Results from the static pressure soundings at Utby.
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The results from the rotary pressure soundings yielded approximately the same
picture asthe static pressure soundings, Fig. 3.31. Also in thiscase, the equipment
did not sink under its own weight at any of the points. However, theinclination of
the penetration force-depth curve became negative for alarge part of the profile at
point 6, where the most sensitive clay was found.
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Fig. 3.31.  Results from the rotary pressure soundings at Utby.
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The total soundings show a similar picture, athough there are only directly
comparable results from points 5 and 6, Fig.3.32. The total soundings at points 5
and 6 using only pressure and rotation stopped at the same levels as the previous
soundingtests. Anincreasein rotation and flushing did notincreasethe penetration.
However, when activating thehammer, the equipment penetrated fairly rapidly and
about 0.5 metrefurther down, thehammer wasstopped and the penetrationresumed
for pressure and rotation only in what appeared to be a direct continuation of the
clay layers above the hard layer. The soundings were continued as far as the drill
rods at hand allowed, i.e. to about 40 metres depth.
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Fig. 3.32.  Results from the total soundings at Utby.
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An embedded coarser layer at approximately the same elevation asthe hard layer
at Utby has been found at Strandbacken approximately 10 km downstream on the
GotaAlv, and at several other locationsin the area (L arsson and Ahnberg, 2003).
Thisismainly attributed to temporary re-advancements of the retreating ice-front
during the de-glaciation 10,000 — 11,000 years ago (Stevens, 1987). However,
these layersare normally made up of sand and silt depositsand no layers as coarse
and hard asthat found at Utby havetotheauthor’ sknowledgebeenreported before.

The evaluated rod friction and the measured sleeve friction in the CPT tests are
shown in Fig. 3.33. The pattern of the rod friction versus depth is the same as for
the other test methods and the measured trendsfor therod friction are supported by
the measured sleeve friction.
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Fig. C33.  Results from the CPT tests at Utby in terms of rod friction and sleeve
friction versus depth.
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The normal presentations of the results of the CPT tests in terms of total cone
resistance, friction ratio, generated penetration pore pressure, pore pressure ratio
etc. indicate fairly uniform clay down to the hard layer. The exception is at point
5, where there are sharp breaks in both cone resistance and generated penetration
porepressureat 7 metresdepth, indicating aslip surfacefromtheearlier landslide.

Inall CPT tests, thepore pressuredissi pation wasrecorded for about 5 minutesafter
stop against the hard layer. Thedissipation curvesindicate that the layer cannot be
considered as a free draining layer but has a permeability of a magnitude that is
typical for finesilt. Considering itsthicknessof only about 0.5 metre, the hard layer
has thereby a very limited water conducting capability, and thus probably no
significant influence on the leaching process.

334 Torp

Area and previoustests

Thetest siteat Torp islocated on the western bank of the river Orekilsalvenin the
southern part of the community of Munkedal. Here, there is arise in the bedrock
below the clay layersintheriver valley and theriver makesacouple of sharp turns
around the area. The area was involved in the large Munkedal project to ensure
stability along the riverbanks through the community. Before this, the area had
been built-up, with several dwelling houses and a cement works. The stabilisation
works involved large excavations at the crests of the slopes and every building
except for asingle dwelling house was demolished either during these operations
or shortly afterwards. Nevertheless, the previous history entails that there are
several fillsand paved surfacesin the area. A number of earlier installationsin the
form of pipesand cablesalso remain inthe ground, in addition to those serving the
remaining building.

The topography of the area is more irregular than at the other sites. Its western
border in a central west-east section is a steep hillside with outcropping bedrock
along which runs the main railway in the area. The ground then slopes gently for
about 150 metres down to aroad running roughly paralel tothevalley side. After
passing the road, there is a plateau about 100 metres wide, followed by a steep
excavated slope about 5 metres deep. The excavated terrace below is about 50
metres wide and is followed by a steep natural slope about 13 metres deep down
to the riverbank, where erosion protection has been constructed.
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Theareafurther south hasasimilar topography but further north, both theriver and
the excavated plateau turn about 90 degrees to the west and create an uneven
northern border of the site. Furthermore, the northern end of the road runsin a
sloping depressioninthegroundtowardstheriver, whichindicatesthat aquick clay
dlide has occurred here some time long ago.

The area was investigated in connection with the stabilising works and more
thoroughly in arecent project concerning the long-term effects of excavationsin
slope crests (see Larsson and Ahnberg, 2003). Also geophysical investigations
were carried out by Dahlin et al.(2002). The geotechnical investigations showed
that quick clay occurred in one of the investigated sections and the geophysical
investigations in the same section indicated that this occurrence could be mapped
by resistivity imaging.

The soil inthe areaconsists of lateral fluvial sediments of organic sand and silt on
top of marineclay. Thethicknessof the sand and silt layer at the sitevariesmainly
within 2 — 5 metres, which means that all of it was removed from the excavated
terraces. Thetotal thickness of the sediments below the plateau in the central part
of thesiteisabout 25 metres. Thebedrock appearsto form acorresponding plateau
here, but then sl opes downwardstowardsthe north, east and south. Thismeansthat
thethicknessof the sedimentsbeforetheerosion of theriver and theexcavationwas
considerably greater in these directions. The original thickness at the river was at
least 60 metres and in asection 230 metresto the south it is estimated to have been
80 — 90 metres. In the area between the road and the valley side, the thickness of
the sediments decreases gradually.

During 1996 — 2001, the soil conditions from the river channel and up to the road
werethoroughly investigated in two sections, of which onerunsthrough the central
part of the present test site and the other is located 230 metres further south,
Fig. 3.34. Theresultsaredescribedin detail in Larsson and Ahnberg (2003). It was
then found that quick clay occurred below the plateau in the northern section, but
not further out towardstheriver and not inthe southern section wherethe sediments
werethicker. A thin layer of quick clay had also been reported at point S22 in the
previous investigation.

Theclay intheareaisassumedtoberestingonalayer of till ontop of bedrock. From
geophysical investigations, the thickness of this layer has been assumed to be
between 1 and 10 metresand hasat thefew pointswhereit hasbeen checked by soil-
rock drilling proved to be about 1 metre.
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Fig. 3.34.

Plan of the area with the investigation points in the previous
investigations.

The pore pressure measurements indicate free ground water levels about 1 metre
below the ground surface, except at the upper crests, where it dips in the more
permesable layers of sand and silt. On the excavated terrace, the free ground water
level ismainly at theground surface. Below the upper plateau, thereisadownward

gradient with lower than hydrostatic pore pressures. Thischanges gradually down
theslopeandtheporepressuresareartesian at theriverbank and bel ow theriverbed.
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Geophysical tests

Here again, the test sitein the present investigation was located with the intention
of finding the border of the quick clay formation. A rough idea of thiswasinferred
from the previous investigations and resistivity measurements had aready been
performed in two lines. These lines were supplemented by five new ones, three
mainly parallel to the road and two roughly perpendicular to it. Because of the
topography and surface conditions, some of the lines were broken. The positions
of the lines are shown in Fig.3.35.
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Fig. 3.35.  Lines for resistivity measurements and investigation points at Torp.
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Geotechnical investigations

The geotechnical investigations in the present project were performed at nine
points designated A-D, S2-S4 and S22. The designations A-D represent new
investigation points in this project. S2-S4 and S22 are investigation points used
also inthe previousinvestigations, which have kept their previous designationsto
avoid confusion. Static pressure soundingswere performed at all theinvestigation
points, rotary pressure soundingswere performed at pointsA, S2-S4 and S22, and
total soundings and CPT tests were performed at points S2-S4 and S22. Results
from undisturbed sampling and laboratory tests at points S2-S4 and S22 were
already available and the sampling in this project was limited to two levels at
point E, where the results from static pressure sounding indicated that highly
sensitive clay might be present. The last three sounding types were thus mainly
limited to the pointswhere comparative laboratory resultsexisted. Theextrarotary
pressure sounding at point A was performed because the upper layers at this point
were so coarse that problems occurred owing to the relatively slender static
pressure sounding equipment with bending and high friction at the top and an
unusually jagged penetration curve throughout the profile.

Results

Theresultsof thelaboratory testsin previousinvestigationshad shown that theclay
throughout theareawasmainly similar in character and had generally consolidated
for an origina ground surface level with the present plateau. Thelayering appears
to be mainly horizontal with some tendency for the boundaries between different
soil layersin the northern section to be influenced by the contour of the bedrock.
Theundrained shear strength isabout 30 kPadirectly below the upper sand and silt
layer, after which it increases linearly with depth. The main exception from the
general ruleisthe quick clay found at point S4, and to alesser degree at point S22,
whereboth preconsolidation pressuresand undrained shear strengthsare somewhat
lower than at corresponding levelsin the rest of the area.

The measured densities, water contents and liquid limits do not show any distinct
differences between the different points, apart from acertain variation in level as
mentioned above.

However, the values of quasi liquidity index and sensitivity all show that the clay
varies acrossthe area. The clay with high quasi liquidity index and sensitivity is
thus found below the upper plateau and the thickness of thislayer increases from
about ametre at point S3 and a couple of metres at point S22 to more than half of
the clay profile at point $4 closer to the valley side. Figs. 3.36 and 3.37.
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The usual type of correlation between quasi liquidity index and sensitivity was
found also here, and theresults show that the quasi liquidity index should be higher
than approximately 1.15 for the clay to be quick, Fig. 3.38.
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Fig. 3.38.  Relation between quasi liquidity index w,/w, and sensitivity for
Torp clay.

The resistivity measurements showed considerable scatter and more irregular
imagesthan at the other sites. Thiscan be attributed to the conditions at the ground
surfacewith poor electrical contact inthe sand and silt layersand thefill materials,
whicharenot completely saturated even below thefreeground water level. Various
buried objectsintheupper soil profilecan also beexpected to affect theresults. The
extent to which the varying topography affects the interpretation is more difficult
to estimate. However, in spite of thisscatter afairly clear picturewasobtained with
highresistivity below the upper plateau and further up towardsthevalley sidesand
lower valuesin all areaswiththicker clay profiles. Theresistivity sectionsindicate
that leaching in the shallower clay profiles has occurred from both percolation of
water fromtheground surfaceand diffusionfrom draininglayersat top and bottom,
whereas leaching in the thicker clay profilesis mainly limited to the top layers
where mainly diffusion from rainwater penetrating the coarser sand and silt layers
may be assumed to have taken place.
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Munkedal - Line from raitway to river 2001-08-17
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Fig. 3.39.  Resistivity images for Section A (upper) and the cross line at the road.

The upper red zonesin theimages correspond to the sand and silt layers on top and
the dry crust in the slope towards the river. The resolution at great depthsis poor
and results from depths greater than about 30 metres should be treated with great
caution.

The results of the static sounding tests showed the normal pattern with increased
resistances after each stop in the penetration and almost vertical penetration
force — depth curvesin the parts with quick clays, Fig. 3.40. Quick clay was thus
indicated at all points along the road, A — C, and at point S4. Possible thin layers
at other points could not be clearly discerned. However, there was an indication of
ahighly sensitive layer at 6 — 9 metres depth at point E. Thisled to a subsequent
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Fig. 3.40. Results from the static pressure soundings at Torp.

sampling at depths of 7 metres and 8 metres, and the laboratory tests showed that
the clay herewas highly sensitive but not quick. The overlying sand and silt layers
created enough friction to prevent theequi pment from sinking under itsown weight
at any of the points.

The results from the rotary pressure soundings yielded approximately the same
picture asthe static pressure soundings, Fig. 3.41. Inthiscase, theresultsfrom the
sounding at point A became moreregular and easier to interpret, and indications of

thinlayerswith highly sensitive clay could possibly be discerned also at points S3
and S22.
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Fig. 3.41. Results from the rotary pressure soundings at Torp.

The total soundings also show a similar picture, although no clear indications of
quick clay can be seen at any point expect for point $4, Fig. 3.42.

The evaluated rod friction and the measured sleeve friction in the CPT tests are
shown in Fig. 3.43. The pattern of the rod friction versus depth is the same as for
the other test methods and the trends for the rod friction are supported by the
measured sleevefriction, althoughthescatter isfairly largefor thelatter parameter.
Also these results show quick clay in the upper part of the profile at point S4. The
thin, quick clay layers at point S3 and S22 are indicated, but not strongly enough
to make a certain evaluation.

Theresults of the CPT testsindicate fairly uniform clay from just below the upper
sand and silt layer, if still present, down to the firm bottom layers.
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34 GENERAL RESULTS FROM THE INVESTIGATIONS
34.1 Correlations

The results of the sounding tests have shown a general correlation between the
slope of the pushing force — depth curve and the sensitivity of the soil at the same
depth. The pushing force is made up of two components; tip resistance and rod
friction. Thetotal penetration forceal so consistsof two components; the measured
pushing force and the weight of the equipment itself. It isonly therod friction that
isrelated tothe sensitivity, or morestrictly theremoul ded shear strength of the soil,
andthisparameter should preferably beused. However, itisnot possibleto separate
therod friction from thetip resistance, except in the CPT tests. On the other hand,
theweight of the equipment and thetip resi stance partly compensate for each other
inthiscontext. Therod frictionisoften also the main component in the typesof soil
profilesof interest for quick clay mapping, except at very shallow depths. Itisthus
to be expected that a certain correlation will be found between the pushing force
measured at the top of the rods and the remoulded shear strength of the soil.

This correlation can, among other things, be expected to be dependent on the
diameter of the rods, the shape of thetip, the diameter of thetip in relation to that
of therods, therate of penetration and whether the equipment isrotated and in that
case at what speed. Ascan beobservedin the presented curves, the correl ation also
requires each penetration stroke to be long enough to overcome the thixotropic
effects created at each stop for adding new rods.

The correl ations between remoul ded shear strength and pushing forcefoundinthis
investigation areshowninFig. 3.44. Thecorrel ations between the remoul ded shear
strength and the corrected rod friction and measured sleevefriction respectively in
the CPT tests are also shown in Fig. 3.44d and 3.44e.

The results show clear and linear correlations between sounding resistance and
remoulded shear strength. The scatter islarge for the sleeve friction in CPT tests,
which can be expected because of the insufficient measuring accuracy and also
because here the soil will be only partly remoulded. When ¢ 36 mm push rods are
used in thismethod, the sleevefriction and therodswill have the same diameter as
thetip and no extraremoulding from an enlarged tip will be created. The degreeto
whichthesoil just abovethetipisremoulded probably variesbetween different soil
types, but the results show that in principle the friction along the sleeve is higher
than the remoulded shear strength, and the average ratio in the tested types of clay
isroughly about 3:1. Also the corrected rod friction shows that the friction along
the rodsis generally higher than the remoulded shear strength, and indicates that
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the average rod friction over a 1 metre interval is normally about 1.5 times the
completely remoulded shear strength.

The corresponding correlations for the sensitivity are shown in Fig. 3.45. The
results for all the methods show that all the relations obtained are similar to that
proposed by Mdller and Bergdahl (1982) for static pressure sounding. Quick clays
are thus found to give almost no increase in pushing force or rod friction versus
depth. However, since there is no direct connection between pushing force and
sengitivity, there is a large variation in sensitivity for any given slope of the
sounding curves, except for the very flattest. It isthus not possible to propose any
useful mathematical expressions for these correlations.
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Also the correlation between the resistivity and the sensitivity was investigated,
Fig. 3.46. Theresultsconfirmedtheearlier rulethat theresistivity shouldbe® 5Wm
if the salt content is to be low enough to alow the clay to be quick (Stderblom,
1969). They also confirmed that no other correlation could be found since high
resistivity and low salt content does not automatically mean that the clay is
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sensitive. Thus, someof the highest resistivity valuesarefoundinthedry crust and
weathered zone, where the clay is hardly ever highly sensitive because of an
insufficient water content and chemical weathering effects. Alsoin other zones, the
water contentsare often too low because of compression of thesoil, or thechemical
composition of the soil and pore water entails that the clay is not particularly
sensitive even at ahigh water content. Furthermore, organic soilsare never quick.

34.2 Discussion

The correlations between sensitivity and electrical resistivity can be used only for
separation of soil volumesin marine clays, which have been leached sufficiently
to possibly form quick clay, from those volumes where the salt content remains
high enough to prevent this. The actual sensitivity of the leached clay has to be
determined by other methods, which canonly providesampletests. Certaingeneral
observations—for example, thesoil inthedry crust and theweathered zone, aswell
as organic soils and heavily overconsolidated soils, israrely quick — can also be
used in the screening process.

The correlations between sensitivity and sounding resistance can be used mainly
for aroughdivision of thesoil into sensitivity classes. No preciserulescanbegiven
for theway inwhich thisshould be donebecausethecorrelationisonly indirect and
dependson soil type, equi pment and test performance. However, anamost vertical
pushing force—depth curve generally indicates highly sensitive clay. Provided that
the sameequi pment and test method i sused throughout theinvestigated area, avery
good visua picture can also be obtained of the relative sensitivity of the soil by
studying the penetration curves*. The slope of the curves can also be calibrated
roughly against sensitivity values obtained from tests on samplestaken at some of
the test points.

Itispossibleto useany sounding method which usesaconstant rate of advanceinto
the ground and in which the penetration force applied on the top of the rodsis
measured. However, the stroke in each pushing operation should preferably be at
least 2 metresin order to enabl e separation of thethixotropic effectsthat occur each
timethe operationisinterrupted for the addition of new rods. It should be observed
that thevariationsintotal penetration forceare not related to rod friction alone, but
significant changesin tip resistance may distort thegeneral picture. Thus, thelarge
dip intip resistance after passing through the stiffest part of the dry crust makesit
impossibleto draw any conclusionsabout the sensitivity inthelayer just below the

*  This refers mainly to a limited area with the same geology.
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crust. The same problem occurs when passing embedded stiffer layers in the soil
profile. An almost constant or decreasing penetration force may also be aresult of
thetip entering soil layers with continuously decreasing plasticity, such asvarved
and silty bottom layers, in which also the tip resistance decreases.

Another source of error is that the rod friction away from the tip may change
significantly. Thiscanoccur if highfriction caused by coarse soil inthecrust or any
other large object isrel eased when these objectsare dislodged. It can also be caused
by awobbling mation of the rods|eading to enlargement of thedrill hole and local
gaps between the rods and the soil.

Furthermore, any change in the rod diameter in the string of drill rods will create
achange in the pattern of the penetration curve and cannot be permitted.

These potential errors can be avoided by using CPT tests with the additional
measurement of thetotal penetration force. Provided that asensitive probeisused,
the rod friction can be separated and al so checked by using the readings of sleeve
friction at the very tip. The fact that there is no direct correlation between the rod
friction (and sleeve friction) and the sensitivity still remains. On the other hand, a
CPT test provides afairly accurate determination of the undrained shear strength,
which together with determinations of liquid limits and remoul ded shear strength
on samples can be used to calculate the sensitivity. The latter two determinations
do not require undisturbed sampl es. Depending on other circumstances, such asthe
availabledatafrom other investigationsand the scope of theinvestigation, themore
laborious CPT test may therefore be amore rational test. The much more detailed
information about the soil conditions also in other aspects than sensitivity alone
should also be taken into consideration when selecting test methods.
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35 COMPARISON OF GEOPHYSICAL AND
GEOTECHNICAL MODELS

Theresistivity measurements provide continuous 2-dimensional images of the soil
inthe measured sections. There are also programsthat allow these sectionsaswell
asthecross-sectionsto becombinedinto aquasi 3-dimensional pictureof thewhole
investigated soil mass. This picture can be rotated and inspected from different
directions and angles to obtain the best illustrative view.

Thegeotechnical investigationsare performed at singlepointsand provideprofiles
only at these points. When several points are investigated along aline, a section
can be drawn in which the different soil layers identified at the test points are
connected by straight lines or otherwise estimated curves. There is no readily
available program for connecting such geotechnical sections into 3-dimensional
models. However, provided that there are sufficient investigation pointsto create
such amodel with reasonable certainty, amanual process can beused. Inthe actual
cases, there are several test points in each limited area and the points have been
located to enable such modelling. When creating the geotechnical models, the same
views have been sdlected as those that were found to give the best illustration of the
resigtivity distribution. A direct comparison between the model s can thereby be made.

Theresistivity model and thegeotechnical sensitivity model for the Skepplandasite
areshowninFig. 3.47. Inthegeotechnical model, thesoil hasbeendividedintofour
sensitivity classes. The blue colour represents normal sensitivity, which for the
clays in western Sweden is up to about 30. The green colour represents highly
sensitive but not quick clays with sensitivity values in the range of 30 —50. The
yellow colour represents quick clayswith sensitivities above 50 and the red col our
shows ultra quick clayswith sensitivity values of several hundred and sometimes
unmeasurable levels. The criterion that the remoulded shear strength must be less
than 0.4 kPain quick clay has also been checked.

It can be observed how the two models match with quick clay found in the
significantly leached partsand that clay with normal sensitivity isfound wherethe
salt content remains high. The only discrepancy isthezonefor thedry crust and the
thinweathered zoneat thetop, wheretheresistivity ishighbut theclay isnon-quick,
but thisisto be expected for other reasons, as previously explained. It can also be
observed how the thickness of the clay layers, the permeable layer below the clay
and the artesian water pressures have affected the leaching process and quick clay
formation. The dark red zonesin thelower right part of the resistivity presentation
show the underlying bedrock.
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Fig. 3.47. Quasi 3-dimensional models of the soil at Skepplanda.
a) resistivity model
b) geotechnical model
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Thesamepresentationsfor thesiteat Utby areshowninFig. 3.48. Hereagain, there
is avery good correlation between the two models, except for the depths of the
profiles. All thegeotechnical investigations, except for thetotal soundings, stopped
at theembedded hard layer. Ontheother hand, theresistivity measurementsdid not

SENSITIVITY:
Normal

High

Quick

Ultra quick

Hard layer of coarse soil

T s

Clay to large depth

Fig. 3.48. Quasi 3-dimensional models of the soil at Utby.
a) resistivity model
b) geotechnical model
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detect this layer and showed great depths to bedrock in most of the area. The
resistivity inthehard but thinlayer wasobviously not sufficiently different to show
upintheinterpretation. Regarding depth, thetwo modelsthusonly coincideinthe
upper left corner, where the depth to bedrock was less and the upper bedrock
surface was located above the elevation of the hard layer, which was thus not
present here. Also at Utby, theleached and highly sensitive zonesare mainly found
intheupper part of theslope, wherethethicknessof theclay layersisless. However,
in this case the quick clay isfound mainly in the upper parts of the profiles below
the crust and the weathered zone. Thisreflects the ground water conditionswith a
downward gradient and water slowly seeping down from the ground surface in
these parts.

Also the models for the Torp area are fairly consistent. In this case, there is
considerably morescatter intheresistivity model, whichreflectsthelessfavourable
conditionsfor these measurements at this site. Neverthel ess, the model showsthat
the salt content is generally low enough for quick clay formation up towards the
valley side and below the plateau in those parts where the depth to bedrock is
relatively low. In areaswith greater depths to bedrock, the salt content appearsto
be high enough to prevent quick clay formation, except for azonein and just bel ow
the crust and overlying sand and silt sediments. Here too, there is a downward
gradient in the pore pressure in the upper parts of the area.

The geotechnical model shows the corresponding distribution of sensitivity. The
quick clay isconcentrated to the areatowardsthevalley side and below the plateau
where the thickness of the clay layer islimited. Quick clay was found below the
sand and silt layersat point S22 in the northern part of the area, but not at the other
points outside the main quick clay formation. Thisupper quick layer thus appears
to have alimited extent. The clay at the location of the assumed earlier quick clay
slidewasfoundto bequick. However, the extent to which the process of quick clay
formation had advanced at the time of this slide and the causes of the limitation of
this dide area cannot be estimated.
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Fig. 3.49.  Quasi 3-dimensional models of the soil at Torp.
a) resistivity model
b) geotechnical model
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3.6 RECOMMENDATIONS

The methods applied in the mapping of quick clay should be selected with
consideration to cost and benefit, the suitability of the method in the particular
geology and environment and possible other uses of the results than quick clay
mapping alone.

The use of resistivity measurements is mainly applicable when large areas are to
be investigated since these measurements provide continuous sections, whereas
sounding methods only provide point information. The latter operations can
thereforebecomefairly extensiveif largeareasareto be covered, the bordersof the
quick clay formations clarified and no pockets of quick clay left undetected. The
resistivity measurementsare also mainly applicableinrural areaswith aminimum
of surface pavements and installations in the ground. Fills and thick overlying
layers of unsaturated sand are also unfavourable for these measurements. A
complex geology could also be arestriction for thistype of measurement, but this
is not normally the case in the Swedish areas of main interest.

The results of resistivity measurements always have to be supplemented by
geotechnical investigations, but these may be considerably limited in relation to
those in atraditional geotechnical investigation.

Thesimple static pressure sounding isnormally sufficient for mapping quick clay.
Theuseof theheavier rotary pressure sounding method did not show any particular
advantage in the investigations in this project, except possibly that the method is
somewhat faster. This could be beneficial since alarge number of soundings have
to be performed for a detailed mapping of an area. Rotary pressure sounding also
better penetrates any coarse fills and layers overlying the clay.

Both these methods can be replaced by the total sounding method, which yields
corresponding resultsand also hastheability to penetrate stiffer layersandto verify
the level of the bedrock. The benefit of thiswasillustrated at Utby, where the soil
layers proved to be much thicker than estimated by any of the other methods.
However, the equipment for total sounding is much heavier and requires alarge
drill rigand accessto high-pressureflushing water or compressed air. Theinjection
of aflushing medium under high pressurein the bottom layersin areason or close
to slopeswith low or uncertain stability must also be performed with great caution.
Drilling with a flushing medium will also always involve potential additional
problemsin areas with artesian ground water conditions.
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The CPT test with simultaneous measurement of the total penetration force gives
themost reliable picture of the variation in sensitivity. However, thetime and cost
for each test are considerably higher and the interpretation more laborious. This
may be morethan compensated if theresultsareto be used for morethan quick clay
mapping, such as determination of the detailed stratigraphy, the undrained shear
strength and other parameters. The need for high quality undisturbed samplesis
thereby also reduced, which may be taken into consideration in the cost-benefit
analysis. In any case, it is always recommended to measure the total penetration
force in areas where there may be quick clay deposits. The extra cost for this
measurement isinsignificant and enabl esabetter eval uation of thesensitivity if this
should prove to be of importance.
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