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Abstract

Quick clay slides are quite rare but often leads to major consequences for
the society. These type of slides are complex and the true causes leading to
a slide is di Ccullt to map since the evidence is destroyed during the slide.
Because of this, dilerknt theories develop of the causes of the slide based
on the same information. It is also problematic to back-calculate the slid-
ing event because the commonly applied concept of perfectly plastic limit
equilibrium cannot be applied on many of the landslides in quick clay.

The objectives of this thesis were to construct a fault tree that facilitate
risk identification and risk analysis of quick clay slides and to evaluate the
applicability of the constructed fault tree, especially in the feasibility study
and design phase. Uncertainties within the subject require a careful ap-
proach when dealing with quick clay. An implementation of a fault tree for
quick clay slides in a risk management could reduce the risk of a slide and
better understand the phenomenon.

Two case studies were approached with the created fault tree and two ad-
vanced calculation methods that account for the special behaviour of quick
clay. The use of a qualitative fault tree analysis in combination with calcu-
lation methods enables an evaluation of isolated singular events that in the
end can lead to a quick clay slide. With the possibility to study isolated
events, the implementation of more advanced calculation methods may be
facilitated in an early stage to predict and prevent quick clay slides.

Keywords: Quick clay, Quick clay slides, Risk management, Fault tree anal-
ysis, Strain-softening behaviour.



Sammanfattning

Kvicklerskred ar sallsynta men leder ofta till stor skada fér samhéllet. Dessa
skred ar komplexa och orsaken till utlosandet av skredet &ar svart att identi-
fiera da bevisen forstors under handelseférloppet. Detta leder till att olika
teorier om orsaken av kvicklerskred kan variera fran samma information.
Det &r ocksd svart att berdkna skredets omlopp i efterhand den vanliga
berakningsmetoden baseras pa idealplastiska samband, négot som inte gar
att applicera pa kvicklera.

Malet med denna studie var att konstruera ett feltrad som underlattar riski-
dentifiering och riskanalyser av kvicklerskred. Malet var aven att utvardera
anvandandet av feltradet i en byggnadsprocess, framférallt under férstu-
dien och under projekteringsskedet. Osakerheter inom omradet kréaver en
forsiktig arbetsmetod nar kvicklera finns i omraden. Att anvédnda sig av ett
feltrad for kvicklerskred i en riskhantering skulle kunna minska risken for
ett skred och samtidigt 6ka systemforstdelsen dver fenomenet.

Tva fallstudier gjordes med det konstruerade feltradet, under dessa falt-
studier gjordes aven berdkningar med tva avancerade berdkningsmetoder
som tar hénsyn till det tojningsmjukande beteendet hos kvicklera. An-
vandning av ett kvalitativt feltrdd i kombination med berdkningsmetoder
mojligér en utvardering av isolerade handelser som i slutdndan kan leda
till ett kvicklerskred. Maéjligheten av att studera isolerade handelser kan
underlatta en implementering av mer avancerade berékningsmetoder i ett
tidigt skede och pa sa vis forutse och forhindra kvicklerskred.

Nyckelord: Kvicklera, Kvicklereskred, Feltradsanalys, Riskhantering, T6jn-
ingsmjuknande beteende
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1 Introduction

1.1 Background

Quick clay slides are rather rare events but often leads to severe conse-
guences for the society. The most recent quick clay slide, in 2021, with
lethal consequences occurred in Gjerdrum, Norway. Quick clay slides are
complex and the true causes leading to a slide is di cult to map and dis-
cern after an slide since most of the evidence is destroyed after the slide. An
additional problematic aspect of quick clay slides is that local disturbance
can propagate within the quick clay strata and propagate over larger areas.
These uncertainties in combination with infrequent occurrences of quick clay
slides lead to prediction and prevention of the phenomenon di cult.

Extensive research has been conducted on quick clay and quick clay slides
through out the years and important discoveries are still made. However,
the uncertainties within the eld of study are many and all of them can
not be well de ned. Dierent calculation methods and material models
have been developed which are able to include the characteristic behaviour
of quick clays. Many of the calculation methods and material models for
quick clay are still in research phase and are only applied when investigating
occurred quick clay slides and not in the design phase.

1.2 Aim and Scope

The main objective of this thesis was to construct a fault tree to facilitate
risk identi cation and risk analysis of quick clay slides. The secondary ob-
jective was to evaluate the applicability of the constructed fault tree in the
feasibility study and design phase.

The purpose is not to prove causation of specic factors to be the true
explanation related to past occurrences of quick clay slides. Due to un-
certainties within the subject, there are often con icting explanations, or
collateral hypotheses, of the occurred phenomena based on the same evi-
dence. By approaching documented slides from a risk perspective, and with
the use of fault tree, existing collateral hypotheses was possible to be used
in the design of the fault tree.

The uncertainties of the subject require a careful approach when dealing
with quick clay. Implementation of risk management could lower the risk of

unexpected events and better understand the phenomenon. The bene ts of
approaching quick clay slides from a risk perspective with the use of fault



tree analysis is, it enables a holistic view on possible causation and events
that could lead to a quick clay slide. The use of a fault tree in combination
with systematical and iterative risk management enables an evaluation of
isolated singular events that can lead to the top event.

1.3 Methodology

This thesis is divided into two main parts. The rst is the development of
a fault tree that indicates possible causation for quick clay slides and the
second phase is the demonstration of the fault tree methodology.

An extensive literature study was performed on quick clay and quick clay
slides. Knowledge about these two subjects were of importance to construct
the fault tree. Clay denoted as quick is a special type of clay with spe-
cial behaviour during disturbance and the literature study was performed
to understand this behaviour. With an understanding of quick clay, the
mechanisms behind quick clay slides were then studied to understand the
prerequisites needed for a slide to develop. Historical quick clay slides in
Sweden and Norway were studied during the thesis to get knowledge about
the events that can trigger a slide. A literature study was then performed
on risk management of geotechnical works to get an idea how to implement
the fault tree in the risk work.

A fault tree that indicated the possible causation of the event quick clay
slide was constructed based on the literature studies. Two case studies were
then studied to examine the validity of the fault tree and demonstrate the
use of it. The case studies also included calculations to analyse the risk
of failure in a slope with two methods which considers the characteristic
behaviour of quick clay as a complement to some event in the fault tree.

The case studies that have been chosen are the landslides in: Jordbro and
Ravekarr. A common factor between the cases are that quick clay has been
found within the area but the behaviour of the slides are di erent. A short
motivation for choosing these cases follows below:

The soil strati cation in Jordbro is unusual for a landslide, the under-
lying reason for the slide is therefore more uncertain.

The slide initiation in Ravekarr did only appear in a elongated crack
and did not evolve to a full scale quick clay slide.



1.4 Limitations

To be able to conduct research and to produce relevant conclusion based on
our purpose and scope within the subject, limitations are necessary. This
study does not explain the slide mechanisms on detailed level behind previ-
ously occurred slides. Therefore, a holistic view was applied when studying
the slide mechanisms of previously occurred slides instead of studying the
mechanisms in detail. This thesis does not intend to contribute any new
information regarding quick clay or landslides, but only view the existing
research from a risk perspective.

The usability of the fault tree is delimited from the risk evaluation and
risk treatment in risk management. These are often project speci ¢ and the
responsibility of the risk owner. Therefore, risk evaluation and risk treat-
ment will not be dealt with in this report besides a brief description. The
constructed fault tree can instead be implemented in the risk management
for an increased system understanding, risk identi cation and qualitative
risk analysis.

1.5 Overview of the thesis

Chapter 2 contains a literature survey about quick clay, from the forma-
tion and how it is structured molecular to geotechnical properties of quick
clay. The chapter also includes di erent of theories of mechanism, di erent
phases of quick clay slides, historical quick clay slides in Sweden and Norway
and two calculation methods which includes the strain-softening behaviour.

Chapter 3 covers a literature survey about risk management in geotechni-
cal engineering and fault tree analysis.

Chapter 4 is the rst chapter that covers the result of the thesis. Based
on the result from the literature survey conducted in the second chapter a
fault tree is constructed. The suggested implementation of the fault tree
within risk management is presented based on the result from the literature
survey done in chapter 3.

Chapter 5 , the second chapter containing the result, includes two case
studies where the fault tree is implemented based on the pre-requisites at
respective site. The fault tree will be used as a tool for risk identi cation
and risk analysis at the site and a combined approach will be performed
with the use of two di erent numerical calculation methods for each site.

Chapter 6 discusses the result of the thesis, possible obstacles for im-



plementation and bene ts of the adopting risk management for prediction
of quick clay slides.



2 Quick clay and quick clay slides

2.1 Quick clay

Quick clay diers from ordinary soft clays with regard to the behaviour
after failure or disturbance. Quick clays are characterized by a change
in consistency after failure or disturbance, from stable to liquied. The
requirements a clay must fulll to be classied as a quick according to
Swedish requirements are the following: The remoulded undrained shear
strength, ; < 0.4 kPa and the sensitivity, max/ r > 50. Quick clays
are present in Finland, Norway, Sweden, and Canada (Rankka 2003). A
common factor between these countries is that they were covered by the
continental ice sheet during the last glaciation period and has been subjected
to the subsequent isostatic uplift.

2.1.1 Formation of quick clay

The formation of quick clay is a slow geological process. Quick clay can
be formed from both marine clays and fresh- and brackishwater clays. The
formation of quick clays are di erent in these respectively origins, in marine
clays the formation of quick clay is often based on leaching. In the latter
origin, fresh- and brackishwater clays, the formation of quick clay is often
due to involvement of dispersing agents (Larsson 2010). Nearly all of the
quick clay was formed during the last deglaciation, about 10 000 years ago,
in the deposit of insoluble material on the seabed. As the inland ice with-
drew, the land raised and left the clay deposits over the sea level (Clague
et al. 2012). The clay have then been exposed to leaching leading to changes
in the ion composition. Leaching is a natural process described as a wash-
ing e ect where lose patrticles, like salt ions, are removed from the structure
through contact with rainwater, artesian groundwater pressure or di usion,.

There are generally two requirements for clay to become quick: the sed-
iments have to be deposited below the highest shoreline and it has to be
exposed to leaching by soft water. By studying the highest shoreline in
Sweden it is possible to locate where clay have been deposited in salt water
(Rankka et al. 2004). However, clay deposited in fresh or brackish water
can also become quick due to contact with organic substances (Séderblom
1974). There are two types of groundwater, namely hard and soft ground-
water. Hard groundwater can be found in areas where the bedrock consist
of limestone which was formed during the Cambrian, Ordovician and Sil-
urian geological period. Due to the ion composition in the water, there
is a limited chance that clay leached in hard groundwater becomes quick
(Séderblom 1974). However, most of the groundwater in Sweden is soft.



The leaching process can di er dependent on the geology where the clay
is located. Generally, clay becomes quick easier with more water circula-
tion, which can emerge due to several reasons. Figure 1 presents a common
scenario where a permeable coarse-grained soil layer is located between the
clay and the bedrock. The permeable layer is able to transmit groundwater
underneath the clay where leaching can occur (Rankka et al. 2004).

The sloping surface of the bedrock in the gure leads to a higher ow
of rainwater from higher ground which will increase the risk of artesian
groundwater. Water can also ow from fractures and discontinuities in the
bedrock. The risk also increases with the thickness of the permeable layer
beneath the clay deposits. The thicker the layer, the more quantities of
water can be transmitted. In a similar way the thickness of the clay strata
have an important role in leaching. The leaching process in clay is very slow
due to the low permeability. The thicker layer, the slower leaching process.
Hence, clay with thin layers have a higher chance to become quick. The
risk of leaching also increases when there is a mix of clay and salt or silt in
the same strata, since they are more water-conducting. The sedimentation
process have occurred during a long time and variations in the soil appear
dependent on external factors during the sedimentation, such as distance
to the ice front, topography and the ow velocity (Rankka et al. 2004).
Therefore, the layers are not always as separated as in the gure and a mix
of clay and sand or silt may appear.

Figure 2 presents another common scenario for increasing leaching poten-
tial. The bedrock is seldom completely at and local peaks exist every now
and then. Irregularities in the bedrock entails that the groundwater can
gather in a local area which will accelerate the leaching. A owchart for
possible quick clay formation is presented in Figure 3.

Figure 1: Possible in Itration in clay Figure 2: Local peak in the bedrock
strata (republished from Rankka et (republished from Rankka et al.
al. (2004), with permission). (2004), with permission).



Figure 3: Possible formation of quick clay (after Rankka et al. (2004)).

2.1.2 Quick clay properties

The properties of quick clay are highly dependent on the formation process,
the leaching process a ects the consistency of the clay, the undrained shear
strength and the sensitivity. The relationship between the salinity in a ma-
rine clay and the above stated properties are presented in Figure 4. Based
on Atterbergs consistency limits, the consistency properties of a quick clay
can be described. In quick clays, the water content is higher then the liquid
limit. During the formation of quick clays through leaching, the liquid limit

is lowered but the water content and plasticity limit is almost kept constant
(Larsson 2008). The absent reduction of water content during leaching could
be related to that the occulated structure is kept intact during leaching
and the clays ability to contain water is not reduced. Based on the low-
ering of the liquid limit during leaching, the plasticity index, I, will also
shrink for a quick clay (Gylland 2014). The plasticity index is de ned as
the di erence between the soils liquid limit, w_, and plastic limit, wp. A
low plasticity index implies that the plastic state of the clay is small during



Figure 4. The e ect of leaching on sensitivity, undrained shear strength and
water content (republished from Rankka et al. (2004), with permission).

the consistence transitions from solid to liquid (Rankka 2003). The activity
index, ac, is also low for quick clays. The activity index is de ned as the
plasticity index divided by the soil samples clay content (Larsson 2008).
The lowering of plasticity limit will lead to a decrease in the activity index

due to the clay content will remain constant during leaching (Larsson 2010).

Regarding the undrained shear strength, as presented in Figure 4, both
the undisturbed and remoulded undrained shear strength decreases with a
decreasing amount of salt concentration. The sensitivity increases when the
clays salt concentration decreases. The sensitivity of a clay is calculated
by dividing the undisturbed undrained shear strength with the remoulded
shear strength. In Figure 4, it could be distinguished that the reduction in
percent is larger in the remoulded compared to the undisturbed undrained
shear strength. Earlier studies has also shown that the compression modulus
decreases during the leaching process (Rankka et al. 2004). The reduction
of compression modulus could possible be related to the decrease in liquid
limit that occurs during the formation of quick clay.

During leaching the quick clays pre-consolidation pressure are a ected.
Studies has shown, an initially over-consolidated, with OCR 1.3-1.5, clay
could lose its whole over-consolidated behaviour and become normally-
consolidated after leaching. The loss of the initial over-consolidation pres-



sure could lead to settlements (Larsson 2010). Studies on normal-consolidated
clays, that has been exposed to leaching, have shown that the over-consolidation
ratio and undrained shear strength is barely a ected (Ahnberg et al. 2011).

At failure, quick clay has a strain softening behaviour in undrained con-
ditions. Over-consolidated clays also show a strain softening material be-
haviour in drained conditions. A strain softening behaviour can be described
as deteriorated material properties after the peak shear strength has been
reached with a reduction in shear strength during increased shear deforma-
tions. After the peak shear strength has been reached the shear strength
converges towards the residual strength. Figure 5 shows a principle sketch
of the strain softening behaviour which quick clays exhibit during shearing,
the peak and residual shear strength are highlighted. It is important to
distinguish the residual shear strength from the remoulded shear strength
in this context (Bernander 2011). The residual shear strength is the shear
strength the soil exhibit at large strains and the remoulded shear strength is
the shear strength after the clay sample has undergone intense mechanical
stirring (Pusch et al. 2016).

Figure 5: Principle sketch of strain softening behaviour of quick clay.

Quick clay has a contractant material behaviour during shearing in undrained
conditions, this means that the absent of volume change due to drainage
conditions develops excessive pore pressures (Gylland 2014). The loss of
shear strength in undrained conditions after peak shear strength are most
likely due to the shear induced pore pressure (Gylland et al. 2012). Strain
softening material behaviour is also prominent in over-consolidated soils.
The reasons of the strain softening in sti over consolidated soils has found
to be due to a cohesion and friction softening in drained conditions (Thakur

et al. 2014b).
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The failure mechanism of a strain softening material could be divided into
two categories or mechanisms. The rst mechanism is that the softening
occurs in the whole material at once, a global softening, and the shear
strength reduces uniformly in the material. The second failure mechanism
is strain softening through development of shear bands, a local softening,
where the reduction of the strength parameters is accumulated. For quick
clay, the latter category is the mechanism leading to the strain softening
behaviour. A shear band can be described as local accumulation of intense
strain around a distinct area, with a strain direction parallel to the direction

of the shear band (Thakur 2007).

The formation and propagation of shear bands in quick clay is a complex
phenomenon and even though a lot of research has been performed within
the topic, the mechanisms can not fully be described and veri ed (Andresen
et al. 2017). The shear bands in quick clay often develops around the peak
shear strength of the clay and when the shear band has developed the major-
ity of the subsequent plastic deformation and strain occurs within this area
(Gylland et al. 2014). Shear bands are initiated due to geometric constraints
and/or weak elements within the clay sample and thereafter propagate. In
the shear bands, shear induced pore water pressures are locally generated
during shearing and the material behaviour outside of this region may be
described as elastic with no shear induced excessive pore water pressure
development. This local failure mechanism leads to a non-uniform failure
behaviour of the quick clay, with plastic material behaviour within parts of
sample and elastic in other areas (Thakur 2007).

Studies has shown that the post-peak behaviour of quick clay is in uenced
by the deformation rate or the rate of load appliance (Gylland et al. 2014;

Thakur 2007; Bernander et al. 1982). With an increased deformation rate
the thickness of the shear band will decrease. A quick clay sample will
also behave more brittle, with an increased strain softening rate, during
increased deformation rate (Gylland et al. 2014).

2.1.3 Structure and minerals

Soil is commonly built up by mineral particles, organic materials and pores
of air and water. The mineral particles form a skeleton where the particles
are in direct contact with each other. The structure of the skeleton and
the relation between the particle size and pores depends on the particle size
distribution, where the sediment are deposited (ion concentration) and the
following pressure. A soil that has been sedimented slowly and undisturbed
has an open structure with large pores while a soil that has been exposed
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for a high pressure have a close structure with small pores. The structure of
clay is similar to other soils but varies itself dependent on the clay content,
minerals, depositional environment and load history (Larsson 2008).

Clay particles connect and form aggregates, the arrangement di ers de-
pendent on whether the clay was deposited in marine or fresh water. The
structure of a marine clay consist of large aggregates with large voids, as
presented in Figure 6. This lead to more pore water between the particles
than for freshwater clay as presented in Figure 7. The clay here instead
have a more dense structure with less voids (Pusch 1970).

Figure 6: Aggregate of clay de- Figure 7: Aggregate of clay de-
posited in marine water (repub- posited in fresh- or brackish wa-
lished from Rankka et al. (2004), ter (republished from Rankka et al.
with permission). (2004), with permission).

The particles are connected through a net electric force and can be struc-
tured in di erent ways. They can be dispersed, aggregated, occulated or
un occulated (Van Olphen 1977). Figure 8 illustrates the possible connec-
tion between the particles. Dispersed means that there is no association of
the clay particles, which can be seen in the upper left picture. Aggregated
means that there is a plane to plane connection between several particles,
which is illustrated in the second picture. Flocculated means that there is a
connection between the aggregates. The aggregates can be either connected
plane to edge, edge to edge, plane to plane or a combination of them all. In
the opposite way, un occulated means that there is no connection between
the aggregates.
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Figure 8: Particle connections in clay (republished from Rankka et al. (2004),
with permission).

Quick clay has a occulated structure with a lot of pore water in between. A
structure of quick clay can be seen as a "house of cards" which are connected
edge to plane or edge to edge with the net electric forces. A simplied
picture of the structure is presented in Figure 9. The picture also present
the behaviour during a slide. However, most of the quick clay never gets
disturbed and does not reach picture 3 and 4. Picture 1 shows a structure
of clay with high salinity. The salinity of normal marine clay is typically
3.5% but due to leaching, the salinity in clay can be reduced to below 0.2%
(Sveian et al. 2002). The net electric force that bonds the particles are
largely decreased with salinity and the connection is more unstable, which is
illustrated in picture 2 where the salt ions have almost disappeared. Picture
3 illustrates the clay during a slide. A slide does not initiate only because
of low salt concentration of the quick clay, the quick clay also have to be
disturbed in some way. There is then no longer any connection between the
particles and the water ows freely. Picture 4 presents the structure of the
clay after the slide where a more dense structure will be found, much like
normal clay.

Figure 9: 1. Clay with high salinity. 2. Clay with low salinity. 3. Quick clay
during a slide. 4. Remoulded clay after a slide (after Rankka et al. (2004)).
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The particles in clay consist of minerals that have been formed through
chemical weathering or erosion. Chemical weathering is the process where
rock or minerals are exposed to water which, by the chemicals in the wa-
ter, weakens or changes the rock or mineral. Clay minerals are usually
secondary minerals from amphibolite, mica and feldspar. The most com-
mon clay mineral in Sweden is illite, but there are also others like kaolinite,
montmorillonite and chlorite (Rankka et al. 2004).

Clay minerals are built up by plane networks of compounds of silica ox-
ide and aluminium hydroxide or silica oxide and magnesium hydroxide.

2.1.4 Chemistry

The chemistry of the clay minerals is important to study to understand why
some clay becomes quick and other does not. The chemical designation,
strength of bonds and ion exchange of the clay minerals are presented in
Table 1.

Table 1: Properties of clay minerals (after Rankka et al. (2004)).

The surface of the clay minerals are negative charged due to substitutions
of exchangeable cations to cations with lower valency. $i is for example
often replaced by AF* and AI®* replaced by Mg?* or Fe?* . The negative
surface of the mineral leads to more ion activity and changeability due to the
aim to become neutral. When clay minerals come in contact with uids,
cations from the uid, such as Na*, Mg?*, Ca?* and K*, replace lose
bounded ions from the clay particle. The negative clay surface causes the
cations from the uid to be distributed around the clay as a cloud, called
the diuse double layer, shown in Figure 10 (Fallman et al. 2001). The
charge of the diuse double layer diers on the edges of the clay mineral
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where it is positive instead of negative. The thickness of the di use double
layer can be expressed irzeta potential where a low zeta potential is a thin
di use double layer and high zeta potential a thick di use double layer.

Figure 10: Sketch of the di use double layer (republished from Rankka et al.
(2004), with permission).

The size of the di use double layer depends on the ion concentration. At
high ion concentration a thinner layer is needed to reach neutrality and at
low ion concentration a thick layer is needed. When the di use double layer
is thin, the particles attract each other and the attracting force is strong.

In salt water, the di use layer is thin and the attracting forces are strong

enough to enable a occulated structure while fresh water contain low ion
concentration and the di use layer is thick, The structure is therefore dis-

persed because of the strong repulsive force. (Van Olphen 1977).

The ion composition of the groundwater in Sweden does also vary and has a
great impact on the possible sensitivity of the clay when subjected to leach-
ing. In soft water, the dominating cation is Na* while Ca?* and Mg?" is
dominant in hard water (S6derblom 1974). If clay is leached in hard water
the ion composition in the pore water will contain bivalent. On the other
hand, if the clay is leached in soft water with Na* as dominant, the ion
composition will contain monovalent. For clay to become quick, a domi-
nant monovalent ion composition is needed (Brand et al. 1981). Hence, clay
leached in hard water will not become quick only by leaching. Clay with low
sensitivity can however become quick due to contact with dispersing sub-
stances. The di use double layer becomes thicker when organic substances
bond cations as C&" and Mg?* from a clay particle.

The possible paths for quick clay to be formed is presented in Figure 11.
Clay minerals that are deposited in salt water forms a occulated structure.
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The strength of the connection between the aggregates in the structure de-
pends on the thickness of the di use double layer, the zeta potential. Clay
exposed to leaching leads to a di erence in the ion concentration in the pore
water and the attractive force between the particles are lowered. This is the
most common way for quick clay to be formed. Quick clay can become nor-
mal again through chemical weathering. On the other way around, normal
clay can become quick through contact with organic substances. The sub-
stance weakens the connection between the particles and expand the di use
double layer (Brand et al. 1981).

Figure 11: Possible formations of quick clay (after Brand et al. (1981)).

2.2 Quick clay slides

2.2.1 General about quick clay slides

A landslide is a rapid mass movement in the ground with one or more sliding
surfaces (Highland et al. 2008). A landslide in quick clay could often be di-
vided into di erent stages or phases which occurs during the course of events
(Thakur et al. 2017). The phases are pre-failure, failure and post-failure.
Quick clay slides are often characterized by their post-failure behaviour,
they are often initiated with a local failure that develops to an extensive
landslide. The post-failure behaviour in quick clay slides are rapid and often
involve large soil volumes and is one of the factors that distinguish quick
clay slides from ordinary slides. The post-failure phases are often hard to
model and predict the extent of the nal slide (Thakur et al. 2014a).
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As mentioned in the previous paragraph, quick clay slides can be divided
into di erent phases which describe the course of events during a slide.
Quick clay slides can also be divided into two di erent categories based on
their general behaviour during these phases (Bernander 2011). The two
di erent categories can respectively be divided into subcategories.

Progressive landslides

Downward progressive landslides
Laterally progressive landslides

Retrogressive landslides

Mutiple retrogressive landslides or ows
Spreads

The dividing of the phenomenon into three di erent categories of quick clay
slides is based on the general direction of the failure surface the di erent
categories exhibit during a slide. Progressive landslides are initiated with
an initial failure at the top of the slope and then progressively develops
downwards. During a progressive quick clay slide, axial stresses increases
in the direction of the slope. Retrogressive landslides begin with an initial
landslide at the toe of the slope and the failure surface develops upwards
in the slope. Retrogressive landslides develop large tensile stresses in the
soil during the course of events. The last category, laterally progressive
landslides, starts with a failure that develops laterally in relation to the
downhill direction and are characterized by shear forces in relation to the
direction of the slope (Bernander 2011).

2.2.2 Phases of a quick clay slide

The process of a quick clay slide has been divided into three di erent phases
as earlier presented, the rst two phases relates to local, initial, failure and
the third covers a global failure. The phases are presented below:

Pre-failure
Failure

Post-failure

In the pre-failure stage the in-situ conditions and possible triggering events
are important to study. When investigating the in-situ conditions at sites,
following topics are of interest: geology, topography, hydrogeology, present
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and historical stress conditions. With respect to possible quick clay at site,
the extent of the deposit in relation to the topography (Karlsrud et al. 1985).

The failure phase begins when both an unfavourable in-situ conditions and
a triggering event has occurred, which together result in an initial failure
that interferes the quick clay strata. The initial failure may take the form
of a circular failure or a sub-horizontal failure. The initial failure can occur
in nearby soil and disturb the quick clay indirectly or directly within the
quick clay.

The post-failure phase relates to how an initial failure develops to a subse-
quent global slide or failure through progression or retrogression, uphill or
downhill, slide mechanisms. The mechanism active during the last phase
is the behaviour that distinguish a quick clay slide from an "ordinary" clay
slide. In this phase the area of interest are larger and more complicated to
predict compared to the previous phases due to the slides possible progres-
sive or retrogressive distances are included.

2.2.3 Failure mechanism in quick clay

Failures in strain-softening soils often occurs through propagating failure
development. A propagating failure mechanism is possible if the following
three pre-requisites are ful lled (Clague et al. 2012):

1. The peak shear strength of the soil is locally exceeded

2. The succeeding failure surface advancement evolves enough strain to
initiate a failure in the soil

3. The local stress concentration is enough to propagate into nearby,
unfailed, soil through adequately large strains are possible due to a
low enough residual shear strength of the soll

An initial failure is extorted when both a triggering event and unfavourable
in-situ conditions are present. The triggering event and unfavourable in-situ
conditions could lead to both a direct an indirect failure initiation in the
quick clay strata. The direct failure initiation refers to the phase when the
stresses in the quick clay exceeds the peak strength and a stress redistribu-
tion and failure propagation along a potential failure surface commence. An
indirect initial failure can occur in the surrounding soil strata which causes
a disturbance of the quick clay strata, leading to a direct failure initiation.
The indirect initial failure may reveal itself as an minor, compared to the
subsequent failure, circular slide. The indirect failure can often be analysed
with conventional limit-equilibrium methods due to the limited in uence
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from the quick clay on the failure surface.

The direct initial failure in quick clay often form as sub-horizontal and/or
circular failure surface within the quick clay strata (Clague et al. 2012).
The characteristic behaviour during an initial failure within a quick clay
deposit may be referred to the strain softening behaviour of quick clays and
the development of shear bands (Andresen et al. 2017). A strain softening
behaviour enables a small initial failure to propagate further through stress
redistribution. If a quick clay is exposed to shear stress above its peak shear
strength, the strength will locally decrease and by stress redistribution the
nearby element will be forced to contribute to the new stress distribution,
which enables a propagating failure within the soil. This behaviour leads
to a possible failure surface with dierent shear strengths along its sur-
face. The shear strengths can vary between the in-situ strength, peak shear
strength and residual shear strength (Locat et al. 2011). This mechanism
is visualized in Figure 12.

Figure 12: Shear strength development in the failure surface (after Locat et al.
(2011)).

The failure mechanism described above and shown in Figure 12 leads to
some of the assumptions in conventional limit equilibrium methods for rigid-
perfect plastic materials no longer being ful lled for direct initial failures
or succeeding failures within the quick clay strata. In limit equilibrium
methods the failure surface is often assumed to be circular, meanwhile failure
surfaces in quick clay are not limited to circular shapes. Instead the shape
of the failure surface can adopt everything from planar to circular shapes
or even irregular shapes. Conventional limit equilibrium methods also lack
the ability to include the strain-softening behaviour which is prominent in
quick clays. In rigid-perfect plastic materials, its assumed that a uniformly
value of shear strength is mobilized along the whole slip surface. In strain-
softening materials, the shear strengths along the surface can adopt di erent
values depending on the strains mobilized. The inability to include this
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behaviour may lead to overestimation of the safety of the slope (Richer et
al. 2020).

2.2.4 Progressive quick clay slides

Progressive quick clay slides can develop downhill, laterally and uphill.
Downhill progressive slides are more common than laterally progressive and
often referred to as only progressive. Uphill progressive are often denoted
retrogressive and is presented in a separated chapter.

Progressive quick clay landslides are recognized by their massive soil dis-
placement and ground upheaval. Progressive slides starts from the top of
a slope and propagates downwards as illustrated in Figure 13. Apart from
other type of slides that develops cylindrically in the ground, a progressive
slide normally develops parallel to rm bottom or the ground surface (SGI
1983). This type of slide can easily be explained by visualizing the soil as
falling "domino bricks" where a local failure occurs at the crest and triggers
progressively downwards (Gylland et al. 2010). The local failure is often
induced by triggering agents by human activities causing a change in the
stress condition in the soil (Bernander 2008). If the peak shear strength of
the soil is reached, a slip surface will start to develop in the slope. Defor-
mations of the soil will then cause the shear strength to drop to residual
strength, which is below the in-situ shear stress (Dury 2017). To obtain
equilibrium, the earth pressure will be passed down to more stable ground
which will cause a progressive failure.

Progressive slides occur in long natural and gently inclined slopes where
the failure at the top generates an increase in the horizontal earth pressure
downhill where the ground is less inclined. This leads to a signi cant in-
crease of the mean axial stress and if the increased pressure becomes equal
to the passive earth pressure, there will be a displacement of a large area of
clay which ends up at the toe of the slope (Bernander 2011). Many of the
historical quick clay slides in Sweden, such as Tuve (Larsson et al. 1982),
Surte (Jakobson 1952) and Sméréd (Johansson 2009) were progressive.
Pre-failure consists of the in situ conditions and the disturbing factor that
potentially triggers the landslide. The in situ stresses are typically the
stresses from the self weight of the soil or existing constructions but other
factors such as historical stress condition are also important to investigate.
The disturbing agent, such as an external load or increased pore pressure,
changes the stress distribution in the soil and increases the earth pressure.
The failure phase starts if the external load becomes to large and force
equilibrium can not be reached locally where the load is acting, unbalanced
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Figure 13: lllustration over a failure in quick clay that can lead to a progressive
quick clay slide.

forces at the top of the slope are transmitted further down to more stable
ground where equilibrium can be obtained. If the maximum earth pressure
is below the passive resistance the progressive failure will only end up in a
crack or minor failure just at the location where the triggering event started.

In other words no progressive slide will develop. On the other hand, if the
maximum earth pressure is above the passive resistance a post-failure, land-
slide, will occur. The post-failure is the actual slide event where a massive
amount of soail is being displaced down the slope. The large displacement
also entails a massive heave of the ground at the foot of the slope. As stated
in the failure phase, the maximum earth pressure must exceed the passive
resistance to initiate the post-failure. The slide will continue until su cient
passive resistance can withstand the pressure. The end of the post-failure
is the nal state of equilibrium where the passive resistance have increased
by ground upheaval and is su cient to withstand the pressure.

Landslides with larger width than length are most likely to be of the type
laterally progressive. As for other types of progressive slides, a local ini-
tial failure propagates, but laterally instead of downwards or upwards. The
local unbalanced forces are transmitted sideways to more stable parts by
horizontal shear in vertical planes (Bernander 2011).

2.2.5 Retrogressive quick clay slides

Figure 14: Lapse of multiple retrogressive landslide (after Richer et al. (2020)).

Retrogressive landslides can itself be divided into two di erent categories:
Flow or multiple retrogressive landslide, hereafter denoted as the second
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term, and spreads. A multiple retrogressive quick clay slide could be devel-
oped from an initial slide, at the toe of the slope, if the slide debris from the
initial slide are strongly remoulded and a large part of the debris ows out
of the slide crater. The slide process then continue with succeeding slides
uphill with the following debris out ow of the slide crater until a stable slide
scarp is found (Locat et al. 2011). An illustration of the failure mechanism
is shown in Figure 14. Four criterion has been stated for the development
of a retrogressive quick clay slide (SGI 1983):

1. An initial slope failure occurs at the toe of the slope

2. Continuing back scarp failure, after the initial slope failure the back
scarp are unstable with regards to undrained conditions

3. The slide debris should be able to ow if remoulded. The soil should
have a liquidity index above 1.2 and a remoulded shear strength below
1 kPa

4. The clay or slide debris should be able to become remoulded and is
related to enough potential energy is released during slope failure.

The post-failure behaviour of a multiple retrogressive quick clay slide are
often series of rotational slides that gradually develops upwards. However,
monolithic slide masses with partly sub-horizontal failure surfaces have been
shown to sometimes occur within the slide pit (Geertsema et al. 1997). A
common shape of slide scars after a multiple retrogressive quick clay slide
in Scandinavia are bottle-neck shaped. The bottle-neck shaped slide scars
are characterized by a narrow scar at the toe of the slope where the initial
slide occurred and a wider zone where the retrogression slide mechanism
has been the most prominent (Karlsrud et al. 1985).

The possibility for an initial slide that may trigger a multiple retrogres-
sive quick clay slide can be analysed with conventional methods but the
prediction of the possible extent of such slide is di cult. The extent or area

of in uence are govern by two parameters, the retrogression and run-out dis-
tance. The retrogression distance is how far back the series of subsequent
slides will continue before reaching a stable state of equilibrium and are in-
terrupted. The run-out distance is how far the completely remoulded slide
debris may ow out of the slide crater. The run-out distance is often hard

to map after an occurred slide if the slide is located close to watercourses
or lakes because the slide debris often becomes eroded by the watercourses
(Karlsrud et al. 1985).
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The second category of retrogressive quick clay slides, spreads, has simi-
lar failure mechanism with their sub-horizontal and circular failure surfaces
and the propagation of those. A distinct di erence between spreads and
ake slides is the morphology of the slide debris, spreads are characterized
by its sharp wedge-shaped debris. The debris from a ake slides is often
shaped as akes or, if destroyed, irregular chunks (Clague et al. 2012).

Spreads are a common type of retrogressive landslide in Canada, the only
reported appearance of a major spread, of this character, in Sweden is the
landslide from 1946 in Skoéttorp (Locat et al. 2014). Generally spreads
are often wider compared to the retrogressive distance and with a wider
opening near the toe of the slope compared to multiple retrogressive quick
clay slides. A spread is characterized by its visible sharp, wedge-shaped,
horst and grabens after a landslide, Figure 15 shows a principle sketch of
a spread in quick clay (Tremblay-Auger et al. 2021). A description of the
slide mechanism during a spread hereby follows, an initial failure occurs at
the toe of slope, often circular, leading to a failure surface in a thin quick
clay layer propagates below the horst and grabens, leading to remoulding of
the quick clay beneath the relatively intact overlying surface (Locat et al.
2011). The majority of the failure surface is often almost at, the failure
surface begins near the toe of the slope, continues with the almost at part
or sub-horizontal and at the end the surface often progress circular to the
slope surface. The shape of the failure surface during a spread are found to
be due to the rate of propagation of the failure surface. If the failure surface
advances rapidly the failure surface will more likely be sub-horizontal and
vice versa (Clague et al. 2012). The remoulded clay can often be spotted
extrude between the relatively intact horst and grabens and also ow out
at the bottom of the slide area (Demers et al. 2014).

Figure 15: Quick clay spread (after Geertsema et al. (2018)).

The wedge-like horst and grabens, shown i Figure 15, can be found in the
slide debris after an occurred spread in quick clay are characterized by their
sharp edges and relatively intact shape. It's not unusual to spot surface soil
layers with vegetation intact on the dislocated grabens in the slide pit after
an occurred slide (Locat et al. 2011). Another important observation from
occurred slides is the shape and especially the angles of the edges of the
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horst and grabens usually corresponds to angles expected from an active
Mohr-Coulomb's failure, (45 + '/2). The failures often occur gradually
as the failure surface below propagates. Once the failure surface has passed
the entire base of the rst potential horst, leaving it unstable with ten-
sile forces generated. The horst will eventually fail and displace, leaving a
potentially unstable graben, once the failure surface has covered its base,
which eventually will fall over and fail due to the tensile forces generated.
The failure mechanism described above will often take place in a step by
step manor, but if the rate of advancement of the failure surface is rapid,
the mechanism may not be as evident. If the rate of propagation of the
failure surface is rapid, the failure between the horst and grabens may only
be initiated with no detachment during the advance of the failure surface.
The detachment, of the horst and grabens, will occur once the whole slide
body start to deform and is set in motion (Clague et al. 2012).

Quinn et al. (2007) presented an alternative theory regarding how the failure
surface beneath the horst and grabens develops during a spread or during a
ake slide. Their theory is similar to the theory regarding the failure mecha-
nism for progressive quick clay slides, except the direction of propagation of
the failure surface which is upward in retrogressive quick clay slides. Accord-
ing to their theory, the development of the potential failure surface occurs
prior to the rst slide movement. The potential failure surface may develop
over a long time period along weak layers within the quick clay deposit due
to seasonal variations of the stress conditions on site leading to minor prop-
agation of the potential failure surface each season. The propagation of the
potential failure surface is possible due to the strain-softening properties of
the quick clay, enabling a propagation of the failure surface once the stresses
locally exceeds the peak shear strength. Once the potential failure surface
has been fully developed, the slope is in a very fragile state and balances
on equilibrium. The fragile state leads to an insigni cant additional load
may trigger the whole slide mass to deform and move. When the slide mass
is set in motion, the shearing can cause or increase the liquefaction of the
quick clay along the failure surface, leading to an acceleration of the slide
body and eventually a complete failure. The horst and grabens is the result
of a complex tension and shear failure occuring within the crust when the
slide mass is set in motion.

2.3 Stability analysis for quick clay slides

Analyses of slope stability is traditionally calculated by considering the soll
in the aected slope as a rigid body with ideal plastic properties. The
most common method today for calculation of slope stability is the limit
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equilibrium method. There are dierent solution techniques within limit
equilibrium that give similar results, commonly for the di erent variations
is that the slope is divided into a nite number of vertical slices. Two well
known methods are Bishop's (Bishop et al. 1960) and Janbu's (Janbu 1954).
The factor of safety is calculated mutually for the slopes according to Eq. 1.

Fs = — (1)

mob
where ¢ is the average shear strength of the soil and oy is the average

shear stress along a slip surface.

2.3.1 The Bernander model

Stig Bernander (2008 & 2011) studied progressive landslides in sensitive clay
for many years and developed a nite di erence calculation method (FDM)
that consider the strain-softening behaviour of soils.

The dierence from traditional conventional limit equilibrium method is
that the soil is not seen as a rigid body, instead the deformations within
the a ected mass is considered during the sequence. When a load is placed
in a slope and the stress reaches the peak value, a slip surface will start to
develop. Deformations in the soil will then cause the residual shear strength
to drop below the in-situ shear stress and the stress from the load will be
passed further down to more stable ground. This progress continues until
equilibrium is reached and there is no more deformation in the soil. The
aim of the method is to calculate the critical applied load, N , and the
critical length, L . Bernander divides the calculations into two phases,
the rst one is before any slip surface have been formed and the second is
after. Eq. 2

N crit

Fe =
Ndisturb

2

The safety factor for the formation of a slip surface, i.e a local failure is
calculated based onNgit and Ngisturn , Which is the additional load. The
safety factor for post-failure, if there will be a landslide or just a slip surface
formation, is calculated according to Eq. 3.

E
- Pk . )
EO + Ndisturb
whereE, is the passive earth resistance ané, is the in-situ earth pressure.

F =
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Rehnstrom (2013) has developed a simpli ed Excel spreadsheet based on
Bernander's theory which will be further explained. The concept of the
calculation method can be described with the Figure 16. The calculation
starts from the foot of the slope where the impact in terms of stress and
deformation from the additional load is assumed to be zero. The calcu-
lation is then made stepwise upslope in sections by adding the stress,

or distance, x from the foot of the slope up to the load. Any additional
stress corresponds to an additional length or the other way around, which
adds up to a total e ected length. The deformation from the shear stress is
balanced by the deformation from the additional load with a compatibility
criterion as presented in Eq. 4.

X X
C= (N) () (4)

where (N) is the deformation from the additional load, ( ) is the deforma-
tion from the shear stress andC is the compatibility criterion. This means
that the deformation from the shear stress is equal to the deformation from
the additional pressure in each section.

Figure 16: Visualisation of the stepwise calculation procedure (after Rehnstrém
(2013)).

The input parameters needed are for the Excel sheet are presented in Table 2
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Table 2: Input parameters needed for the Excel sheet (after Rehnstrom (2013)).

Description Abbreviation  Unit
Shear strength at surface Cs kN/m 2
Peak value for shear strength in lab Ciab kN/m 2
Factor for increasing peak shear strength  Ceactor %
Residual value for shear strength Cr KN/m 2
Shear stress at elastic limit el kN/m 2
Deviator strain at elastic limit el %
Deviator strain at failure limit f %
Elastic modulus at shear G -
Elastic modulus E mean -
Poisson's ratio -
Post peak slip at z=0 whencg is reached cr m
Density Jstart kN/m 3
Increasing density with depth dgain kN/m 3
Depth to slip surface H m
Gradient y= X -

The key factors Lt and N¢it are summarised for each section according
to Eq. 5 and Eq. 6.

Leit = X1+ Xo+ it Xp ©))

Neit = Ni+ No+ i+ Nj (6)

The critical length is the sum of all distances, x, while the critical load
is the sum of the added pressure, N . The additional pressure for each
section is calculated according to Eq. 7.

N= (Z:;) M) 0 (2=0) X )
Which is the di erence between the additional shear stress and the in-situ
stress multiplied with the length of that speci ¢ section.
The calculation method involve important limitations, the slope is seen as
in nite and the depth and inclination to the slip surface is constant. The
user also has to choose the location of the slip surface. Since the method
consider the strain-softening behaviour of the soil, additional properties are

needed as input data.
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2.3.2 NGI-ADPSoft

NGIl-adpsoft is an external material model which can be added and used
in the nite element program Plaxis 2D. The material model was devel-
oped in a collaboration including Norweigan Geotechnical Institute (NGI),
Norweigan Water Resources and Energy Directorate (NVE) and Norweigan
Road Authorities (SVV). NGI-ADPSoft is a expansion of the already im-
plemented material model, NGIADP, in Plaxis 2D. Both of the material
models can be used to simulate the anisotropic behaviour of soils (NGI
2016). The main di erence between these two models is that NGI-ADPSoft
includes possibilities to model the undrained strain-softening behaviour of
soils. Due to the including of strain-softening behaviour in the model, NGI-
ADPSoft can be useful when modelling quick clays which exhibit a distinct
strain-softening behaviour once the peak shear strength is exceeded (Jostad
et al. 2014).

The NGI-ADPSoft can be used to model the undrained anisotropic be-
haviour of quick clays in Plaxis 2D. One of the bene ts of the implementa-
tion of the material model in the software Plaxis 2D is that NGI-ADPSoft
can be used in combination with other material models when analyzing a
soil model at a speci c site.

Parts of the input data required for the material model is determined by
three di erent laboratory tests: direct simple shear test, undrained triaxial
compression and triaxial extension tests. The required strength parameters
from the laboratory tests is peak shear strength and residual shear strength
from respective tests. The strain values for respective strength parameter
is also used as input into the material model. In addition to the material
parameters gathered from the laboratory tests, the elastic shear sti ness
is required as an input to the material model. The shape of the strain-
softening curve of the clay can also be modeled with the use of the shape
parameters c; and c;. The material parameters required as input to the
material model are shown in Table 3. In addition to the material parame-
ters, choice of interpolation method, choice of analysis and internal length
is required (NGI 2016).
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Table 3: Input material parameters NGI-ADPsoft (after NGI (2016)).

Description Abbreviation  Unit
Elastic shear modulus Gur =% -
Undrained active peak shear strength shref kPa
Change ofsf}= with depth shine kPa/m
Undrained DDS peak shear strength sbsS=¢} -
Undrained passive peak shear strength  sf, =5} -
Initial shear mobilization =5 -
Active residual shear strength sh= -

Undrained DDS residual shear strength ~ sDSS, =g} -
Undrained passive residual shear strength s, = -

Shear strain at s} ¢ %
Shear strain at sPSS Bss %
Shear strain at sf) EE %
Shear strain at s < %
Shear strain at sbSS, bss %
Shear strain at s E %
Softening parameter C1 -
Softening parameter C -
Drained Poisson's ratio -
Undrained Poisson's ratio u -

The limitations for the material model NGI-ADPsoft are that the number

of elements within a 15-noded plaxis model is limited to 20 000 elements.
The model is also limited to perform calculations for 5000 integration points
within a radius of three times the internal length, |y . The limitations leads
to di culties when trying to model the whole extent of a quick clay slide.
Another limitation is that the material model can not perform safety factor
analysis according to =c reduction in Plaxis 2D.

2.4 Historical quick clay slides

The type of landslide that will develop is dependent on several factors.
Rudebeck et al. (2020) studied the distribution of di erent type of quick
clay slides in Sweden, Norway and Canada. 32 quick clay slides were stud-
ied in Sweden, 36 in Norway and 22 in Canada. The result is presented
in Figure 17 in multiple retrogressive, ake, spread or ake/spread. The
combined ake/spread is chosen when it is unknown of which type it was,
it is di cult to tell any di erence between them only based on the landslide
scar. Progressive quick clay slides are included into the category ake. The
result showed that 56 % of the slides in Sweden were multiple retrogressive
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and 44 % ake/spread. In Norway, the result showed that 55 % of the slides
were of the type multiple retrogressive, 14 % ake and 28 % spread. 3 %
were either ake or spread. In Canada, the distribution of the quick clay
slides were 59 % multiple retrogressive, 14 % ake and 27 % spread.

Figure 17: Historical types of slide in Sweden, Norway and Canada (Reproduced
from Rudebeck et al. (2020), with permission).

A selection of historical landslides in quick clay are presented in Table 4.
The selection has been narrowed down to consist of some major and minor
landslides in Sweden and Norway. The majority of the landslides has been
triggered during human disturbance nearby. However, it is not always easy
to prove exactly what triggered the landslide, and di erent theories can
develop based on the same investigations and evidence. When the triggering
event has not been for sure stated for any landslide, the triggering event is
rst noted by "Uncertain” followed by the theory.

Table 4: Historical quick clay slides and their triggering event.

Location, year Vc()l;rr;()e Triggering event Source
Bondestrém, 1759 500 000 Earthquake Alén et al. (2000)
Falemo et al.
Verdal, 1893 65 000 000 unknown (2011b)
Uncertain: Erosion Skredkommisionen
Skottorp, 1946 1 500 000 and increased ground

(1990)
water pressure

Surte, 1950 4 000 000 Piling in the area Jakobson (1952)
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Table 4 continued: Historical quick clay slides and their triggering event.

Location, year V(Elnlin;‘)a Triggering event Source
Erosion, sul te factory
Gota, 1957 1000000  \Within the sliding area ;1o (1958)
which have contami-
nated the ground water
Kyrkviken, 1959 unknown Local up-slope earth Skredkommisionen
I (1990)
Trogstad, 1967 1000000  Uncertain:  Unusual NGI (n.d.)
long rain period
Uncertain:  Widening
of a road embankment, Larsson et al
Tuve, 1977 6 000 000 elevated ground wa- ’
. (1982)
ter pressure, vibrations
from tra c etc.
Local up-slope earth LHeureux et al.
Hyggen, 1978 500 000 I (2013)
Excavation work in the
. area where earth |l
Rissa, 1978 5 500 000 was placed at the short Gregersen (1981)
of the lake
u . Skredkommisionen
Barfendal, 1978 6 000 Erosion (1990)
. Larsson et al.
Agnesberg, 1993 unknown Erosion (1994)
Uncertain: Rock blast-
L ing for a tunnel con- Bouchard et al.
Finneidfjord, 1996 1 000 000 struction nearby and (2016)
Il along the shore
Low safety against
landslides combined Andersson et al
Ballabo, 1996 30 000 with temporary high ’
(1999)
pore presssure and
erosion
Smaréd, 2006 85000 NP ']IOC"’" up-slope - earth SGI (2020)
Svensrud, 2012 15000 ~ Uneerain: Excavation NGI (n.d.)
in the area
Byneset, 2012 350 000 E’;’:'O“ during @ 1ong vy, et al. (2017)
. Back Il work in the Gjelsvik et al.
Skjeggestad, 2015 100 000 area (2015)
Uncertain:  Construc-
Sgrum, 2016 140 000 tion work within the Aarseth (2019)

area
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Table 4 continued: Historical quick clay slides and their triggering event.

Volume

Location, year (m 3)

Triggering event Source

Nittedal, 2019 unknown Excavation work Savik (2021)
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3 Risk management

Geotechnical engineering is associated with many uncertainties. The nature
provides the material, the geometry and the initial state is unknown before
any geotechnical investigations or measurements have been conducted. Nor
is it possible to identify the true properties of the whole area. Instead,
few discrete points are investigated and measured and used as basis for the
whole area (Préastings 2019). Geotechnical engineering are thereby largely
a ected by epistemic uncertainties and these uncertainties needs to be man-
aged. Epistemic uncertainties can be reduced by gaining more knowledge
in contrast to aleatoric uncertainty which is truly random. In Sweden, it

is estimated that up to 9 billion SEK is yearly spent on geotechnical re-
lated damage costs where the uncertainty of the geotechincal condition is
an important aspect. Many of the damages can also be directly related to
ignorance and mistakes by humans (SGI 2013).

3.1 Risk management in geotechnical engineering

Risk management is according to Aven (2008) de ned as all measures and
activities executed to manage risks within an organisation. The Swedish
Geotechnical Society (SGF) published 2014 a methodology for risk man-
agement in geotechnical engineering to reduce the probability of unwanted
events. The methodology is based on the general standard ISO 31000 Risk
Management Principles and Guidelines and urges to implement risk man-
agement in every geotechnical work. The de nition of the word risk is stated

in ISO 31000 as e ect of uncertainty on objectives.

A risk management is divided into three major phases: Establishment of
context, risk assessment and risk treatment. The goal of the rst category
is to identify the risk owner and the scope of the risk management. Risk
assessment consists of four subcategories as presented in Figure 18; system
description of geotechnical context, risk identi cation, risk analysis and risk
evaluation (Spross et al. 2021). The rst subcategory is where an under-
standing of the system regarding risk is acknowledged. The second is where
the identi cation of hazards and threats are utilized. The third is where the
identi ed risks are being analysed. In risk evaluation a decision has to be
made regarding if the analysed risk can be accepted or not. The decision is
the risk owners responsibility and tools like risk matrices could be utilized.
Risk treatment is where the unacceptable risks has to be treated. Tools
useful for risk management are often implemented to modify the risks. One
treated risk can lead to another risk which has to be identi ed, analysed,
evaluated and possibly treated. This shows the iterative process of risk



33

management.

Figure 18: Concept of risk management cycle.

SGF (2017) states that there are four basic requirements correlated to the
risk management that shall be satis ed in every project:

Scope and objective of the risk management shall be established.
The decision maker shall know about the concept of risk.

The engineers shall have knowledgeable about the concept risk man-
agement.

A proper risk communication shall be established in the risk manage-
ment.

Which part of the project that will be included in the risk management
must be clearly stated in the scope and objectives. Furthermore, the scope
and objective should also specify the type of uncertainties and their con-
sequences. The person in charge of the project also has the responsibility
for the risk management. It is therefore crucial that the decision maker has
knowledge about the risk concept. In the same way, responsible engineers
need to have knowledge about risk management. Geotechnical engineers are
used to consider uncertainties and risks but it is also important to apply
that knowledge in a risk management. At last, there must be a functional
communication between people, divisions and phases in the project to make
everyone aware of the potential risks at any time.

3.1.1 Establishment of context

The rst step in a risk management is connected to the rst basic require-
ment where the context of the risk management shall be established. The
aim of this step is to identify the risk owner and enable resources to handle
the possible risks. It shall also de ne why the risk management have to be
done. The execution of the risk management shall be done by geotechnincal
engineers with the correct competence.
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The scope of the risk management shall also be de ned in such way that
the resources can be correctly distributed within the project. The point of
this is that risk management should not be insu cient nor ine cient. It is
therefore necessary to locate the site of interest, the geographical properties
and the extent of the geotechnical work (SGF 2017).

3.1.2 System description of geotechnical context

The rst step in a risk assessment is the system description of geotech-
nical context. Geotechnical projects are designed to ful ll requirements,
mainly with regards to safety but also other aspects, such as environmen-
tal considerations. These requirements can be described as functions. One
requirement, or function, related to a quick clay slide is that the ground
should be stable. The factors that in uences the function is in geotechni-
cal aspects uncertainties that should be dealt with in a risk management.
Hence, before risk identi cation begins, the requirements of the project and
the uncertainties that can in uence it should be stated. When this system
understanding is acknowledged and the organisation have knowledge about
the geotechnical context, the risk management can proceed. One needs
to have an understanding of the underlying factor of the risks before they
are identied. The functions and factors can be many and a strategy is
preferable to identify these (Spross et al. 2021). A fault tree is one strategy.

3.1.3 Risk identi cation

The general principle of risk identi cation is to identify possible hazards
against the project. The identi cation process is essential since hazards rst
have to be identi ed in order to be analysed and treated. Risk identi cation

is a task for geotechnical engineers with necessary competence and should
not be seen as a repetitive activity between projects. If such approach
is chosen, hazards of special aspects and features can be unnoticed (SGF
2017). Aven (2008) presents a 80 - 20 rule to consider both known hazards
but also unknown. The rule implies that it takes 20% of the time to identify
80% of the risks since the majority are similar and have been experienced
before. The last 20% is the risks that are special for the project and those
who have not been experienced before, these should take 80% of the time
to ensure that all hazards and threats are identi ed.

3.1.4 Risk analysis

The third step in a risk assessment is the risk analysis. The goal with
the analysis is to classify the identi ed hazards in terms of consequences
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and likelihood to enable decision about the risks further ahead in the risk
management. It is advantageous during this activity to use tools, such as
event trees or fault trees. Hence, the possible causes and consequences is
described in a systematic manner (SGF 2017). A risk analysis can be both
qualitative and quantitative.

In some cases, a qualitative aspect of the identi ed risk might be su -
cient enough to evaluate and treat it. While in other cases, a quantitative
aspect is needed to accurately classify it in terms of likelihood. In an early
planning phase of a project there is not always need for an quantitative risk
analysis in terms of the likelihood of the consequence. Instead, it can be
enough that there is an awareness of the identi ed risks to decide if the
project will be able to implement (Spross et al. 2015).

3.1.5 Risk evaluation

The next step is to evaluate the analysed risk. The risk owner is responsible
for the decision, i.e. if a risk need to be treated or not. The decision should
be based on several parameters as the project policy and the possible conse-
guences. Some risks can be evaluated directly but others may need further
investigation or help tools. Common tools are risk matrices, decisions trees
and Monte Carlo simulations (SGF 2017).

3.1.6 Risk treatment

The last step in the risk management cycle is to treat the risks that have
been decided as unacceptable. The way a risk is to be treated depends
on what type of risk it is. It is not always possible to fully remove a risk,
instead many times the question is how to reduce a risk. Generally speaking
a risk can be treated either by lowering the level of consequence or reduce
the risk for the event to occur (SGF 2017).

3.2 Fault tree analysis

A fault tree analysis (FTA) is a common deductive technique for risk anal-
yses that shows the relation between an undesirable event and its possible
causes. A fault tree is commonly used to identify hazards, triggering events
and warning bells (Carlsson 2005). A fault tree is constructed as a top-down
approach where the top event, the undesirable event, is connected to logical
gates that shows di erent paths for the top event to evaluate. The logical
gates appear as And or Or and are connected to events (Rausand et al.
2003). An And-gate means that for the output event to be true must all the
input events occur. Meanwhile for Or-gates does at least one input event
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be true for the output event to occur. The symbols in the fault tree are
presented in Figure 19.

Figure 19: Examples of symbols involved in a fault tree (after Aven (2008)).

According to Rausand et al. (2003), the constructing of the fault tree is
conducted based on the frequently asked question How can this event oc-
cur?. The rst thing to do is to identify the top event, which in this study

is a quick clay slide. The next step is to connect the top event to the di-
rect causes that is needed for the top event to evaluate though a logical
gate. The causes is then linked in the same manner through logical gates
to events needed for the cause to evaluate. This process continues until the
basic events, the events at the component level, are reached. The extent of
the fault tree depends on the detailed level of it. A correctly constructed
fault tree should be easy to follow and no expertise knowledge should be
needed. The meaning of this, in this study, is that the fault tree should be
applicable for all geotechnical engineers and not just a minor group with
expertise within the eld. Help tools, such as mind maps, can be utilized
when constructing large fault trees.
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4  Fault tree of quick clay slides

A fault tree for quick clay slides was created based on the results from the
literature study, examined historical slides and some interpretations. This
thesis has so far shown that there are di erent types of quick clay slide and
that the triggering events can be many. It is also in many cases di cult
to state only one single reason to why a slide initiates. The initial failure
can be triggered by human activities or natural reasons. Most of the slides
however still contain some sort of human activity in the area which have
changed the geotechnical properties more drastically than a natural process
would. The many possible chains of events that can lead to a quick clay
slide indicate the complexity of the subject.

Figure 20: Flow chart of risk management of quick clay slides.
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Factors and functions, mentioned in Chapter 3.1.2, are used to facilitate a
system understanding. In this study, the nal product is not of real interest.
Instead, the important aspect is that the ground should be stable and safe
against landslides no matter construction work or structure. A function
could therefore be explained as stable ground. The external factors that
a ect the function and in uence the uncertainty and probability of a slide
are the geotechnical factors and the triggering factors. The created fault
tree visualises the chain of events that have to be ful lled for another event
to result. The fault tree gives thus an understanding of how the external
factors a ect the function and therefore increases the understanding of the
geotechnical context.

An increased understanding of the geotechnical context entails a more ac-
curate risk identi cation process, it is easier to identify known risks than
unknown. The fault tree is a helpful tool to increase the understanding of
risks connected to landslide in quick clay. Many historical slides have been
examined during this study and the fault tree cover a lot of possible events
for a slide to occur. The fault tree also consist of triggering events that can
increase the risk of landslides but has not been acknowledged as a single
triggering event for any quick clay slide.

The analyses of the identi ed risk can be either quantitative or qualita-
tive and the fault tree could be used as a tool for both. Dierent stages
in the construction process require di erent level of accuracy of whether an
identi ed risk needs to be treated or not. In a feasibility study, an analysis
regarding if there is a potential risk of quick clay slide might be su cient
enough for an ongoing process. An identi cation of unfavorable in-situ con-
ditions and knowing that triggering events will be present on site during
construction work or already is because of natural reasons, raises aware-
ness of that an initial failure can occur. The probability is not described
in terms of likelihood but there is a knowledge of a potential failure. The
fault tree could be useful in the feasibility study to weight di erent possible
construction locations against each other. In the design phase, a quantita-
tive approach is needed to analyse the risk and facilitate a risk evaluation.
This means that it is not possible to just state that there is a potential risk
of initial failure. Instead, calculations should be conducted to present the
risk in likelihood in terms of safety factors. It is of course not possible to do
this with the fault tree only, but the fault tree indicates when calculations
are needed and the important factors to consider during the calculations.
Evaluation about the risk of a landslide can thereafter be conducted by the
risk owner, if not more investigations are needed. As stated previously, risk
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management is an iterative process.

The possible risk for triggering of a quick clay slide is historically mostly
present during the construction phase. However, the potential risk of a slide
should have been managed earlier, but it is possible that alternative solu-
tions arise during the construction due to changed prerequisites. There is
a lot of uncertainties connected to geotechnical works and observations for
hazards should be done regularly. Risk management need a communication
between organisations and phases to inform everyone about the risks that
have been considered during the project. Contractors have to be informed
about the risks considered during the design phase and miscommunication
can lead to consequences that easily could have been avoided. With this
said, the risk of quick clay slides is still highly valid during construction and
have to be considered.

The constructed fault tree is divided into pre-failure, failure and post-failure.
The complete fault tree is presented in Figure 21 and Figure 22.
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Figure 21: Complete fault tree part 1.
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Figure 22: Complete fault tree part 2.
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4.1 Pre-failure

Pre-failure is the state before failure. It is essential to study it in order to
gather information about the site prerequisites and to be able to investigate
if the site conditions are unfavourable for a failure. Pre-failure is an impor-
tant phase to study to gain knowledge of why the initial failure occur and
to prevent development of quick clay slides.

4.1.1 In-situ conditions

The importance of the in-situ conditions are related to the preconditions
needed for a quick clay slide to occur and the potential extent of it. The in-
situ conditions are represented in the fault tree as an "unfavourable in-situ
conditions" connected to geology and topography as presented in Figure 23.

Figure 23: Unfavourable in-situ conditions branch of the fault tree, continues
in Figure 24 and Figure 25.

Regarding the geology on site, the presence of quick clay is an important
factor and a prerequisite for a quick clay slide to even occur. However,
the size of the potential slide is highly associated with the location and the

extent of the quick clay zones in relation to the overall surface topography

(Karlsrud et al. 1985). The extent of the zones depends on how the quick
clay was deposited. The zones can appear in thick or thin layers, close to
the surface or close to the bedrock and in one layer or multiple layers. It can
also appear both in contact with permeable strata and with non-sensitive

clay (Viberg 1982). There is also a risk that quick clay have not been found

on site but exist in the area. The possible formation of quick clay is based
on several parameters mentioned in chapter 2.1.1.
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The soil stratigraphy is of interest when studying areas prone to quick clay
slides, especially if drained soil layers such as silt, sand or gravel are em-
bedded within the quick clay or clay deposit. Embedded friction soil layers
within clay deposits in combination with high water ow may increase the
rate of leaching and the risk of formation of quick clay. Artesian groundwa-
ter pressure, large runo areas and in ltration are all factors that increase
the in ow of water, e.g. like in the Tuve slide. Unfavourable shapes of the
bedrock can lead to concentrated areas of water in ow and locally increase
the risk of quick clay. Organic soil present in connection with clay layers
is another way for quick clay to develop (Rankka 2003). The characteristic
of the dry-crust, both geotechnical and geometrical properties, at site is
also interesting, the dry-crust can reduce the extent of a quick clay slides
depending on its characteristics. The event that have to ful lled for geology
to occur is presented in Figure 24,
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Figure 24: Unfavourable geology branch of the fault tree.
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Topography is the study of the land surface level and form. The topogra-
phy does play an important role for development of landslides and have an
impact of the extent of it. The characteristic topography for a landslide is
a steep slope. However, unique for quick clay slides is that the slope only
has to be gently inclined (Bernander 2011).

A large number of historical quick clay slides are located close to a lake,
river or stream and have similar geometry. The failure surface however dif-
fers depending on the inclination of the bedrock. If the bedrock is steep,
there is a risk that the slip surface is located directly on the bedrock. How-
ever, at a more gently inclined bedrock, which is more common, the slip
surface is located in a soil strata (Viberg 1982).

Figure 25: Unfavourable topography branch of the fault tree.

41.1.1 Stress and time

Slope failure and the extent of a landslide largely depends on the current
in-situ stress condition which have been formed through the past geological
history. The clay was formed at the last deglaciation and when the ice with-

drew, the land raised and left the clay over the sea level. Since this time
the clay has slowly been a ected by creep (Pusch et al. 2016) and consoli-
dation which have caused a change in the properties. These may, according
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to Bernander (2016), have arisen from for example retreating free water,
changed ground water levels, varying climate and chemical deterioration.
Clay that goes through long-time creep successively carry higher stresses
via the interparticle bonds which makes the clay more sensitive to distur-
bance (Pusch et al. 2016). Demers et al. (1999) discuss how the strength of
clay is decreased by fatigue due to varying seasonal pore pressure. However,
the properties have changed during such a long time, which means that the
slope is stable as long it is not disturbed.

The peak shear strength, residual shear resistance and stress strain re-
lationship are related to its stress-history. Importantly, it is also highly
dependent on the load time ratio where a large load during a short time
will give a high peak value and low residual value, while a small load will
give a low peak value and high residual value (Bernander et al. 1985). Over-
consolidated clay has a lower peak shear strength value than normal con-
solidated clay (Bernander 2016). Another important aspect regarding time
is that slopes a ected by a gradually increased load during a longer time
can remain stable while it would have failed if the full load was placed dur-
ing a shorter time. The residual value has a key role on the development
of landslides. If the residual shear strength drops below the in-situ shear
stress due to any disturbance, a brittle dynamic failure may develop while if
the residual value stays above the in-situ shear stress a more ductile failure
may occur and conventional ideal-plastic analysis can still be applied.

Figure 26: Fault tree of factors that increases the risk of a quick clay slide.
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4.1.2 Triggering events for quick clay slide

A quick clay slide is initiated by a disturbing factor that changes the stress
condition causing a failure in the soil. It is often di cult to prove the exact
reason to the failure but the triggering event is either connected to human
activities or of natural causes as presented in Figure 27.

Figure 27: Triggering event branch of the fault tree, continues in Figure 28
Figure 29.

Most of the events that have triggered a landslide connected to human ac-
tivities are construction work. There are however some that are not, which
in this study are called other factors. The fault tree for human activities is
presented in Figure 28.

Construction activities most often implies a change in the stress condi-
tion of the soil. This can be due to excavation work, stockpiling of mate-
rial or earth Il. Excavation combined with buildup of material and earth

Il during construction work is recognized as a triggering event for many
landslides e.g. Rissa (Gregersen 1981), Skjeggestad (Gjelsvik et al. 2015),
Hyggen (LHeureux et al. 2013), Smarod (SGI 2020) and Kyrkviken (Skred-
kommisionen 1990). The added load leads to locally increased stress in one
area.

Three other triggering events associated with construction work are pil-
ing, rock blasting and soil compaction. All these entail vibrations in the
ground, causing an increase of the pore pressure (Bernander 2011). Pil-
ing activity was seen as a triggering event at the slide in Surte (Jakobson
1952). Piling activity also entail a displacement of the soil in a direction of
downslope, which can initiate the strain softening behaviour and develop a
failure slip surface. Soil compaction with vibratory hammer is also a seen as
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a triggering factor according to Bernander (2011). Rock blasting was seen
as triggering event in Finneidfjord and among others (Bouchard et al. 2016).

As already mentioned, it is often di cult to nd one single reason to why a
slide occur. Many times, there are also several factors combined. The land-
slide in Tuve (Larsson et al. 1982) had many theories on why it occurred;
one theory is that vibrations from the tra c did increase the pore pressure
and was a contributing factor (SGI 1981). Some also meant that vibrations
from the railway track was a triggering event at Surte. Deforestation is
also, according to the Swedish Civil Contingencies Agency (MSB), a poten-
tial triggering event to landslides. The vegetation works as support with
their roots and increases the stability, it also absorbs groundwater which
decreases the pore pressure (MSB 2019). Geertsema et al. (1997) also high-
lights the importance of vegetation by proposing that a dense network of
trees can limit the retrogressive process of a landslide that has already
started.
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Figure 28: Human activity branch of the fault tree.

The fault tree for the natural causes is presented in Figure 29, one common
is erosion. Erosion is the long-term surface process where soil, rock or other
natural material is being transported from one location to another through
water or wind. Numerous of the historical landslides are located close to
a lake, river or stream where erosion is a constant ongoing process, see for
example the landslide in Gota (Falemo et al. 2011b), Barfendal (Skredkom-
misionen 1990), Ballabo (Andersson et al. 1999), Skéttorp (Skredkommi-
sionen 1990) and Agnesberg (Larsson et al. 1994). Erosion at the toe of a
slope decreases the resistance and changes the equilibrium which eventually
can trigger a landslide. Erosion is a natural process but can be increased
due to human activities, for example via ship tra c or released water from
barrages (Rydell et al. 2011).
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Many landslides have occurred during the autumn and spring as a result
of long rain periods and rapid snow melt (Tavenas et al. 1981). Increased
water in ow in the ground during a short period will cause unfavourable
conditions for slope stability due to the increased pore water pressure and
accelerated erosion. However, rainfall itself is usually not seen as a single
triggering event for quick clay slides, but rather as a factor in combination
with other disturbing factors (Bernander 2011). Frost heaving can give rise
to increased pore water pressure and erosion, in a similar way as rapid snow
melt. The majority of the landslides in northern Sweden are triggered in
the spring, during periods of rapid snow melt and frost heave (Viberg 1982).

Earthquake-induced landslides are rare in Scandinavia since it is uncommon
with earthquakes of that magnitude. However, the landslide in Bondestrém,
1759 (Alén et al. 2000) was according to documented information induced
by an earthquake.

The increased risk of landslides due to changing climate is a currently dis-
cussed subject. It is believed that the rainfall in northern Europe can in-
crease with up to 30 percent (SGI 2017). As already mentioned, heavy
rainfall periodically can accelerate erosion and temporary increase the pore
water pressure, leading to a decrease of the slope stability (Falemo et al.
2011a).
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Figure 29: Natural causes branch of the fault tree.

4.2 Failure

If both unfavourable in-situ conditions and a triggering event are present at
the site of study, an initial failure will occur. This is presented in Figure 30
as an event in the fault tree. The initial failure for a quick clay slide could
look similar for the di erent categories of quick clay slides. A prerequisite
for the initial failure to progress to the succeeding post-failure phase (a fully
developed quick clay slide) is that the quick clay on site must be involved
in the initial failure, through disturbance or a failure surface proceeding
within the quick clay deposit. The initial failure consists often of an initial
circular slide or an initial failure that develops sub-horizontally through a
quick clay deposit, hereafter denoted as initial sub-horizontal failure.
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