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Abstract

Quick clay landslides have causedarge numbeof natural disasters in Norwayhese have
resulted in loss of human lives and major damage on property, rogtigays, and
infrastructure Quick clay acts as fluid when disturbed or overloadeandtherefore affects
largeareas away from the ¢igering point. Extensivaccumuations of quick clay aréound in
residential areas, where the seemnomic consequences of a landslide can be enormous

Consequently, it ismportant toidentify, assess and manaitps risk.

The purposeof this thesiss to develop a complete risk analysis framework to undertake the
risk associated with quick clay landslides in Norw&wyrrently, such a framework ison
existent. Thereonly exists partial analyses and guidelines focusing on singie @athe risk
analysis processvhich were discoveretihrough a thorough literature studihis thesis puts

an emphasis oa uniform and systematiframewok, that inclues several risk analyses to
determine the hazards, consequencekrak of a study are, and that igollowed by risk
assessment and management. The framework provides a simple appnosiclof quick clay

landslides and contaimeom for judgement aneingineering experiende be included

Further, an empirical exemplification of this risk framework was performed on the Haugen
quick clay zone in Kongsberg, émlighten the usefulnesd the risk analysis frameworkor

this purpose;map studies, geathnical investigations, fault tree ansily and creation of a
landslide database were carried.®dtentialhazardzonesare classified according to hazard,
consequencand risklevel. Theevaluationwas carried outising asemiquantitative analysis

devd oped by NVE. This approach <cl assifhyes t he
evaluating the local conditisnwhich resultedn a low hazard and severe consequencel.le

The risk is the product between the hazard emsequence scores, awds categorized as
medium Based on these results, in addition to evaluations of triggering events, landslide extent
and return period, a risk matrand activity matrix was developed. These matrixes were used
as a bast® make decisions of thequiredmitigation measures and remedial atiésto reduce

the classified riskThe risk mitigation measures shoyddmarily be focused of the stability
conditions toward the river in the south of th@ugen zoneSecondary, a stabilizing fill should

be consideredlong the river. Further research should be performed on the Early Warning

System for monitoring of the quick clay slopes and triggering events.
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2 Chapterl: Introduction

1. Introduction

1.1. Background

The | argest and most damaging nat gedhylquicki s as't
clay landslides. The soceconomic consequences of landslides are enormous, and they make

the residents feel unsafe. Quick clay is a hidden hazard. Quick clay slides are triggered
suddenly, and are harder to forecast than snow avalanchesxtneche weather. A further
challenge is that urban areas, both large cities and villages, are settled on top of quick clay
slopes. It is therefore important to establish a complete risk analysis framework for quick clay
landslides in Norway. The framewoskould include how to identify and map the quick clay

zones, how to evaluate the hazards, consequences andiriglsdhow to assess and tribed

risk.

Currently, over 1750 quick clay zones have been mapped nationwide, where approximately 250
zonesare classified as high and very high risk classes. 137 quick clay zones have been mapped
in Buskerud countyL'Heureux et al., 2014 Buskerud is especially susceptible to quick clay
landslides due to its geological history, and some large landslideb&endriggered here in

the past. It is estimated that more than 28 fatalities have been caused bydlagil slides in
Buskerud in historical time@-urseth, 2006)In the Haugen zoneesidential areas are resting

on hills of quick clay which slopeato the river Lagen, and will have large consequences if the
slope fails. Consequently, this area will be used to perform the empirical exemplification of the

risk analysis framework.

Climate models show that an increase in landslide hazards can beedxipeblorway as a
result of the climatic changes. The models and forecasts pegdintrease in the frequency

and intensity of extreme weather events (EWES) in the f(iyedal et al., 2011)The global
warming has led to changes in meteorologiealdd hydrological conditions, in addition to
increased temperatures and amount of precipitation. Extreme rainfall can trigger quick clay
slides in steep terrain and intensifg #erosion in slopes adjacent to tivers, but also increases

the pore pressuie the clay which reduces the slope stability. Human activity and interventions

in the terrain are also triggering factor for landslides. Risk management including structural and
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nonstructural risk mitigation measures that can help reduce the hazarddsfides and

consequently reduce the vulnerability and consequence level for the elements at risk.

Earlier the responsibility for safety associated with landslides were divided between multiple
Ministries, without anyone having the overall responsibiliitye Norwegian Water Resources

and Energy Directorate (NVE) was in January 2009 assigned the overall responsibility for flood

and landslide safetgnd risk The governmental goal was to create safer communities and
increase the civil protection through wetion of risk associated with landslides and floods.

There are two landslides with a particular importance for the mapping and awareness
concerning quick clay slides; the Rissa landslide in 1978 and the Kattmarka landslide in 2009.
These and a few otheranj or di sasters helped to increase
authorities of the need to take preventive measures. The national wide mapping of zones with
potential quick clay hazard was started in the aftermath of the Rissa landkiglprocess is

further explained undearevious work and is one of the main topics of this thesis.

1.2. Previous work

There have been publieed multiple articles and reports on the subject of geohazard and
landslide risk, and how to assess and deal with thiJbiaket &, 2002, Lavell, 2003, Mun,

2004, Fell et al., 2005, Lee, 2009, Nadim and Lacasse, 2009, Han et al., 2011, Lacasse et al.,
2012, Rollins and Zekkos, 2012, Morello et al., 2014, AGS,2000) n t he 198006s t
towards risk and hazard assessmentsnaapping increased, and some of the later publications

on this matter is bi{arlsrud (2008)Rowe (2010)Clague et al(2012)L 6 Heur eux ,et al
Nelson (2014xnd Ottesen et al(2016) Gradually, the vulnerability and hazard assessment
was implenented in natural hazards in the international community, which is reflected in the
works byCannon (1994)Wisner et al. (2003)Cutter and Finch (200&nd Cardona et al.

(2012) The focus of mitigation measures as a tool to reduce the risk of landsslesreased

the later years amongst engineers and geosciertiggsaow acknowledged that a proactive
approach is required to deal with risk management.

Currently, risk and hazard is a natural partheflandslide analysis, and highly sophisticated
geophysical and geotechnical investigation tools exst should be included in the analysis
(Lacasse et al., 2012)he new and improved scientific work enables more detailed estimates

of magnitude, frequency, physical impacts of various landslide tiimegever, these scientific

insights are not adequate to reduce risk, on its own, as it needs to be integrated with study
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performed by social scientists. The issues of coping capacity and vulnerability which needs to
be incorporated into a hazard analyidague et al., 2012)In the future, the scientific
community must expand the knowledge of the mechanisms to be able to assist the authorities
with up-to-date techniques, including investigation methods, hazard assessment, planning and

mitigation measured. 6 Heur eux .et al ., 2014)

The Norwegian Geological Survey (NGU) started in 1970 to produce modern Quaternary
geological maps of Norway. After the Rissa landslide, a national mapping of potential hazard
zone for landslides was initiatethe mapping was calucted by the Norwegian Geotechnical
Institute (NGI) and NGU, and focused on the locality and extent of the danger zones. This early
mapping was performed ithe Trgndelag and @stlandeegions and was based on the
Quaternary geological and marine limigips. NVE initiated in 2001 a program with the aim of
classifying the risk of the already mappadd new quick clay zones, and to further investigate
and implement mitigation measures in the zwfdigh or very high risk classes. The mapping
and classitation of risk required new procedures to be developed in the geotechnical
community. Each danger zone was evaluated with respect to hazard, consequenceldred risk.
main focus of the quick clay mapping the lag 8ecades have been large zones ongbues

10 acres) and zones in clopeoximity to rivers or streams. The current methodology for
mapping and preparation of danger maps are based on geological and geotechnical
characteristics, topographical conditions, and observed changes in the(téHaureux et al.,

2014) NVE performs quick clay mapping of selected areas, based on a risk priority in the urban
areas of Norway. The results from the mapping are continuously updated in the NVE Atlas on
www.nve.no In connection with the Natal hazardnfrastructureFlood-Landslide (NIFS)
project NVE and Statens Vegvesen have collaborated to improve the quick clagnmdahps
mapping method@ttesen et al., 2018hcreasing the rate of implementation of the quick clay

mapping sems like an effective measure to avoid potential landslide eventsfiruhe

1.3. Objective of study

The objective of this master thesis is &stablish a complete risk analysis framework to
undertake the risk of quick clay landslides in Norwantil now, there have been partial
analyss and guidelines published tHatuses on single parts thfe risk analysis process. The
Landslide Risk Mnagemenframework compiled by the Australian Geomechanics Society

(AGS) will be used as a base for theogass of establishing a complete risk framework.
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However, this framework needs to be greatly modified to fit the Norwegian practice for quick
clay landslides. This framework encourages a uniform and systematic method to perform risk
analyses, andhcludesseveral risk analyses to determine the hazards, consequences and risk,
which is followed by risk assessment and mitigation measlirgsould alsacontainroom for

judgement and engineering experience.

Another objective i perform an empirical demomationof this risk framework. The Haugen

quick clay zone in Kongsberg is chosen for this purpblse.goais to contribute in increasing

the knowledge of how quick clay landslides are evaluated in terms of hazard, consequences,
vulnerability and risk, ath the impotance of proactiveisk management given its importance

for the Norwegian societyhe study can provide valuable information for the residents, other
people working on problems connected to quick clay and to researchers. Thecatudy

hopefullyinspire further work on the subject.

1.4. Problem statement

Thefocusof this thesids the risk associated with quick clay landslidte®Norway. There are
two aspects of importance for this thesis. The firétow to develog completerisk analysis
framenvork for quick clay landslidesThe seconds how to demonstrate the use of the
establishedisk analysisframework Based on this the problem statement is divided into two:
1) Develop acomplete risk analysis framework forquick clay landslides in Norway
- Establish aconsistent terminology for landslide risk
2) Perform an empirical exemplification of the risk framework on the Haugen quick
clay zone in Kongsberg.
- Qualitatively evaluate the hazard, consequence and risk level
- Estimate landslide ruout distance
- Evaluate the triggering events
- Perform afequencyanalysisof landslides in Buskerud based on historical data
- Quantify the vinerability level of the Haugen quick clay zone
- Create a risk matrix for the risk assessmantl provide information concerningeth
tolerable and acceptable levels of risk for loss of life

- Propose structural and natructural risk mitigation measures
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Document analysis has been used for the purpose of answeringsth@rdlslem statement,
whereas a case study is used to answesséiecend problem statemefthese methods are
presented in the methodology chaptéhe overall problem statements have not changed
throughout the process. However, the types of analysis, methods and datahsedse study
havebeenchangedGuidance s provided on methodssed forthe demonstration of the risk

analysis framework.

The motivation for this thesis thesocial significase ofquick clay landslidesr Norway.The
society today has a focus on preventing disasters, and lack of knowledgaus® is no longer
tolerated. Hence, there is a need to incréaeenderstanding of the factors controlliggick
claylandslides After the Kattmarka landslide, the inadequate methatdegexistingnapping
methodwas debatedand changes were madéis work can hopefully contribute to a more

effective hazard and risk mapping in the future.

1.5. Limitations of study

The focus of the study ido developa complete risk analysis framework for quick clay
landslideswhich have helped limiting the scope oétthesisThe main work was invested in

the risks analysis, as they were important to achieve a risk estimate fiolldweng risk
assessment and managemehe risk analysis performed is mainly qualitative, with exception

of the frequency analysis andlnerability analysis. This limitatiois due to the timand data
constrans. The focus of the analyses is limited to loss of life and property/structures, other
elements at risk could have been included. The risk analysis of the Haugen quick clay zone
focuses on the consequences onshore, and have not evaluwatpdtehtial of offshore
landslides Due to the time and resource constraint, the thesis lacks field surveys and onsite

investigations.

1.6. Outline of thesis

Chapter 1:ls introductory with objectve of study, problem statement almditations. The
chapter also describes previous work in the field.
Chapter 2:Concerngyuick clay,Quaternarygeologyandquick clay landslides in Norway, and

provides a geological perspective for the rest of the thesis
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Chapter 3:Describegshe methodsind data gathering processes used in this théhis focus

is on the data, document analysis and case study.

Chapter 4:Present the risk analysis framework for quick clay landslides which is the basis for

the analysis.This chapter is based on document analysis.

Chapter 5:1s thecase study part of the thesi$ie focus is on the hazard evaluation, and several
analysis and assessments are performed. The assessment and management of the landslide risk
will be presentd, and the theory from chaptenigtused in practice.

Chapter 6:Presents the discussion of the main topics in the thesis

Chapter 7and 8 Is the closing part of the thesiad contains the conclusions of the work and

recommendations for further work.
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2. Understanding quick clay landslides

This chaptemprovides an overview of the geological framework needed to understand quick
clay landslidesTo study the possible causes of landslides we need to use theories from the
fields of geotechnidsand quaternary gead)y?. The chapteitroduces landslidgin Norway,

what quick clay iswhere quick clay is found and how landskdoccur.

2.1. Landslides in Norway

Landslidess thegeohazards in Norway thegpresents the most severe ffiskeconomic loss
and loss of lifeThis isdue to the Norwegian landscapdimateand the geological history
(NGU, 2012, NGU, 2015cPDuring the last 20Qears,approximately 2500 human livésve
been lost due to landslides Norway. Animals, injured people and materlakses are not
included in this estimate(Furseth, 2006, Jaedicke et al., 200Quick clay landslides
contributed to 1150 of these fatalitig¢aurseth, 2006)

Landslides redistribute mass from areas of high elevatiwartts lower elevationgnd in this

way, contribueé inthes hapi ng t he E a idéshrémostcammbndy toendin, b nd s |
not restricted tanountainous areas. They can odouainy place with sufficient reliefnd slope

angleto produce gravitational stresses able to cause soil or rock ({€lague et al., 2012)
Geotechnical features, such as solil properties and slope gradient, determines the stability of the
slope. Landslides are triggered when the strength of the slope decreases as a result of heavy
rainfall climatic conditions, erosion,dbds or human activitfFurseth, 2006)Consequences

of suchlandslidescan be destruction affrastructure and cultivated lansiich as roads and

houses, as well as damagimgpitats and changinghe local hydrology.

Quick clay landslides have caussaine ofthe largest natural disastensNorway. The large

extent of these landslides separates quick clay slides from other landslides. The landslides occur
very abruptly and most often without warning; therefore, tmsequences may be catastrophic
Thequick claylandslide in 1345 in Gauladalewhich wasfollowed by a floodis the largest
registered in the country, with 500 fataliti@okoengen et gl2001).The quick clay landslide

in Verdal, where 116 people were killed in 1893, is also well dootedé¢L'Heureux et al.,

1Geotechnics: Oxford di cTheibamRafgvil ehginedrimgeoncemer withchbstudyc s a s :
and modification of soil and rocés. FOXBORD DICTIONARY 2017. Geotechnicki: OXFORD (ed.).

2 Quaternary geologinvolves geological processes occurring during the ice ages in the Quaternary period, the
last 23 million yearsFromNGU 1995. Geologisk ordlistén: NGU (ed.)Geologien i Narvik.
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2013) The Risa landslidan 1978is photographeth Figure2.1. It wastriggered by a minor

terrain interventiorthat lead td million cubicmeters of quick clay slidg outin a matter 6

minutesand resulted in one fatalifiNVE, 2006a)

Figure 2.1: Shows the landslide crater after the Rissa landslidérhe length of the crater measures 1,5 km
(NVE, 2006a).

Landslides afairly normal ghenomenan a geological time perspectivalthough there may

be several years between each large glldabu et al., 1993Jurseth (2006¢oncluded that

smaller landlides occur relatively often, however the large quick clay landslides have a
frequencyof 2-3 per hundred yearS.her e does not exist a clear
slide is. HoweverAas (1981)defined that landslides covering areas greater thatD8G00

m? or which involves volumes greater than-0,500 000 riqualifies as large.

Landslides arelefinedas:i T h e mo v e meocktand @rganis ratetiaJs down a slope
under t he e {NF§,Q014polR).Landsidesiare yatned and categorized after the
type of mases involved in the slid&urther, geoscientists distingh the slides based on the
failure mechanismspeed and water content. Accordingthie classification byCruden and
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Varnes (1996)quick clay landslides are defined as soil slides, based on the material and

movement typeOther types of landslides are kd@ll, snow avalanche and soil slides.

2.2. What is quick clay?

Clay is composed of microscopic partEfermed by natural processes such as erosion and
withering.For a soil to belassified as clay more than@of the particles must be smaller than
0,002mm in diameter(Janbu, 1989)The soil is formed by withering and deposition of clay
particles in quiet waters, especially in oceans. @dkie most widespread sediment Earth,

as large parts of the deep ocean is coverdtlibly layers of pelagiclay.

What makes quick clay so special and feared, is the fact that it losesiitedsand floats as a

liquid when disturbed or sufficientlgverloadedThese properties are closely connected to the
formation of the clayQuick clayis deposited in saltater, and is thus formed below the sea
level. During the last ice age, Norway was covered with a thick icecap, adding weight and
pushing the buoyant land downwards. When the ice started to melt approximaely yiars

ago, the weight was gradually litecausing isostatic uplift of the land. Areas that had been
located beneath the sea level now rose, bringing the deposited clay out of the saltwater and
above the current sea level.

The particles precipitated in saltwater forms a loose, porous graituses, where the particles
createa skeleton and the pores are saturated with seawater, as segur@®?.2 A (Janbu et

al., 1993, Sveian et al., 2002 seen irFigure2.2 A, the tipof the grains is positively charged

while the sides of the grains are negatively charged, holding the particles together. This charge

is caused by the presence of ions from the saltwater.

Clay with pores filled with Quick clay before landslide Quick clay during landslide Stirred quick clay after landslide
saltwater Open and unstable structure Collaps of structure. Surplus of Closer and more stable structure.
Sheet-like grains in a open and loose, water. Low viscosity liquid clay. This clay can never be quick again.
but stable structure.

The salt binds the particles together.

Figure 2.2: Quick clay structure before, during and aftera landslide (Janbu et al., 1993)
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Normal seawater has a salt contehapproximately35 grans per liter(Issler et al., 2012)f

the salt content is retained the properties of the clay is kept namdathe tay is stable
However, if the salt content is slowly washad and reaches a limit 85 grans per liter, the

ionic forces will be weakened, the loose structure becomes unstable and quick clay can be
formed(Sveian et al., 2002The presence of groun@terin the sediment or nearby rivean

wash out the salt angradually reduce the conceritoa of ions in the pore wateWhen a
landslide occurs the loose structure collapaesseen irfrigure2.2, C and D,and the masses

forms a low viscosity liquid, as seenkigure2.3, becauséhe excess water originally located

in the pores are release®h analogy for the structure of quick clay and its collapse is a house

of cads; the smallest movement can cause failure of the structure.

Figure 2.3: Shows the liquid quick claywhen stirred or overloaded(Issler et al., 2012)

The geotechnical definition ofuick clay is a mane clay which in unstirred state has a
remolded shearstrengtd 0, 5 kPa a‘m8(NIFS2@ld)si t i vi ty

3 Remolded shear strength, Sr: The strength (measured in kPa) af skitydo resist loading. FroddANBU, N.
1989.Grunnlag i geoteknikkTrondheim, Tapir.
4 Sensitivity, Stis the ratio between the strength of the intact sample in relation to the strength of the disturbed

sample of the same clay material.
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It must be stressed that not all marine clay will becoqueckd by | eii salicomtegt. o f
Quick clay is typically formed in lenses or pockets in hillsides anslapes towards rivers or
oceanslt is also important to note thatiigk clay in unfirred state is not a dangerous liquid

mass in the ground waiting for a fracture to float tiglo. Quick clay may initially bas firm

as normal clay, and can withstandnsderably strainif it is handled wih sufficient care.
However, if the salt has been washed out and the clay is overloaded, the structure can collapse
causing a quick clay landsligdéanbu et al., 1993, Sveian et al., 2002)

2.3. Where is quick clay found?

The highest occurrence of quick clesyNorway are found in the eastern and middle parts of
the country. In addition to small occurrences found in the Northern Norway as well as Western
and Southern NorwayJaedicke et al., 2008Marine clay comprises about 5000 kiof
Norway, where 20% corsts of sensitive quick clayimilar deposits aralso found in parts of
Sweden and CanaddGU, 2015d)

The depositof quick clayreflect the special glacial historin a period called Quaternary
hence, the last 2,6 million yearShe Quaternary perd consisted ofluctuatingice ages,
superseded bynilder interglacialperiocs. The thickness of the ice sheet covering Norway
varied; it was generally thickest towards the center and thinning towards theFodatsing

the melting of the ice, the uplifvas largest where thhickness of the ice was greatest.
follows that the central part of Scandinavia has been upliéted is still uplifting)more than

the Norwegian coasthere was a global sea level rise as the ice meltednd 120125 meter
since the last ice age. dwever this sea level rise did not exceed the isostatic uplift in the
Eastern Norway and in Trgndelag. Due to the country risingrfeeta the ocean, large areas
aroundthe fjords were elevated over the sea level and transfaordegtland. The phenomena

of quick clay isthus connected tfpords in areas with a history of Quaternary glaciations and a
subsequent isostatic uplift weteesalt water clay (maringlay) has risen above sea lef@&nbu

et al., 1993, Sveian et al0@2)

The highest sea level at thrd of the last ice ags, referred tasthe marine limit (ML).This
level is the highest previous sea level after theappearance of the i@nd representghe
highest pointvherewe can finddeposits omarine claywith the possibility ofjuick clay(NGU,

2015d) The height of thenarinelimit varies throughout Norwagiepending o the amount of
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uplift and thickness of the ice she&€he highesmarinelimit, at 220 meters above the current
sea leveljs found intheareas around Oslo, whereasTrgndelaghe limitreaches 200 meters
as illustrated irFigure2.4 (Sveian et al., 2002'he prevalence of quiaday, and the danger

of quick clay slides, arestricted to areaselbw the marine limit.
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Figure 2.4: The blue areas shows areas located under the marine linflbveian and Solli, 1997)The marine
limit in height over sea level in metersare shown. The numbers are higheswere theice sheet was thickest
during the last ice age.

2.4. Why do landslides occur?

With some simplifications, it is easy to explain how landslides occur: the real chadle
landslides igorces ofgravity. All soil particles will be affected by grayj and will try tomove

to a lower level if not inhibited to do so. It is the strength of the solil, the shear strahgth
representghe hindrancelf the shear strength of the soil becomes considerably small in
comparison to the forces trying to moaevolume of soil downwards, a landslide will be
initiated As mentioned, the initiating events are either human intervention or natural events,
such as heavy rainfall, erosion and earthquakéss can be expressed by formulas and
mathematical expressiowhich also can be used to calculate if a slope or area is sutiycien
stabile(Janbu et al., 1993, Sveian et al., 2002)
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In a hypothetical cut through a slope we can achieve a combinational effect, occurring
simultaneouly and operatingn the same umwirtunate direction: Heavy rain or significant snow
mel ting can result in the gr o,asilbstratadekiguré e v e |
2.5. Water saturatedod is heavier than dry soihence the weiht of the soil on the top of the
slopewill increase(increased driving forcespt the fod of the slope erosion may occur,
especially if a river or stream is present, but also where the groundwater table trickles out of
the groundJanbu et al., 1993Most importanthowever arethe pocesses occurring in the
ground. The pore pressure will increase along potential fracture surfaces in theashbpe,
consequently the shear strength willreduced. Both means reducing of the stabilitheWw

the drivingforces exceeds the stabilization forces, the sieitlefail and a landslidewill be
formed(Sveian et al., 2002)

‘i\r — Increased weight
P ] d

Groundwater y
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Figure 2.5: Cut through a slope with atypical circle-shapedfracture surface. Modified after Janbu et al.
(1993)

Landslides can be triggered by natural causes, as has occurred in thousands of years. However,
in present timesost are triggered by human activity disturbiing natural balance and creating
conditions for landslide€NGU, 2056d). This is done by either increasing the driving forces or

by decreasing thstability, the same principal is valir natural slides. Increasednount of

load on top of the slope, most typically filling for roads, buildings etc., increaser#ne. st
Digging at the foowf slopes, such as ditches, basements and road crossings, weakens the
stabilization forces. Elevated supply of water out towards a slogebmaisky in more than
oneway (Janbu et al., 1993, Sveian et al., 2002ndslides triggeredybhuman activity do not
necessarily cause a landslide immediately. The slope may be apparently stable for years until

periods of heavy rain and unfavorable conditions arise.



Chapter2: Understanding quick clay landslides 15

This knowledge is important to understand the geological/geotechnical framewayki¢k
clay landslides and the risk they pose for the society. The knowledge is also useful for
understanding the maps and risk analysis presented later in this thesis.
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3. Methodology

This chapter providean overview othe methods used to answer theljpem statementand

why these were chosenhe quality and unceainty of themethodsare discussed.

3.1. Data

The data forming the basis of this study is:

- Various databases of geotechnical reports, which includes public reports and documents
regarding quickclay landslides, Quaternary geology, risk analysis methods, safety and
risk mitigation measures.

- Database of soil investigation reports

- Newspaper articles of landslide events

- Information on the agencies websites (NVE, NGU, NGI, Statens vegvesen,
Jernbanesrket etc.)

- Guidelines for quick clay mapping, stabilitgquirements, and building and/minor
intervention inestablishedjuick clay zones

- Caseworkand articlesnvolving quick clay problematics

- Multiple map portals

- Books on historical landslide events

All the documents used in tdecument analysis are available for the public. The data collection
is based on strategical searches inlithrary databases, geotechnical databasesnal article
databases, stuaf the reference list of reports and algs, and review of information available

on the websites of the central agencies.

3.2. Document analysis

The first partinvolves establishing a complete risk analysis suitable for quick clay landslides,
and a thorough document analysis was perforidedumer analysisconsist of a systematical
review of written sources. What makes such an analysis special is that as sources are reviewed
the problem statement is illuminateshd the understanding of other sources and the context is
increased. Such an analydistinguishes between central gretipheral document3his study

will mainly focus on the central atuments. Further the lists of references tloése

articles/reports was studied. Primary sourceb®flocument were used to be able to judge the
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credibility, and assess therelativeto the context in which they weesigned(Thagaard,
2003) For the risk analysis of quick clay slides the combination of the following keywords
were used in the data gathering process: quick clay landslides, landslidieskiskalysis for
geohazards, qcik clay, mitigation measures arigk assessment. The choices of literature were

based on the relevance for quick clay landslides in Norway.

Sources of special importance for the risk analysis asdslice Risk Managenme Concepts
and Quidelinesby AGS (2000) Method forMapping andClassification ofHazard Zones,
Quick Clay by Gregersen (2001)Learning to Live with Geohazards: From Research to
Practiceby Lacasse and Nadim (201 BRisk Assessment and Mitigation in G@@ctice by
Lacasse et a2012) Extent and Rwout Distance for Quick Clay Landslides based on a
Catalogue of Landslide Events in NorayL'Heureux and Solberg (2012 ow to Calculate

a Recurrence Intervaby Sciencing.com (2017and guidelines by NE, NGI and Statens

vegvesen.

The most important landslide and risk termowy} is collected in appendix A, and is used
throughout this thesis to establish a consistent terminolbgyu come across unknown terms,

use appendix A as a reference to finel televant definitions.

3.3. Case study

The case study of this thesis concernsettemplification of the risk analysis framework the

Haugen quick clay zone in Hvittingfoss, Kongsbérge quick clay zone as a urstthe focus

of the analysis, not particad individuals or buildings. The purpose of the case study is to
achieve a parallel understanding of the zone being studied and its connection to other conditions
(Thagaard, 2003 o answer the secondgiriem statement, the methods for gathering relevant

maps, geotechnical investigations, fault trees and creation of landslide database are presented.

3.3.1. Gathering relevant maps
The purpose of the maps svéo find the areas of potential landslide hazard and use this
information to evaluate the hazard levehe maps used in this thesis wgethered from the

map services found at nve.(MVE, 2017a)and ngu.ndNGU, 2017a)Quaternary geological
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mapsmarine limit mapsnd slope angle mapsgere used with the purpose of produdiagard

maps The hazard maps céeused for lanelse planningand public awareness

Quaternary geological maps

Quaternary geological maps use polygons in various colors to provide an overview over the
different types of sediments, th@revalence in the landscape and their formaflde maps

also provide an overview over processes forming the landscape over time, as well as the
distribution of the sediments and their expected characteristics. This information is of great
importance for management of the landscape, including evaluafiorulnerability and
landslide hazardéNGU, 2015b)
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Figure 3.1: Quaternary geological map collected fronwww.ngu.no(NGU, 2017a)

The polygons are based on multipleiQernary geological map products in different scales.
This results in some simplifications in comparison to the complete Quaternary geological maps,
because not all of the information is included. These maps are created by NGU, which have the
national reponsibility for themapping,maintenance, updating and developnahhaps The

guality of these maps depends on the scale and the quahiith they weremapped in. The
production of the Quaternary maps includes detailed studies of airplane photograptis,

datg extensive data collection in the field, and in some cadss,laboratory analyse3o
developthese maps a solid competence in Quaternary geology is requine@dnap products

arecontinuouslyimprovedto ensure théest possible qualitfNGU, 2015b)
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Marine limit maps

The maps showing th@arine limit are useful in landseplanning and quick clay mapping.

The marine limits are presented as points {idgistrations), lines (modelled ML) and polygons

(area over and under ML) in the maeeFigure5.3 for referencNGU, 2017b) NGU have
created an additional map service AMarine | i
readers to easier read the Quaternary geological maps, and identify areas withl pdtpntk

clay, sedg~igure5.3 for referencéNGU, 2016b)

The ML registrations are based on literature, geological maps and field observations by
experienced geologists. It shoadido be taken into account that there may be sooertainty
associated with the ML registratignand that the coverage of registrations variHse
uncertainty in the individual registrations will rarely exceed 10 m in height, and the most
important areas of quick clay will be captured in the rhpdesnted in the map databaJdne
uncertainty connected to the modelled ML will be somewhat lagggrecially in areas with

few ML registrations. However, the maps are continuously updated as new information is
gatheredNGU, 2017b)T h e f Mar i n eatelnarysadimenid-service@shasel on a
filtered and simplified version of th@uaternary maps, coupled with the data set for marine
limits. It is important to check the scale of the mapping, and remethatthere may be

uncertainties in the underlyimgarine limits(NGU, 2016b)

Slope angle map

The maps of the slopengles are used to identifyazard zonessnd decide whether tistope
criteriaare fulfilled (see chapter 4.1.2 for more informatiofh example is found ifrigure
3.2. The colors range from white (@egrees) to red (490 degrees), and are presented by

polygons.
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Figure 3.2: Shows the slope angle of the Hvittingfoss arg®dNVE, 2017a) The white areasare flat, whereas
the red color presents the steepest slopes with the highest slope angles.

The polygons may include somsamplifications and the registrations may be associated with

some degree of uncertainty.

3.3.2. Geotechnical investigations
The geoteknical information from th&ambagll: Tveit et al(2016)report was mainly used to
evaluate the hazard level of the Haugen quick clay zone, but also to learn about the stability and

safety factors of the area to decide which mitigation measures were needed

NVE do not perform their own geotechnical investigations, but orders investigations associated
with quick clay mapping, landslide situations, safety projects and detail investigations of quick
clay zones(Ottesen et al., 2016 Rambgll was hired as csultants for the geotechnical
investigations of the quick clay evaluations of the Haugen zone. GeoStrgm carried out the soll
investigations in the Haugen area during 2012 and 2013. Data from previous investigations by
GeoStrgm, Statens Vegvesen, Lavliero@d and NGI have also been included in the report

by Rambgll: Tveit et al.(2016) This information is considered to Heased onexpert

knowledge.

3.3.3. Fault tree
The purpse of the fault tree analysis wiasshow all the elements that need to be preseiat for
quick clay landslide to occufhe fault tree analysis is a logical chart showing required
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for an topevent to take place. The diagram shows how the various activities relate to each other
and the undesired event. In the context of this théms mdesired event is the occurrence of a
quick clay landslide, which presents the eventThe direct causes of the quick clay landslide

are calledbasic eventand are represented with rectanglBisere ardogical gates(symbols)
connedng the basicevents to the top evenfAven, 2008) These symbols with the

interpretations are presentedHigure3.3.

And-gate ——

/” = i \ Basic event
\ The output event ,,/ \  Event at the lowest

| (above) occurs if all \ | level in the fault tree
input events (below) \ / model

occur

- Or-gate Description of
// \ The output event event/state
\ (above) occurs if at Placed above gates
least one of the input and basic events

—  events (below) occur

Figure 3.3: Symbols used in fault tree diagramgAven, 2008) The basic eents in this thesis is presented
as rectangles.

The fault tregoresented by the authorkigure5.5 was created using the software SmartDraw
2017. This software helps to ate visuals quickly and includesrious templates tohmose
from (SmartDraw, 2017)

The fault tree does not include numbers. This is because they would have been qualified guesses
and not of any great vaduHowever, the fault tree givassimple overview of the factors that

is required for a quick clay laslides to occur.

3.3.4. Creation of landslide database
This landslide database gathers datapoévious and historical landslide events that have
occurred in Buskerud county. The purpose of this data is to assess the frequency of landslides
in the area and psent the data statisticallynformation concerning landslidevents was
compiled in dandslide datadse, and is collectddom different sources, which are explained

below. Thecomplete database is presentedppendix C
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National landslide database

In the national landslide database, historical landslide events are registered with point
coordinates, as shown gure3.4. The databaseontains information from different sources,
such as field observationschnical reports, historical documents, old church books and

newspapersThe national landslide database is availablenet atwww.skrednett.ncand

www.skredatlas.nve.noNVE is responsible for developing the database and web portals,

coordinate data gathering and registrati@@sesen et al., 2016)

Figure 3.4: Shows an examples of landslide registration in the NVE Ads (squares). The events are: orange
square is a quick clay slide, white square is a snow avalanche and finally the brown square is an unspecified
soil slides (NVE, 2017b)

Landslides are registered using the Reg(®egObs, 2017and Skredregistreringo (NVE,
2017c)tools. RegObs is a tool for geohazarkhted observations, amongst others, landslides.
The toolis found as a mobile application and wahtform. Everyone can register observations.
The observations in RegObs are transferred to the whtdetabase regularly, whereas
Skredregistrering.no registers landslide events directly into the national dqtatiasen et al.,
2016) The landslide registrations are classified accorditigganasses involveduch as snow

avalanche, submarine slidad quick clay lges.

Technical reports and literature
Quick clay landslides are one of the landslide types especially well documented through
technical reports. Technical reports and literature are collected from NVE, NGU and NGI, and

are described belaw


http://www.skrednett.no/
http://www.skredatlas.nve.no/





















































































































































































































































































