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Summary and Conclusion 
The Norwegian Ministry of Transport has engaged Statens Vegvesen to develop a proposal for a 
ferry free E39 (coastal highway) between Trondheim and Kristiansand. Today this 1100km coastal 
corridor accommodates 8 ferry connections uniting important cities and securing export of goods 
on the west coast of Norway. For Bjørnafjorden, one of the planned fjord crossings, a side anchored 
floating bridge is to be constructed where the mooring system will be anchored on the 500m deep 
seabed exposed to steep slopes. To better understand the submarine environment, relating 
geohazards and the bridge foundations integrity towards possible submarine landslides, 
computational and numerical models are being developed. These models rely on accurate input 
parameters, which subsequently are established through experimental model testing and soil 
analysis.  

This thesis will investigate the slide behavior from initiation phase until impact phase, and further 
explore the effects of impact forces on submarine constructions of clay rich submarine landslides 
through small scale model flume tests using kaolin clay. To form an understanding of the soil 
behavior through various slide phases and impact, a supplementary soil investigation of kaolin is 
completed. Finally, to demonstrate a link to field conditions, the slide and impact behavior has 
been characterized through dimensionless number as well as that rheological and geotechnical 
properties of kaolin clay and clay from Bjørnafjorden (BF clay) has been compared.  

Capturing the soil behavior through various phase transitions with the corresponding impact force 
in a submarine landslide represents a particular challenge. The original soil is typically 
characterized using traditional geotechnical methods, however, through a submarine landslide the 
soil will experience increased remolding and water entrainment, converting the soil to a fluid, as 
the slide progresses. Due to the solid to fluid transition, characterizations of soil/fluid strength are 
being addressed separately within the mechanical framework, resulting in both a fluid mechanical 
and a geotechnical approach.  

To solve this, an extensive soil investigation based on fall cone, T-bar, viscometer, cyclic DSS and 
cyclic triaxial tests is conducted on kaolin clay and BF clay to investigate the strength and strain 
rate dependency of both materials. The soil characteristics were further mapped through 
hydrometer, pycnometer and Atterberg limit tests. Soil strength and strain rate dependency were, 
together with Herschel-Bulkley approximations, important for displaying the strength behavior 
with increasing water content. A total of 27 fall cone, 18 T-bar, 9 viscometer, 6 cyclic DSS and 6 
cyclic triaxial tests were conducted. Kaolin and BF clay have been presented and compared using 
the liquidity index (LI) , which has proven to be a suitable normalization when comparing both 
materials. The soil investigation ranged from LI:0.21-1.62 for BF clay and LI:0.82-3.05 for kaolin 
clay, exposing both soils to the transition of remolded and plastic state to fluid/liquid state. 

Analysis of the results shows clear tendencies between kaolin and BF clay. The variation in yield 
stress and shear strength due to water entrainment can be described by unique power functions of 
liquidity index. Furthermore, the strain rate dependency over the solid to liquid range seems to 
deteriorate with increased water content, exhibiting a decreased strain rate dependency with 
increased LI. This results into material characteristics which seems to be dominated by the 
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Sammendrag 
Samferdselsdepartementet har engasjert Staten Vegvesen til å utvikle et forslag om fergefri E39 
mellom Kristiansand og Trondheim. I dag omfatter denne 1100km lange kystkorridoren 8 
fergeforbindelser som forener viktige byer og sikrer eksport av varer på vestkysten av Norge. For 
Bjørnafjorden, en av de planlagte fjordkryssingene, skal det bygges en sideforankret flytebro der 
fortøyningssystemet skal forankres på den 500m dype havbunnen eksponert mot bratte skråninger. 
For å bedre forståelsen av de undersjøiske grunnforholdene, relaterte geofarer og brofundamentets 
integritet mot potensielle undersjøiske skred, utvikles det en beregningsmetodikk og tilhørende 
numeriske modeller for å kartlegge effekter og prosesser rundt submarin massetransport. Disse 
modellene er avhengige av representative inputparametere som etableres gjennom modelltesting 
og eksperimentell analyse av aktuelle løsmasser. 

Denne oppgaven undersøker skredoppførselen fra initieringsfase til kollisjonfase, i tillegg til 
effekten av kollisjonskrefter på undersjøiske konstruksjoner fra leirrike undersjøiske skred. Dette 
er gjort gjennom en omfattende studie basert på småskala modelltester som skal simulerer 
undersjøiske skred gjennom ulike faser ved bruk av kaolin leire.  

For å oppnå en forståelse av materialoppførselen gjennom ulike skredfaser og effekten av 
skredkollisjoner, er det gjennomført en supplerende materialstudie på kaolin. For å demonstrere 
en kobling til forhold i Bjørnafjorden, har leire fra Bjørnafjorden (BF leire) blitt karakterisert på 
samme måte som kaolin og sammenlignet i ettertid. Avslutningsvis har skredoppførselen og 
kollisjonsresponsen blitt karakterisert gjennom dimensjonsløse parametere for sammenligning 
med litteratur og å kunne skalere opp modellforsøkene til simulering av fullskala skred.  

Å karakterisere materialoppførselen i et undersjøisk skred gjennom ulike faseoverganger med 
resulterende kollisojnskrefter, representerer en spesiell utfordring. Styrkeegenskaper i løsmasser 
blir normalt klassifisert gjennom geotekniske metoder, men i et undersjøisk skred vil skredmassene 
oppleve en økt omrøring og vanninntrenging. Ettersom skredet utvikler seg, vil  vanninntrengingen 
bli større og de geomekaniske egenskapene endres. Dette fører til at det ellers faste og plastiske 
materialet vil oppleve en mindre partikkel-partikkel kontakt som gir materialet en mer viskøs 
oppførsel. På grunn av overgangen fra fast stoff til væske behandles karakteriseringen av 
løsmasse/væske separat innenfor det mekaniske rammeverket. Dette fører videre til to 
tilnærminger for å karakterisere materialegenskapene i et materiale, nemlig en geoteknisk og en 
fluid dynamisk tilnærming. 

For å løse dette ble det gjennomført en omfattende laboratorietesting som omfattet konus, T-bar, 
viskometer, syklisk DSS og sykliske triaksialforsøk på kaolin og BF leire. Testresultatene har blant 
annet dokumentert styrke- og tøyningshastighetsavhengigheten til begge materialene. Kartlegging 
av indeks parametere har blit identifisert gjennom hydrometer, pyknometer og Atterberg grenser. 
Styrkeegenskapene og rate-avhengigheten for varierende vanninnhold danner, sammen med 
Herschel Bulkley approksimasjoner, hovedtyngden i denne materialanalysen. Totalt ble det utført 
27 konus, 18 T-bar, 9 viskometer, 6 sykliske DSS og 6 sykliske triaksialtester. Kaolin og BF leire 
er presentert og sammenlignet på likviditetsindeksen (LI) som har vist seg å være en passende 
normalisering når materialene sammenlignes. Resultatene varierer fra LI:0.21-1.62 for BF-leire og 
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1. Introduction 
1.1 Background 
The Norwegian Ministry of Transport has engaged Statens Vegvesen to develop a proposal for a 
ferry free E39 (coastal highway) between Trondheim and Kristiansand. Today this 1100km coastal 
corridor accommodates 8 ferry connections uniting important cities and securing export of goods 
on the west coast of Norway. Most of these ferry connections consists of wide and deep fjord 
crossings which will require massive investments containing larger and longer spanning structures 
exposed to greater and more complex hazards than before. The choice of concept from The 
Ministry of Transport suggests a fjord crossing over Bjørnafjorden which promotes a bridge 
connection between Reksteren and Os. This project, Hordfast, along with remaining E39 related 
projects between Bergen and Stavanger is estimated to abbreviate the travel time from 4.5 hours 
to 2 hours (SVV, 2021).   

The planned bridge will cross water depths of 500 meters and have an approximate length of 5 km. 
Such wide bridge spans over deep fjords limits design concepts to only contain floating bridges. 
For design purposes of an anchored floating bridge, challenges of controlling the lateral movement 
of a floating bridge can be identified as one of the main concerns. The current solution suggests 
16 anchors divided into 4 pontoons, anchored on both sides of the bridge, illustrated in Figure 1. 
1.  

Bathymetric investigations from Bjørnafjorden reveal an asymmetrical fjord with an undulating 
seafloor. Figure 1. 1 displays steep slopes on the southern side while the north side consists of a 
shallower depth from about 50-150m, which mainly is made up of exposed bedrock. The basin, 
which constitutes the main part of the crossing, has a depth of about 550m characterized by steep 
flanks and large sediment deposits. The considered anchors can be classified into three groups: 
suction anchor, gravity anchor, and a mix of both. Seabed deposition and topography determines 
the type of anchor where gravity anchors are used at locations exposed to bedrock while suction 
anchors are used at spots with larger deposit of sediments or where inclination exceeds 5 degrees. 

The sediment deposition in Bjørnafjorden is a result of heavy glacier activity the last 500kyr. where 
most sediments originate from the last 25 kyr. The shaped stratigraphy we see today can be 
explained by the deglaciation phases from this time. The first phase is characterized by a warmer 
climate causing the ice front to melt making the ice mass retreat to the mainland. The second phase 
is known as Younger Dryas (11.5-12.8 kyr.) and can be characterized by a climate change towards 
colder temperatures. This made the glaciers readvance, an ice expansion that can be seen through 
moraine deposits over large parts of mainland Norway. Phase 3 symbolizes the end of the ice age 
where the climate becomes warmer and stabilizes. These deglaciation processes caused large 
depositions of glaciomarine and hemipelagic sediments which dominates the seabed of 
Bjørnafjorden today (NGI, 2019c). 
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2. Submarine Landslides and Properties of Rheology  
2.1 Introduction 
Submarine landslide constitutes an important agent of sediment transport across fjords and the 
continental shelf into the deep ocean bed (Masson et al., 2006). Sediments that are derived from 
land are transported by rivers until frictional energy exceeds the kinetic energy governed by the 
water flow, making the material deposit. This results in a grading of the material where coarser 
and granular material will deposit early and finer sediments, such as silt and clay, can travel until 
it reaches stagnant water. However, this deposition stage is normally a temporary storage, as 
accumulation of fine sediments can lead to slope instability ultimately leading to slope failure. 
Such failures can happen instantly and form landslides causing onward transport of the deposits. 
This constitutes a significant hazard for offshore constructions and life due to large mass 
movement and subsequent tsunami development. 

Such large and instant sediment transports in water are highly affected by flow characteristics. 
Traditionally, landslide mobility is expressed based on slide characteristics from onshore slides. 
These methods are often based on geometrical description of slide runouts described by the 
horizontal runout distance and the vertical height drop. However, such methods are not sufficient 
to capture the fluidization process in submarine slides (Jeong et al., 2015). Literature ((Blasio et 
al., 2006; S. W. Jeong et al., 2015; Kvalstad et al., 2005) highlights 3 transitional mechanisms that 
influences the runout distance and the potential impact force: wetting, remolding and 
hydroplaning. Wetting can be considered as a progressive reduction of material shear strength as 
a consequence of increased water intrusion. Wetting and remolding will create a dilute suspension 
of sediments with a lower shear strength compared to the prior dense mass in a submarine slide. 
Such a process, where dens and firm sediments transforms to a thin diluted suspension, is what 
Fisher (1983) characterizes as flow transformation. To describe the transition from solid to liquid 
phase, both rheological and geotechnical characteristics of fine-grained sediments close to the 
transition area must be examined. Flow conditions, such as hydroplaning, will , together with 
material behavior, be the main influencers affecting a submarine slide.  

This chapter will introduce debris flows and elements affecting impact forces from submarine 
slides on offshore structures. This relates to theoretical aspects of rheology combined with 
geotechnical properties connected to rheology and flow dynamics. These elements are key aspects 
of understanding the soil properties and soil behavior through the different phases of a submarine 
slide.  

 

2.2 Slide Process and Mass Transport 
Submarine slide processes are in general closely related and dependent on the material transitions 
from solid to liquified state. The slide behavior is closely related the material development and can 
be identified through 3 main phases: initial failure and formation of blocks and slabs, debris flows 
and turbidity currents (Figure 2. 1) (Bryn et al., 2005). 
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minerals are dispersed in the liquid. Highly liquid slurries are sensitive towards particle-to-particle 
interactions and forces between such colloidal systems. Fine grained material, especially clay, have 
a high surface to mass ratio allowing the effect of van der Waals forces. Clay particles carries 
further a net negative charge, when in contact with water, this magnifies the interparticle forces. 
This extent of influencing factors makes understanding clay rheology a complex process 
dependent on chemical and physical attributes. 

For describing how particle interactions affects rheological characteristics in fine grained soils, an 
understanding of soil behavior and particle repulsion/attractions forces is necessary. The following 
sections are devoted to describing particle charge mechanism and material parameters that affects 
clay slurry rheology.   

 

2.6.1 Pore Water Chemistry and Electrical Double Layer 
Clays are surface-active materials with properties that are heavily influenced on the activity of 
surface phenomena (Mojid, 2011).The ion exchange of positive ions and ions with lower valency 
makes the particle surface negatively charged. For clays with high water content, this process will 
form a zone around each clay particle, commonly called the diffuse double layer. The size of this 
double layer is highly dependent on the ionic concentrations, in which a high concentration will 
generate a small double layer and low concentrations will generate a large double layer, as shown 
in Figure 2. 8. 

 

Figure 2. 8: Schematic illustration of the relationship between ionic concentration and the 
diffuse double layer (Ranekka et al., 2004). 

 

Flocculation can be described through the flocculation value. This value defines the concentration 
of ions at which flocculation occurs, and is dependent on two factors: the flocculated clay mineral, 
and the ion causing flocculation. The effects of cations flocculation power can be described 
through the Hofmeister series (Lozano & Sánchez-Silva, 2019): 






































































































































































































































