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ABSTRACT:  This paper highlights the research on submarine landslides conducted in conjunction with the Norwegian 
Public Roads Administration (NPRA) mega-project “Ferry Free E39” from Kristiansand to Trondheim, where the long-term 
goal is to replace the ferry crossings with bridges and tunnels along the costal highway in the western part of Norway. The 
research presented herein combines physical model testing and numerical simulations and have been tailored to the 
Bjørnafjorden crossing. The experimental studies have focused on different aspects of submarine landslides, including 
possible impact with offshore foundations and seabed entrainment. These experiments have further been used for validation 
of numerical simulations. The numerical simulations were performed with the recently developed material point method 
coupled with computational fluid dynamics (MPM-CFD method). This method has also been successfully adopted to 
simulate a previous identified submarine landslide at Bjørnafjorden. In both conditions, the simulations were determined 
from detailed geotechnical soil tests. Finally, this paper shows how the combined experimental and numerical analyses can 
be used to quantify the impact forces and the integrity on seabed foundations. This integrated study outlines a general 
methodology that can be used to quantify the geohazard related risk for similar future projects. 
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1 BACKGROUND 

The background of the study is the NPRA mega-
project Ferry Free E39, with a focus on the Hordfast 
project (www.hordfast.no). The purpose of the project 
is to cross the 5 km wide fjord Bjørnafjorden, in the 
Western part of Norway, with a floating bridge. 
Geophysical surveys have identified numerous past 
landslide events in the vicinity of the planned bridge 
(Solli et al., 2017, NPRA, 2019) while soil 
investigations and stability evaluations have shown 
that there are still marginally stable accumulations of 
soil deposits at the flanks (Carlton et al., 2019). The 
planned foundation concept for the floating bridge 
consists of mooring lines attached to suction anchors 
in the fjord seabed. Thus, future submarine landslides 
may have potential to impact both the anchors and the 
mooring lines. Evaluation of the submarine landslides, 
including possible impact scenarios, is therefore a 
crucial design condition for the integrity of the bridge.  

2 SHORT ON SUBMARINE LANDSLIDES 

Submarine landslides present risks to structures and 
facilities located offshore and near the shore, as they 
have the potential to generate significant impact 
forces, entrain the seabed, and potentially trigger 

tsunamis (Hampton et al, 1996; Locat and Lee, 2002; 
Harbitz et al., 2004; Puzrin, 2016; Sassa, 2023). Earlier 
events have led to collapse of offshore platforms, 
breaking of pipelines and seabed cables as well as 
catastrophic damage from tsunamis (e.g., Heezen and 
Ewing, 1952; Bea et al, 1983). Areas prone to 
submarine landslides include delta areas, fjords, open 
continental shelves, submarine canyons and at 
volcanoes (Locat and Lee, 2002). Common triggering 
factors for submarine landslides include earthquakes, 
waves loads, rapid sedimentations, artesian pore-
pressures, weak layers and human induced activities, 
as shown in Figure 1. Submarine landslides are 
commonly studied through combined geophysical and 
geotechnical surveys to characterize the morphology. 
Furthermore, the knowledge of submarine landslides 
has increased from previously conducted experimental 
studies and numerical studies (e.g., Elverhoi et al, 
2010; Sørlie et al. 2023a; 2025). 
 

 
Figure 1. Common triggers of submarine landslides. 

http://www.hordfast.no/
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3 RESEARCH OUTCOMES OF E39 
BJØRNAFJORDEN PROJECT 

3.1 Outcomes of geotechnical and geophysical 
surveys 

Geotechnical and geophysical surveys were conducted 
as part of the Bjørnafjorden bridge crossing project. 
The geophysical surveys included multi-beam 
bathymetry (MBE) and sub-bottom profile (SBP) lines 
with a grid space of 50 m. The landslide mapping 
identified 45 individual slide events in the fjord. Age 
dating analyses of selected slide lobes showed that 
these slide events consisted of minimum 3 triggering 
events in the last 2000 years (Solli et al., 2017; NPRA 
2019). Figure 2 shows the sample locations while 
Figure 3 shows estimated time of occurrence for of the 
detected slide events. Subsequent geotechnical 
investigations have been the basis for a preliminary 
geohazard study (Carlton et al., 2019) and for the 
research project presented herein. 

 
Figure 2. Hill-shade plot of bride area (After NPRA219). 

 
Figure 3. Age dating results; X-axis is sample locations 

from Fig. 1, Y-axis represent years AD (NPRA, 2019). 

3.2 Outcomes of this research project: “Impact 
loads on offshore foundations” 

This present project has combined different research 
methods, including laboratory testing, physical 
modelling and numerical simulations as follows: 

1. Detailed laboratory tests have been conducted 
for the soil materials to be used for the 
physical model testing and on Bjørnafjorden 
samples. 

2. Experiments focusing on submarine impact 
scenarios have been performed.  

3. An advanced continuum modelling approach 
capable of simulating both model test scales 
and field scales have been validated. 

4. The continuum modelling approach and the 
outcomes of the physical model testing is 
combined for foundation integrity 
evaluations, as shown in this paper. 

The soil material used for the physical model testing is 
mixtures of kaolin clay. The rheological behaviour of 
kaolin clay and Bjørnafjorden clay were investigated 
in laboratory tests. The strain rate dependency was 
measured using cyclic direct simple shear (DSS) tests, 
T-bar tests and viscometer tests. The normalized 
results for kaolin clay, used for the experiments, are 
shown in Figure 4. The different testing devices 
enabled to measure the strain rate dependency 
covering strain rates between 10-2 to 105 %/s. The 
testing program also included evaluation of the post-
cyclic shear strengths from cyclic DSS tests. The 
results from these tests showed a relationship between 
the reduction in shear strengths and the permanent 
excess pore pressure ratio (Δup/σv0’). The performed 
lab tests were presented in Sørlie et al. (2022; 2023a).  

The physical model testing of submarine 
landslides investigated; (1) the flow velocity vs time, 
(2) the flow mechanisms and (3) impact with a 
foundation pillar. Figure 5 shows the flow prior to and 
after impacting with the pillar, while Figure 6 show a 
normalized plot of the impact forces. The 
normalization enables scaling from the model test 
condition to field scale. The Y-axis is the equivalent 
drag coefficient of the pillar (eq. 1) while the X-axis is 
the non-Newtonian Reynolds-number (eq. 2). The 
experiments were performed with a flume inclination 
of the run-out section of 12 and 18 degrees. Different 
water contents of the soil were considered to give a 
range in the soil properties. The initial soil state was 
either remoulded or with a one-day of self-weight 
consolidation. The trendline in Figure 6 was based on 
a hybrid hydro-dynamic and geotechnical model (eq. 
3), with obtained fitted coefficients of Cd,hyb.=1.06, 
Np,hyb.=5.2. The variables in the equations are the 
maximum impact force (Qmax), the pillar foundation 
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diameter (D), the flow height prior to pillar impact 
(Hflow), the soil density (ρsoil), the flow head velocity 
(U), the shear strength of the soil during the impact 
also accounting for strain rate effects (τy), and the 
impact pressure (qimpact). The data from the physical 
model testing is included in Sørlie et al. (2023a;2024). 𝐶𝑑 = 𝑄𝑖𝑚𝑝𝑎𝑐𝑡/(𝐷∙𝐻𝑓𝑙𝑜𝑤)12𝜌𝑠𝑜𝑖𝑙∙𝑈2 = 𝑞𝑖𝑚𝑝𝑎𝑐𝑡12𝜌𝑠𝑜𝑖𝑙∙𝑈2 (1) 𝑅𝑒𝑛𝑜𝑛−𝑛𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛 = 𝜌𝑠𝑜𝑖𝑙∙𝑈2𝜏𝑦  (2) 𝑞𝑖𝑚𝑝𝑎𝑐𝑡 = 12 𝐶𝑑,ℎ𝑦𝑏. ∙ 𝜌𝑓𝑙𝑜𝑤 ∙ 𝑈2 + 𝑁𝑝,ℎ𝑦𝑏. ∙ 𝜏𝑦  (3) 

The results from the physical model testing were 
combined with field data from Bjørnafjorden to 
validate an advanced continuous modelling method. 
The newly developed coupled MPM-CFD method 
(Tran et al., 2024a) was used for this purpose. The 
observed response in both the physical and numerical 
analyses showed a strong similarity, as presented in 
Figure 7 to Figure 11. The geotechnical properties 
were used directly from geotechnical lab testing, thus 
providing a validation of the MPM-CFD model. See 
Sørlie et al. (2025) for full details. The model was 
further applied in Sørlie et al. (2023b) for a possible 
future slide event at Bjørnafjorden, while more generic 
cases will be presented in the subsequent section. The 
MPM-CFD method was further validated on sand-rich 
submarine landslides in Tran et al. (2024b).  

 
Figure 4. Compilation of soil tests in terms of strain rate 

effects for kaolin clay (Sørlie et al., 2023a). 

 
Figure 5. Model test experiment of submarine landslide 

impacting with a pillar foundation (Sørlie et al. (2023a). 

 

Figure 6. Normalized impact forces on foundation pillar 

(Sørlie et al. 2023a). 

 
Figure 7. Slide mechanisms from MPM-CFD analysis and 

observation from the corresponding experiment (Sørlie et 

al. 2025). 

 
Figure 8.Landslide envelope from MPM-CFD simulation 

and the corresponding experiment (Sørlie et al. 2025). 

 
Figure 9. Slide event at Bjørnafjorden from SBP data and 

hill-shade plot (NPRA, 2019). 

 
Figure 10. MPM-CFD analyses of Bjørnafjorden slide at 

different time instances after slide initiation (Sørlie et al. 

2025). 
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Figure 11. Data from MPM-CFD analyses; Flow head 

velocity and flow head position vs time (Sørlie et al. 2025). 

4 APPLICATION OF MPM-CFD METHOD 
ON BJØRNAFJORDEN FLANKS 

4.1 MPM-CFD analyses of generic flanks 

This section presents three coupled MPM-CFD 
simulations, which resembles typical Bjørnafjorden 
slopes. These analyses are extension of the MPM-CFD 
simulation in Sørlie et al. (2023b).  The simulations 
have the same underlying assumptions, except the 
lengths of the flank, where three flank lengths are 
considered. The same flank gradient of 1:2.5 is used 
together with a layer thickness of the flank of 10 m, 
while the vertical distance between top of flank to the 
basin is H=40, 80 and 120 m. The geometries are 
specifically defined to cover the typical identified slide 
events from the landslide mapping at Bjørnafjorden 
(Solli et al., 2017; NPRA, 2019). The final deposits in 
the MPM-CFD simulations are shown for the three 
cases in Figure 12, while Figure 13 and Figure 14 show 
the flow head position and velocity versus time after 
triggering. The key results of the analyses are 
summarized in Table 1. It is observed that the run-out 
distance (L), the total change in head position (ΔL) and 
the flow head velocities (Uhead) and seabed entrainment 
increase with increasing lengths of the flanks, while 
the normalized run-out distance (H/L) slightly 
decreases. The seabed entrainment in Table 1 is 
extracted 50 m from the transition between the flank 
and basin. This value decreased along the fjord basin.  

 
Figure 12. Final slide deposits of MPM-CFD analyses. 

 
Figure 13. Fow head position vs time. 

 
Figure 14. Flow head velocity vs time. 
 

Table 1. Key results MPM-CFD analyses BF flanks 

Parameter BF, 

H=40m 

BF, 

H=80m 

BF, 

H=120m 

L 344m 592m 792m 

ΔL 211m 372m 468m 

Max Uhead 4.0m/s 6.3m/s 6.5m/s 

L/H 8.6 7.4 6.6 
Seabed entrainment 1.5m 2.0m  2.5m 

4.2 Conversion to bearing capacity checks 
assessments on suction anchor foundations 

The MPM-CFD analyses in previous section estimated 
the influence zones and landslide dynamics along the 
run-out phase of the slide events. The foundation 
integrity may also be evaluated explicitly with the 
analysis methodology. This would however require 
3D analyses in most cases, which are computationally 
intensive. The impact loads on the foundations can 
however still be estimated using the key results from 
the MPM-CFD analyses, together with the findings 
from the physical model testing of the submarine 
landslides, where impact forces on pillar foundations 
were examined. The key data include the flow 
velocity, the seabed entrainment, the degree of 
remoulding of the landslide and the height of the 
landslide for the foundation locations. Figure 15 
illustrates the resisting and driving forces during an 
impact. The driving forces may be decomposed into 
two contributions: The direct impact forces from the 
landslide, and additional lateral pressure on the 
foundation due to the unbalanced submerged weights 
on each side of the foundation. The direct impact 
forces on the foundation may further be divided into 
two parts; one from the overriding debris on top of the 
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current seabed, and the impact forces from the 
entrained soil. These parts are in general different, as 
the entrained soils may have a different flow velocity 
and a different degree of remoulding than the 
overriding debris. In the following calculation 
example, these two direct impact load contribution 
parts are assumed similar in terms of velocity and 
remoulding, where the key results from the flow head 
is considered. The MPM-CFD analyses showed in 
general that most of the seabed entrainment occurs at 
the flow head, while the erosion rate of the seabed is 
low for the rest of the flow. The impact pressure is 
calculated using eq. 3, with Cd,hyb.=1.06, Np,hyb.=5.2, 
which was obtained from the physical model testing of 
submarine landslides impacting with a foundation 
pillar. The lateral pressure from the unbalanced 
submerged weights is calculated as a uniform 
differential lateral pressure with magnitude of 
Δp=γ’∙Hflow. The resisting foundation response may be 
calculated from a quasi-static FEM analysis or be 
estimated using simplified calculation approaches 
(Sørlie 2013; Kay and Palix, 2015; Sørlie et al., 2017).  

In the following, the utilization ratio of the 
foundation is based on the MPM-CFD analysis “BF-
80m” and for suction anchor geometries with a 
diameter of D=10 m and skirt lengths of L=10, 12 and 
14 m. The shear strength profile is su=2+2∙z (kPa), 
with a soil sensitivity of St=6. An initial stick-up length 
of ΔL=1 m is considered. The simplified calculation 
approach of Sørlie et al. (2017) is used to determine 
the bearing capacity of the foundations, given by eq. 4 
to eq. 7. The ultimate capacities are relative to 
decoupling point, which is typically located at an 
elevation of about 70% of the effective skirt length 
below the seabed for normally consolidated clays. The 
variables in eq. 4 to eq. 7 is the lateral, moment and 
vertical bearing factors (Np, NM and Nc), skirt diameter 
(D) and effective skirt length (Leff=L-Lstick-up-er) 
combined interaction coefficients (a, b and c) and the 
soil mobilization (f). Values of Np=9, NM=0.2, Nc=8, 
a=2 b=1 and c=3 is used in this example, which is in 
line with Sørlie et al. (2017).  𝐻𝑢 = 𝑁𝑝 ∙ 𝐷 ∙ 𝐿𝑒𝑓𝑓 ∙ 𝑠𝑢,𝑎𝑣𝑒   (4) 𝑀𝑢 = 𝑁𝑀 ∙ 𝐿𝑒𝑓𝑓  ∙ 𝐻𝑢   (5) 𝑉𝑢 = α ∙ π ∙ 𝐿𝑒𝑓𝑓 ∙ 𝐷 ∙ 𝑠𝑢,𝑎𝑣𝑒 + 𝑁𝑐 𝜋4 𝐷2 ∙ 𝑠𝑢,𝑡𝑖𝑝 (6) ( H𝑓∙𝐻𝑢)𝑎 + ( M𝑓∙𝑀𝑢)𝑏 + ( V𝑓∙𝑉𝑢)𝑐 = 1  (7) 

Rate effects of the soil according to the rheological soil 
tests are considered both when evaluating the impact 
loads and the foundation resistances. The eccentricities 
between the resultant of the loads to the decoupling 
point is considered to calculate the resulting 
overturning moments, which is further used with eq. 7 
to calculate the soil mobilization degree, f (=UR, 
utilization ratio). 

By retrieving the flow velocity and flow height, the 
state of the soil and entrainment depths for the various 
locations along the fjord basin, a continuous utilization 
ratio can be determined for various suction anchor 
geometries, as shown by Figure 16. The resulting 
impact forces should be combined with the mooring 
chain loads; this example does however consider the 
impact loads only. 

These utilization ratios may be used as input to 
construct risk zones for areas susceptible for 
submarine landslides. Appropriate foundation 
locations can be determined, and the required suction 
anchor geometries may be designed for possible 
landslide impact scenarios. 

The integrity of the mooring chain should also be 
evaluated. For this, a soil-structure interaction model 
of the soil, the mooring chain and the landslide is 
required. The impact pressure on the mooring lines can 
be determined in a similar way as for the suction 
anchor foundation. First, by retrieving the key results 
from an MPM-CFD analysis of the landslide, then by 
converting the landslide response to impact pressure 
using one of the outlined methods in Figure 6.  

 
Figure 15. Illustration impact scenario on suction anchor. 

 
Figure 16. Utilization ratio during impact, case “BF80m” 

with suction anchor of D=10 m and L= 10, 12 and 14 m. 

5 CONCLUSIONS 

This paper briefly summarized ongoing research on 
submarine landslides conducted in connection with the 
Ferry Free E39 Bjørnafjorden project. Different 
research methods have been combined, including 
laboratory testing, experimental studies with physical 
model, and numerical modelling. The different 
research activities supplement each other. In short, the 
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experimental studies have enhanced the understanding 
of submarine landslide mechanisms, particularly 
regarding the impact scenario with foundations. The 
experimental studies have also been the starting point 
in terms of validating a numerical simulation. A new 
calculation methodology, the MPM-CFD method, has 
been developed and validated in terms of both model 
test condition and from a previous characterised field 
event. The novel numerical method can investigate all 
aspects of submarine landslides, from initiation to 
deposition. Seabed ploughing and the remoulding 
process from intact soil material to fully remoulded 
material are explicitly captured in the method. This 
paper presents how the various research methods can 
be combined to evaluate the integrity of seabed 
structures during submarine landslide events. The 
outcomes can further be used to quantify the 
geohazards in critical projects and how to mitigate 
these risks.  
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