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Abstract:  
 
Despite the gently dipping slopes (ca 1°), large-scale submarine slope failures have occurred on the 
mid-Norwegian continental margin (Storegga, Sklinnadjupet, Traenadjupet), suggesting the presence 
of special conditions predisposing to failure in this formerly glaciated margin. With a volume estimated 
between 2,400 and 3,200 km3 and an affected area of approximately 95,000 km2, the Storegga slide 
represents one of the largest and best-studied submarine slides of Holocene age known worldwide. 
Finite element modeling of slope failure indicates that a large (6.5�<�Ms�<�7.0) seismic triggering 
mechanism would not be sufficient to cause failure at more than 110 m below the seabed as observed 
for the slip planes at Storegga (northern sidewall). This implies that other factors (e.g., liquefaction, 
strain softening, gas charging, rapid burial) are needed to explain the occurrence of the Storegga slide 
with a deep surface of failure. In this paper, we discuss the importance of the compaction effect of 
rapidly accumulated sediments in the slide area. During compaction, sediment grains reorganize 
themselves, thereby, expelling pore water. Consequently, depending on sedimentation rate and 
permeability, excess pore pressures might result beneath less permeable sediments. Our modeling 
and cross-checking illustrate how excess pore pressure generation due to high sedimentation rate 
could explain the development of layers of weakness, and thus, how such a large slide might have 
been initiated in deep sediments. Using the highest sedimentation rate estimated in the area (36 and 
27 m/kyr between 16.2 and 15 kyr BP), 1D modeling shows excess pore pressure values of around 
200 kPa at a depth of 100 m below the seafloor 15 kyr BP and 60 kPa at a depth of 100 m at the time 
of the slide (8 kyr BP). Excess pore pressure apparently drastically reduced the resistance of the 
sediment (incomplete consolidation). In addition, 2D modeling shows that permeability anisotropies 
can significantly affect the lateral extent of excess pore pressure dissipation, affecting, that way, 
normally consolidated sediments far from the excess pore pressure initiation area.  
  
 
Keywords: Rapid sedimentation - Sediment overpressure - Slope stability - Submarine slide 
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1  INTRODUCTION 

 

Submarine mass movements play an important role in shaping the sedimentary 

structure of continental margins. Over the last few years, extensive research projects, 

often in close collaboration between academia and the offshore industry, have 

addressed this topic and have significantly improved our understanding of the 

occurrence, frequency, variability and dynamics of mass wasting processes on 

continental margins (Haflidason et al. 2001, 2004; Lindberg et al. 2004; Sultan et al. 

2004; Solheim et al. 2005; Kvalstad et al. 2005a). The comprehension of mass wasting 

occurrences is also important for estimating the risk related to failure impacts for deep-

water exploration activity and tsunami generation which might severely affect coastal 

communities (Bryn et al. 2002, 2004, 2005; Huene et al. 2001). However, many 

questions about the complex mechanism of slope instability on continental margins are 

still unresolved. 

 In a previous study focusing on the Storegga slide area (northern sidewall; 

Helland Hansen area) (Leynaud et al. 2004), it was shown by dynamic modeling that a 

major seismic event (Ms ≥ 6.5) was insufficient to trigger a deep failure (110 m high 

sidewall observed in reality) on a slope of only 1°. Because earthquake-induced shear 

stress quickly decreases with depth, seismic acceleration is not significant in deep 
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sediments, and thus it is difficult to explain the thickness of the Storegga slide by 

seismic loading alone. Therefore, it is apparent that additional parameters have to be 

considered in a slope stability assessment in order to propose a complete and realistic 

model for back-analysis of the earlier failure as well as for the present day slope 

stability. Other destabilizing factors (climate change, gas hydrate melting, gas 

charging of sediments, diapirism, earthquakes and liquefaction) can lead to an increase 

in pore pressure within the sediment, and thus to a decrease in soil strength, even 

though it is not always evident how to quantify these effects. Excess pore pressure 

(EPP) generation from rapid sedimentation is another factor predisposing the site to 

failure (Bryn et al. 2004; Haflidason et al. 2004; Kvalstad et al. 2005a,b) and has been 

proposed for various slides area off the Norwegian margin (Nyk slide, Lindberg et al. 

2004; Trænadjupet slide, Laberg et al. 2003). Many other continental margins 

characterized by high sedimentation rates show a record of mass wasting as well, i.e. 

the Ebro margin (Baraza et al. 1990), the Mississipi Delta, Gulf of Mexico (Adams 

and Roberts 1993) and the Gulf of Alaska (von Huene et al. 2001). 

 Hjelstuen et al. (2004) have recently estimated a high sedimentation rate 

(several 10 m/kyr) in the Helland Hansen area at the northern part of the Storegga slide 

headwall. This provides an opportunity to model the EPP generation over a short time 

period in the immediate vicinity of the Storegga slide headwall. Firstly, EPP relative to 

hydrostatic pressure in consolidated sediments reduces the effective vertical stress, 
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increasing the shear stress effect. Secondly, it is well known that EPP within the 

sediment during sedimentation is a key parameter controlling consolidation, and thus 

the shear strength of the deposited sediment. The consolidation process is very 

sensitive to parameters such as the porosity and permeability (hydraulic conductivity) 

distribution in the sediment. We define these parameters from sediment test profiles; 

however, depending on the sedimentation history and sediment variability the 

modeling, involving soil parameter profiles and thus EPP development, can differ 

from reality. Thus, the present work attempts to provide an overview of the excess 

pore-pressure generation in the sediment at the end of a high sedimentation rate 

period, as well as the pore-pressure dissipation rate after this stage. This allows us to 

estimate the evolution of undrained shear strength with time, and thus the control of 

sedimentation rate on slope stability. 

 

 

2  STOREGGA SLIDE AREA 

 

The Storegga slide, located to the south of the Vøring Plateau (Figure 1), stretches 

from the North Sea Fan to the Helland Hansen Arch: it occurred during a multi-phase 

event at about 8.2 kyr BP (Haflidason et al. 2001). Numerous large-scale submarine 

landslides occured in the Storegga slide area during the last c. 1 Ma and they were 



 
 
 
 
 

Leynaud, Sultan & Mienert 
 
 
 
 

 6 

associated in time with the regular advance of glaciers towards the shelf break 

(Haflidason et al. 2005). This study concentrates on the north sidewall (Helland 

Hansen area) where geophysical indications of gas hydrates exist (Bünz et al. 2004). 

 The Storegga slide exhibits slip planes that follow regional seismic horizons 

which correspond to fine grained marine clays related to contour-current influenced 

sedimentation (Figure 2), similar to older slides in the region (Bryn et al. 2002). This 

observation suggests that slide geometry might be governed by some regional 

geological/geotechnical conditions instead of local factors. The slides are translational, 

and seabed morphology suggests a dominant retrogressive slide development (Bryn et 

al. 2005). The pre-glacial morphology and the glacial history play major roles in 

controlling the location of the slides (Bryn et al. 2002). 

 The sediments sampled from geoborings in this area can be placed in two main 

groups: glacial and marine deposits (Tjelta et al. 2002). The main observations from 

these sediments are summarised in Table 1. Fine-grained marine clays have distinctly 

lower shear strength than glacial clays (Bryn et al. 2002). Due to the higher sensitivity 

of the marine clays (for the same consolidation stress), they are considered to be the 

most susceptible lateral slip planes (Kvalstad et al. 2002). Bryn et al. (2002) concluded 

that high sedimentation rates and thick glacial clays caused unfavorable shear stress 

and EPP in underlying marine clays and that the most likely trigger mechanism was a 

strong earthquake. 
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3  SEDIMENTATION RATE 

 

The sedimentation rate in the Helland Hansen area during the last 30,000 years has 

been estimated using the MD99-2291 core and the corresponding seismic unit 

thickness observed in the area (Hjelstuen et al. 2004). Maximum sedimentation rates 

of 36 m/kyr (16.2-15.7 kyr BP) and 27 m/kyr (15.7-15.0 kyr BP) were found near the 

sidewall located to the north of the Storegga slide headwall (Figure 3). The eastern 

boundary of the reflection-seismic data-unit (unit between two reflection-seismic 

horizons) isopachs extend from the headwall northward (Figure 4). A similar or even 

higher sediment contribution is likely along the headwall according to the position of 

the Buadjupet ice-stream inflow (Bryn et al. 2002). The main depocentres of glacial 

clays along the mid-Norwegian margin were the Skjoldryggen (Sklinnadjupet ice-

stream), the Storegga slide area, the North Sea Fan and the Trænadjupet slide area.  

 

 

4  SIMPLIFIED 1-D CONSOLIDATION THEORY 

 

For 1-D sediment consolidation, the rate of consolidation and dissipation of EPP is 

defined by equation (1) (Terzaghi & Peck 1967): 
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where  

 

vc , is the coefficient of consolidation, eu  is the excess pore pressure (EPP), z is the 

depth of the layer, and t is time. 

The EPP is the pressure in excess of hydrostatic pressure which tends to drive the 

water through the soil to reach hydrostatic equilibrium conditions (Terzaghi & Peck 

1967). We consider the drainage path as singly drained (vertical and upward flow) as a 

first step. The predicted time rate for an average consolidation is given by relation (2): 
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where drH , is the drainage height, t  is the time, and T is the time factor, a 

dimensionless parameter characterizing average consolidation. 

 

On the condition that wvwvv mcmcK ⋅=⋅⋅= γ  
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where )/( smK , is soil permeability or hydraulic conductivity, )/( 2
smcv  is the 

coefficient of consolidation, )/( 2
kgmmv  is the coefficient of volume compressibility, 

)/( 3
mkgwγ  is the unit weight of water, and )/1( mmw  is the coefficient of volume 

change of the saturated soil, equation (2) becomes: 

 

K

mHT
t

wdr ⋅⋅
=

2

      (3) 

It is worth noting that equation (3) has clear limitations for long-term consolidation 

during sedimentation because it does not consider that parameters change every time 

step (drainage path and coefficient of consolidation), and that consolidation occurs 

after the first loading increment and not just at the end of a complete sedimentation 

cycle. However, this approach provides a provisional framework for the time 

necessary for an average consolidation of the sediment. Table 2 shows the time 

required for 50% and 90% average consolidation for a 60-m thick sediment, depending 

on the coefficient of volume change wm  of the saturated sediment and various average 

permeabilities. 

 With an average permeability (hydraulic conductivity) of 10105.1 −⋅  m/s and an 

average volume change coefficient of 2100.1 −⋅ , the average consolidation for a 60-m 

thick sediment is not complete until about 6500 yr after the end of the deposition.  

 

5  CONSOLIDATION ANALYSIS USING SECO SOFTWARE 
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The SeCo software (Sultan et al. 2004) models the 1-D consolidation process in 

sediments using the effective stress ratio (initial and final stress) to estimate the void 

ratio and the permeability coefficient at each time step for each depth interval. The 

effective stress ratio is obtained from oedometer tests. 

  To verify the SeCo software, EPP numerical solutions obtained were compared 

to the analytical solutions proposed by Gibson (1958) for different values of the  

V

Gibson

C

SR

⋅2
 parameter (where 2

1

tSRh Gibson ⋅= ; h  is the thickness of the deposit, t is the 

time of deposition, GibsonSR  is the modified sedimentation rate corresponding to 2

1

t ). A 

good agreement can be observed in Figure 5 between the numerical solutions of the 

EPP using the SeCo software and the analytical expression of Gibson (1958). One 

should mention that, in the SeCo software, the compressibility index was set equal to 

0.00015 to maintain a constant Cv (coefficient of consolidation) as this was considered 

in the Gibson’s analytical solution.  

 

5.1 Theory of consolidation and dissipation of excess pore pressure 

 

Compaction results from sediment accumulation when sediments densify under their 

own weight and water is expelled. With a high sedimentation rate or a low 

permeability (hydraulic conductivity), high pore pressure can be generated. To model 
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the evolution of consolidation, certain parameters such as sedimentation rate, porosity, 

permeability, and the stress state within the sediment are needed. In the following 

paragraph, some basic equations used to obtain these parameters are presented.   

 For 1-D vertical compaction, the effective vertical stress '
vσ  controls the 

consolidation rate and EPP dissipation, 

 

evv u−= σσ '       (4)    

 

where vσ  is the total stress and eu  is the excess pore pressure. The pore fluid pressure 

u  is the sum of the hydrostatic pressure and the excess pore pressure eu , 

 

zguu we ⋅⋅+= ρ       (5) 

 

The void ratio is related to the vertical effective stress ratio through the relation: 
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where e  is the void ratio at the vertical effective stress '
vσ , oe  is the initial void ratio at 
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a reference vertical effective stress '
voσ , and λ  is the compressibility index 

( elogln = ). Given these relations, the consolidation process depends directly on the 

EPP dissipation and sedimentation rate. The EPP dissipation can be modeled as 

(Sultan et al. 2004), 
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where ik , is the intrinsic permeability, µ  is the fluid viscosity, β is the bulk 

compressibility and tS  is the storage coefficient. tS  represents the volume of water 

absorbed or expelled by a permeable body per unit surface area per unit change in 

head, 

 

( ) f

m

tS βφ
φ

βφ
⋅+

−

⋅
=

1
     (8) 

 

where fβ  is the fluid compressibility and mβ  is the sediment matrix compressibility. 

When sediment accumulation is rapid and hydraulic conductivity is relatively low, 

pressure in excess of hydrostatic pressure develops in the sediment. Over-pressurized 

sediments are not completely compacted and this affects the stability of the soil. 
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5.2 Evaluation of sediment parameters 

 

To accurately model the sediment consolidation process, we need to quantify 

parameters such as void ratio, permeability (hydraulic conductivity) and the 

compressibility index of the saturated sediment matrix. Six oedometer test results 

(NGI 2000) were used to estimate permeability (hydraulic conductivity), void ratio 

and compressibility index down to a depth of 21 m (Table 3).  

 

5.2.1 Permeability (hydraulic conductivity) versus void ratio 

 

We assume that permeability is related to void ratio by the following relation: 

 

( ) beaK +⋅=ln      (9) 

 

where K is Darcy’s permeability or hydraulic conductivity (m/s), a and b are constants 

depending on the sediment, and e  is the void ratio. Using the values obtained from the 

oedemeter tests (boring MD99-2288) we obtained the distribution observed in Figure 

6. Applying a linear regression to the values in the lower part of the graph (the 

minimum value corresponds to minK = 10102.1 −⋅  m/s with OCR=1.2, a depth of 65 to 
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123 m; borehole 6404/5) (NGI 1998) we obtained the relation: 

 

( ) 3.244.1ln −⋅= eK     (10) 

 

 

5.2.2 Compressibility index and initial void ratio 

 

The oedometer tests performed on the boring MD99-2288 provide data about axial 

strain versus effective axial stress. Given that 
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where vε  is volumetric strain, a is a constant depending on the sediment, vσ  is the 

effective axial stress to final volume after oedometer consolidation, and voσ  is the 

effective axial stress to initial volume before oedometer consolidation. Because 
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v
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+

∆
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where e∆  is the void ratio reduction during consolidation ( oee − ) and oe  is the initial 
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void ratio, we obtain 
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and thus   
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or   
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where ( )oea +⋅= 1λ . The summary of a  and λ  parameters are listed in Table 4. We 

consider the compressibility index λ  (Figure 7) to be equal to 0.18 in order to fit a 

minimum porosity value of 50% at a depth of 200 m (WC=38.5%, a depth of 65 m; 

borehole 6404/5). 
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5.3 Excess Pore Pressure Estimate  

 

The SeCo software numerically solves the system of equations (4)-(8) using a finite 

difference approximation. The upper boundary of the model is a moving boundary due 

to continuous sedimentation. Using the previously described high sedimentation rate 

with the SeCo software, we modeled EPP generation in the sediment and dissipation 

through the sediment column between 15 kyr BP and 8 kyr BP (Figure 8). However, 

the compaction model starts at 30 kyr BP using a lower sedimentation rate. One-

dimensional modeling yields an EPP of around 140 kPa at the end of the rapid 

sedimentation period (15 kyr BP; 60-m depth) and an incomplete dissipation of 

pressure with time (80 kPa; 60-m depth) at 8 kyr BP (after 7 kyr). 

 

6  CONSOLIDATION ANALYSIS USING BASIN 2 SOFTWARE 

 

We compared results from the previous SeCo consolidation model against those 

computed using a second software package to ensure the consistency in modeled EPP 

generation during the high sedimentation rate period (16,2-15,0 kyr BP) and in the 

EPP dissipation. This comparison was made using BASIN2 (Bethke et al. 2002), a 

public software package available from the University of Illinois that uses finite 

difference calculations.  
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6.1  Theory 

 

BASIN2 uses transmissivities to calculate net mass and energy fluxes at nodes in the 

model domain. The net fluid flux Q )/( sm  in the sediment from one node to another 

is calculated using hydraulic transmissivity, fluid pressure, and fluid density according 

to Bethke et al. (2002). Assuming fluid density is constant, the equations become, 

 

( )jijixx ji
Q ,,1,

Φ−Φ⋅−= +τ    (16) 

 

and  

 

( )jijdizz ji
Q ,,,

Φ−Φ⋅−= τ    (17) 

 

where xτ  is the x-direction transmissivity )/( 2 sm  for a lateral flux between node (i,j) 

and node (i+1,j), zτ  is the  z-direction transmissivity )/( 2 sm  applying to a vertical 

flux between node (i,j) and underlying node (i,j-1), and Φ is the hydraulic potential 

)(m  corresponding to the sum of pressure and matrix potential and gravitational 

potential. 
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6.2 Porosity 

 

In BASIN2, the porosity is modeled according to the relation, 

 

( ) 1

'exp φσβφφ φ +−= vo     (18) 

 

where φ  is the porosity corresponding to an effective stress Eσ , oφ  is the reducible 

porosity, 1φ  is the irreducible porosity remaining during burial, and φβ  is the 

compressibility of the reducible pore volume. The compressibility coefficient φβ , 

controlling the decrease in porosity with burial, is defined as 

( ) '
1

1

vσ

φ

φφ
βφ

∂

∂

−
−=     (19) 

where 
'

vσ

φ

∂

∂
 is the porosity variation corresponding to the vertical effective stress 

variation. 

 

6.3 Permeability (hydraulic conductivity) and intrinsic permeability 

 

Darcy’s permeability K (hydraulic conductivity) depends on the properties of the 

porous medium as well as the fluid moving through it. K depends on the size of the 
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grains and their subsequent distribution as well as the shape, packing and orientation 

of the sediment particles. This determines the rate of flow of a fluid through a cross 

section of a porous mass under a unit hydraulic gradient.  

 BASIN2 software uses the intrinsic permeability coefficient ik , which is a 

property of the porous medium alone (independent of the fluid properties).   

 

2dCk i ⋅=  ( )2
m      (20) 

 

where C  is the shape factor and d  is the mean pore diameter. Hydraulic 

conductivity K ( )sm /  can be obtained from the intrinsic permeability ik  ( )2
m  using the 

relation, 
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
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


⋅=

µ

ρ

µ

γ g
kkK ii     (21) 

 

where, γ  is the specific unit weight of the fluid ( )2/ mN , ρ  the fluid density ( )3/ cmg , 

g  the acceleration due to gravity ( )2/80665.9 sm , and µ  the dynamic viscosity of the 

fluid ( )Catcmgcentipoise °⋅= 20sec/01.01 . Therefore, Darcy’s permeability (or hydraulic 

conductivity) depends on the density and viscosity of the fluid. In BASIN2, the 
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intrinsic permeability ik (z-direction) is calculated from porosity using the 

relationship, 

 

BAk zi +⋅=− φlog     (22) 

where, φ  is the porosity, and A  and B are constants depending on sediment 

characteristics. 

 

6.4 Modeling parameters 

 

6.4.1 Porosity versus depth 

 

We estimated the parameters for the BASIN 2 porosity modeling using the previous 

modeling from the SeCo software and the results from boring MD99-2288 as shown in 

Figure 9. We defined porosity (%) using the relation, 

 

( ) 5017.0exp13 ' +−⋅= vσφ    (23) 

 

The irreducible porosity 1φ  remaining during burial was estimated at 50% from the 

water content value observed at the borehole 6404/5-GB1, east of the Helland Hansen 

area (W=38.5%; OCR=1.2; a depth of 65 m) (NGI 1998). A lower water content 
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value, observed at borehole 6405/2, was not used because of its high OCR value 

(OCR=1.8).  

 

6.4.2 Permeability versus depth 

 

It is widely recognized that permeability varies according to the measured scale 

(sample or field) and thus, permeability values obtained from oedometer tests might 

initiate uncertainty in the porosity profile. The permeability distribution with depth 

was modeled to fit both the profile used with the other model (SeCo) and the values 

from the oedometer tests (boring MD99-2288; Figure 10). This permeability was 

compared with two other profiles obtained from boreholes 6404/5 (NGI recommended 

K-profile in horizontal and vertical directions for in-situ conditions) and 6405/2 (NGI 

1998).  

 

To obtain ik  from K , one uses 

 

( ) ( )271008.1/ mksmK i

−⋅=     (24) 

 

and   
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( ) ( )DarcyKmk ii

122 1001316.1 ⋅=    (25) 

 

Thus, a permeability of ( )sm /100.1 9−⋅  corresponds approximately to Darcy5100.1 −⋅  

in standard conditions ( freshwaterC,20° ). For seawater and C°6 , this corresponds to 

Darcy5106.1 −⋅ . 

 We estimated the permeability profile from porosity, for use in the BASIN2 

modeling, using one of the following relations   

 

67.5)100/(91.1log −⋅=− φzik     (26) 

with zik −  (Darcy), 

or 

67.17)100/(91.1log −⋅=− φzik     (27) 

with zik −  ( 2
m ). 

 As mentioned by NGI (1998), the permeability profile was corrected for in-situ 

temperature. Intrinsic permeability was estimated using a fluid temperature of C°6 , 

based on measurements performed at borehole 6405/2-GB1/1A/1B ( C°− 75  at a depth 

of between 0 and 60 m below the seabed). The same fluid temperature ( C°6 ) was used 

in our BASIN2 modeling. We also assume similar values of permeability in the 

horizontal and vertical directions, as recommended by NGI (1998). However, clays 
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commonly show an anisotropic ratio for permeability between 1 and 10.  

 

6.5 Excess Pore Pressure, 1-D Modeling 

 

We modeled vertical flow only (1-D) to compare the results with the SeCo modeling. 

Deposition was simulated starting at 221 kyr BP to create a 100 m thick layer before 

the high sedimentation rate period begins. Depth profiles of EPP generation modeled 

at the end of the maximum sedimentation rate period (15 kyr BP), using BASIN2 and 

SeCo, agree well (170-180 kPa at a depth of 80 m) (Figure 11). However, 1-D 

modeling of EPP dissipation does not provide similar results (Figure 11); EPP at 8 kyr 

BP depends on the software used (higher dissipation modeled with BASIN2 software). 

The use of two different porosity profiles in the different software may cause the 

variability observed in the dissipation modeling. 

 

7  VALIDATION OF THE COMPACTION MODELING 

 

To examine the validity of the modeling exercise, we compared the outputs for the two 

software packages. For both, we used a common sedimentation rate of 1 m/kyr and 

then compared the permeability, (K) and unit weight depth profiles obtained by 

modeling (SeCo and BASIN2) using the field measurements from MD99-2288 
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(Figures 12 and 13). Permeability modeling using BASIN2 and SeCo software yields 

results which are mutually compatible and fit well with the field data (Fig. 11). Results 

from modeling unit weight profiles depend on the software used (1kN/m3 difference), 

and vary according to the distinct permeability profile with depth resulting from each 

model (Fig. 12).  

 

 

8  SHANSEP MODELING 

 

The following SHANSEP relation (Ladd and Foott 1974) was used to estimate the 

undrained shear strength (Su) distribution with depth at 15 and 8 kyr BP (Fig. 14) 

corresponding to the effective stress profile related to EPP generation in the sediment: 

 

 ( ) m

vu OCRuS ⋅∆−⋅= 'σα    (28) 

 

where uS  is the undrained shear strength, '

vσ  is the vertical effective stress, u∆  is the 

excess pore pressure, OCR is the overconsolidation ratio, α  is the ratio of undrained 

shear strength to vertical effective stress for normally consolidated clay (typical 

values: 0.20 – 0.25), and m  is a dimensionless exponent (typical values: m = 0.75 – 

0.95). Because OCR=1 during the consolidation process (the maximum historical 
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stress is always equal to the current stress), we obtain 

 

  ( )uS vu ∆−⋅= 'σα     (29) 

  

which implies that uS  depends strongly on the EPP dissipation. Figure 14 shows that 

undrained shear strength modeled at 8 kyr BP is still below values in the present 

profile (Su=50 kPa at a depth of 55 m, instead of 50 kPa at a depth of 30 m for the 

present day profile). 

 

9  SLOPE STABILITY 

 

Using the SHANSEP model and the simulated vertical effective stress distribution 

during the consolidation process, we estimated the pseudo-static safety factor (0.175 g 

pseudo-static acceleration for 0.35g PGA from NORSAR 1998) using an infinite slope 

analysis (1° slope angle) (Figure 15). The factor-of-safety, F, is defined as the shear 

strength divided by the mobilized shear stress; for an infinite slope this is 

 

 
( ) ( )λγλλγ 2' cos...cos.sin.. zKz

s
F

X

u

+
=    (30) 
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where uS  is the undrained shear strength at the given depth z , λ  is the slope angle, 'γ  

is the effective unit weight of the sediment, γ  is the total unit weight of the sediment, 

and XK  is the pseudo-static seismic acceleration in g (0.1 means 10% of gravity 

acceleration). In the high sedimentation rate area at 8 kyr BP, the safety factor is below 

unity (unstable infinite slope) down to a depth of 60 m (Figure 15). 

 

10 2-D MODEL WITH SLOPE ANGLE (BASIN2 software) 

 

We consider now a 2-D model with the same sediment parameters as the 1-D analyses 

described previously, but including a layer with a higher permeability (or hydraulic 

conductivity: 10100.5 −⋅  m/s) and higher water content as shown in borehole 6404/5 

(Figure 16; a depth of between 123 and 152 m) (NGI 1998). Calculations of EPP 

generation and dissipation in the sediment are similar for both 1-D and 2-D models, 

assuming a uniform sedimentation rate. However, sedimentation rate can vary laterally 

over the slide area. Therefore we modeled a 15 km long continental slope (1° slope 

angle) with a high sedimentation rate (16.2-15.0 kyr BP) over the first 5 km, the rate 

decreasing linearly from 5 km (maximum rate) to 10 km (nearly zero) and continuing 

at this low rate from 10 km to the end of the model (15 km) (Figure 17). This 

modeling was performed to understand the lateral pore pressure dissipation process 

during the period 15 kyr BP – 8 kyr BP in the vicinity of the rapid sedimentation area. 
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At the end of the rapid sedimentation (15 kyr BP), modeled overpressure reaches a 

maximum of 200 kPa, with approximately 160 kPa at a depth of 75 m and 180 kPa at a 

depth of 100 m (Figure 17). On the right side of the model (10-15 km distance), the 

sedimentation rate is close to zero for the period 16.2-15.0 kyr BP (0.5 m/kyr). 

However, an overpressure of 20 kPa is apparent at a depth of 60-70 m at 15 kyr BP. 

 Between 15 kyr BP and 8 kyr BP the EPP migrates downslope from the area of 

high sedimentation towards the area where sedimentation rate is low. Dissipation in 

the x-direction is easier due to the higher permeability associated with the high 

porosity layer. At 8 kyr BP, the excesss pore pressure is estimated between 10 and 20 

kPa at a depth of 100 m for the 15 km distance (Figure 18).  

 Given an anisotropy in permeability (similar xik −  but lower zik −  ) above the 

high permeability layer, upward dissipation there is lower and a more pronounced EPP 

was simulated at 8 kyr BP in the right side of the model (above 20 kPa at a depth of 

100 m at 15 km distance) (Figure 19). Thus, the maximum fluid overpressure is lower 

at 8 kyr BP than at 15 kyr BP (15 kyr BP is the end of the rapid sedimentation period), 

but the area of deep sediments impacted by EPP is larger due to the lateral extension 

of pore pressure. This could partially explain why no large failure has been observed 

before 8 kyr. Sediment permeability might well be locally lower due to the presence of 

gas in the pores or dissolved gas in water reducing the fluid viscosity. This would slow 

down the EPP dissipation and thus retard the shear strength increase with time in the 
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sediment. 

 

11 DISCUSSION 

 

The 1-D EPP dissipation modeling results from both software packages provides 

different results at 8 kyr BP. This might be explained by the difference in the porosity 

profiles (and thus permeability) in the upper 15 m.  

 One of the main parameters controlling the modeling results (EPP generation 

and dissipation) is the permeability distribution in the sediment. This distribution 

depends on time and depth. A permeability profile more representative of the period 

corresponding to the high sedimentation rate (Late Weichselian) that provides higher 

permeability values for the upper sediment column would most likely simulate a lower 

EPP generation in the sediment column. However, our approach considers the critical 

effects of the development of low permeability in the sediment based on available 

permeability measurements. The values we used are in the range of observed values. 

Furthermore, some layers deposited before the Late Weichselian in the Storegga slide 

area and affected by the EPP generation exhibit a low permeability values (borehole 

6404/5). This suggests that they might act as a barrier to upward water fluxes. Thus, if 

the modeling overestimates EPP generation in the sediment during subsurface 

consolidation, it does not do so for the already consolidated underlying layers. An 
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important aspect of the results seems to be the lateral extent of EPP dissipation with 

the degree of maximum EPP generation which are closely related to uncertainties 

existing in the input parameters. The piezometer installed at site 22 (central region) 

recorded EPP around 140 kPa at a depth of 95 m, corresponding to a 15% excess 

hydrostatic pore pressure, whereas pore pressure measured in the northern flank for a 

depth range of 15.6 and 28 m indicates hydrostatic pressure conditions (Strout & 

Tjelta 2005) (Table 5 & Figure 20). These findings suggest that EPP generation 

might have been higher in the central part of the Storegga slide (Ormen Lange) 

compared to the northern flank. 

 The pseudo-static approach to modeling the infinite slope stability under 

earthquake loading is limited. The acceleration force brings the sediment to failure 

during fractions of a second and results in very limited shear strains developing and 

accumulating during the earthquake. Therefore, the use of the pseudo-static safety 

factor below unity as a failure threshold is not recommended even though the pseudo-

static acceleration used in the modeling corresponds to only one half of the expected 

peak ground acceleration in the area. This approach is considered more as a reference 

tool to measure the degree of the EPP effects than as an explanation for the Storegga 

slide, which possibly involved a much more complex rupture process (requiring 

analysis using non-linear dynamics).  

 Excess pore pressure resulting from rapid sedimentation can play a major role 
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in the stability of gentle slopes depending on a few sediment parameters. This process 

can occur in sediment recently accumulated (by rapid sedimentation), and thus 

preventing consolidation, but it can also occur in sediment deposited before rapid 

sedimentation and already (partially or completely) consolidated. One also has to 

consider sediment affected only by the lateral EPP dissipation (Figure 21). In this 

case, the EPP drastically modifies the stress state in the sediment, thereby reducing the 

vertical effective stress which might also play a significant role in the large scale 

lateral instability process.  

 

12  CONCLUSIONS 

 

In the Helland Hansen area on the mid-Norwegian margin, the excess pore pressure 

generated in the sediment at the end of the high sedimentation rate phase (c. 15 kyr 

BP) is estimated at roughly 33% of the initial vertical effective stress (2-D BASIN2 

model; 170-180 kPa at a depth of 80m). This means that rapid sedimentation can  

significantly affect the vertical effective stress and thus the slope stability. 

 

According to the modeling, the dissipation of excess pore pressure is incomplete at 8 

kyr BP (dissipation during 7 kyr) and remains significant at the 100-m depth (2-D 

BASIN2 model) suggesting a likely delayed action on slope stability. Note however 
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that the excess pore pressure modeling is very sensitive to both the input permeability 

and the compressibility profile used for saturated sediments. This adds considerable 

uncertainty to the results. 

 

The slope stability assessment at 8 kyr BP (back-analysis) takes into account an 

incomplete consolidation and shows an unstable slope down to a depth of 60 m with a 

0.175 g pseudo-static seismic acceleration. Still unresolved is why the slope remained 

stable during 7 kyr (from 15 kyr BP to 8 kyr BP) when a very low undrained shear 

strength in the high sedimentation rate area prevailed. 

 

Given a variable heterogeneous lateral sedimentation rate and a layer having a high 

permeability coefficient at a depth of 80 m with an anisotropy in permeability 

( 5/ =zx KK ) considered below and above, simulations using BASIN2 software show 

a more pronounced downslope migration of excess pore pressure in the sediment 

between 15 kyr BP and 8 kyr BP. The maximum excess pore pressure ratio at 8 kyr BP 

is around 15% of vertical effective stress in the high sedimentation rate area (0-5 km; 

60-m depth) and around 10% in the low (0.5 m/kyr) sedimentation rate area (10-15 

km; 60-m depth). This illustrates how excess pore pressure could migrate beneath 

layers and affect larger areas over a 7000 year period, favoring large scale instability.  
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The simulation results show that, under certain conditions, excess pore pressure 

resulting from rapid sedimentation causing overloading can be sufficient to favor or 

provoke widespread instability of very gentle slopes in the deep subsurface (110 m or 

even more). This has to be considered for slope stability assessment in areas where 

rapid sedimentation has occurred. 
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Figures and Tables captions 
 
 

Figure 1: Location of the Storegga slide area (red), Traenadjupet (Tr) and Bjornoyrena (Bj) slides and 
location of Figure 20 (black rectangle). 
 

Figure 2: Sketch showing the main slip planes (TNS, TNR and INO3) of the Storegga slide (Bryn et al. 
2002). 
 

Figure 3: Maximum sedimentation rates around the MD-2291 core site (from Hjelstuen et al. 2004). 
 

Figure 4: Location of MD99-2291 and MD99-2289 (MD99-2288) cores and areas of rapid 
sedimentation deduced from seismic horizons (from Hjelstuen et al. 2004) with the location of the main 
ice streams interpreted to have existed in the vicinity of the Storegga slide (from Bryn et al. 2002). 
BD=Buadjupet; SD=Sklinnadjupet. 
 
Figure 5: Comparison of SeCo software numerical solutions with analytical solutions from Gibson 
(1958); EPP (initial vertical effective stress ratio) versus normalized depth  for different values of 

V

Gibson

C

SR

⋅2
, where GibsonSR  is the sedimentation rate for 2

1

t  (square root of time t ) and VC the 

coefficient of consolidation.  
 

Figure 6: Log (K) versus void ratio estimated from oedometer tests (boring MD99-2288). White circles 
correspond to values not used for estimating linear trend. 
 

Figure 7:  Compressibility index data with depth; the average value ( λ =0.205, black line) with +/- one 

standard deviation (dotted lines). 
 

Figure 8: Excess pore pressure generation estimated at 15 kyr BP and 8 kyr BP from 1-D simulation 

using the highest sedimentation rate estimated by Hjelstuen et al. (2004). ( λ =0.18) . 
 

Figure 9: Porosity profiles used in SeCo and BASIN2 modeling compared to the values observed in 
boring MD99-2288, 6405/2 and 6404/5. The porosity distribution profile used in the software does not 
fit the 6405/2 porosity curve because the latter corresponds mainly to overconsolidated sediment 
(OCR=1.4 to1.8).  

 
Figure 10: Permeability profiles used for SeCo and BASIN2 modeling compared to results from 
oedometer tests. 
 

Figure 11: Overpressure modeling at 15 kyr BP and 8 kyr BP using SeCo and BASIN2 softwares. 
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Figure 12: Permeability versus depth obtained from simulation (SeCo: full line; BASIN2: dotted line) 
compared to measurements on boring MD99-2288 (black dots) and NGI recommended profile for 
borehole 6404/5.   

 
Figure 13: Unit weight versus depth obtained from simulations (SeCo: full black line; BASIN2: dotted 
line) compared to measurements on boring MD99-2288 (black dots) and recommended K-profile for 
borehole 6404/5 (red line). 
 

Figure 14: a) Vertical effective stress profiles versus depth estimated at 15 kyr BP, 8 kyr BP and for the 
present-day resulting from the consolidation process (BASIN2) and b) the corresponding Su profiles 
versus depth according to SHANSEP. Su values increase during consolidation. The critical effective 
stress value is considered at 8 kyr BP. 
 

Figure 15: Pseudo-static safety factor estimated using infinite slope analysis; Pseudo-static 
acceleration=0.175 g (max PGA=0.35g for 10 000 year return period, NORSAR 1998); slope angle of 1 
degree. 
 

Figure 16: Permeability (hydraulic conductivity; recommended k-profile, corrected for in-situ 
conditions) and water content (average values) profiles for borehole 6404/5. 
 

Figure 17: Modeled 2-D EPP at 15 kyr BP with a slope angle of 1 degree. Layer from 123 to 152 m 

depth with higher porosity (68% max decreasing to 55% min) and higher permeability (
10100.5 −⋅ m/s 

instead of 
10102.1 −⋅ m/s). No anisotropy in permeability. The EPP ratio is around 40% of vertical 

effective stress at 60-m depth below the high sedimentation rate (HSR; black arrows) area. 
 

Figure 18: Modeled 2-D EPP at 8 kyr BP with a slope angle of 1 degree. Layer with higher water 
content and higher permeability. Full flow (x- and y- directions drainage). The EPP ratio is still around 
15% of the initial vertical effective stress at a depth of 60 m below the high sedimentation rate area and 
around 10% at a similar depth but in an area not affected by rapid sedimentation (between 10 and 15 km 
distance). 
 

Figure 19: Modeled 2-D EPP dissipation at 8 kyr BP; high permeability layer (K=
10100.5 −⋅  m/s) 

between 2 low yK permeability layers (anisotropy 5/ =yx KK ). Full flow (x- and y- directions), 1 

degree slope angle. 
 

Figure 20: Site locations in the Storegga slide area with estimated excess pore pressure. The location of 
the area is shown on Figure 1. 

 

Figure 21: The three main levels of overpressure in the sediment; 1) overpressure generated in the 
rapidly deposited sediment; 2) overpressure generated in the normally deposited sediment; 3) 
overpressure propagating laterally due to the presence of a low permeability layer (red line). 
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 Moisture 
content 

Clay 
fraction 

Sand fraction Plasticity Triaxial test 
compression 

Glacial 
deposits 

< 20% 28 to 35% 5 to 15% medium to low dilative 
behavior 

Marine 
deposits 

> 30% > 45% Very little medium to high  contractive 
behavior 

 
Table 1: Characteristics of the two main sediment types in the Storegga slide area 
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avU  T 
wm  

(1/m) 

Consolidation time 
(y) 

K=
10105 −⋅  

Consolidation time 
(y) 

K=
10100.3 −⋅  

Consolidation time 
(y) 

K=
10105.1 −⋅  

50% 0.008 210−
 450 750 1500 

90% 0.848 210−
 1940 3230 6450 

50% 0.008 310−
 45 75 150 

90% 0.848 310−
 194 323 645 

 

Table 2: Time for average consolidation ( avU ) depending on wm  and K for H=60m. 
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Depth (m) 
iW  (%) 

(water content) 
oe  

(initial void ratio) 

K  
(m/s) 

7.05 53.7 1.48 10105.7 −⋅  

11.55 76.3 2.10 10100.5 −⋅  

16.03 58.6 1.61 10105.3 −⋅  

18.97 56.6 1.56 9102.1 −⋅  

19.47 37.8 1.04  
10101.2 −⋅  

20.97 56.8 1.56 10109.1 −⋅  

Table 3: Summary of oedemeter tests (ei=2.75* iW ); Boring  MD99-2288. iW , water 

content; oe , void ratio; K , permeability coefficient. 
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Depth 
(m) 

'
oP  

(kPa) 

iW  

(%) 
oe  '

vσ  

(kPa) 

'
voσ  

(kPa) 

aε  

(%) 

a  λ  

7.05 38.3 53.72 1.48 400 12 0.25 0.071 0.177 

11.55 67.6 76.31 2.10 700 20 0.31 0.087 0.270 

16.03 96.7 58.56 1.61 1000 40 0.27 0.084 0.219 

18.97 116.2 56.58 1.56 1000 50 0.23 0.077 0.196 

19.47 119.5 37.78 1.04 300 50 0.115 0.064 0.131 

20.97 127.5 56.78 1.56 1000 50 0.28 0.093 0.239 

Table 4: a  and λ  parameters obtained from oedometer tests (Boring MD99 2288). 
'

oP , in-situ vertical effective stress; iW , water content; oe , void ratio; '
voσ and '

vσ , 

initial and final vertical effective stresses during consolidation tests; aε , axial 

deformation; aε , compressibility index. 
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Site Filter deph 

(m) 

Estimated 

Excess Pore Pressure 

(kPa) 

Estimated 

Excess Pore Pressure ratio 

(%) 

19_2 230 200 9 

20 65 103 16 

20 72 -50 -7 

20 9 1 1 

22 95 140 15 

99 180 0 0 

NF#1 15.6 0 0 

NF 5 24.4 0 0 

NF P1 28 3 1 

NF P3 24 0 0 

 
Table 5: Estimated excess pore pressure from piezometers (Strout & Tjelta 2005). 

NF, northern flank. Excess Pore Pressure ratio in % of hydrostatic. Site locations are 
shown on Figure 20. 
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