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ABSTRACT 

Natural hazards in the form of massive flow slides in sensitive clay deposits have been 
responsible for the loss of human lives and damage to nearby infrastructure. Therefore, an 
accurate assessment of runout is an essential part of the hazard assessment of flow slides in 
sensitive clays. An understanding of flow behavior of sensitive clays is important input in 
calculation of runout of landslides. However, limited knowledge available regarding the flow 
behavior of sensitive clays has resulted in little guidance available today on the calculation of the 
landslide runout in such material. An approach to deal with situation is to study the historical 
landslides, numerically, and understand the parameters that govern the runout. Accordingly, this 
work presents a back calculation of runout of Byneset flow slide that took place in Norway in 
2012.  

INTRODUCTION 

Highly sensitive clays are mainly found in Canada, Norway, and Sweden. Sensitive clays are 
often categorized using the term sensitivity (St), which is the ratio between the undrained shear 
strength (cu)  measured in the intact state (cui) and the remolded (cur) sensitive clay using the fall 
cone method. Rosenqvist (1953) demonstrated that the sensitivity of Norwegian marine clays is 
related to the leaching of salts by fresh groundwater within the grain structure. Bjerrum (1955, 
1961) demonstrated that highly sensitive clays may have salt contents as low as 0.5%, whereas 
marine clays commonly have salt contents of 3% or more. 

       

 
Figure.1. Disintegration of a sensitive clay sample with increased shearing (Thakur et al. 

2017) 
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  Transformation from an intact material to a fully remolded state at their natural water 
content is a typical characteristic of highly sensitive clays (Figure 1). Such peculiar behavior is 
mainly responsible for the large run-out of the debris involved in flow slides in sensitive clays. 
To understand this aspect, a brief review of literature on the prediction of run-out distances and 
the characteristics of sensitive clays in their intact and remolded states is presented in the later 
part of this paper.  

 

Figure 2.  Flow slides in sensitive clays (Strand et al. 2017) 

       Rapidly developing flow slides in sensitive clay deposits possess substantial destructive 
capabilities, resulting in the loss of life and destruction of surrounding properties (Fig. 2). In the 
last 40 years, there have been one or two sensitive clay landslides per decade with volumes 
exceeding 500,000 m3. In Norway alone, several hundred people have died in such landslides 
in sensitive soft clay slopes, and as recently as 1893, the Verdal landslide killed 116 people 
(Furseth, 2006; Walberg 1993; Issler et al. 2012; Oset et al. 2014; Thakur et al. 2014). 
Geotechnical assessments of such flow slides include an estimation of the retrogression and 
prediction of the run-out of the slide debris. Although the estimation of landslide retrogression 
in sensitive clays has received considerable attention (e.g., Lebuis and Rissmann 1979; Tavenas 
et al. 1983; Karlsrud et al. 1985; Trak and Lacasse 1996; Leroueil et al. 1996; Vaunat  and 
Leroueil 2002; Thakur and Degago 2012), an appropriate method for investigating the run-out 
of sensitive clay debris remains the focus on ongoing research (e.g., Mitchell and Markell 1974; 
Karlsrud 1979; Edger and Karlsrud 1982; Norem et al. 1990; Trak and Lacasse 1996; Locat and 
Leroueil 1997; Hutchinson 2002; Vaunat and Leroueil 2002; Hungr 2005; Locat and Lee 2005; 
Khaldoun et al. 2009; L‟Heureux 2012; Issler et al. 2012; Thakur et al. 2013 & 2014).  

The run-out of sensitive clay debris is dependent on several factors, including the 
thickness of the dry crust, sensitive clay layers, boundary conditions, and topographical aspects 
that may allow sensitive clays to „escape‟ from the slide scarp (Mitchell & Markell 1974; Lebuis 
and Rissmann 1979; Tavenas et al. 1983; Karlsrud et al. 1985; L‟Heureux 2012; Thakur et al. 
2012, 2013 & 2014). However, the ability of the clay debris to disintegrate and thus flow is one 
of the decisive factors in determining the run-out. Recent studies by Thakur et al. (2012), Thakur 
and Degago (2012), and Thakur et al. (2013, 2014 & 2017) have shown that seemingly small 
variations in the remolded shear strength (cur) have significant effects on the flow behavior of 
sensitive clays. Over the past three decades, a large number of numerical models have been 
developed for other landslide types or snow avalanches. However, none of these tools and the 
implement analytical models/rhehologies were developed specifically for the landslides in 
sensitive clays. One alternative is to study the historical landslides apply the existing tools and 

 



 

 

 

 

gain the knowledge. By doing so, one can lay a solid basis for a tool that suitable for sensitive 
clays. Accordingly, in this paper an attempt has been made study a flow slide in Norway using a 
numerical tool. Intention has been to study the suitability of the implemented analytical model in 
the numerical tool. 

STATE OF KNOWLEDGE  

Rapid debris flows, debris avalanches, earth flows, sensitive clay slides, rock avalanches and 
failures of loose fill and mining waste are among the most dangerous and damaging of all 
landslide phenomena. Their runout determines the consequences and the risk associated with the 
landslides. Runout parameters include the maximum distance reached, flow velocities, thickness 
and distribution of deposits, as well as the behaviour in bends and at obstacles in the flow path. 
(Rickenman 2005; Hungr 2005; Hungr 2016; Lacasse 2013, Crosta 2005; 2016). Several 
references, e.g. Mitchell and Markell (1974); Corominas (1996); Rickenmann  1999); Fell et al. 
(2000); Fannin & Wise (2001); Legros (2002); Vaunat & Leroueil (2002); Bathurst et al. (2003); 
Crosta et al. (2003); Hungr 2005; Locat & Lee (2005); L‟Heureux (2012); Thakur & Degago 
(2013), pro-posed different analytical and empirical models to estimate L and Lu. These 
prediction methods are based on travel distance (L+Lu) and event magnitude, volume balance, 
mass point methods, remoulding energy, or some limiting criteria such as critical slope angle. 
However, continuum based simulation models to calculate Lu have so far received limited focus. 
Some approaches and methods have been developed in the past for a quantitative risk analysis 
using dynamic runout models for debris flows and avalanches such as BING (Imran et al. 2001) 
and NIS (Norem et al. 1987), and quasi-three-dimensional models such as DAN3D (Hungr 1995; 
McDougall & Hungr 2004), MassMov2D (Beguería et al. 2009), LS-RAIPD (Sassa 1988) and 
RAMMS (Christen et al. 2002). Depending on the characteristics of slide debris, Bingham, 
plastic, frictional or Voellmy rheology is used. It is worth mentioning that none of these models 
is specifically developed for sensitive clay slides. However, efforts are being made in this 
direction by Grue (2017), Tran et al. (2017), Yifru (2017) and Turmel et al. (2017), but there is 
still a lot of research to be done. 

Empirical relationships are the most commonly adopted techniques for estimating the 
run-out distance of slide debris. Among others; Mitchell and Markell (1974), Hsü (1975), 
Karlsrud (1979), Edger and Karlsrud (1982), Karlsrud et al. (1985), Cannon (1993), Corominas 
(1996), Locat and Leroueil (1997), Rickenmann (1999), Fell et al. (2000), Fannin and Wise 
(2001), Legros (2002), Hutchinson (2002), Vaunat and Leroueil (2002), Bathurst et al. (2003), 
Crosta et al. (2003), Hungr (2005), Locat and Lee (2005), L‟Heuruex (2012), and Thakur and 
Degago (2013 & 2014) have reported empirical correlations for estimating the run-out distance 
for various geomaterials, including sensitive clays. 

  Rickenmann (1999) proposed an expression (Eqn 1) based on a worldwide dataset 
including 154 debris flow events. This function suggests that the maximum run-out distance (Lu) 
is mainly linked with the vertical drop (HT) and the debris-flow volume (V). Here HT is the 
vertical distance between the center of gravities of the soil body subject to landslide and the 
deposit of slide debris in the downstream side. 

Lu = 1.9 V
0.16

 HT
0.83                                                                                                                                          (1) 



 

 

 

 

Corominas (1996) compared a dataset of 52 debris flows, debris slides, and debris 
avalanches that occurred in the Pyrenees to 19 worldwide events and proposed the following 
relationship: 

Lu = 1.03 V
-0.105

 HT                                                                         (2) 

Locat et al. (2008) proposed a correlation between the run-out distance and normalized 
slide volume for Canadian sensitive clays based on collected landslide data. A unique empirical 
relation could not be derived due to scatter in the data; instead, upper and lower limits were 
suggested. The upper limit is given as follows:        (      )                                                                                       (3) 

   Similarly, L‟Heureux et al. (2012) suggested the following relationship for Norwegian 
sensitive clays:      (      )                                                                                                  (4) 

Equations 3 and 4 suggest that the run-out distance for sensitive clays generally increases 
with an increasing volume of the slide debris (V) per unit width (Wavg). 

  Another important relationship that has been noted is that the run-out distance in sensitive 
clays is closely related to the retrogression distance (LR). Locat et al. (2008) suggested a 
maximum run-out distance for Canadian landslides as: 

LFL = 8.8 LR
0.8                                                                                  (5) 

Recently, Strand et al. (2017) proposed the following relationships based on the data 
from 51 landslides in Norway. The recommendations are based on landslide types and the terrain 
in the downhill side. See Fig. 3. The recommendations are for estimating the retrogression 

distance, Lu of onshore landslides in sensitive clay deposits 

Flow slide in channelized terrain:   

Lu = 3.0 L                                                                                   (6) 

Flow slide in open terrain:    

Lu = 1.5 L                                                                                               (7) 

Flakes or rotational landslides:   

Lu = 0.5 L                                                                                    (8) 

The major advantage of these empirical relationships is their simplicity. The only 
required input data are the longitudinal profile of the flow path and the landslide volume. In 
contrast, empirical relationships are often established using large datasets of observed debris 



 

 

 

 

flows without considering the specific characteristics of the sliding debris or topographical 
aspects that may influence the dynamic behavior and trajectory.  

 

 

 

Figure 3.  Relationships between (above) travel distance (L+Lu) and landslide volume and 

(down) runout distance (Lu) and retrogression distance (L), landslides in Norwegian sensitive 

clays (Strand et al. 2017) 

The limitations of the empirical approach are often compensated for using analytical 
models. Analytical approaches have been developed for rock avalanches e.g., Körner (1976); 
Hungr et al. (2005), flow slides e.g., Hutchinson 1(986), snow avalanches e.g., Voellmy (1955), 
Perla et al. (1980), and debris flows e.g., Rickenmann (1990). Sassa (1988) proposed an 
analytical model so called the friction or sled model. The landslide is represented by a mass 
concentrated at one point, and the total vertical drop and the total horizontal travel distance of the 
mass are respectively noted H and L. The sliding resistance T obeys the law:  

T = μN                                                                                      (9) 

where μ is the friction coefficient, N is the normal force exerted by the mass on the sliding 
surface. The loss of potential energy to the energy dissipated by friction was considered equal. 
Accordingly: 



 

 

 

 

H/L = T/N = μ                                                                        (10) 

μ is usually consider to be equal to the tangent of the friction angle υ  of the material. 
Scheidegger (1973) proposed to estimate the run-out distance of rock falls: 

Lu = LT (1 − HT LT
-1)tanυm                                                                                 (11) 

Here, the reach angle (υm) is expressed by arctan (HT /LT). HT and LT are respectively the 
vertical and horizontal distances from the head of the landslide source to the distal margin of the 
displaced mass. 

An approach based on the energy balance is suggested by e.g., Scheidegger (1973); Hsü 
(1975); Sassa (1988); Vanaut and Leroueil (2002); Thakur and Degago (2013) for the estimation 
of run-out in sensitive clay debris.  The approach by Thakur and Degago (2013) suggests, in flow 
slides of sensitive clays, the change in potential energy before and after the slide is transformed 
to a different form of energy that results in disintegration of the soil to its remolding state and 
slide movement (kinetic and frictional energy). The available potential energy is a function of 
slope geometry and soil density. The available potential energy to be transformed and the 
disintegration energy have huge significance in deciding the extent of landslides in sensitive 
clays. It also implies that, for a given change in potential energy, sensitive clays with higher 
disintegration energy result in smaller slide movement than sensitive clays with lower 
disintegration energy. The slide movement is characterized by the run-out distance and the 
retrogression distance, which is controlled by the amount of energy transferred to kinetic and 
frictional energy during the slide process. Thakur and Degago (2013) proposed this equation to 
calculate runout using the concept of remolding energy; 

 

Lu = (       )                                                                                                                            (12) 

where cu is the fall cone shear strength of sensitive clays and Ip is the plasticity index. 

BYNESET FLOW SLIDE 

The Byneset flow slide took place on 1st January 2012 in a highly sensitive clay deposit. The 
slide is located in the central part of Norway. The actual reason for the initiation of the flow slide 
is unknown but it is believed that the slide was initiated due to natural erosion at the toe of the 
slope. The slide area was approximately 150 m in width. The flow slide retrogressed backward to 
a distance approximately 450 m from the toe of the slope. The slip surface was located between 
10-12 m below the terrain. The volume of the slide debris was estimated to be approximately 3 – 
3.5 × 105 m3. Photos taken immediately after the flow slide illustrate that the slide masses 
evacuated the slide scar almost completely (Fig. 4). The slide debris followed a dry water canal, 
having a modest downstream slope of around 3o, over a distance of approximately 870 m. Due to 
low discharge in the canal in the winter season, water is not expected to have played an 
important role in the run-out of the slide debris. Completely remoulded sensitive clay debris 
were observed along the entire flow path (Figs 5, 6).  



 

 

 

 

 

Figure 4. The Byneset flow slide (Source NVE, 2012). A closer view of the slide area and the 

gate 

  A detailed site investigation was carried-out beside the area where the Byneset flow slide 
took place. Several total soundings, pore pressure measurements, CPTU and samplings were 
done. A representative cone penetration test result (CPTU) is shown in Figure 7. A representative 
undrained triaxial test results on a block sample is shown in Figure 8. The sample was extracted 
from depth 7.5 m below the ground level. Table 1 provides an executive summary over the 
engineering properties of the material. The overconsolidation ratio of the tested material varied 
between 1.1 and 3.3, and the soil sensitivity was in the range of 4 to 400. Since the investigations 
were carried out on the same soil deposit once can assume that the properties represented in 
Table 1 is representative to the material involved in the Byneset flow slide 

 

Figure 5. The extent of the Byneset flow slide (Source NVE, 2012) 



 

 

 

 

 

Figure 6. The remolded sensitive clay debris along the flow path. (Source NVE, 2012) 

Table 1 Engineering characterization of the tested material 

Properties Byneset 

Sampling depth (H) [m] 4 – 12 
Clay fractions (< 2 µm) [%] 30 – 55 
Water content (w) [%] 27 – 48 
Plasticity index (IP) [%] 3 – 15 
Liquidity index (IL) [-] 0.9 – 5.4 
Undisturbed undrained shear 
strength (cui) [kPa] 

 
5.2 – 72 

Remolded shear strength (cur) 
[kPa] 

    0.1 -1.0 

Sensitivity (St) [-] 4 – 400 
Over consolidation ratio 
(OCR) [-] 

1.1 – 3.3 

Salinity (g/l) 0.6 – 0.74 



 

 

 

 

 

Figure 7. A CPTU result. The sensitive clay layer was located between 5-15 meters. 

 

Figure 8. A undrained triaxial test result in a block sample extracted from 7.5 depth. Here 

P’ is the mean effective stress and q is the deviator stress. The sample was anisotropically 

consolidated. The cohesion is about 6 kPa and the friction angle found to be 30
o 

CALCULATION TOOL AND THE AVAILABLE RHEHOLOGIES  

In this study a tool called Dynamic Analysis of Landslides (DAN) in 3D, also known as DAN3D 
is used. This tool has been progressively developed by Hungr (1995), McDougall & Hungr 
(2004), McDougall (2006), DAN3D is designed to predict the velocity and extent of motion of 
rapid landslides such as debris flows and avalanches, flow slides and rock avalanches. The 
software has been extensively tested by various researchers for different types of landslide run-
out except for sensitive clay landslide. The origin and description of DAN3D can be found in 
Hungr (1995), McDougall & Hungr (2004), McDougall (2006).  DAN3D uses a semi-empirical 
approach based on the concept of “equivalent fluid” (see Figure 9), as defined by Hungr (1995). 



 

 

 

 

The heterogeneous and complex landslide material is modelled as a hypothetical material, which 
is governed by simple internal and basal rheological relationships (Thakur et al. 2013). 

 

 
 
 

Figure 9. Equivalent fluid concept in DAN3D (Hungr, 1995) 
     
       The internal rheology is assumed to be frictional and is governed by one parameter, the 
internal friction angle, υi. In contrast, a single basal rheology is not imposed. Instead, to allow 
the simulation of different types of rapid landslides involving different geological materials, a 
variety of basal rheological relationships can be implemented in DAN3D, including laminar, 
turbulent, plastic, Bingham, frictional and Voellmy rheologies. The user can change the basal 
rheology along the path or within the slide mass. Readers are encouraged to refer to a PhD thesis 
by McDougall in 2006 to obtain complete information regarding the DAN3D program, its 
governing equations and corresponding numerical solution method. Two basal rheological 
models, available in DAN3D, have been used in this study and they are briefly discussed here 
below. 
     The plastic rheology is related with a pseudo-static motion of liquefied debris, the base 
shear  resistance (τ) is assumed equivalent to a constant yield strength (cur) value. 

τ = -cur                                                                                        (13)  

The yield strength (cur) of sensitive clays in this case is fully remolded shear strength 
obtained using the fall cone test.   

     The Voellmy rheology was proposed by Voellmy (1955) for snow avalanche modelling. 
The rheology is a two parameters mode, which combines turbulent and frictional behaviour of 
sliding mass. The basal resistance is given by:    (        )                                                                                                                       (14) 



 

 

 

 

where f is the friction coefficient; ξ is so-called turbulence parameter;   is the unit weight σ is 
stress normal to the bed. The first term on the right side accounts for any frictional component of 
resistance (f is analogous to tanυ). The second term was originally introduced by Voellmy (1955) 
to account for the velocity-dependent influence of air drag on snow avalanches. Here, ξ is 
analogous to the square of the Chézy coefficient. The rheological models discussed above 
require a set of input parameters. Some parameters e.g. remoulded shear strength, internal 
friction angle, viscosity and soil unit weight can be obtained from the laboratory testing. 
Whereas the other parameters e.g. friction coefficient and turbulence coefficient are usually 
obtained from back-calculation of landslides. Hungr (1998), McDougall & Hungr (2004), 
McDougall (2006) suggest that f may range from 0.08 to 0.1 and ξ may range from 200 to 1,000 
m/s². It must be noted that these value of f and ξ may not necessarily be representative for 
sensitive clay debris. Therefore, a rough estimation can be made using   
 
ξ =Ks

2
R

1/3                                                                                                                        (15) 
 
where Ks is the inverse value of Gauckler–Manning coefficient and R is the hydraulic radius, 
which depends on the cross section of the flow path and the peripheral contact between the slide 
debris and terrain.  
 
CALCULATION PROCEDURES AND APPROXIMATIONS  

 
The analysis in DAN3D requires a grid terrain model which designate the pre-slide topography 
and release area (the area where the slide mass evacuates from). After placing the terrain model, 
the computation of run-out relies on the selection of basal rheological model and parameters 
associated with the selected basal rheological relationship that will govern the flow. The 
parameters depend on the type of rheology selected, thus, appropriate parameterization is 
important. Once the topography and flow behaviour are defined, the simulation starts by 
distributing the particles over an interpolated surface in accordance with the selected rheological 
model. Each computation step generates a grid file that shows the flow deposit depths, velocity 
of the debris and discharge at the grid nodal points. The flow deposit depths plotted in grid files 
shows the thickness of the flow deposit along the flow path. (McDougall, 2006) 

     The Byneset flow slide was back-calculated using DAN3D. Several simple approximations 
were made to back-calculate the flow slide: 

(1) The slide debris obeys either plastic basal rheology or the Voellmy rheology. 

(2) The effects of bed friction along the contact surface between the flow path and slide 
debris were neglected in the plastic rheology. 

(3) External factors, such as the effects of vegetation and water or snow along the flow path, 
were not considered in the model. 

(4)  It was assumed that the run-out is solely controlled by the flow behavior of sensitive 
clays and topography of the area. 

 



 

 

 

 

 

RESULTS AND DISCUSSIONS 

Sets of numerical calculations were carried-out using the plastic and Voellmy rheologies. These 
parameters are selected based on the site investigation report (Table 1) and using values 
suggested in the literature. In doing so, the selected geotechnical parameters have been varied in 
order to back calculate the Byneset flow slide and also to study sensitivity of parameters. 
Accordingly, the impact and the significance of these input parameters are discussed in light of 
the numerical results.  
      The plastic rheology is found to be the simplest among all the rheological models 
implemented in DAN3D. The rheology required only γ and cur values, which are easily 
obtainable. The flow deposit contours obtained from the plastic rheology, with cur = 0.1 kPa, are 
shown in Figure 10. The total run-out of the slide debris obtained at the end of the simulation 
(Figure 10) is quite similar to that observed in the field.   
      The run-out distance decreased with the increasing value of cur . The runout distance 
became zero when cur was greater than 1 kPa. This observation is in line with Thakur et al. 
(2014). The Vollemy rheology is used with various combination of friction coefficient (f) and 
turbulence coefficient (ξ).  In adopting the rheology, a decrease on f and an increasing on ξ show 
an increase on the estimate of the run-out distance (Figure 11). 

 
 

 
 
 

 

 

 

 

 

 

Figure 10. Flow contours obtained from the plastic rheology with cur = 0.1 kPa 
 

      Based on back-analyses of various debris flows using DAN3D, calibrated values of f 
typically range between 0.01 and 0.2, while values of ξ range between 100 and 600 m/s2 (Hungr 
et al. 2005). Use of Equation 13 to estimate ξ for Byneset slide yielded range 100-200. Despite 
this, ζ was varied to a very high value up to 5000 in the analyses. The actual runout observed out 
in the field was able to be back calculated for a combination of the input parameters i.e. f = 0.005 
and ξ = 4000. It was also found that influence of ζ was lesser compared to f.  This makes sense 
because sensitive clay debris usually are dominated by clay contents allowing the debris to 
behave like thick viscous material. From this simple study, it is clear that f is the dominating and 



 

 

 

 

important parameter compared to ξ in case of sensitive clay debris. The velocity of the slide 
debris was between 15 and 20 m/s, which is a relatively high velocity for such sub-aerial flow 
slides. It is difficult to verify the obtained velocity, as actual measurements are not available. 
However, slide debris involved in the Rissa landslide (1978) in Norway also had a velocity of 
approximately 11-12 m/s. Therefore, it is possible to conclude that the obtained velocity for the 
Byneset flow slide is reasonable.  

      In summary, the back- calculated run-out distance is in agreement with the field 
evidences. The major challenge with the use of Voellmy rheology for the calculation of runout of 
sensitive clays is related to the fact that the input parameters are not based on the standard 
geotechnical parameters e.g. remolded shear strength, viscosity, liquidity index etc. Therefore, 
usefulness of the Voellmy rheology is limited until a connection between the model‟s input 
parameters and the standard geotechnical parameters are not on place. 

 

Figure 11. Calculated runout using various combination of the input parameters. 

CONCLUSIONS 

This paper uses a simplified approach to look into a very complex problem, which is yet to be 
fully understood. Therefore, several simple approximations were necessary in order to focus on 
the role of certain parameters governing the rheology on run-out of sensitive clay debris. Based 
on the back-calculation of a flow slide in a sensitive clay deposit, it was found that the plastic 
rheology and seems to predict the run-out distance of the flow slide in Byneset reasonably well. 
It is also worthwhile to appreciate that this rheology requires only one parameter, which are 
obtainable from the laboratory tests. However, the Voellmy rheology, which are sophisticated 
models, require more parameters, which are not readily available for sensitive clays. Hence, it 
was difficult to adopt the rheologies In general; the work presented in this study demonstrates 
that with further validation of input parameters for sensitive clays, the approach offers an 
appealing numerical tool. Currently, an experimental study is planned to initiate to establish 
some of the parameters for Norwegian sensitive clays.   
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