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1 Introduction

Landslides are common in the sensitive marine clay deposits of Canada and
Scandinavia. In Norway, at least 1150 people died in historical time as a
consequence of such landslides (Furseth 2006). The 1345 landslide and following
flood in the Gaula valley is the largest event recorded in Norway with over 500
victims (Rokoengen et al. 2001). The quick-clay landslide in Verdal, where a total
of 116 people perished in 1893, is also well documented (e.g. Walberg 1993).

Following the famous Rissa landslide in mid Norway (Gregersen 1981, L’Heureux
et al. 2012), a nationwide quick-clay mapping program was started in order to
delimitate areas susceptible to large quick-clay landslides. Until today, the
produced susceptibility and hazard maps have been restricted to identifying
potential release areas for large landslides without regard to the post-failure
mechanisms of the debris (e.g. run-out distance). Due to the increasing societal
awareness, the need for mapping the potential run-out areas has been increasingly
felt in recent times. However, the flow behavior of quick clay landslides is complex
and there are only a few studies documenting the mobility of landslides in sensitive
clays (Edgers &Karlsrud 1982, Locat et al. 1992, Locat et al. 2003, Locat et al.
2008). One of the main problems is that landslide debris is often difficult to map
following an event because it tends to end up in streams, rivers or in near-shore
environments.

In order to develop a suitable tool for calculating the run-out distances of quick clay
landslides (i.e. Q-Bing code), a thorough study of historical events is needed. For
this reason, an inventory of Norwegian landslides in sensitive clay has been
prepared based on the work by Natterey (2011), L’Heureux (2012) and L’Heureux
and Solberg (2012). The first two sections of this report focus on the characteristics
of Norwegian clays and the type of landslides generally observed in this material.
Thereafter, the morphological and geotechnical data for 39 landslides in sensitive
clay in Norway is presented. These data offer a unique possibility to study the
mobility of quick clay landslides and to estimate flow properties and rheological
parameters as input for the numerical model. The mechanisms of importance for
mobilization into flows (i.e. transformation from intact to remoulded conditions)
are also discussed based on laboratory data and field observations.

2 Characteristics of Norwegian quick clay
2.1 Definition

In Norway, the classification of a clay material as quick is based upon the
sensitivity of the soil (i.e. the ratio between the undrained shear strength s, and the
remoulded shear strength s,,) and a threshold value of the remoulded shear strength.
Clays are classified as quick when the remoulded shear strength is less than 0.5 kPa
and the sensitivity (S;) is greater than 30 (NGF 1974). More recently, the
Norwegian Water and Energy Directorate (NVE) published guidelines
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recommending the use of S; > 15 and s, < 2 kPa for brittle clay material which

would collapse during a landslide (NVE 2009).

2.2 Formation and origin

Sensitive clay materials are found in several areas of the world including Alaska,
Canada, Norway and Sweden. In Norway, the quick clays generally occur in marine
clay deposits found in the low-land areas of the country. The distribution of such
deposits is closely linked to the postglacial and Holocene landscape development.
During the last ice-age, large portions of the country were depressed under the
weight of the Fennoscandian ice-sheet which covered most of the land. Glacial
scour removed most of the pre-glacial deposits and covered the rock floor and
valley sides with an irregular layer of moraine, in places also overlain by glacio-
fluvial material. With the retreat of the ice-fronts and establishment of saline fjord
conditions, large quantities of finer fractions were washed out from the glacial
deposits, transported by rivers and redeposited in the fjords to form late glacial
marine deposits. The clay particles have a tendency to flocculate when deposited in
saline fjord and sea waters, leading to an open “card house” structure in the marine
clay deposits.

The isostatic uplift that followed the ice retreat led to the emergence of the marine
deposits during the last 10,000 years. With time, the flux of fresh groundwater
through the clay deposits has led to leaching of the salts within the grain structure
of the material. Such leaching takes a long time (i.e. hundreds to thousands of
years) since the permeability of clay material is low. Nevertheless, in some areas,
the leaching process is accelerated because of specific geological and topographical
conditions that increase the groundwater flow (e.g. near the bedrock and clay
interface, in slopes where the hydraulic gradient is higher, in zones where the clay
deposit is inter-bedded with coarser material (silt/sand/gravel) (Figure 1).

The high sensitivity of Norwegian quick clays is attributed to the leaching, by fresh
groundwater, of the salts within the grain structure (Rosenqvist 1953). Removal of
salt ions in the pores to values of about 2—5 g/l can result in a metastable sensitive
clay structure. Upon remoulding, this unstable structure is destroyed and the inter-
particle surface water that is liberated gives rise to a liquid type fluid (Rosenqvist
1966). This potential to liquefy when subjected to loading is one of the main agents
governing the post-failure behavior of quick clays.

Quick clay is however not a final stage of development. With further leaching the
groundwater may add stabilizing ions to the clay structure, thus leading to a new
stable clay fabric. Such a process is generally encountered in the first few meters
below the surface where a dry crust may form above the groundwater level and the
sensitive clay material.
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Figure 1: Conceptual model showing zones where quick clay is often found (Loken
1983).

3 Types of landslides in sensitive clays

According to Tavenas (1984) and Karlsrud et al. (1984), four main types of
landslides can generally be observed in the sensitive clays of Canada and
Scandinavia: single rotational slides; multiple retrogressive slides (sometimes
described as earthflows or flows); translational progressive landslides; and spreads
(Figure 2). The last three types occur very suddenly and often cover large areas.
Translational progressive landslides are uncommon in eastern Canada, but are often
observed in Scandinavia (e.g. Aas 1981, Karlsrud et al. 1984). On the other hand,
spreads represent about 42% of the large landslides in eastern Canada clays (Locat
et al. 2011), the rest being generally flows or unidentified retrogressive landslides.
As observed by Karlsrud et al. (1984), a combination of the four types of landslides
can often be observed in one event. The Mink Creek landslide in British-Columbia
(Geertsema et al. 2006) is a good example where flow and spread occurred
successively in one landslide event. The Rissa landslide in Norway is also a good
example where several types of landslides (initial slide, flake type and flow) were
involved; (Gregersen 1981).

Among the large landslides occurring in sensitive clays, flows are well described
and the most common in Norway (Bjerrum 1955; Tavenas 1984). Multiple
retrogressive slides are believed to result from an initial failure, the debris of which
becomes strongly remoulded and flows out of the crater, leaving an unstable scarp.
A second slide may then occur with the remoulded clay also flowing out of the
crater, generating another unstable scarp. This process can continue until a final
stable backscarp is formed and the retrogression stops (Figure 2a). This type of
landslide is characterized by an empty crater (minimal debris is left in the crater
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after the movement) having in some cases a bottle-neck shape. Multiple

retrogressive slides tend to occur when: (a) the potential energy in the slope is high

enough to remould the clay effectively, (b) the remoulded clay is liquid enough to

flow out of the landslide crater [i.e. liquidity index higher than 1.2 or remoulded

shear strength lower than 1 kPa; Lebuis et al. (1983), L’Heureux et al. (2012)] and

(c) the topography enables evacuation of the debris. A typical example of this type

of landslide in Norway is the Ullensaker slide in 1953 (Bjerrum 1955).

Translational landslides result from the development of a shear surface parallel to
the ground surface, above which the soil mass displaces downhill (Cruden and
Varnes 1996). Translational progressive landslides are characterized by a zone of
subsidence at the head of the slope and an extensive compressive heave zone
located far beyond the toe of the slope, in more horizontal ground (Figure 2b). Such
landslides are also often referred to as flake-type landslides in Norway. An example
is the Bekkelaget landslide, which occurred in 1950 (Eide & Bjerrum, 1955).

According to Cruden and Varnes (1996), spreads result from the extension and
dislocation of the soil mass above the failure surface, forming horsts and grabens
that subside in the underlying remoulded material forming the shear zone. Horsts
are blocks of more-or-less intact clay, often with a sharp wedge pointing upward,
and grabens are blocks having typically a flat, horizontal top surface (Figure 2c).
Those geomorphologic shapes are key elements distinguishing spreads from other
retrogressive landslides. The perfect example of a spread in sensitive clay material
is the 2010 landslide at St-Jude, Quebec, Canada (Locat et al. 2011).

Presentation of field data in Table 1 presents an overview of some landslides in
sensitive clay soils from Norway. The catalogue builds on studies performed by
Natteroy (2011), L’Heureux (2012) and L’Heureux and Solberg (2012). The
geomorphological parameters collected for each landslide were estimated based on
topographical and/or bathymetrical maps available prior to and after the landslides
with a vertical resolution of the contour lines better than 1 m . In the cases were no
information was available before the landslide occurred (e.g. pre-historic events),
the parameters were estimated based upon the surrounding terrain morphology.

Mobilized landslide volumes were estimated by multiplying the area of the failure
zone with the average depth of the landslide crater. The run-out distances were
estimated both from the outlet of the landslide (D) and from the backscarp (D),
(Figure 3). Estimating the thickness of the landslide debris (Hp) is not an easy task
as ground thruth is seldom available. For landslides that deposited in the fjords,
good estimates can be made based on geophysical data (e.g. seismic reflection
profiles). In other cases, the best estimates rely on data from the literature and
terrain analysis. Index properties and geotechnical information for most of the
landslides were obtained from literature data and geotechnical reports (Table 2).
For a few of the landslides, mass flow velocity was estimated based on witness
observations and video recording (e.g. Rissa landslide) (Table 3).
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Figure 2: Types of landslides in sensitive clays: a) multiple retrogressive landslide
or flow, b) translational progressive landslide or flake, and c) spread (from Locat

2012).

H : Depth of the landslide crater
Ho: Thickness of landslide debris

L : Distance of retrogression
D: Run-out distance from the outlet slide to the tip of the landslide deposits

D:: Run-out distance from the backscarp to the tip of the landslide deposits

Figure 3: Conceptual landslide model showing some of the morphological
parameters compiled in this study (after L’Heureux 2012).
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Table 1: Overview of landslides in Norwegian clays (adapted from L’ Heureux 2012).
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No Location Date Type of landslide  Volume (m®) W., L(@m) D(m) Hp(m) Reference

1 Bakklandet 10.11.1634 Flow 500 000 130 75 Bjerrum & Kjaernsli (1957)

2 Bekkelaget 07.10.1953 Flake 100 000 160 165 20 Eide & Bjerrum (1955)

3 Bra 01.05.1928 Flake 500 000 500 200 400 20? Holmsen (1929)

4 Byneset 01.01.2012 Flow 350000 100 400 900 3 NVE files, Thakur (2012)

5 Béstad 05.12.1974 Spread 1500 000 450 325 700 3 Gregersen & Leken (1979)

6 Drammen 06.01.1955 Spread 4 000 50 45 Bjerrum & Kjernsli (1957)

7 Dola 19.06.2011 Spread 30000 50 65 30 NGI (2011)

8 Hyggen 23.01.1978 Flow 500 000 100 40 450 Karlsrud (1979), Hansen et al. (2011)
9 Duedalen 18.07.1625 Flow 500 000 195 380 L’Heureux (2012)

10  Fallet, Rissa 1997 Flow 200000 130 150 670 L'Heureux et al. (2011)

11 Finneidfjord 20.06.1996 Flow 1000 000 300 150 1000 14 Longva et al. (2003)

12 Fredrikstad 17.08.1980 Spread 10 000 25 50 30 Karlsrud (1983)

13 Furre 14.04.1959 Flake/Spread 3000000 720 400 0-90 Kenney (1967)

14 Gretnes 17.04.1925 Flow 400 000 220 210 Holmsen (1929)

15 Gullaug 1 29.11.1974 Flow 100 000 190 40 325 Karlsrud (1979), Hansen et al. (2011),
16  Gullaug 2 Pre-historical Flow 100 000 380 500 L’Heureux (2012)

17 Heimstad Pre-historical Flow 900 000 220 370 L’Heureux (2012)

18 Hekseberg 20.03.1967 Flake 200000 150 160 300 Drury (1968)

19 Kattmarka 13.03.2009 Spread and flow 600 000 80 300 Nordal et al. (2009)
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No Location Date Type of landslide  Volume(m®) W.q L(m) D(m) Hp(m) Reference

20 Kokstad 21.10.1924 Spread and flow 400 000 180 180 600 Holmsen (1929)

21 Lade 11.04.1944 Spread 50 000 210 25 100 Holmsen & Holmsen (1946)
22 Langerjan Pre-historical ? 11000000 1000 500 L’Heureux (2012)
23 Leirfossen Pre-historical ? 75000000 1200 3500 L’Heureux (2012)
24 Lodalen, Oslo  06.10.1954 Spread 10 000 50 40 Sevaldson (1956)

25 Lund Pre-historical Flow 4 600 000 500 1050 L’Heureux (2012)
26  Lyngseidet 03.09.2010 Flow 220 000 120 160 420 L’Heureux (2012)
27  Olderdalen Pre-historical Flow 25 000 000 450 1600 L’Heureux (2012)
28 Othilienborg Pre-historical Flow 70 000 000 1000 1700 11000 L’Heureux et al. (2009)
29  Rissa (initial) ~ 29.04.1978 Flow 150 000 80 450 620 L’Heureux et al. 2012
30 Rissa (main) 29.04.1978 Flake and Flow 5000 000 400 1400 1200 6 Gregersen (1981), L’Heureux et al. 2012
31 Rordal Pre-historical ? 3300 000 270 890 L’Heureux (2012)
32 Selnes 18.04.1965 Spread and flow 140 000 166 215 400 2 Kenney (1967)

33 Skjelstadmarka 14.08.1962 Flow 2 000 000 200 600 2240 Trak & Lacasse (1996)
34 Sjetnemarka Pre-historical Flow 30000000 1100 1050 L’Heureux (2012)
35 Stavset Pre-historical Flow 800 000 200 125 L’Heureux (2012)
36 Tiller 07.03.1816 Flow 550 000 610 350 L’Heureux (2012)
37  Ullensaker 23.12.1953 Flow 200 000 180 195 1500 4 Bjerrum (1955)

38  Verdal 19.05.1893 Flow 65000000 1000 2000 9000 Trak & Lacasse (1996)
39  Vibstad 22.02.1959 Spread 1400 000 325 250 250 Bjerrum (1955)
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Table 2: Index properties and geotechnical parameters for some of the landslides
presented in Table 1.

No | Location 7 (KN/m3) s, (kPa) Max S; so(KP) [ Ip | I

1 | Bakklandet 18.9 10-19 210 0.07 7 1.8
2 | Bekkelaget 18.9 10 80 0.13 9] 24
3 |Bra 19.0 18 75 0.24] 5.5 2
4 | Byneset 18.3 10-25 113 0.20 5] 42
5 | Béstad 19.3 3040 100 0.65 6 1.6
6 | Drammen 19.1 20 4 2.00|14.2 0.8
7 |Dela 20.0 12 40 03] 7.7 1.8
8 | Hyggen 19.0 10 20 2.00 -l 0.5
9 | Duedalen 18.9 10-19 210 0.07 4] 40
10 | Fallet, Rissa 18.4 15-20 12 0.8 5 1.2
11 | Finneidfjord 18.8 7-10 100 0.0816.00] 2.5
12 | Fredrikstad 19.0 15 20 09| 20 1
13 | Furre 19.0 35-45 30 0.67| 10| 23
15 | Gullaug 1 19.0 12 4 3.00] 10 1
18 | Hekseberg 19.0 20-30 150 0.17 71 32
19 | Kattmarka 19.0 15 60 0.25 6 3
21 |Lade 19.2 20-30 16 1.56] 10| 1.00
24 | Lodalen, Oslo 19.1 45 3 15| 18| 0.72
26 | Lyngseidet 19.2 5 52 0.15 71 24
27 | Olderdalen 20.0 20-30 70 0.43 4 3
28 | Othilienborg 19.3 10-25 83 0.30 4] 42
29 |Rissa 1 18.6 10-20 100 024] 10] 23
30 |Rissa?2 18.6 10-20 100 0.24 5] 23
32 | Selnes 18.6 15-20 100 0.17 6 1.9
33 | Sjetnemarka 20.0 23 86 027] 45| 22
34 | Skjelstadmarka 19.3 40 48 0.83 6 1.6
36 | Tiller 18.7 2040 150 0.20 4] 20
37 | Ullensaker 18.6 10-25 42 0.43 7 1.2
38 | Verdal 19.3 10-200 40 0.20 4] 25
39 | Vibstad 18.3 30-70 40 1.25 7 1.3
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Table 3: Maximum observed velocity of quick clay landslides. All landslides are
from Norway with the exception of the St-Jean-Vianney landslide, which occurred
in eastern Canada.
Landslide Maximum velocity Comments Reference
(m/s)
Bastad, Tregstad <1 Low velocity Gregersen and
Loken (1979)
Bekkelaget 1-2 The landslide happened very quickly. | Eide and
The most substantial —movement | Bjerrum (1954)
occurred within less than half-a-minute;
possibly 15-20 seconds.
Rotational/spread movement without
flow!
Rissa 11.3 From amateur video. In the initial phase, | Gregersen
the large flake of clay moved at a speed | (1981),
of 2.7-5.5 m/s (10-20 km/h) and the | L’Heureux et al.
velocity increased in the later phase of | (2012)
the landslide up to 8.3—11.3 m/s (3040
km/h). Results from modeling with
BING suggest that the maximum
velocity occurred off the steep shoreline
slope in Lake Botn (up to 18 m/s).
Verdal 15 v = 10-15 m/s out of the pit and v ~ 1.7 | Karlsrud and By
m/s in the lower parts (1981)
St-Jean-Vianney, 7.2 Tavenas et al.
Canada (1971)
4 Retrogression and run-out distances for Norwegian landslides

In considering the mobility of a landslide, one can distinguish between two
components (Figure 3): the retrogression (L) and the run-out distance (D). For
landslide in sensitive clays, the ability of the clay to be remoulded is of great
importance. This process depends on the mechanical properties of the clay and on
the available potential energy (i.e. the height of the slope). Because of this, the
distance of retrogression has previously been related to the stability number (N, =
vH/s,) (Mitchell and Markell 1974, Trak and Lacasse 1996). Such a relationship is
presented in Figure 4 for the Norwegian landslides. Similar to the work by Mitchell
& Markell (1974), the data shows an increase in the distance of retrogression with
the stability number although other factors such as sensitivity, stratigraphy and
topography also play a significant role in limiting retrogression. The stability
number for the landslides at Lyngseidet and Sjetnemarka, for example, indicate that
the length of retrogression should have been higher for these events (Figure 3).
Geotechnical soil profiles in both cases show a strong decrease in sensitivity
upslope, which probably governed part of the retrogressive process (see also
L’Heureux and Solberg 2012).

Another important factor contributing to the mobility of the landslides in sensitive
clays is the ability of the clay to flow out of the landslide crater when remoulded.
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This depends on the consistency of the remoulded material and on the liquidity
index. Results in Figure 5 show that flow slides generally occur when 7; > 1.1-1.2
and the sensitivity is greater than 30. Such results are similar to those obtained by
Lebuis et al. (1983) for landslides in eastern Canada. Of particular interest here is
the 2011 landslide at Dgla near Mosjoen which remained mostly as limited
deformation. The value of [, taken is not representative for the whole deposit at
Dola since the thin quick clay layer here (i.e. 1-2 m) is covered by more than 5 m
of sand and gravel (see further discussions in Chap. 6).

In Figure 6 the data suggests that the magnitude of retrogression is governed to a
large extent by the capacity of the remoulded landslide debris to flow out of the
landslide crater. The upper trend is well described by D ~ 10 L for the Norwegian
landslide. Factors affecting this outflow will therefore play an important role in the
development of retrogression and vice-versa (e.g. remoulded strength of the clay,
sensitivity of the deposit and morphology of the slide scar). The topography of the
valley in the vicinity of the slide is particularly important. Therefore, large
retrogressions and long run-out distances are more likely to occur in valleys with
steep longitudinal gradients or near wide and deep rivers or lakes than in flat,
narrow valleys. This is illustrated in Figures 8 and 9 for the Rissa and the
Finneidfjord landslides, respectively. In both these cases, the fjord bottom
permitted the evacuation of the debris, which facilitated retrogression.

40 4
B Norway
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Figure 4: Stability number versus retrogression distance for Canadian and
Norwegian landslides in sensitive clays.
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Sensitivity

Figure 5: Liquidity index plotted against sensitivity for quick clay landslides
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observed in Norway.

Similarly to the work performed by Edgers & Karlsrud (1982) and Locat et al.
(2008), Figure 7 shows that the run-out distance for Norwegian quick clays
generally increases with the volume of failed sediment (Vol) per unit width (Wyy,).
This ratio actually represents the longitudinal section (A) of the landslides. Results
from Figure 6 and 7 also show that for a given Vol/W,, the run-out distances for
the Norwegian landslides is greater than for those in eastern Canada. The upper

trend for the Norwegian cases is given by

(1

whereas the upper bound for the Canadian landslides is given by:

2
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Such differences may be attributed to the physical and mechanical properties of the
clay (i.e. the over-consolidation ratio (OCR), s, I; and I,). Clays from eastern
Canada are generally more over-consolidated and have a higher undrained strength
in relation to vertical effective stress than those found in Norway. Karlsrud et al
(1984) attributed this to cementation effects in the Canadian clays, not found in
Norwegian clays. It would therefore be expected that it requires more energy to
remould Canadian clays as compared to Norwegian clays. Another reason for the
observed differences may lie in the type of environment in which these landslides
occurred. For example, the inclusion of channelized flow events in the present
study may lead to over-estimating the mobility of the Norwegian landslides (Figs.
6-7). Moreover, some quick-clay landslides in Norway occur in near-shore areas
where the debris has the possibility to flow on a fjord bottom (e.g. Figs. 8-9). For
such cases, the low permeability of the clays may ensure water entrapment below
the landslide masses resulting in hydroplaning and longer run-out distances in the
submarine environment (e.g. De Blasio et al. 2005).

100000 —
- == Terrestrial events
: [ ] Channelised events D=10L
B Near-shore/submarine events
] @ Locatet al. (2008)
O
10000 0

Length of flow from the outlet; D (m)

1000 —
_ A
_ .,
a
100 — +
E L J T Furre
] No flow
Bekkelaget, Dola and
- Frederikstad landslides
L
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Retrogression distance; L (m)

Figure 6: Mobility estimated for Norwegian quick clay landslide as a function of
the retrogression distance (extended data set from (L ’Heureux 2012)). The data is
compared to landslides in sensitive clays from eastern Canada.
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Figure 7: Mobility of Norwegian quick clay landslides as a function of the
normalized volume of disturbed material per unit width (extended data set from
(L’Heureux 2012)). The data is compared to landslides in sensitive clays from
eastern Canada (Locat et al. 2008).
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Figure 8: Rissa landslide with morphology of the debris mapped in Lake Botn and
landslide crater on land. The lower panel presents a slope profile prior and after
the 1978 landslide. The thickness of the landslide debris was evaluated using
seismic reflection data in Lake Botn (data from L’Heureux et al. 2012).
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Glide track

Figure 9: Finneidfjord landslide with slide morphology divided into zones. Zone A:
Main lobe. Zone B: Zone with scattered blocks. Zone C: Glide zone. Zone D: Main
outrunner block. Average bottom slopes along the slide and glide path are shown in
the lower panel. (From llstad et al. 2004).

5 Passage from intact to remoulded soil conditions

Following initial failure, some landslides mobilize into flows, whereas others
remain as limited deformation. In general, the mechanisms for mobilization into
flows are not well understood. However, the long run-out distances observed for
landslides in sensitive clays have previously been related to the low remoulded
shear strength (or viscosity) of the soil following failure. The mobility of most
flows in such material is acquired at the time of failure as some energy is available
for remoulding. From this moment, the mobility of the soil will mostly depend on
how this energy is distributed within the mass. The potential energy (£,) of a soil
mass can be written as:

3) Ep,=Hg-y-V

where V' is the volume of landslide, y is the average unit weight of the soil and Hg
is the vertical displacement of the center of gravity between the initial and final
stage of the landslide. The total energy within the landslide at time ¢ is defined as
(Vaunat, 2002):

4) AEr = AE,(t) + AER(t) + AER(t) + AE, () =0
Parts of the energy will be dissipated in friction (Er) while the rest will be used to
remould the soil (E) and to accelerate the mass of debris until a certain velocity

(kinetic energy; Ex). The debris will come to rest when the kinetic energy
approaches zero (i.e. when all of the potential energy has been used for remoulding,
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internal deformation and friction). Remoulding occurs when the microstructure of
the soil is destroyed or when the stress conditions have reached past the limit stress
state. Fully remoulded conditions are reached when a constant and minimum value
of undrained shear strength is acquired (i.e. remoulded shear strength s,,).

Following Vaunat and Leroueil (2002) an estimation of the remoulding state can be
given by using the destructuration index (/p):

5) Ip =2

_ER

For an Ip larger than unity, the potential energy in a given volume of clay would be
larger than the energy needed to fully remould the clay. Such a situation should be
observed at sites where flow slides have previously occurred.

In Sweden, Soderblom (1974) observed that clays with identical sensitivity values
needed a different quantity of energy to reach a fully remoulded state. He used the
term “rapidity” to describe this particularity. This author also proposed a qualitative
scale of rapidity based on the damages observed on a clay sample with normalized
dimension which was submitted to 250 strokes in the Casagrande apparatus. The
scale ranges from 1 (no damages) to 10 (fully remoulded conditions). Callenday
and Smiley (1984) showed that such experiments are not suitable for clays from
eastern Canada as the test could not deliver enough energy for the clay to reach a
remoulded state.

Flon (1982) and Tavenas et al. (1983) performed different tests to study the
remoulding energy of clays: free-fall, impact from falling object, extrusion and
simple shear. Simple shear was found to give the best results as the applied load
and the loss of strength could be continuously followed. In order to follow the
remoulding evolution these authors proposed using the remoulding index:

(6) Ip =32

Su—Sur

where s, is the undrained shear strength, s, is the remoulded shear strength and s,
is the remoulded shear strength at a given degree of remoulding. IR is equal to 0%
in intact clay and to 100 % in fully remoulded conditions. Some results derived
from Flon (1982) and Yong & Tang (1983) are shown in Figure 10. Results here
show that as the plasticity index (/,) of a soil increases, more energy is needed to
reach fully remoulded conditions.

The remoulding energy in the test results presented by Flon (1982) and Yong &
Tang (1983) are expressed with reference to the volume of the specimen. In most
tests, they observed that the degree of remoulding, and thus the distribution of the
remoulding energy, was non-uniform within the specimen. Since an assessment of
the energy distribution was too difficult, the authors decided to define the energy
per unit volume by dividing the imparted energy by the total volume of the
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specimen in all cases. Note that this will certainly lead to an over-estimation of the
energy per unit volume.

| cm———— Saint-Léon

s Louiseville
| e —— —  Saint-Hilaire
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| == == = - Saint-Thuribe

s Mascouche

Saint-Jean-Vianney

1.(%)

e i B SIaint-Louis (Yong et Tang, 1983)

100 1L Ll 1 1

Figure 10: Curves showing the remoulding index (Iz) as a function of the
normalised energy (See Eq. 10.) following the work by Flon (1982) and Yong &
Tang (1983). The latter authors used the direct simple shear (DSS) apparatus from
Geonor.

As mentioned above, remoulding of clay starts only after the initial peak strength
has been overcome. The strain energy required to achieve this initial failure, or
limit state of the clay, was investigated by Tavenas et al. (1979) who showed that
the energy at the limit state for eastern Canadian clays could be expressed by
reference to the preconsolidation pressure 6,

(7) W = 0.013 0’

where Wis is in kJ/m’® (equivalent to kPa) and o,  1n kPa. Tavenas et al. (1983)
thereafter suggested expressing the remoulding energy by reference to Wig,
defining a normalized energy per unit volume:

__ Remoulded energy per unit volume

®) Wy = 0.013 a7,

Based on the work by Flon (1982) and Tavenas et al. (1983), Leroueil (1996)
showed that there exists a linear relationship between the product of the undrained
shear strength and the plasticity index on the one side, and the average energy
needed to achieve 75% of remoulding in clays on the other side (Figure 11). Locat
et al. (2008) further developed this idea and showed that there is a close to linear,
correlation between the remoulding index and the remoulding energy normalized
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by the product of s, and Ip (Figure 12). Here the remoulding energy (Er) was
isolated from the laboratory data shown in Figure 10 by rearranging Eq. (8):

(9) Er = Wy - 0.0130",

Looking further into Figure 12, one observes that fully remoulded conditions are
achieved (i.e. Iz = 100%) when the normalized remoulding energy,

(10) WN:ER/(SM‘IP),

reaches a value of 16. By combining this with equations 1 and 3, the destructuration
index was redefined by Locat et al. (2008) in the following way:

(11) I, =X

T 16yl

As a test, the relationship between the destructuration index and the run-out
distance for Norwegian quick clay landslides is presented in Figure 13. As a first
approximation here, the potential energy in the slopes was evaluated by replacing
Hg in Eq. (6) by 2H/3 (assuming undrained behavior of the clay and vertical slope).
In general, results in Figure 13 show that the run-out distance increases with /p.
Landslides with an Ip value below unity show limited deformation (Lade and
Frederikstad). However, for the landslides at Dola, Furre and Bekkelaget, which are
also of limited deformation, the relationship between the I, values and run-out is
misleading. The /p value calculated requires a unique value of shear strength and
plasticity, which is not representative of the overall soil conditions for these three
landslides. As also discussed below, the quick clay layers at Furre and Dela are
very thin compared to the overlying, non-sensitive soils. The unique I, value will
therefore overestimate the run-out distance and the potential for large flow slides. A
way to avoid the uniqueness problem would be to show this value in a depth profile
(i.e. together with a geotechnical profile). Moreover, the relationship presented in
equations 5 and 6 was acquired from laboratory data on clays from eastern Canada.
These clays are generally more plastic and slightly more over-consolidated than the
ones found in Norway. In order to adapt the relationships to Norwegian conditions,
it is recommended to carry out a series of similar remoulding tests in the laboratory
as undertaken on the Canadian clays.

In addition to the remoulded strength of the clay and the energy present in the
slope, other factors such as the lateral and vertical variability of the soil deposits
may control the behavior of a landslide following initial failure. To study this, the
thickness of the quick clay zone (i.e. parameter b) is plotted against the thickness of
the overlying non-sensitive soil deposits (parameter a) in Figure 14. The results
show that the thickness of the quick clay layer must generally be equal to or larger
than the overlying non-sensitive deposits for the “flow” type landslides. For these
landslides, the soils on top of the quick clay zone are generally less than 5 m thick
and composed of clay of low to medium sensitivity. An exception to this is the
Bekkelaget landslide which did not transform into a flow slide. Here, shear strength
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profiles determined from vane tests show that the clay in the compression zone was
less sensitive (Figure 15). The resistance met in the compression zone may have
been greater than the energy available for remoulding and the slide eventually

stopped.

Landslides where only limited deformation took place (i.e. spread type) are found
in the lower part of Figure 14 (i.e. landslides at Dola, Frederikstad and Furre). In
general, for these landslides, the thickness of the quick clay zone is small (only a
few centimeters at Furre and approx. 1.5 m at Dela) and these are covered by more
than 5 m of coarse and non-sensitive material (silt/sand/gravel). The landslide at
Furre is interesting in this regard as even with a very thin quick clay layer, the soil
body moved up to 90 m towards the river Namsen. In this example, the highly
stratified soil deposits with contrasting permeability might have led to the
generation of a water film (i.e. conditions of zero shear strength) as suggested in the
model by Kokusho (1999).
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Figure 11: Energy required to achieve 75% of remoulding in soft sensitive clay at a
given plasticity and undrained shear strength (from Leroueil et al. 1996).
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Figure 12: Relationship between the remoulding index and the remoulding energy
normalized by s, and 1, (from Locat et al. 2008). SJV is the St-Jean-Vianney
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Figure 13: Relationship between the destructuration index (ID) and the run-out

distance for Norwegian quick clay landslides.
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Figure 14: Impact of parameters a and b on the flow behavior and type of
landslide. Parameter (a) represents the thickness of non-sensitive soil above the
quick clay zone whereas parameter (b) represents the thickness of the quick clay
layer.

6 Flow parameters and inputs for Q-BING

The behavior of the remoulded soil masses during the post-failure stage of a
landslide must be evaluated using flow properties and rheological parameters.
Edgers and Karlsrud (1982) strongly pointed out the critical role of the viscosity of
the soil mass in landslide dynamics. The main types of flow are shown in Figure 16
(Couarraze and Grossiord 2000; Reiner and Scott Blair 1967), where viscosity
corresponds to the slope of these curves. Thickening liquids (curve 1, Figure 16)
are those for which the viscosity increases with shear rate. Shear-thinning or
pseudoplastic liquids (curve 2) have an opposite behavior, as the viscosity
decreases with increasing shear rate. Herschel-Bulkley fluids or Casson fluids
(curve 4) are fluidizing bodies characterized by a yield stress (or yield point) and
slowly decreasing viscosity at higher shear rates. Other liquid-like materials reach a
constant viscosity, but only after reaching their yield-stress, are called Bingham
fluids (curve 5, Figure 16).

The visco-plastic rheology governed by the Herschel-Bulkley model is given by the
following relationship:

(12) =1, +Ky" if|t]|> 7, and O otherwise,
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Figure 15: Section from the Bekkelaget landslide showing the terrain surface
before and after the landslide. Shear strengths determined by vane tests are shown
(from Eide and Bjerrum 1954).
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Figure 16: Major type of fluids: (1) Thickening, (2) Fluidizing or pseudoplastic,
(3) Newtonian, (4) Herschel-Bulkley or Casson, (5) Bingham.

where 7 1s the flow resistance (kPa), 7, is the critical yield strength (kPa), y is the
shear rate (s ') and n is the Herschel-Bulkley exponent (-). The parameter K—
usually termed consistency—in Eq. (12) is defined as:
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(13) K=2 (Pas")

where ¥, is a reference strain rate (s”') defined as
. Tya
(14) =2

and where 1, is the yield strength and ug; is the plastic viscosity. Locat (1997)
proposed the bilinear flow model in order to represent the rheology of clayey silt
mixtures which often show pseudo-plastic flow behaviour. This model assumes that
the initial phase of the flow is Newtonian and evolves, after reaching a threshold
shear rate value, into a Bingham type flow. The constitutive equation for the
bilinear mode is given by (Locat 1997):

TyaT’o
Y+Yo

(15) T:Tya'i'.udhy_

where y, is the shear rate at the transition from a Newtonian to a Bingham
behaviour. From Eq. (15) one obtains limy_q, T=17,4 + Ugpy and limy_,7= 0,
Tya

. dart
lim;_,o ay - Man T -
expressed as follows (Imran et al. 2001):

. In BING, the constitutive equation for the bilinear flow is

(16) L=141_

where r is the ratio of strain rates expressed as:

_ I
(17) r= 7o

When looking carefully at Figure 16, it becomes clear that viscosity values may
change greatly with shear rate, even for a given material. For the case of sensitive
clay material, however, Locat and Demers (1988) stipulated that the viscosity could
be considered constant once the soil had reached its yield stress. We do not
necessary agree with this when looking at some viscometer results in steady-state
regime (Figure 17). Here the slope of the curves decreases significantly with
increasing shear rate on the right-hand-side diagram with non-logarithmic axes, so
this clay is a shear-thinning yield-stress or Casson fluid. The left-hand-side diagram
shows that the shear stress increases as a low power of the shear rate.

During a landslide the flow behavior can be quite complex and various types of
behavior can exist depending on the soil type and its physical characteristics. As an
example, the influence of the water content on the flow behavior is shown in Figure
17. Here, an increase in water content (or /1) leads to a reduction of the yield stress
for the clay tested at a given salt content.
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It 1s also recognized that the salt content of the clay will affect its flow behavior
(Locat and Demers 1988). To study this effect, Jeong et al. (2012) performed
rheological tests on illite-rich clay at the same liquidity index and with salinities
varying from 0.1 to 30 g/l. The results presented in Figure 18 show that this clay
exhibits a Bingham-like behavior at low salinities, but that it displays a shear-
thinning behavior for increased salinity leading to an increase in the critical yield
values. Results from these tests are of interest for the study of quick clay landslides
in Norway as Norwegian clays also contain a considerable amount of true clay
minerals, such as illite (e.g. Rosenqvist 1946). Bjerrum (1954) also showed that
most Norwegian clays fall in the low-activity group (activity is the ratio of the
plasticity index and clay fraction content), which is comparable to the illite-rich
clay in the study by Jeong et al. (2012).
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Figure 17: A series of shear rate — yield stress curves using a viscometer test on the
St-Alban soil from eastern Canada. The soil was tested at various water contents
and at a salt content of 0.2 g/l (T is yield stress). (Data from Locat and Demers
1988)
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Figure 18: Flow curves of illite-rich Jonquiere clay as a function of salinity (from
Jeong et al. 2012).

P:\2012\01\20120167\Leveransedokumenter\Task_2\20120753-02-R.docx

E»
NGI

Document No.: 20120753-02-R
Date: 2013-01-17

Revision: 0

Page: 28



E»
NGI

Document No.: 20120753-02-R
Date: 2013-01-17
Revision: 0
Page: 29

In many situations, it may be difficult to measure the rheological behavior of a soil

mixture. In Norway for example, little data is available concerning the rheological

properties of sensitive clays. In order to provide estimates of yield shear strength

and viscosity, results from laboratory experiments can be related to basic

geotechnical index properties (e.g. the liquidity index /;). Such correlations are

possible as long as [ is greater than O (i.e. for natural water content above the

plastic limit). Assuming a Bingham model, Locat and Lee (2002) plotted results

from plastic viscosity and yield stress measured at various liquidity indices (Figure

19). The results are partly influenced by the particle size and by the salinity in the

case of the yield strength (Locat 1997). Nevertheless, for a single sediment or soil,

the quality of the relationship is quite reasonable.

An interesting observation, obtained from laboratory testing, is that the yield

strength contributes about 1000 times more than the viscosity to the resistance to

flow of the fluid. This ratio can decrease to 100 for silty mixtures (Jeong et al.

2004). Such ratio will, however, certainly be different in the field during a landslide

as the differences between the shear stresses and yield stress must be accounted for

by the viscosity. Results from Figure 19 can still be used as a first approximation of

the relationships between /; and rheological parameters (see also Locat and Demers

1988, Locat 1997). For plastic viscosity (#) the relationship is of the form:

(18) n=(9.27/1,)

where 7 has units of Pa-s x 107. It is interesting to note that this relationship is
based on viscometer tests performed at shear rates approximately equivalent to a
velocity of 10 m/s. This is in the range observed for various landslides in sensitive
clay (Table 3).
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Figure 19: Relationships between the liquidity index and the rheological properties
of clay soils (from Locat and Lee 2002). Note that the units of mPa-s is equivalent
to Pavs x 10"

In the case of the yield stress (z.), it is most clearly correlated to the liquidity index
through the following two equations, one for low salinity (i.e. 0 g/l) and one for
higher salinities (i.e. 30 g/l):
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(19) z. (kPa) = 0.001 (5.81 / I,)** for §=0 g/l
or
(20) z. (kPa) = 0.001 (12.05 / I;*"? for § =30 g/l

where S is the pore-water salinity and 7. is in kPa. Such relationships have been
successfully used to e.g. model the mobility of the giant Storegga landslide (Gauer
et al. 2005), smaller slides off Vesterdlen (L’Heureux et al. submitted) and the
Rissa landslide (L’Heureux et al. 2012).

Another way to estimate the rheological parameters of clays is to perform back-
analyses of landslide events and to study the morphology of the landslide debris.
Hampton (1972) showed that the yield strength of clays during a mudflow was
related to the critical flow height H,, the buoyant unit weight of the material (y") and
the slope angle at which the flow stopped (5):

(21) .=H.y'sinf

Viscous flow models have also been applied to estimate landslide velocities and to
back-calculate equivalent soil viscosity given reasonable estimates of flow
thickness (Figure 20; Edgers and Karlsrud 1982). Such back-analyses may,
however, have limited applicability due to the rather simplified model parameters
used, and uncertainties in the actual input parameters (e.g. flow thickness, slope
angle and velocity).

Using the viscous flow model presented in Figure 20, Edgers and Karlsrud (1982)
back-calculated soil viscosity in the range 200-400 Pa-s for the Rissa and Verdal
landslides. However, based on the average liquidity index, Eq. (7) would yield
viscosity values in the range 0.01 to 0.35 Pa-s. for these events and others in
Norway (Table 4). This clearly illustrates the large discrepancy between laboratory
and back-calculated field values of viscosity, and the need for field and laboratory
calibration of these models. In the present case, the prime suspect for such a
discrepancy is associated to the use of Bingham rheology on Casson fluids. At the
shear rates that occur, this difference should give significant discrepancies.

Equations 8-9 were used to estimate the yield strength of Norwegian clays based
on the liquidity index (Table 4). In many cases, the results are one order of
magnitude lower than that estimated using the morphology of the landslide deposit
(i.e. Eq. 21). However, yield strength values are closer when comparing the 7
relationship at high salinity with those from Eq. (10). The reason could be
attributed to a mixing of the soil (having different pore water salinity) during the
flow. In any case, results show that the remoulded shear strength in soil mechanics
is similar to values of yield strength in rheology (Figure 21). This is similar to
results obtained by Locat and Demers (1988) and Jeong et al. (2012).
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Figure 20: Summary of viscous flow analysis (from Edgers and Karlsrud 1982).

Table 4: Estimated values of flow parameters from back-analyses and empirical

4y .
Slide mass

=i

V= F{;,+(1»',-—I*],)etT

Xx=x;+F,(t~1)+a(;-EF) - (1-€'7)

initial velocity, position, time

where
a_(z'y'h-siné-i-k) (y'h-sind-k)
6 gny'sin*d
F - 2y h-sindé+ k) (y' h-sind-k)*
o (6 nh - ysin §)?
v = average flow velocity over thickness A
v' = effective unit weight of soil
h -=- thickness of the flowing mass
6 = slope angle
g = acceleration of gravity
k = soil yield resistance
7 = soil viscosity
t = time
Vi

-

relationships for some Norwegian landslides.

n (Pa'S) Sur
Location gépag (Edgers and (E‘(rqcs(kllz’;ﬂ 2 ?E(c:(l:l)g; (kPa)
) Karlsrud 1982) ) ) Lab.
Bastad 0.347 — 0.353-0.555 1.01 0.65
Byneset 0.013 — 0.004-0.030 0.38 0.20
Hekseberg 0.034 — 0.015-0.063 0.35 0.17
Finneidfjord 0.078 — 0.046-0.137 0.2 0.08
Rissa 0.103 200 0.068-0.178 0.36 0.24
Selnes 0.196 — 0.162-0.324 0.65 0.17
Verdal 0.078 400 0.046-0.137 — 0.2
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Figure 21: Comparison between remoulded shear strength values measured in the
laboratory and estimates of yield strength using Eqs. 9—10.

7 Conclusions and outlook

The post-failure mechanism associated with Norwegian quick clay landslides is a
complex natural phenomenon. An attempt was made in the present study to
characterize the mobility of such landslides on the basis of well-documented cases
and available relationships from laboratory data.

The results show that large quick clay landslides occur in Norway when the
liquidity index is larger than 1.1. The data also shows that there is a link between
the distance of retrogression and the mobility of landslide debris. Similarly, the
mobility of quick-clay landslides increases with the mobilized volume of sediment
per unit width (Vol/W,,s). For a given volume, the run-out distances for Norwegian
landslides seem to be larger than those observed for their counterparts in eastern
Canada. The reasons are attributed to the differences in mechanical properties of
the clays, topography and the environment in which the landslides occur.

Following initial failure, some landslides mobilize into flows, whereas others
remain as limited deformation. The reasons for this are attributed to a combination
of compositional, chemical, geological and topographical factors. Lateral and
vertical variations in soil profile are important agents controlling the type of
landslide (i.e. flow or spread). It was shown that the susceptibility for long run-out
distances could be evaluated based on relationships between the remoulding index,
the destructuration index and index soil properties. In the case where the
destructuration index is lower or close to unity, past landslide events have shown
only limited deformation. The remoulding and flow parameters presented in this
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report are mostly based on data from eastern Canada where the clays are generally
more plastic and more over-consolidated and with higher normalized undrained
strength than the ones found in Norway. It is therefore in the future recommended
to carry out similar viscosity and remoulding tests on Norwegian clay as have been
undertaken and reported for Canadian clays.

During a landslide event the flow behavior can be quite complex and various types
of flow behavior can exist depending on the soil type, pore-water salinity,
mineralogy, and water content. Results show that the remoulded shear strength in
soil mechanics is similar to values of yield strength in rheology. There is, however,
a large discrepancy between the values of viscosity determined directly from
laboratory data and those obtained empirically from back-calculation of landslide
events. There is therefore a need for field and laboratory calibration of these models
or, alternatively, for models that predict changes in the material properties of the
sliding materials due to shearing and water ingestion.
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