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Abstract
Southwestern Sweden is an area which is prone to landslides due to sensitive clay.
Several notable landslides have been recorded in the region, including the Surte
landslide in 1950 and subsequent events in Göta, Tuve, Småröd, and Lökeberg.
Clays with high sensitivity are sensitive to vibrations and disturbances, which could
lead to a collapse of the microstructure and thus liquefaction. However, sensitivity
alone does not provide a complete understanding of the risks of clay liquefaction and
therefore development of the parameter is needed. The remoulding energy required
to fully break down clay shear strength is a potentially important parameter, and
further research is needed, particularly for Swedish-sensitive clay due to a gap in
the research. Overall, this investigation addresses the need for a comprehensive
understanding of clay behaviour and shear-strength degradation in sensitive clays,
with the potential to enhance the knowledge base for stability assessments and
mitigate the risks associated with the widespread distribution of sensitive clays.
The investigation presented in this thesis aims to estimate the remoulding energy
of clay using field vane tests. The methodology is based on the shear stress and
shear strain behaviour of clay, where the strain energy involved in the remoulding
is assumed to be the remoulding energy. Similarly, this behaviour can be obtained
from vane shear tests. Seven locations from SW Sweden were analyzed, all close to
Gothenburg. The results were correlated to soil parameters obtained from piston
sampling. Additionally, the results were compared to findings of previous research
on Norwegian, Canadian and Finnish clay.
The thesis shows promising results in applying the field vane test to SW Swedish
clay for determining the remoulding energy. The results for southwest-Swedish clay
are of a smaller magnitude compared to previous research on Canadian and Nor-
wegian clay. The remoulding energy shows correlations to several parameters but
further research is suggested to develop the method and correlations. To further
utilize the method it is important to conduct the field vane shear tests in a consis-
tent manner. The findings lead to an increased understanding of the behaviour of
clay during remoulding. This can in the future reduce uncertainties and lower the
required safety factors for geotechnical engineering.

Keywords: field vane test, remoulding energy, shear strength, sensitive clay, sensi-
tivity
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1
Introduction

Several large quick-clay landslides have occurred in the Göta River valley and other
areas in southwestern Sweden. The 1950 Surte landslide struck about 15 kilometres
north of Gothenburg and was followed by additional events, e.g., in Göta in 1957,
Tuve in 1977, Småröd in 2006 and Lökeberg in 2019 (SGI, 2020, 2022c). The Surte
landslide consisted of about three million cubic meters of clay, of which the majority
was quick clay. 27 years later, the Tuve landslide was triggered in the northern part
of Gothenburg (SGI, 2022d). Also in this area, high-sensitivity clay and quick clay
were present. Human impact is mentioned as a potential cause of the disturbance
in most of the aforementioned landslides. Sweden and Norway have a similar soil
structure and therefore similar problems with high-sensitive clay, quick clay and
landslides. In Norway, the majority of the landslides which occurred between 2010
and 2018 were caused due to human activity (L'Heureux et al., 2018).

Much of the soil structure and resulting properties can be explained by the sedimen-
tary environments during glaciation and deglaciation. Also, the post-depositional
processes in the glaciomarine and marine clays are decisive in clay behaviour. After
the Weichsellian deglaciation parts of Sweden were submerged under sea level as the
crust was still depressed after the load of kilometres of ice, resulting in the marine
deposition of clay (Rankka et al., 2004). Isostatic uplift later caused the clay de-
posits to rise above sea level. Due to rainfall and groundwater �uxes, the deposits
were subjected to post-depositional processes such as cation leaching. Thus, parts
of the deposits successively transformed into quick clay. It has been determined
that southwestern Sweden, particularly the Göta River valley, contains signi�cant
amounts of sensitive clay and is at risk for landslides (SGI and MSB, 2021). SGU
(2020b) has produced a map for landslide-prone areas in Sweden, see �gure 1.1.
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1. Introduction

Figure 1.1: Areas with �ne-grained soils in Sweden and the varying probability for
landslides. The scale extends from red to yellow, with red being the highest risk for
landslides and yellow as the lowest risk. Grey, shaded areas are composed mainly of
glacial till or bedrock. Modi�ed from SGU (2020b).

The de�nition of quick clay varies between Sweden, Norway and Canada. The
Swedish quick-clay de�nition is that the sensitivity needs to be over or equal to 50
while the remoulded shear strength is below 0.4 kPa (Rankka, 2003). Canada has
adopted Norway's de�nition of quick clay, which is a remoulded shear strength below
0.5kPa and sensitivity above 30 (Torrance, 2013). The term sensitivity is the ratio
between the undisturbed and the fully remoulded undrained shear strength. Clays
with a sensitivity of over 30, are sensitive to strong vibrations and disturbances. This
can reduce a signi�cant part of the shear strength causing the entire microstructure
to collapse and liquefy (SGI and MSB, 2021). This property increases the probability
of failure since vibrations and disturbances due to earthquakes, in�ltration of heavy
rain and anthropogenic activities can cause pore-pressure elevation and sudden loss
of clay shear strength. As a result of this, landslides could occur.

2



1. Introduction

Sensitivity does not include an estimation of the required energy to fully remould clay
nor does it include how fast the reduction occurs (Larsson & Åhnberg, 2012). Many
clays with high sensitivity are not considered to pose a high risk of retrogressive
landslides if it is found that a signi�cant amount of energy is required to break
down the clay shear strength (Dehlbom & Lundström, 2020). Therefore sensitivity
is not always su�cient for estimating risks for the liquefaction of clay (Larsson &
Åhnberg, 2012). Other parameters are of importance when determining the risks
of liquefaction and it is also important to increase knowledge about how sensitive
clay will behave when exposed to disturbances. To get a full understanding of
disturbances and landslides in sensitive clay one must understand the mechanisms
involved in the process from an intact solid state to a remoulded �uid state.

There is some research within the area of the disintegration of clay, but few have
determined the remoulding energy to fully break down clay shear strength. In 1974,
Rolf Söderblom investigated a new approach and parameter to the classi�cation
of quick clay calledrapidity (Söderblom, 1974). The method failed to make it into
geotechnical practice, possibly because it is a largely subjective approach (Callander
and Smalley, 1984). It does not directly estimate the needed energy to completely
reduce the shear strength of clay. In 2013, Thakur and Degago (2013) states that
the remoulding energy could be a useful parameter when determining the extent of
landslides. In a master's thesis by Sundström and Waerme (2022), it is stated that
it might be of interest to determine how much energy is needed for the clay to lose
its shear strength. Most of the previous research regarding remoulding energy has
investigated Norwegian and Canadian soft-sensitive clay, but almost no research is
performed on Swedish-sensitive clay. This implies that additional investigations are
needed for Swedish clay to �ll a research gap.

Because of the widespread distribution of sensitive clays and the potentially dev-
astating and costly consequences, it is necessary to increase the geotechnical un-
derstanding of clay characteristics with respect to disturbance and shear-strength
degradation. Investigation of other possible methods is of interest and would in-
crease knowledge of sensitive clays and their characteristics. This knowledge could
contribute to lowering the uncertainties in stability calculations while introducing
more detail. It is said to be a promising approach to studying the remoulding process
of sensitive clays (Thakur et al., 2015).

Recently an investigation by Thakur (2017) was performed to evaluate the remould-
ing energy by using a �eld vane test. The approach determined the stress-vane
rotation relationship of clay using the �eld vane test based on knowledge regard-
ing clay's stress-strain relationship. The energy needed to fail and to fully remould
was then estimated by calculating the area under the vane test curve. The article
presents promising results and that the �eld vane test could be used for this purpose.
The results showed that the method was applicable to Norwegian-sensitive clays. It
further states that the method needs further tryouts to validate the results, by test-
ing di�erent in-situ conditions. Dehlbom and Lundström (2020) has suggested that
this method should be investigated on Swedish clays.

3



1. Introduction

To contribute to the research, the method suggested by Thakur et al. (2015) will
be developed and applied on southwest-Swedish clay. The investigation will include
�eld vane tests and routine analysis from piston sampling. These results will be
evaluated in terms of remoulding energy and possible correlations to soil parameters.
It will also be compared to previous research within the area.

1.1 Purpose and aim

The purpose of this thesis is to expand knowledge regarding the shear-strength
degradation properties of clay. The thesis will contribute to existing research by
providing a broader understanding of clay dynamics and a better basis for the as-
sessment of areas prone to landslides.

The aim is to investigate the required amount of energy needed to disturb clay to
a full shear-strength breakdown by looking at sensitive clay from seven di�erent
southwest-Swedish locations.

To reach the aim, the report strives to answer the following:

ˆ How much energy is needed to disturb or fully remould the shear strength of
clay estimated from �eld vane tests?

ˆ What relationships are there between the estimated energy and soil parameters
evaluated from piston sampling?

ˆ How can the remoulding energy (measured in kNm=m3) be compared to pre-
vious research?

ˆ How does the required energy for fully remoulding the shear strength vary
geographically and how can the variation be explained in geological terms?

ˆ How suitable is �eld vane testing for estimating the remoulding energy?

First, a study covering general information about the origin of clay and in more
detail about sensitive clay, especially in Scandinavia with emphasis on southwest-
ern Sweden, was conducted. A simpli�ed literature study of previous research was
performed to evaluate the existing knowledge regarding the remoulding of clay. Re-
moulding of clay using �eld vane tests was also investigated further.

To achieve the aim, data were obtained from laboratory tests and �eld tests from
seven di�erent study areas. The data were evaluated and calculations to determine
the remoulding energy were conducted. The results were then compiled and com-
pared to identify similarities and di�erences both for the di�erent study areas but
also to previous research.

4



1. Introduction

1.2 Delimitations

The thesis is limited to remoulding by �eld vane tests, no other method was investi-
gated. Geographically, the area for the investigated clays is limited to southwestern
Sweden. The soil type for this thesis is limited to sensitive clays. The groundwater
level and dry crust are not considered for this thesis. The brittleness in clay is not
taken into consideration.

Due to constraints, the study areas were not individually chosen by the researchers
but rather obtained with the assistance of collaborating companies and the academic
institution. The number of study areas investigated in this thesis was limited in
terms of time and availability. Therefore the number of study areas investigated is
seven.

The extent of analysis of the soil is limited to routine analysis. Additional analyses
are limited to what has been done for the speci�c project. Due to this, the infor-
mation from each site is limited and additional information could not be obtained.
The execution of the �eld vane test could not be a�ected.

The economic aspect is not considered when evaluating and suggesting how to mea-
sure the remoulding energy, nor it is considered when suggesting improvements.

5
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2
Sensitive clay and landslides

The following chapter presents a literature study of clays, focusing on the genesis
of clay deposits in southwestern Sweden and the post-depositional formation of clay
and quick clay. The chapter also presents the behaviour of quick clay and �ndings
from previous studies regarding remoulding energy. The behaviour of sensitive clay
during di�erent types of disturbances and previous landslide events triggered by
human activities is also presented.

2.1 Clay in southwest Sweden

Clay is a generic term for a type of soil that has generally been deposited in glacioma-
rine and lacustrine sedimentary settings (SGI, 2022b). It is a type of soil where more
than 40 percent consists of �ne soil and 40 percent of these are clay particles with a
grain size of less than 0.002 mm in diameter (Rankka et al., 2004). Clay generally
has a high water content and the main di�erence between clay and quick clay is the
relation between water content, consistency limits and activity. Quick clay occurs
in places similar to Sweden in terms of geology and climate, e.g. Norway, northern
Russia and Canada (Rankka, 2003). The research regarding quick clay and its oc-
currence has been ongoing since 1940, mainly in Sweden, Norway and Canada, and
major studies were conducted during the 50s and 60s. In 1946 Rosenqvist presented
a theory regarding quick clay (Rosenqvist, 1946). This theory discussed that the
leaching of salts in marine clay results in quick clay.

In Sweden, the existing soil types were mainly formed during and after the latest
glaciation, which ended about 10 000 years ago (SGU, 2020a). The deglaciation
took almost 12,000 years (SGU, 2020c). This is estimated from the time that the ice
began to retreat from northern Germany until the last remnants of ice disappeared
from northern Sweden. The deglaciation in Sweden together with Norway, Finland,
Canada and Russia represent areas that are characterized by the isostatic uplift
that occurred after the glaciers retreated. This has caused similarities regarding the
occurrence of quick clay (Brenner et al., 1981).

After the last glaciation, clay particles were deposited where water velocities were
low (Rankka et al., 2004). Initially, deposition occurred in glaciomarine settings,
proximal to the ice front. The sediments were formed with varying structures, de-
pending on the salinity and the concentration of particles. The deglaciation followed
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2. Sensitive clay and landslides

by the isostatic land uplift has driven the consolidation and thereby improved the
clay strength (Stevens et al., 1991). In terms of age in a geological sense, all sedi-
ments which are quick are young (Rankka et al., 2004). Since the clay was deposited
during and after the deglaciation, the clay can be found only beneath the marine
limit. The greatest part of the deposits is found at elevations which are approxi-
mately 80 percent of the marine limit.

Commonly observed stratigraphical features and sedimentary environments in the
Gothenburg area are presented in �gure 2.1. These can be used to help understand
and predict the variability of the geotechnical properties which occur (Stevens et al.,
1991). It should be noted that the �gure is strongly generalized, but usually rec-
ognizable since the considered area has a similar evolution due to the Weichselian
deglaciation. Closest to the bedrock, the layer of coarse glacial deposits occurs
(Stevens et al., 1991). This layer has a high-bearing capacity and consists of sand
and diamicton. The depth of these clay layers in the Gothenburg area is mightiest
in the valleys and can be between 50 to 100 meters deep (Bergström et al., 2022).
The following layer is glaciomarine deposits (Stevens et al., 1991). These are char-
acterized by a stratigraphic reduction of clay and water content downward, as silt
and sand lenses increase. Very-distal-glaciomarine deposits follow this layer, as seen
in �gure 2.1. This layer consists of regionally correlative deposits of �ne-grained
clays and has very high water content. These alternate with one or two intervals
with a coarser texture and a higher anisotropy. Locally, the shallow-marine deposits
are distinguished by layers of clay with a high water content that frequently occurs
alongside silty to sandy parts.
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2. Sensitive clay and landslides

Figure 2.1: Generalized stratigraphy of the Gothenburg area, modi�ed from
Stevens et al. (1991)

The isostatic uplift has changed the marine limit over time, and as for now the land
rise in the Gothenburg area is approximately 3 mm/year (Bergström et al., 2022).
The occurrence, landforms and characteristics of the Quaternary deposits re�ect the
dynamics of the ice sheet in the area. It does also re�ect the formation environment
of the soil types together with the development in the area after the glacial processes
subsided. Time is an important factor in the di�erence between the clay. Time and
thereby climate a�ects the organic content, where one clay consists of more organic
material, compared to the other one (SGU, 2020e). The older clay has been exposed
to erosion which causes a higher degree of consolidation. This results in a di�erence
majorly in terms of mineral content and particle shape. Most of the mechanical
properties are strongly a�ected by the particle size, shape and structure.

The collapse of this characteristic soil structure can either occur gradually or catas-
trophically (Stevens et al., 1991). The major key to anticipating the collapse is
knowledge regarding the leaching of the pore-water, which is due to coarser layers
in the stratigraphy, as �gure 2.1 presents. Several changes in the post-depositional
conditions could be expected to a�ect the geotechnical characteristics. Flocc ag-
gregation would increase the e�ective particle size, which results in increased per-
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2. Sensitive clay and landslides

meability, strength and density. It is most likely that the shear strength of the
clay sediment is mainly dependent upon the original �oc bonds that formed during
deposition Stevens et al. (1991).

On the west coast of Sweden, there are several events during the deglaciation that has
a�ected the sedimentation process (Larsson & Sällfors, 1995). One is the drainage
of the Baltic Ice Lake, and another is the transgression from about 9000 to 7000
years ago where the shoreline rose and the conditions for sedimentation changed
drastically. Figure 2.2 shows the change in the marine limit during the past 10000
years. After the deglaciation, the land uplift has caused the sedimentation to stop,
except for lakes and seas. Due to this, the youngest clay has only been above the
marine limit for the past days to 1000 years. This has caused variations in the
consolidation of the clay. By consolidation, the natural water content in the soil is
reduced (Larsson, 2008). A decrease in volume is caused by hydrodynamic delayed
water extrusion from the soil pores. When this process occurs the load changes from
the pore pressure to an increased e�ective stress in the soil.

Figure 2.2: Change of the marine limit in the Gothenburg area during the past
14000 years, retrieved from (SGU, 2022a)

2.2 Formation and characteristics of quick clay

In general, all clays which were deposited in salt water can become quick as a result
of leaching (Rankka et al., 2004). This is limited by the availability of fresh ground-
water, the duration of the potential leaching and conditions for seepage of water
through the clay. Factors which restrain the formation of quick clay are, according
to Rankka et al. (2004), weathering and consolidation. By weathering, ions are re-
leased which bounds to the clay particles' negatively charged surface and edges and
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thereby prevent the leaching process. This could be the reason why quick clay never
occurs in or directly beneath the dry crust. Ion composition in pore water has been
shown to be of importance for the formation of quick clay. Additionally, pH has been
shown to have an impact on the remoulded shear strength. Talme (1968) showed
that when a basic solution was added the remoulded shear strength decreased, and
when an acid solution was added the remoulded shear strength increased.

A precondition for the formation of quick clay is that the sediment consists of non-
swelling minerals with low activity (Rankka et al., 2004). In 1953 Skempton in-
troduced the term activity of clay. The activity of clay is the ratio between the
plasticity index and clay content. The leaching of salt a�ects the sensitivity, if the
saltwater in clay which origins from seawater is remoulded the clay particles can
not aggregate into larger aggregates again. This results in a reduction of the water
holding capacity, which re�ects in the liquid limit. A decrease in the undisturbed
undrained shear strength could potentially be brought on by the leaching as well.
This result also entails reducing the remoulded shear strength and increasing sensi-
tivity. Figure 2.3 presents a schematic overview of the principles for the formation
of quick clay. Varying principles are presented, dependent on where the clay was
deposited.

Figure 2.3: Principles for quick-clay formation, modi�ed from Brenner et al. (1981)
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A characteristic of quick clay is that the water content is higher than the liquid
limit, which results in the liquid behaviour of the clay (Rankka et al., 2004). The
microstructure of the clay particles has a structure which can be compared to a
house of cards. This enables the possibility for quick clay to be transformed into a
liquid state. The result of a disturbance is that the structure collapses. The collapse
results in a liquefaction of the clay and the clay is remoulded.

The speci�c behaviour of quick clay, the sudden liquefaction, can be explained using
rheological terms. The rheological properties of some soils can be compared to
�uid rheology (Zhu et al., 2017). Generally, rheology for soils can be divided into
two categories, �uid and plasticity rheology. Soft soils can be better compared to
rheology properties of �uids, and sand and more coarse soils are associated with
plasticity rheology.

Sensitive clay is a strain-softening material, once the peak shear strength is reached,
the material has a decrease in shear strength with increasing deformation. This
behaviour can be explained as shear thinning since the clay decreases in viscosity
with increasing shear stress (Zhu et al., 2017). This can be noticed during quick-
clay landslides, the clay is exposed to a critical level of stress via large deformations,
which transform the clay into a highly viscous �uid (Khaldoun et al., 2009).

Sweden, Norway and Canada are often compared due to their similar soil structure
and they have more in common than they di�er. Due to this, there is interest to
compare research from these di�erent countries. Although some di�erences should
be noted. The in�uences upon quick-clay formation vary between the countries.
Norway has groundwater �ow regimes that are well-suited for the leaching of clay
pro�les. Norway compared to Sweden has larger variations in topography and this
provides better conditions for groundwater �ow. Additionally, the fjords of Norway
provide good conditions for the clay to be deposited in calm water. Clay from eastern
Canada is generally more plastic and more over-consolidated (L'Heureux, 2012).
They also tend to have a higher normalized undrained strength in relation to vertical
e�ective stress, compared to the clay in Norway. Karlsrud et al. (1985) related this
to the cementation e�ects which occur in Canadian clay. It would therefore be
expected that the required energy to remould the Canadian clays would be higher
compared to Norweigan clays. Additionally, the Swedish clay is very similar to
Norweigan one, but there are di�erences in relief, clay mineralogy and deposition
environment.

2.3 Landslides in sensitive clay

There are di�erent types of landslides which could occur in sensitive clay, but the
two main types are stepwise and uninterrupted (Torrance, 2013). In the stepwise
landslide, enough liqui�ed debris slides away, resulting in an unstable slope, which is
unsupported due to the liqui�ed debris. This results in another failure of the slope
that lows away. For uninterrupted landslides, the velocity of the event is enough to
continue which results in a continuous series of failure slides that �ows away from
the scarp.
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A downhill progressive landslide starts in the upper part of the slope and propagates
downhill as a result of initial local instability (Bernander, 2011). Uphill progressive
slides are where the initial local instability occurs in the lower part of the slope and
then propagates uphill. Bernander (2011) states that laterally progressive slides are
when local instability occurs anywhere in a slope and propagates sideways along the
elevation contours. Additionally, the term progressive failure is sometimes stated
to be the opposite of retrogressive failure, and in other contexts, it refers to the
mechanism which leads to a retrogressive failure. The retrogressive slides refer to
the sequential retreat of the back scarp (Torrance, 2013).

The two largest known quick-clay landslides in Sweden have occurred in the Göta
älv valley, which is an area around the Göta River in southwestern Sweden. In
1950 a landslide occurred approximately 15 kilometers north of Gothenburg (SGI,
2020). Another landslide occurred in the northern part of Gothenburg in 1977, in
the district called Tuve (SGI, 2022d). For the landslide which occurred in 1950,
piledriving had been done in the slope some days before the landslide. Additionally,
a train had passed by a few minutes before the slide. The landslide in Tuve, several
factors are mentioned as causes for the slide. The exploitation of the area and the
steeply sloping rock below the clay layers are some of them. The landslide in Småröd
in 2006, Sweden, was caused by a too-large deposit of �ll masses (SGI, 2022e). There
were de�ciencies in risk assessment, communication and management that caused
the accident in 2006.

The Norweigan Geotechnical Institute reports of several landslides that have oc-
curred in quick clay (NGI, 2022). The largest known landslide until now, in Norway
occurred in 1893, Verdalsraset, and 55 million cubic meters collapsed. The latest
one, in Gjerdrum, occurred in 2020 and cost 11 people's lives (Olje- og energideparte-
mentet, 2021). These two landslides together with many more in Norway resulted
in severe consequences due to the occurrence of quick clay. According to L'Heureux
et al. (2018), 90 percent of the landslides in Norway between 2010 and 2018 were
caused due to human activity.

According to an investigation where friction piles were tested in soft sensitive clay
performed by Roy et al. (1981), the undrained shear strength in the clay close to the
pile decreased immediately after driving. The test showed that the shear strength
recovered when the produced excess pore pressures during driving dissipated, after
about 600 h. Due to the induced excess pore pressures, the article states that there
is a relationship between pile driving and changes in clay behaviour. Aas (1975)
states that the pile driving for a factory building in Drammen in 1971, caused a loss
of the safety factor, where it sank from 1.3 to 1.0. This was caused due to increased
horizontal pressure due to excess pore pressure. As a result a slide occurred and slid
out in the Drammen River.

In 1990, at Tre-styckevattnet in Sweden, a landslide was triggered due to ground
vibrations (Bernander, 2011). An embankment of the nearby highway needed ad-
ditional stability, and a berm was constructed in 1989. After about a year after
the berm was constructed, a soil layer was added to enable vegetation. During this
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construction phase, both bulldozers and vibratory rollers were used. The vibrations
created by the machines were assumed to be the trigger for the landslide. However,
the safety factor for the slope was already close to 1 in 1989, and the vibrations
were the triggering agent. Another landslide due to vibratory rollers, happened in
Norway in 2014. The landslide was triggered by the vibrations and since it was
located near the coast, a tsunami was triggered by the landslide (Norwegian Water
Resources and Energy Directorate, 2014). After this, an article investigated the
impact of vibratory rollers near sensitive soils, done by Johansson et al. (2017). The
article resulted in a recommended vibration limit for work near slopes with sensitive
clays, based on an assumed zone of in�uence of a vibratory roller.

Bernander (2011) states that existing slopes are basically stable as long as they
remain undisturbed by human activity and una�ected by signi�cant intrinsic de-
terioration phenomena. It is important to emphasize that many of the mentioned
events are connected to other triggers. According to a summarization of previous
landslides by Bernander (2011), many of the events have occurred due to a combi-
nation of heavy precipitation and some triggering agent such as pile driving, rock
blasting or earth �lls. This implies, that landslides are often due to a combination
of events and not a single activity.

A report by SGI (2022a) states that Sweden will face more precipitation and an
increase in runo� due to climate change in the future. The report further presents
how landslides and erosion will be a�ected by these climate changes. The safety
factor of slopes will decrease by an average of 18% until the year 2100. The report
also presents that Southwestern Sweden will face the highest cost consequences due
to an increase in landslides. This implies that climate change, and other triggers for
landslides, still are important factors when discussing stability.
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3
Investigations of clay behaviour

The following chapter provides a concise overview of how the behaviour of clay can
be studied using index parameters and sensitivity. Additionally, it explores various
methods for determining the remoulding energy of sensitive clay. Finally, the chapter
presents information regarding vane shear tests.

3.1 Index parameters and sensitivity

To better understand the clay properties and behaviour in geotechnical engineering,
laboratory investigations are usually performed to complement �eld investigations.
Fine-grained soils can be classi�ed by studying consistency, the content of clay and
clay minerals and water content (Larsson, 2008). Critical water contents of the soil
are determined by using Atterberg limits, also called consistency limits and these
are presented in �gure 3.1. These include liquid limit,wL , plastic limit, wp and
shrinkage limit, wS. The shrinkage limit is the highest limit of water content where
the soil volume does not change. The plastic limit is the minimum water content
for which the soil can be moulded and behave plastically. Lastly, the liquid limit is
the highest water content the soil can have before becoming liquid. This is the limit
that is most commonly used in Sweden.
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Figure 3.1: Consistency limits for soils, modi�ed from Larsson (2008)

From the liquid limit and plastic limit the plasticity index I p can be determined by
using equation 3.1. The plasticity index is the range of water content where the
�ne-grained soil remains plastic. From the plastic limit, liquid limit and natural
water content, the liquidity index I L can be determined by using equation 3.2. The
liquidity index is always larger than 1 for quick clays (Dehlbom & Lundström, 2020).
Kenney (1976) studied Norwegian and Canadian clays and saw that there is a linear
correlation between the liquidity index and the logarithm of sensitivity. This linear
correlation was also found for Swedish clays (Larsson & Åhnberg, 2012).

I p = wL � wp (3.1)

I L =
wn � wp

wL � wp
(3.2)

Previous investigations by Tavenas et al. (1983) showed that the more plastic the clay
is, the less remoulding energy is needed to decrease its shear strength. This implies
that the plastic limit is an interesting parameter when discussing and studying the
energy needed to remould clay. However, in Sweden, this parameter is not so often
determined since it is varying too little for Swedish clays (Dehlbom & Lundström,
2020). Instead, liquid limit is usually used and is considered a more important
parameter when studying di�erent correlations.

Instead of using the plastic limit, Sweden sometimes uses a quasi-liquidity index
which is the ratio of the natural water content and liquid limit (Dehlbom & Lund-
ström, 2020). The quasi-liquidity index is usually more than 1.1 when the sensitivity
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is over 50 and therefore it can be used to indicate quick clay. However, it is not
enough reliable to map and determine quick clay.

Another parameter important for the understanding of clay behaviour is sensitivity.
In Sweden, the sensitivitySt is determined with equation 3.3, withcu as undrained
shear strength andcur as remoulded shear strength. A soil's sensitivity is then
de�ned according to the criteria listed in table 3.1.

St =
cu

cur
(3.3)

Table 3.1: Swedish sensitivity de�nitions of soil

Classi�cation Criteria
Low sensitivity St < 8
Medium sensitivity 8 � St < 30
Very high sensitivity St � 30
Quick clay St � 50 andcur � 0.4 kPa

There are several methods to determine the sensitivity of clay. In Sweden, the most
common approach is to use the fall cone test (Dehlbom & Lundström, 2020). The
undrained undisturbed and remoulded shear strength is measured from piston sam-
ples. To get the remoulded shear strength, the sample is stirred until no lower shear
strength can be obtained. Other methods have also been investigated for the deter-
mination of sensitivity, like sounding methods and using resistivity measurements
(Rankka et al., 2004).

One of these other methods to determine the sensitivity is to perform a vane shear
test, either in situ or on samples in a laboratory. Firstly, a vane shear test is
performed to measure the undisturbed undrained shear strength. The vane is then
recommended, according to the Swedish standard, to rotate at least 10 rotations
(SiS, 2020). Then the remoulded shear strength is measured. However, both �eld
and laboratory vane shear tests have shown underestimated results of sensitivity
in comparison to di�erent methods (Eden & Kubota, 1961). The vane shear tests
are also limited due to that low shear strength values can not be determined with
enough accuracy.

The T-bar penetration test is another possible method to determine the sensitivity.
The test works similarly to the cone penetration tests, but the conical tip is replaced
with a T-bar. The T-bar tip can be used to study how the soil is deforming by
running the tip up and down, usually 10 times, at a certain depth and studying the
changes in resistance. Yafrate et al. (2009) investigated how the sensitivity can be
predicted from a T-bar penetration test using equation 3.4, withqin and qrem as
initial and remoulded penetration resistance.

St (Tbar) =
qin

qrem

1:4
(3.4)
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3.2 Remoulding energy

Söderblom (1969) presents a theory of the in�uence of salt on the sensitivity of
quick clay. The paper also covers some aspects and theories of quick clay and
its formations. 5 years later,New Lines in Quick Clay Researchis presented by
Söderblom (1974). In this paper, two types of quick clays are mentioned, rapid quick
clay and slow quick clay. These terms refer to the amount of work needed to break
down the clay structure. Söderblom (1983) states inStudies of the Rapidity Number
that a new parameter is needed to describe the quick clay when it requires high
remoulding energy. The parameter is suggested to be the remoulding work, and it is
also stated by Professor Rehbinder in Stockholm in 1970 that experiments regarding
this have been conducted in USSR. But for this experiment, no measurements and
equipment were to be found.

According to Söderblom (1974) it is not necessary to get an absolute value for the
remoulding energy, a relative number would be su�cient. Therefore, he suggests
using the term rapidity as a parameter for quick clay. Söderblom investigated the
rapidity by using Casagrandés liquid limit device. A sample of clay where set into
the bowl and then after 250 percussions one would determine a rapidity number,
dependent on the visual e�ect and deformation of the sample. The scale for the
rapidity number is between 1 and 10, where 1 is thought to be the most stable one,
and 10 is the most fragile, rapid one. By Söderblom (1974) it is suggested that
a rapidity of 8 or more, together with a sensitivity of at least 50 would be a new
de�nition of quick clay. The suggested method failed to make it into geotechnical
practice, possibly because it is a largely subjective approach and does not directly
estimate the needed energy to completely remould the shear strength of clay (Callan-
der and Smalley, 1984). Furthermore, Callander and Smalley (1984) states that the
measurement is unsuitable in its present form for Canadian soils due to the strong
inter-particle cementation of these.

Since then, researchers have been studying to �nd a concept on how to determine
the remoulding energy. Research has shown that the remoulding energy can be
estimated with di�erent approaches such as laboratory, �eld, and empirical methods
(Thakur, 2017). Several methods have been tested for the estimation of remoulding
energy for landslides and how to simulate the energy of the processes that occur in
a landslide. The energy required to completely remould sensitive clay is referred to
as remoulding energy. The term refers to the process of remoulding and not only
to the remoulding that results in a landslide. However, the term is not established
and can therefore go by the name of disaggregation energy, disintegration energy,
degradation energy or strain energy as well.

3.2.1 Laboratory methods

In an article by Tavenas et al. (1983), several laboratory tests were performed to
estimate the remoulding energy in sensitive clay. Seven di�erent Canadian sensitive
clays were tested using four methods described as free fall, impact, extrusion, and
simple shear. In the fall test, clay specimens were rolled from di�erent heights of an

18



3. Investigations of clay behaviour

inclined board. The remoulding energy was therefore considered to be equal to the
potential energy. The impact test was performed by dropping an aluminium ram on
the specimens. Similarly, the potential energy of the aluminium ram was considered
to be equal to the remoulding energy, using the weight of the ram and the drop
height. The third test, extrusion, used an apparatus where the clay specimens were
forced through a conical �le. The energy applied to the sample was considered to
be the extrusion force. The last test, shearing, used a simple shear box where the
shear deformations were created by oscillating the sides. The force for oscillation
was measured and considered equal to the remoulding energy.

The results of how much energy is needed depend on the degree of remoulding also
called the remoulding index (Tavenas et al., 1983). The remoulding index is de�ned
as the ratio between (cup � cux ) and (cup � cur ) and ranges between 0 and 1, from
fully intact to fully remoulded. The ratio for de�ning the index includes cux which is
the undrained shear strength betweencup and cur . For all tests, fall cone tests were
used to determine the intact, partly remoulded and remoulded shear strength. Also,
the article presents that the remoulding energy seemed to be non-uniform within
the sample, and a recommendation for de�ning average energy per unit volume was
made. The remoulding energy was also normalized using equation 3.5, withWN as
the normalized energy and� 0

p as pre-consolidation pressure.

WN =
Energy per unit volume

0:013� 0
p

(3.5)

The results for the most sensitive clay from all tests can be seen in �gure 3.2. The
method that required the highest amount of energy for remoulding turned out to
be the extrusion, however, the friction probably contributed to an overestimation
of the energy (Tavenas et al., 1983). The report concludes that the test of simple
shear was generally the most suitable method. However, some limitations with the
shearing test were found. No correction was done for the friction and variations in
water content could not be avoided.
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Figure 3.2: Results for remoulding energy from all performed tests on the St-
Thurbie clay 12 m, modi�ed from Tavenas et al. (1983)

3.2.2 Analytical approaches

When a landslide in sensitive clay occurs, the change in potential energy is equal to
the strain energy needed to remould the soil and the energy in the slide movement
(Thakur et al., 2017). This is explained using an analytical approach and the equa-
tion 3.6, where�E P is the potential energy,�E R the remoulding energy and�E K

is the frictional and kinetic energy.

�E P = �E R + �E K (3.6)

Based on the results performed by Tavenas et al. (1983), a pragmatic approach using
equation 3.7 was proposed by Leroueil et al. (1996) to calculate the remoulding
energy. This approach was later validated by using data from 22 Canadian-sensitive
clay landslides by Locat et al. (2008).

�E R = 16CupI P (3.7)

The article by Thakur and Degago (2013) de�nes how to estimate the remoulding
energy using equation 3.8. This function is represented as area B in �gure 3.3. The
curve represents the idealised behaviour of sensitive clay, �rst elastic hardening and
then strain-softening behaviour. The graph presents shear stress� vs shear strain

 with cup and cur as undrained shear strength at peak and residual states. This
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analytical solution was validated by using data from 18 Norwegian-sensitive clay
landslides.

E R = cur (
 r � 
 p) +
1
2

(cup � cur )( 
 r � 
 p) (3.8)

Figure 3.3: Idealised stress-strain behaviour of sensitive clays, area B representing
the remoulding energy, modi�ed from Thakur and Degago (2013)

This de�nition of remoulding energy takes several factors into account, such as the
undrained shear strength, the strain softening indexn (n = 
 r


 p
) and the strain

at the fully disintegrated state (Thakur et al., 2017). The de�nition then implies
that a single parameter or factor, such as sensitivity, is not su�cient to estimate or
correctly de�ne the ability of sensitive clay to remould. The article also presents
that other parameters could a�ect the remoulding energy, for example, plasticity
index and liquid limit.

3.2.3 In-situ approaches

In addition to analytical and laboratory approaches, the remoulding energy can also
be estimated from in-situ tests (Thakur et al., 2015). In a study performed by
Thakur et al. (2015) the remoulding energy was estimated in situ, using an electric
vane shear apparatus. They performed tests on three low plastic-sensitive soft clays
in central Norway, which were the Tiller, Klett and Fallan clay. The in-situ �eld
vane test can interpret the stress-strain behaviour of sensitive clays and by using
equation 3.9, calculate the shear stress (Thakur et al., 2015). The equation includes
Ttot , which is the total torque andD which is the diameter of the vane. The article
assumes thatTtot per unit volume is equivalent to remoulding energy.

� =
6
7

Ttot

�D 3
(3.9)
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The test used a vane with a diameter of 65 mm and a height of 135 mm. Contin-
uous measuring was taken while the vane rotated to360� , about 7.4-8.5 m below
ground surface (Thakur et al., 2015). The interpreted results were based on a set
of assumptions, such as that soil was undrained, isotropic strength conditions, no
progressive failure and that the failure surface was of cylindrical shape. During the
test, the investigators encountered some limitations, the undrained shear strength
did not change after a rotation of90� and therefore, the results were extrapolated
by using a linear extrapolation after90� . The results were compared with previous
investigations, such as the former mentioned Canadian laboratory data, the empiri-
cal correlation and the analytical solution and these results can be seen in �gure 3.4
(Locat et al., 2008; Tavenas et al., 1983; Thakur & Degago, 2013). The comparison
showed that the new data were in a similar range and trend as previous results. The
graph also presents that Canadian-sensitive clays seem to require more energy to
fully remould.

Figure 3.4: Comparison of the electric �eld vane test results and previous �ndings,
modi�ed from Thakur et al. (2015)

3.3 Implementation of vane shear tests

The vane shear test is most commonly used to determine the undrained shear
strength of clay. As previously explained, the vane shear test can be used for both
the determination of sensitivity and remoulding energy. A typical �eld vane test
result can be seen in �gure 3.5.
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Figure 3.5: Result from a typical �eld vane test, with rod friction included

The vane shear test used today is similar to the vane borer invented in 1947 by
Lyman Cadling (Cadling & Odenstad, 1950). The invention was investigated in a
report which also states that the vane borer can be used to obtain the remoulded
shear strength. However, this invention was not the �rst one, investigations for vane
shear tests started already during the 1930s'.

The vane shear test is a relatively simple and quick test for measuring the shear
strength of soils (Dehlbom & Lundström, 2020). However, it is only applicable to
clay. The vane shear test can accurately measure the shear strength of the soil and
provide data on its resistance to deformation and changes in structure. The test is
also a cost-e�ective method of determining the shear strength compared to other
laboratory tests.

It should be noted that there are several factors that could in�uence the results of
�eld vane shear tests. This could be, among other things, vane dimension, instal-
lation, time, mode of failure, rod friction and local pore pressure drainage (Thakur
et al., 2015). A discussed problem with the vane shear test is the disturbance to
the soil during the insertion of the vane into the soil. It is known that the vane
installation causes both remoulding and changes in stresses both directly and with
time. Especially when testing high-sensitive clay and quick clay that is sensitive to
small disturbances. Torstensson (1973) states that the rotational speed is a�ecting
the peak of the curve. It is shown that the peak gets less de�ned with a decreasing
rotational speed. Thereby the result is a�ected on the rotational speed used for the
tests. The Swedish standard does not specify a speed but suggests in what time
span the failure should be reached (SiS, 2020). It is suggested that the time to
failure should be within 1 to 3 minutes, with 2 minutes as the reference value. The
time is de�ned as when the vane is activated until the failure is reached.
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3. Investigations of clay behaviour

Field vane tests in Norway are conducted similarly to the Swedish standard. The
following is a guidance from Statens vegvesen (2021) for how �eld vane tests should
be conducted in Norway. When the vane has been pushed down to the desired
depth it should be at least 2 minutes before the test is started, but no more than 5
minutes. Then the vane is turned until failure is reached, with a rotational speed of
about 0:2� per second. The failure should be obtained within 1 to 3 minutes. From
this, a maximal shear strength will be obtained. The remoulded shear strengths
are measured after 25 turns by hand are conducted. Thereafter the vane is turned
90 degrees and a remoulded shear strength is noted. Then the vane is turned 4
turns by hand and the shear strength is measured again after 90 degrees. This is
repeated once more and the lowest obtained value from the 3 measurements is set
to be the remoulded shear strength. The major di�erence between the Norweigan
and the Swedish vane shear test is that Norway has a suggested rotational speed.
Additionally, Norway also measures the remoulded shear strength several times to
limit uncertainties and get the absolute lowest shear strength. From SiS (2020)
which Sweden uses it is just stated to measure the remoulded shear strength. It
does not suggest multiple measurements of the remoulded shear strength as the
Norwegian does (Statens vegvesen, 2021).
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4
Methodology

To investigate the remoulding energy in sensitive clay using �eld vane tests, a series
of �eld vane tests were conducted. These results were supplemented with data from
previously performed �eld vane tests. Some of the �eld vane tests were improved to
generate a more accurate stress-strain relationship for sensitive clay. The improve-
ments involved rotating the vane until no further changes in the measurements of
undrained shear strength were observed. However, it was not expected for the clay
to reach a completely remoulded state during the initial rotation due to possible
drainage of excess pore water pressure. Furthermore, the improved tests were also
conducted with a remoulded approach, which will be further detailed in the subse-
quent �eld vane test chapter. Additionally, the results were compared and evaluated
with results from laboratory tests. The standards used during the laboratory tests
can be seen in table 4.1.

Table 4.1: The Swedish standards used during laboratory test

Test Standard Source
Visual classi�cation SS-EN ISO 14688-1, -2 SiS (2018a)
Bulk density SS-EN ISO 17892-2:2014 SiS (2014b)
Water content SS-EN ISO 17892-1:2014 SiS (2014a)
Liquid limit SS-EN ISO 17892-12:2018 SiS (2018b)
Fall cone test SS-EN ISO 17892-6:2017 SiS (2017)

Study visits were done to observe and gain practical knowledge about �eld vane
tests. Additionally, routine-analysis results obtained from a commercial laboratory
were utilized. The routine analyses were performed on piston samples, including
determining density, water content, liquid limit and sensitivity using the fall cone
test. The results were used for correlating the remoulding energy results to the index
parameters.

4.1 Study areas

The study areas investigated were primarily chosen to represent the geological envi-
ronment of southwestern Sweden. This was done to relate the results to a broader
context, by studying clay with di�erent properties from a range of depths. The
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