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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 fluxes, 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 significant
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 figure 1.1.
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1. Introduction

Figure 1.1: Areas with fine-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. Modified from SGU (2020b).

The definition of quick clay varies between Sweden, Norway and Canada. The
Swedish quick-clay definition 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 definition 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 significant 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, infiltration 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.
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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 significant amount of energy is required to break
down the clay shear strength (Dehlbom & Lundström, 2020). Therefore sensitivity
is not always sufficient 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 fluid 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 classification
of quick clay called rapidity (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 fill 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 field vane test. The approach determined the stress-vane
rotation relationship of clay using the field 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 field 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 different in-situ conditions. Dehlbom and Lundström (2020) has suggested that
this method should be investigated on Swedish clays.
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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
field 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 different
southwest-Swedish locations.

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

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

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

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

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

• How suitable is field 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 simplified literature study of previous research was
performed to evaluate the existing knowledge regarding the remoulding of clay. Re-
moulding of clay using field vane tests was also investigated further.

To achieve the aim, data were obtained from laboratory tests and field tests from
seven different 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 differences both for the different study areas but
also to previous research.

4



1. Introduction

1.2 Delimitations
The thesis is limited to remoulding by field 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 specific project. Due to this, the infor-
mation from each site is limited and additional information could not be obtained.
The execution of the field vane test could not be affected.

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 findings
from previous studies regarding remoulding energy. The behaviour of sensitive clay
during different 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 fine 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 difference 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

7



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 figure 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 figure 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 figure 2.1. This layer consists of regionally correlative deposits of fine-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, modified 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 reflect the
dynamics of the ice sheet in the area. It does also reflect 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 difference between the clay. Time and
thereby climate affects 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 difference
majorly in terms of mineral content and particle shape. Most of the mechanical
properties are strongly affected 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 figure 2.1 presents. Several changes in the post-depositional
conditions could be expected to affect the geotechnical characteristics. Flocc ag-
gregation would increase the effective particle size, which results in increased per-
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meability, strength and density. It is most likely that the shear strength of the
clay sediment is mainly dependent upon the original floc bonds that formed during
deposition Stevens et al. (1991).

On the west coast of Sweden, there are several events during the deglaciation that has
affected 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 effective 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 affects 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 reflects 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, modified 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 specific behaviour of quick clay, the sudden liquefaction, can be explained using
rheological terms. The rheological properties of some soils can be compared to
fluid rheology (Zhu et al., 2017). Generally, rheology for soils can be divided into
two categories, fluid and plasticity rheology. Soft soils can be better compared to
rheology properties of fluids, 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 fluid (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 differ. Due to this, there is interest to
compare research from these different countries. Although some differences should
be noted. The influences upon quick-clay formation vary between the countries.
Norway has groundwater flow regimes that are well-suited for the leaching of clay
profiles. Norway compared to Sweden has larger variations in topography and this
provides better conditions for groundwater flow. 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
effective stress, compared to the clay in Norway. Karlsrud et al. (1985) related this
to the cementation effects 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 differences in relief, clay mineralogy and deposition
environment.

2.3 Landslides in sensitive clay
There are different 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 liquified debris slides away, resulting in an unstable slope, which is
unsupported due to the liquified 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 flows 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 fill masses (SGI, 2022e). There
were deficiencies 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 influence of a vibratory roller.

Bernander (2011) states that existing slopes are basically stable as long as they
remain undisturbed by human activity and unaffected by significant 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 fills. 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 runoff due to climate change in the future. The report further presents
how landslides and erosion will be affected 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 field investigations.
Fine-grained soils can be classified 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 figure 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, modified from Larsson (2008)

From the liquid limit and plastic limit the plasticity index Ip can be determined by
using equation 3.1. The plasticity index is the range of water content where the
fine-grained soil remains plastic. From the plastic limit, liquid limit and natural
water content, the liquidity index IL 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).

Ip = wL − wp (3.1)

IL = 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 different 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 sensitivity St is determined with equation 3.3, with cu as undrained
shear strength and cur as remoulded shear strength. A soil’s sensitivity is then
defined according to the criteria listed in table 3.1.

St = cu

cur

(3.3)

Table 3.1: Swedish sensitivity definitions of soil

Classification Criteria
Low sensitivity St < 8
Medium sensitivity 8 ≤ St < 30
Very high sensitivity St ≥ 30
Quick clay St ≥ 50 and cur ≤ 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 field
and laboratory vane shear tests have shown underestimated results of sensitivity
in comparison to different 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, with qin 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 influence 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 Research is 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 in Studies 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 sufficient. Therefore, he suggests
using the term rapidity as a parameter for quick clay. Söderblom investigated the
rapidity by using Casagrande´s 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 effect 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
definition 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 find a concept on how to determine
the remoulding energy. Research has shown that the remoulding energy can be
estimated with different approaches such as laboratory, field, 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 different 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 different 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 file. 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 defined
as the ratio between (cup − cux) and (cup − cur) and ranges between 0 and 1, from
fully intact to fully remoulded. The ratio for defining the index includes cux which is
the undrained shear strength between cup 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 defining average energy per unit volume was
made. The remoulding energy was also normalized using equation 3.5, with WN as
the normalized energy and σ′

p as pre-consolidation pressure.

WN = Energy per unit volume

0.013σ′
p

(3.5)

The results for the most sensitive clay from all tests can be seen in figure 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, modified 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 ∆EP is the potential energy, ∆ER the remoulding energy and ∆EK

is the frictional and kinetic energy.

∆EP = ∆ER + ∆EK (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).

∆ER = 16CupIP (3.7)

The article by Thakur and Degago (2013) defines how to estimate the remoulding
energy using equation 3.8. This function is represented as area B in figure 3.3. The
curve represents the idealised behaviour of sensitive clay, first elastic hardening and
then strain-softening behaviour. The graph presents shear stress τ vs shear strain
γ with cup and cur as undrained shear strength at peak and residual states. This

20



3. Investigations of clay behaviour

analytical solution was validated by using data from 18 Norwegian-sensitive clay
landslides.

ER = cur(γr − γp) + 1
2(cup − cur)(γr − γp) (3.8)

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

This definition of remoulding energy takes several factors into account, such as the
undrained shear strength, the strain softening index n (n = γr

γp
) and the strain

at the fully disintegrated state (Thakur et al., 2017). The definition then implies
that a single parameter or factor, such as sensitivity, is not sufficient to estimate or
correctly define the ability of sensitive clay to remould. The article also presents
that other parameters could affect 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 field
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 and D which is the diameter of the vane. The article
assumes that Ttot per unit volume is equivalent to remoulding energy.

τ = 6
7

Ttot

πD3 (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 to 360◦, 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 of 90◦ and therefore, the results were extrapolated
by using a linear extrapolation after 90◦. 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 figure 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 field vane test results and previous findings,
modified 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 field vane test
result can be seen in figure 3.5.
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Figure 3.5: Result from a typical field 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 first 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-effective method of determining the shear strength compared to other
laboratory tests.

It should be noted that there are several factors that could influence the results of
field 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 affecting
the peak of the curve. It is shown that the peak gets less defined with a decreasing
rotational speed. Thereby the result is affected 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 defined as when the vane is activated until the failure is reached.
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Field vane tests in Norway are conducted similarly to the Swedish standard. The
following is a guidance from Statens vegvesen (2021) for how field 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 difference 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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To investigate the remoulding energy in sensitive clay using field vane tests, a series
of field vane tests were conducted. These results were supplemented with data from
previously performed field vane tests. Some of the field 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 field 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 classification 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 field 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 different properties from a range of depths. The

25



4. Methodology

selection was further based on available data from field vane tests and laboratory
results. Additionally, the choice of study areas was influenced by the availability
of geological data and supplementary information necessary to address the research
questions. This selection process ensured that the chosen locations provided suitable
conditions and data for investigating remoulding energy in sensitive clay.

The data utilized for all study areas was a combination of previously conducted
field vane tests and laboratory tests with newly acquired data. The study areas
were further divided into two groups: one with data from field vane tests performed
according to standard procedures, and the other group with data from improved
field vane tests.

4.2 Field vane test
The field vane shear test was conducted according to the Swedish standard (SiS,
2020). To enable the tests, dry crust and filling were pre-drilled. Then the test was
performed at least five times the diameter of the pre-drilled hole below the bottom
of the hole. The vane consists of four rectangular blades, 65 x 130mm, fixed at a
90◦ positioned to each other, see figure 4.1.

Figure 4.1: Vane used during field vane test

The vane was pushed down to the desired depth with a constant speed of less than
1 m/min. The test was performed about 2-5 minutes after reaching the intended
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depth. The time interval considered is from the activation of the vane until the
peak is reached. The time to failure should be within 1 to 3 minutes, with 2 minutes
as the reference value. The electric field vane test is equipped with a slip coupling
which measures the friction from the rod.

As explained in the previous chapter 3.2.3 regarding remoulding energy, Thakur
et al. (2015) states that the total torque per unit volume retrieved in the vane shear
test is equivalent to the remoulding energy of the clay. The equation 3.9 can be
written as equation 4.1 to determine the undrained shear strength from the field
vane test. The peak shear strength was retrieved from the test by measuring the
maximum torque.

cup = 6
7

Ttot,max

πD3 (4.1)

To get the remoulded shear strength, the measuring equipment was detached. The
vane was then quickly rotated 20 turns to remould the clay. The vane was then
turned counterclockwise a short distance (about 15 degrees) so that the slip coupling
engages. The measuring equipment was then reattached and the remoulded shear
strength was determined.

It should be noted that it is not possible to ensure that the tests performed at the
study areas were conducted according to the Swedish standard (SiS, 2020).

4.3 Estimation of the energy
After collecting all the data from the performed and previous vane shear tests,
the data was evaluated. Vane shear tests conducted at specific depths, along with
corresponding routine analysis of the clay, were selected for further analysis. The
field vane tests used for the estimation of energy are presented in Appendix A.
Firstly, all the results from the field vane tests were extracted by rod friction by
estimating the friction at each depth. Since most of the selected tests stopped after a
distinct peak was reached, the data had to be extended through linear extrapolation.
This extrapolation technique was also applied to the improved tests to accurately
model a stress-radial displacement curve. The extrapolation was performed from the
tail end of the graph with the same slope until the remoulded shear strength was
reached, as illustrated in figure 4.2. Most of the tests did not involve a remoulding
phase, so these were supplemented with the remoulded shear strength measured
from the fall cone test.
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Figure 4.2: Extrapolation approach of a vane shear test, marked area A as limit
state energy and area B as remoulding energy

After the extrapolation, the areas under the curves were calculated. As shown in
figure 4.2, area A up to the peak is referred to as the limit state energy, while area
B after the peak represents the remoulding energy. The total amount of energy is
then the sum of the two areas. The calculated remoulding energy was normalized
following a similar approach as explained in the previous chapter (3.2.1). However,
in this case, the remoulding energy was normalized using the limit state energy, as
given by equation 4.2.

WN = Disintegration energy

WLS

(4.2)

Due to differences in the field vane tests, two different types of results were generated,
and thus they required slightly different processing approaches. The standard field
vane tests were typically stopped after reaching the peak shear strength, which
necessitated additional extrapolation. As a result, the calculated areas for these
tests may have a lower level of reliability compared to the tests that were improved
with a more extended stress-radial displacement curve.

These results were then correlated to the results from the routine analyses, by per-
forming a statistical analysis with the statistical software SPSS Statistics. The
calculated energies were correlated using Pearson correlation to the index parame-
ters. Furthermore, in one of the study areas, the plastic limit was obtained. From
this data, the plasticity index could be calculated by using equation 3.1. Which was
used for comparison with previous research findings.
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The following chapter presents the geology and a summary of the soil properties
from the different study areas. Coordinates for the investigated boreholes are also
presented, using the coordinate systems SWEREF 99 12 00 and RH2000. A map
presenting an overview of the study areas in southwest Sweden can be seen in figure
5.1. A summary of all study areas and methods can be seen in table 5.1. In this
table, the standard method refers to the Swedish standard used to conduct the
field vane tests (SiS, 2020). Whereas the improved one implies that the vane was
turned until there was no visible change in shear strength. Everything else was
conducted according to the Swedish standard (SiS, 2020). It should be noted that
in the following chapter when the sensitivity is presented, it is determined from the
fall cone test.

Table 5.1: Presenting the investigated study areas

Study area Type of field vane test
Kastellegården, Kungälv Standard
Kärra, Gothenburg Improved
Nobelplatsen, Gothenburg Improved
Anneberg, Kungsbacka Improved
Varla, Kungsbacka Standard
Kungsbackaån, Kungsbacka Standard
Svinholmen, Kungsbacka Standard
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Figure 5.1: Map of western Sweden, with the investigated study areas marked out
(SGU, 2022b)

Figure 5.2 presents the marine limit of 13000 calender years before present. From
this, it can be seen that all the investigated study areas were below the marine limit.
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Figure 5.2: The paleogeographic situation of the marine limit 13000 cal. BP in
western Sweden, retrieved from (SGU, 2022a)

The marine limit 7000 years calendar years before the present is presented in figure
5.3, timewise to the postglacial marine transgression seen in figure 2.2. Here it can
be seen that Nobelplatsen is above the shoreline at the time.
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Figure 5.3: The paleogeographic situation of the marine limit 7000 cal. BP in
western Sweden, retrieved from (SGU, 2022a)

Lastly, figure 5.4 presents the marine limit of today. From this figure, it can be seen
that all of the study areas are above the shoreline.
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Figure 5.4: The paleogeographic situation of the present marine limit year in
western Sweden, retrieved from (SGU, 2022a)

5.1 Kastellegården, Kungälv
Kastellegården is located north of Gothenburg in the municipality of Kungälv. In
figure 5.5 the location of the borehole can be seen, together with the soil layers.
According to the laboratory results the soil mainly consists of silty clay. The tests
were conducted on the 14th of Mars 2023. Additionally, piston samples for routine
analysis at the laboratory were taken in borehole NC3. The results from these can
be seen in table 5.2. Table 5.3 presents the coordinates for the borehole.
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Figure 5.5: Geology of Kastellegården, Kungälv, with borehole NC903 marked
out, retrieved from (SGU, 2020d)

Table 5.2: Laboratory results from Kastellegården, borehole NC903

Depth w [%] wL [%] St cur[kPa] cu[kPa]
(not corrected)

3 55 40 36 0.55 20
4 63 56 28 0.62 17
5 65 53 32 0.59 19
6 59 51 30 0.62 19
7 61 47 37 0.55 21

Table 5.3: Presenting the coordinates for borehole NC903

Borehole Method X Y Z
NC903 Vane 6414371.7228 146257.9182 1.0498
NC903 Piston 6414371.7228 146257.9182 1.0498

5.2 Kärra, Gothenburg
The study area Kärra is located north of Gothenburg, next to Göta River in the
municipality of Gothenburg. In figure 5.6 the location for the borehole can be seen,
together with the soil layers. The tests were conducted on the 2th of May 2023.
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Additionally, piston samples for routine analysis at the laboratory were taken at the
site. The results from these be seen in table 5.4. Table 5.5 presents the coordinates
for the borehole. Soil classification from the piston samples was not determined.

Figure 5.6: Geology of Kärra, Gothenburg, with borehole CH1 marked out, re-
trieved from (SGU, 2020d)

Table 5.4: Laboratory results for Kärra, borehole CH1

Depth w [%] wL [%] wP [%] St cur[kPa] cu[kPa]
(not corrected)

2 97 78 30 8 1.45 12
4 89 76 29 12 0.90 10
6 81 76 26 7 1.50 10
8 76 74 31 6 1.97 13
10 72 73 29 9 2.37 23
12 65 68 24 10 2.69 24
15 85 78 27 12 1.57 19
20 64 68 23 14 2.01 28
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Table 5.5: Presenting the coordinates for borehole CH1

Borehole Method X Y Z
CH1 Vane 6410351.371 150530.404 1
CH1 Piston 6410351.371 150530.404 1

5.3 Nobelplatsen, Gothenburg
The site Nobelplatsen is located in the centre of Gothenburg. The site mainly
consists of silty clay but there are some sand lenses throughout the layers. In figure
5.7 the location of the boreholes can be seen, together with the soil layers. The tests
were conducted 5th of April 2023. Additionally, piston samples for routine analysis
at the laboratory were taken in borehole NC3. The results from these can be seen
in table 5.6. Table 5.7 presents the coordinates for the boreholes.

Figure 5.7: Geology of Nobelplatsen, Gothenburg, with borehole NC2 and NC3
marked out, retrieved from (SGU, 2020d)

Table 5.6: Laboratory results for Nobelplatsen, borehole NC3

Depth w [%] wL [%] St cur[kPa] cu[kPa]
(not corrected)

4 45 45 25 0.79 20
6 44 43 18 1.13 20
7 43 43 22 1.3 28
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Table 5.7: Presenting the coordinates for the boreholes

Borehole Method X Y Z
NC2 Vane 6399462.9984 150360.1445 19.6333
NC3 Piston 6399457.1050 150362.8965 19.6055

5.4 Anneberg, Kungsbacka
Anneberg is an area located south of Gothenburg in the municipality of Kungs-
backa. In figure 5.8 the location of the boreholes can be seen, together with the
soil layers. The vane tests were conducted 20th of June 2019. From the laboratory
test, it is stated that the soil layers mainly consist of silty clay and gyttja silty clay.
Additionally, piston samples for routine analysis at the laboratory were taken in
borehole 1801M. The results from these can be seen in table 5.8. Table 5.9 presents
the coordinates for the borehole.

Figure 5.8: Geology of Anneberg, Kungsbacka, with borehole 1801M marked out,
retrieved from (SGU, 2020d)
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Table 5.8: Laboratory results for Anneberg, borehole 1801M

Depth w [%] wL [%] St cur[kPa] cu[kPa]
(not corrected)

7 81 69 61 0.21 13
11 78 70 105 0.21 22
20 67 74 219 0.17 37

Table 5.9: Presenting the coordinates for the borehole in Anneberg, Kungsbacka

Borehole Method X Y Z
1801M Vane 6380067.772 156290.129 6.347
1801M Piston 6380067.772 156290.129 6.347

5.5 Varla, Kungsbacka
The study area Varla is located south of Gothenburg in the municipality of Kungs-
backa. In figure 5.9 the location for the borehole can be seen, together with the soil
layers. From the routine analysis, it can be seen that the site contains gyttja clay.
The field vane tests were conducted at 20th of February 2023. Additionally, piston
samples for routine analysis at the laboratory were taken in borehole NC206. The
results from these can be seen in table 5.10. Table 5.11 presents the coordinates for
the borehole.
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Figure 5.9: Geology of Varla, Kungsbacka, with borehole NC201 and NC206
marked out, retrieved from (SGU, 2020d)

Table 5.10: Laboratory results for Varla, borehole NC206

Depth w [%] wL [%] St cur[kPa] cu[kPa]
(not corrected)

4 88 90 13 1.24 16
5 87 82 17 0.96 16
6 93 88 14 1.04 15
7 94 86 22 0.89 19
8 88 88 12 1.5 18

Table 5.11: Presenting the coordinates for the boreholes

Borehole Method X Y Z
NC201 Vane 6376393.3419 1154224.7723 2.4492
NC206 Piston 6376360.6445 154377.8231 3.6106
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5.6 Kungsbackaån, Kungsbacka
The study area Kungsbackaån is located south of Gothenburg in the municipality
of Kungsbacka. In figure 5.10 the location for the borehole can be seen, together
with the soil layers. According to the laboratory results the soil mainly consists of
gyttja clay, gyttja silty clay and silty clay. The tests were conducted on the 12th of
Mars 2023. Additionally, piston samples for routine analysis at the laboratory were
taken in borehole NC2301. The result from these can be seen in table 5.12. Table
5.13 presents the coordinates for the borehole.

Figure 5.10: Geology of Kungsbackaån, Kungsbacka, with borehole NC2301
marked out, retrieved from (SGU, 2020d)

40



5. Study areas

Table 5.12: Laboratory results for Kungsbackaån, borehole NC2301

Depth w [%] wL [%] St cur[kPa] cu[kPa]
(not corrected)

3 101 83 18 0.55 10
4 96 85 18 0.71 13
5 97 87 18 0.89 16
6 95 86 15 0.96 14
7 92 84 17 0.96 17
8 93 92 12 1.36 16
10 83 87 12 1.66 19
12 82 84 14 1.85 26
15 78 85 11 2.34 27
18 75 76 17 1.50 26
20 75 76 18 1.85 33

Table 5.13: Presenting the coordinates for borehole

Borehole Method X Y Z
NC2301 Vane 6373481.0340 154452.2960 1.3380
NC2301 Piston 6373481.0340 154452.2960 1.3380

5.7 Svinholmen, Kungsbacka
Svinholmen is an area located south of Kungsbacka. Some of the area has previously
been used as a landfill. The site mainly consists of clay, as seen in figure 5.11. From
the laboratory results it is stated that at a depth between 9 and 20 meters, there is
gyttja silty clay. Additionally, piston samples for routine analysis at the laboratory
were taken in borehole NC213. The results from these can be seen in table 5.14. The
tests were conducted on the 2nd of Mars, 2023. Table 5.15 presents the coordinates
for the borehole.
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Figure 5.11: Geology of Svinholmen, Kungsbacka, with borehole NC213 marked
out, retrieved from (SGU, 2020d)

Table 5.14: Laboratory results for Svinholmen, borehole NC213

Depth w [%] wL [%] St cur[kPa] cu[kPa]
(not corrected)

9 79 87 7 2.60 19
10 84 82 15 1.36 20
12 83 83 12 1.59 19
14 84 85 12 1.59 20
16 81 84 11 1.85 20
18 76 80 12 1.98 24
20 77 74 17 1.20 21

Table 5.15: Presenting the coordinates for the borehole

Borehole Method X Y Z
NC213 Vane 6371666.436 153892.546 2.000
NC213 Piston 6371666.436 153892.546 2.000
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In this chapter, the findings obtained from the investigation of remoulding energy
in sensitive clay through the field vane tests are presented. The correlations identi-
fied between remoulding energy and index parameters are presented. Furthermore,
the time dependency of the field vane test is examined, comparisons with previous
research findings and highlighting any notable differences between the standard and
improved vane tests. Additionally, separate investigations of the study area Kärra
with additional data were conducted to cover a broader range of parameters.

From figure 6.1 the sensitivity distribution of all investigated clay is presented. As
the dashed box presents, only three of the investigated clay samples classifies as
quick clay according to the Swedish definition.

Figure 6.1: Distribution of the observed clay. The dashed area represents the
Swedish classification of quick clay, sensitivity and remoulded shear strength from
the fall cone test

In table 6.1 all the calculated energies are presented.
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Table 6.1: Results of all calculated energies for each study area and depth

Study area Depth
[m]

Total
energy

[kNm/m3]

Limit state
energy

[kNm/m3]

Remoulding
energy

[kNm/m3]

Normalized
energy

[-]
Kastellegården 3 11.15 3.94 7.21 1.83
Kastellegården 4 8.32 3.50 4.82 1.37
Kastellegården 5 8.52 3.08 5.44 1.77
Kastellegården 6 9.96 3.38 6.58 1.95
Kastellegården 7 12.97 6.68 6.30 0.94
Kärra 2 15.98 1.67 14.31 8.59
Kärra 4 16.44 1.51 14.92 9.86
Kärra 6 12.41 2.00 10.41 5.22
Kärra 8 18.27 3.19 15.09 4.74
Kärra 10 21.43 5.20 16.23 3.12
Kärra 12 31.35 8.39 22.96 2.74
Kärra 15 29.64 9.93 19.70 1.98
Kärra 20 26.09 11.84 14.25 1.20
Nobelplatsen 4 20.14 2.72 17.42 6.39
Nobelplatsen 6 19.44 3.29 16.14 4.90
Nobelplatsen 7 18.85 7.25 11.60 1.60
Anneberg 7 5.64 1.72 3.92 2.28
Anneberg 11 6.00 3.37 2.63 0.78
Anneberg 18 11.99 7.29 4.70 0.64
Kungsbackaån 3 5.29 1.43 3.86 2.71
Kungsbackaån 4 5.85 1.88 3.96 2.11
Kungsbackaån 5 4.58 1.75 2.83 1.62
Kungsbackaån 6 4.99 1.90 3.10 1.63
Kungsbackaån 7 4.88 2.19 2.69 1.23
Kungsbackaån 8 5.04 2.41 2.63 1.09
Kungsbackaån 10 7.21 3.60 3.60 1.00
Kungsbackaån 12 11.55 5.84 5.71 0.98
Kungsbackaån 15 13.09 7.86 5.22 0.66
Kungsbackaån 18 16.90 9.70 7.20 0.74
Kungsbackaån 20 22.84 13.79 9.05 0.66
Varla 4 2.88 1.18 1.70 1.43
Varla 5 2.81 1.22 1.59 1.30
Varla 6 3.24 1.29 1.96 1.52
Varla 7 2.68 0.98 1.69 1.73
Varla 8 3.33 1.18 2.15 1.83
Svinholmen 10 10.24 2.96 7.28 2.46
Svinholmen 12 13.77 3.20 10.57 3.30
Svinholmen 14 11.60 4.04 7.55 1.87
Svinholmen 16 12.19 5.52 6.67 1.21
Svinholmen 18 13.72 6.96 6.75 0.97
Svinholmen 20 15.03 6.66 8.37 1.26
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Since the field vane tests were performed in two slightly different ways, the results
were then also checked to find similarities and differences. A detailed investigation
of this will be presented in this chapter. Table 6.2 presents a summary of the depth
and total energy mean values for the two approaches. From this, one can see a
significant difference in results between the improved and the standard approach
results. The total energy is about twice as large for the improved one compared to
the standard one.

Table 6.2: Calculated mean values of depth and total energy for the two different
field vane test approaches

Mean values Improved Standard
Depth [m] 9.3 9.4
Total energy [kNm/m3] 17.96 9.06

6.1 Correlations to other parameters
After the calculation of energies from the vane tests, a statistical analysis was per-
formed, using IBM SPSS Statistics, to find correlations to the clay parameters. All
results and parameters were correlated using Pearson correlation. Correlation values
for all investigated parameters can be found in Appendix A. Some of the correlations
are self-evident and will therefore not be evaluated further.

Figure 6.2 shows the relationship between the normalized energy and sensitivity
of the clay, along with the associated sensitivity classification. A weak correlation
was observed between these two parameters, with a correlation coefficient of -0.21.
The plot reveals that quick clay or clay with very high sensitivity generated low
normalized energy in comparison to clay with low sensitivity. This may indicate
that clay with a higher sensitivity requires almost equal energy to reach failure as
to fully remould. Since sensitivity could not be retrieved for all clays from the field
vane tests, the used correlated sensitivity is the one determined from the fall cone
test.
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Figure 6.2: Normalized energy versus sensitivity determined with fall cone test,
correlation value -0.21

Similarly as normalized energy versus sensitivity, a weak correlation was found for
the remoulding energy with sensitivity. However, from figure 6.3 it is clear that the
improved test results show a more distinct negative trend than the results from the
standard approach. The figure also presents that the remoulding energies from the
improved approach are larger than the standard remoulding energies.
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Figure 6.3: Remoulding energy from standard and improved approach versus sen-
sitivity, correlation value -0.21

6.1.1 Shear strength
In figure 6.4, the limit state energy is plotted against shear strength obtained from
the field vane test. These two parameters show a strong positive correlation. The
higher the clay shear strength, the higher the energy level needed to reach failure.

Figure 6.4: Limit state energy plotted versus shear strength obtained from field
vane test, correlation value 0.94
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The remoulding energy results were also plotted against the shear strength obtained
from the field vane test, as illustrated in figure 6.5. However, it is worth noting that
this correlation appears to be weaker compared to the correlation observed between
the limit state energy and shear strength. The figure demonstrates the differences in
outcomes between the standard and improved approaches, with the improved tests
generating higher levels of remoulding energy. Furthermore, the results obtained
from the standard approach exhibit a stronger correlation with shear strength and
align more closely with the linear trendline.

Figure 6.5: Remoulding energy from standard and improved approach plotted
versus shear strength obtained from field vane test with associated linear trendlines,
correlation value 0.57

6.1.2 Water content and liquid limit
Figure 6.6 presents a negative correlation between remoulding energy and water
content. It is clear that clay with a high water content, such as gyttja clay has a
lower remoulding energy compared to clay with lower water content. Similarly, figure
6.7 presents a negative correlation between remoulding energy and liquid limit.

It should be noted that the results from Kärra have been excluded since no soil
classifications were made for this study area. Therefore, the chosen data have also
been re-correlated in SPSS and the new correlation values are presented in the
caption of each figure.
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Figure 6.6: Remoulding energy versus water content, correlation value -0.75

Figure 6.7: Remoulding energy versus liquid limit, correlation value -0.63

6.1.3 Energy in relation to depth
Figure 6.8 shows how the normalized energy varies over depth. It can be seen that
the highest values for the normalized values are from the improved field vane test.
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The normalized energy is the highest and closest to the surface and decreases with
depth.

Figure 6.8: Normalized energy plotted against depth, correlation value -0.44, with
a linear trendline fitted to the standard and improved data points

In figure 6.9 it can be seen that the majority of the study areas have an increase of
the limit state energy with increasing depth. However, there are exceptions, such
as Kastellegården, which exhibits a decrease over depth, and Varla, which remains
relatively consistent over depth.

50



6. Results

Figure 6.9: Plot of the limit state energy versus depth, for the different study areas

Figure 6.10 shows a positive trend between bulk density and total energy, for val-
ues from 6, 7 and 8 meters depth. It can be seen that the highest-located area,
Nobelplatsen, results in the highest total energy and highest bulk density. As seen,
Varla, Kungsbackaån and Anneberg, are located close to each other, resulting in
very similar total energy and bulk density.
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Figure 6.10: Total energy versus bulk density, for 6, 7 and 8 meters depth, with a
correlation value of 0.790

6.2 Time and speed dependency
During the tests, different speeds has been used when conducting the vane shear
tests. These rotational speeds are varying from approximately 0.07 to 0.46 degrees/s,
as seen in table 6.3.
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Table 6.3: Used rotational speeds for the field vane tests for each site and depth
together with time to failure

Site Depth
[m]

Rotational speed
[degrees/s]

Time to failure
[min]

Kastellegården 3 0.17 1.9
Kastellegården 4 0.15 2.0
Kastellegården 5 0.11 1.7
Kastellegården 6 0.14 1.9
Kastellegården 7 0.15 3.3
Nobelplatsen 4 0.21 1.0
Nobelplatsen 6 0.15 1.7
Nobelplatsen 7 0.17 2.5
Kärra 2 0.12 1.8
Kärra 4 0.21 0.9
Kärra 6 0.24 0.8
Kärra 8 0.28 0.9
Kärra 10 0.33 0.9
Kärra 12 0.36 1.2
Kärra 15 0.35 1.4
Kärra 20 0.52 1.1
Anneberg 7 0.10 2.2
Anneberg 11 0.08 4.2
Anneberg 18 0.07 6.8
Varla 4 0.16 1.1
Varla 5 0.16 1.2
Varla 6 0.19 1.0
Varla 7 0.23 0.7
Varla 8 0.22 0.8
Kungsbackaån 3 0.23 0.8
Kungsbackaån 4 0.20 1.0
Kungsbackaån 5 0.20 1.0
Kungsbackaån 6 0.20 1.0
Kungsbackaån 7 0.22 1.0
Kungsbackaån 8 0.24 1.0
Kungsbackaån 10 0.27 1.1
Kungsbackaån 12 0.30 1.3
Kungsbackaån 15 0.34 1.4
Kungsbackaån 18 0.39 1.4
Kungsbackaån 20 0.46 1.4
Svinholmen 10 0.21 1.3
Svinholmen 12 0.19 1.5
Svinholmen 14 0.18 1.8
Svinholmen 16 0.18 2.3
Svinholmen 18 0.17 2.6
Svinholmen 20 0.16 2.9
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Figure 6.11 presents the rotational speed during the field vane test versus the time
to failure reached during the field vane tests. A negative trend can be seen and from
the correlation analysis, a correlation value of -0.48 was retrieved.

Figure 6.11: Plot of the rotational speed versus the time to failure, with a corre-
lation value of -0.48

Figure 6.12 presents the rotational speed during the vane shear test versus the total
energy, which was extrapolated from the vane shear test. A positive trend can be
seen for both standard and improved tests. The inclination for the trendline from
standard tests is lower than the improved one.
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Figure 6.12: Plot of the rotational speed versus the total energy, for both improved
and standard tests, correlation value 0.56

Figure 6.13 presents the time to failure versus sensitivity. There is a weak trend
that with increasing sensitivity the time to failure is increasing.

Figure 6.13: Plot of the sensitivity versus the time to failure is reached, correlation
value 0.87
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Figure 6.14 shows how the rotational speed varies over depth, for the seven different
study areas. It is clear that Kungsbackaån and Kärra has an increase of rotational
speed with increasing depth. Svinholmen has a steady rotational speed, with a slight
decrease over depth.

Figure 6.14: Plot of the rotational speed versus depth, for the different study areas

6.3 Comparison with previous findings
The obtained results were then compared to previous findings of remoulding energy,
presented in chapter 3.2.3. Since most of the calculated energies are missing cor-
responding plastic limits, the results have been plotted with estimated plasticities,
see figure 6.15. Two plasticity indices have been assumed, 2% representing very low
plasticity and 40% representing high plasticity. These assumptions is assuming that
all clay has the same plasticity index, which is not the real case. However, this is
done to test if the results are in line with previous findings. It is also important to
highlight, as figure 6.1 presents, that only a small fraction of this thesis’ investigated
samples are defined as quick clay. For the previous findings, the majority of the clay
has been classified as quick clay, but not according to Swedish definitions. This is
yet another difference between the results.
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Figure 6.15: Remoulding energy estimated with 2 % and 40 % plasticity index
plotted with previous findings

From the plot, one can see that the calculated values with 2% plasticity are in
the same agreement as the other findings. However, most of the results for the
remoulding energy are of a smaller magnitude than the other findings.

In one of the study areas the plastic limit was obtained and the plasticity index
could be calculated. The values for Kärra were then plotted along with previous
findings in figure 6.16. The results for the remoulding energy are in the same range
as the other results. However, the products of the shear strength and plasticity
index are higher. The clay in Kärra, Gothenburg has higher plasticity which causes
a rightward shift along the x-axis. The clay in Kärra also has a lower sensitivity,
with a range of low to medium sensitivity. As mentioned, the majority of the other
research findings are classified as quick clay, which could be another reason for the
differences.
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Figure 6.16: Results for Kärra plotted with previous findings
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Findings from the remoulding-energy investigation are discussed in the following
chapter. The correlations identified between remoulding energy and investigated
parameters are discussed. The chapter also covers the time dependency of field vane
tests along with advantages, disadvantages and differences between the standard and
improved methodologies. Finally, previous research is compared with the findings
from Kärra.

Presented in figure 6.1, only three of the investigated clay classifies as quick clay ac-
cording to the fall cone test. The other clay ranges from low to very high sensitivity.
Since most of the stability problems in clay are connected to quick clay, it would
have been more representative to investigate a broader set of quick-clay data. To
further evaluate and draw conclusions about remoulding energy in quick clay, more
field vane tests should be performed.

The field vane tests have been conducted either according to the standard or as an
improved. The improved one refers to the rotation of the vane where this one has
been rotated further. The comparison between these two can be seen in table 6.2
where the improved results in higher energy. This indicates that the standard test
might underestimate the remoulding energy, but without these the data set would
be inadequate. Due to this some of the results present the difference in results
between standard and improved. Since the energies is varying both between study
areas and also between depths, as seen in table 6.1, all of them will be compared
further. To estimate the energy as precise as possible it is suggested to implement
a longer rotation of the vane during field vane tests.

7.1 Correlations
Based on the analysis of figures 6.4 and 6.5, it becomes evident that there exists a
strong positive correlation not only between limit state energy and shear strength
but also between remoulding energy and shear strength. Both figures demonstrate
that higher shear strength in the clay corresponds to an increased requirement for
energy, both to reach failure and to fully remould. This is partly due to the strong
bonds between clay particles and the clay being more resistant to disturbances, which
thus results in the need for more energy to be disturbed. A stronger correlation was
found for limit state energy, which implies that when knowing the shear strength it
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is more certain to determine the energy level needed to reach failure, than the energy
level needed to fully remould. The results for remoulding energy are depending on
the extrapolation. The limit state energy retrieved from the field vane test are not
depending on extrapolation but on other factors such as time and speed for the test.

According to figure 6.8 the normalized energy decreases with increasing depth. The
ratio of limit state energy and remoulding energy approaches 0 at deeper depths.
Thus, it requires equal or more energy to reach failure than to fully remould the
clay at deeper depths. This is in line with figure 6.9 which presents a strong positive
correlation between depth and limit state energy.

Figure 6.8 also presents the difference between the improved and standard ap-
proaches, with the highest values for the normalized values from the improved vane
shear test. Since the calculations from the improved tests have generated a larger
magnitude of remoulding energies, the normalized energies will also be much higher
than for the standard approach. However, the improved results show a clearer cor-
relation over depth, with decreasing normalized energy over depth. The standard
results are probably an underestimate of remoulding energy and therefore do not
result in higher normalized energy than about 3.

As mentioned, the normalized energy versus depth is connected to figure 6.9, which
presents that the majority of the study areas have an increase of the limit state
energy with increasing depth. Clay at larger depths, defined as glacial clay, has
been exposed to more erosion which causes a higher degree of consolidation. The
consolidation reduces the natural water content in the clay (Larsson, 2008). This is
in line with the correlation values for water content and shear strength over depth,
according to Appendix B. The correlation values present that the shear strength
is increasing over depth, but also that the shear strength is negatively correlated
to water content. Over depth, the consolidation has contributed to a lower water
content in the clay and a higher shear strength which results in the need for more
energy to reach failure. A limit state energy as large or larger than the remoulding
energy is then also generating a normalized energy of 1 or below 1.

However, figure 6.9 presents some exceptions, such as for Kastellegården, which
exhibits a decrease in limit state energy over depth, and Varla, which remains rela-
tively consistent over depth. From these two study areas, there is only data until a
depth of 8 meters which means that it might not be representative when comparing
energy over depth. The results might have been similar to the other study areas
if these also would have been investigated deeper. The results from Kastellegården
do, however, show a different trend with decreasing energy for the three first depths.
From the laboratory results, presented in table 5.2, the clay showed a decrease in
shear strength for the same depths. Also, the shear strength obtained from the field
vane tests showed similar results, as presented in Appendix A. This explains the
deviations found in Kastellegården’s results since the limit state energy is strongly
positively correlated to shear strength as presented in figure 6.4.

Figure 6.2 indicates that clay with a higher sensitivity requires almost the same
amount of energy to reach failure as it does to be fully remoulded. This finding is
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consistent with the fact that high-sensitive clay can undergo significant deformation
even under very small changes in stress (Khaldoun et al., 2009). This deformation
may cause a significant reduction in the shear strength of the clay.

Figure 6.3 presents the relationship between remoulding energy and sensitivity which
presents a weak negative correlation. This indicates that clays with high sensitivity
tend to have low remoulding energies and therefore also more easily remoulded. This
weak negative correlation has also been identified by Thakur and Degago (2013). By
the correlation values presented in Appendix B, it can be seen that the correlation
value for remoulding energy versus the remoulded shear strength obtained from the
fall cone test is 0.47. The correlation value for remoulding energy and undrained
shear strength from the fall cone test is 0.12. This implies that the energy in
correlation to sensitivity, with a correlation value of -0.21, is most dependent on the
remoulded shear strength. Therefore, sensitivity might not be the most interesting
parameter to evaluate when comparing remoulding energy. Instead, the remoulded
shear strength could be more representative of the clay’s behaviour.

Some of the clays have the same sensitivity but varying remoulding energy, and
according to Dehlbom and Lundström (2020) is it possible for clays with the same
sensitivity to require different remoulding energy. The results clearly show that clay
with the same sensitivity can result in varying remoulding energy. From figure 6.3,
it is clear that the improved results support this correlation more than the standard
results. However, the overall correlation is weak and a greater set of data with larger
variation of sensitivities would be needed to establish this correlation.

Figure 6.6 presents a strong negative correlation between remoulding energy and
water content. The correlation value of -0.75 shows that a higher water content
indicates that the clay needs less energy to fully remould. Appendix B presents that
the correlation value of water content and shear strength from the field vane tests is
-0.55. This means that a higher water content also indicates a lower shear strength.

Similar to the correlation to water content, remoulding energy shows a weak negative
correlation to the liquid limit, as figure 6.7 presents. It can be seen that the plot of
remoulding energy versus water content and the plot of remoulding energy and liquid
limit are very similar. The findings in figure 6.6 and 6.7 require more tests to draw
any actual conclusions. Those figures indicate that there is a negative trend between
remoulding energy versus water content and remoulding energy versus liquid limit.
With more samples, it could be possible to determine some relationships. The
determination of what type of clay the site consists of is a subjective assessment
which makes these results uncertain.

7.2 Time and speed dependency
Since the rotational speed is varying, as table 6.3 presents, the peaks have been
affected. According to Torstensson (1973) the speed of rotation is something that
affects the peak of the curve during vane shear tests. The peak shear strength gets
less defined and thereby lower with a decrease in the rotational speed. The rotational
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speed is affecting the outcome of the curve. Therefore the speed during the different
vane shear tests has affected the graphs and thereby the extrapolation. Figure 6.11
shows a strong correlation that with increasing rotational speed the time to failure is
decreasing. This is also affected by the shear strength in the clay. This would explain
the inconsistent variations for the highest rotational speeds. During the tests from
Thakur et al. (2015) the same constant speed has been used. The varying rotational
speeds result in variation of the time to failure which affects the limit state energy,
remoulding energy, normalized energy and total energy is affected. This implies that
the comparisons also are affected. It is difficult to estimate the effect the variation
has had for these tests. But since there are positive trends between rotational speed
and remoulding energy, as figure 6.12 shows, the rotational speed has had an impact
on our results. It is hard to determine to what extent those are affected, therefore
further research is suggested.

The rotational speeds presented in table 6.3 are assumed to be constant throughout
the test. This does not reflect the real case. In situ, the rotational speed is affected
by the conditions in the soil. According to SiS (2020) rocks or shells at the shear
level can affect the measurement. The rotational speed is measured at the drilling
rig. It does not measure the actual rotational speed at the vane. SiS (2020) states
that the vane rotation rate could vary from the uphole rotation rate. This implies
that the rotational speed might vary more than what is actually measured. As seen
in figure 6.14, the rotational speed is increasing with increasing depth for several
of the tests. It is difficult to determine how this actually affects the results but a
varying speed from the same site might make it more difficult to find trends from
the same site.

Figure 6.13 requires a larger variation in sensitivity before any actual conclusions
can be drawn. But there is a trend that a higher sensitivity results in a higher time
to failure, with a correlation value of 0.87. It should be noted that this result is
dependent on how the tests were conducted. Since the Swedish standard states that
the time from vane engagement to failure should be 2 minutes this trend cannot be
developed further if this standard were followed. If the standard used a rotational
speed instead, this correlation could be investigated further.

7.3 Advantages and disadvantages of field vane
test

In-situ determination of remoulding energy is a better approach compared to lab-
oratory tests since laboratory tests require sampling of the undisturbed clay. The
sampling of sensitive clay can be complicated since the clay is sensitive to distur-
bances. For instance, the sampling needs to be performed in a correct way to enable
laboratory tests to deform the clay to its residual strain level. Moreover, in-situ tests
circumvent additional challenges associated with the transportation of samples to
the laboratory. Challenges such as quick transportation, without any disturbances
and correct storage of the clay samples.

62



7. Discussion

According to the results the mean time to failure is 1.6 minutes, see table 6.3. The
recommended time to failure according to SiS (2020) is 2 minutes. Torstensson
(1973) has shown that with a higher rotation speed the time until failure is de-
creasing. This trend is also seen in figure 6.11. Table 6.3 shows a great variation
in rotational speed for the different tests. The rotational speed is an interesting
parameter to evaluate since there is no recommended rotational speed in Sweden, it
is just recommended that it should be constant (SiS, 2020).

One uncertainty is that the recommendation from SiS (2020) is what time the failure
should be reached during the tests since this is affected by many conditions. The
results indicate that this time is hard to reach during the vane shear testing since
it is difficult to estimate how fast the failure will be reached. An improvement to
consider would be a span or a specific rotational speed. It is shown that almost
all of the investigated field vane tests are reaching failure before 2 minutes, as seen
in figure 6.11. As mentioned the mean value is 1.6 minutes which indicates that
the tests are performed on the limit of the standard. Although this study does not
investigate how well the tests are performed there is an indication that the standard
does not suit the actual performance of the test. Therefore the Swedish standard
should be revised and improved.

Another difficulty with the field vane test is that the accuracy of measuring the
remoulded shear strength is limited. Due to this the result for sensitivity evaluated
from the field vane test results in large variation, compared to those evaluated
from the fall cone test. The remoulded shear strength from field vane test should
be carefully considered and the actual measuring needs development and therefore
further studies is suggested. According to Dehlbom and Lundström (2020) the field
vane test should be developed to measure low shear strength.

Torstensson (1973) has shown that the time from when the vane is pushed down to
the time for rotation is affecting the shear strength. Torstensson (1973) showed that
an increased time increases the shear strength, although it is also affected by the
soil conditions. Additionally SiS (2020) states that a longer waiting may increase
the measured vane strength. A suggested improvement would be to measure the
time from when the vane is pushed down to the start of the vane shear test. This
would result in easier comparisons between tests.

7.4 Comparison with previous findings
From the comparison of the findings with previous research, one can see that the
results are similar according to figure 6.15. Since no plasticity index was determined
for most of the investigated clays, the comparison was based on two assumptions.
Given the results assumed plasticity indices 2 % and 40 %, to see how they fit
the other findings. When assuming a plasticity index of 2%, the results are in
good agreement with the other findings but with smaller magnitudes of remoulding
energy. This could be due to differences between Canadian, Norwegian and Swedish
clays. This is expected since the Canadian clay undergoes cementation effects which
result in having higher undrained shear strength in relation to vertical effective
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stress than Norwegian clay (Karlsrud et al., 1985). Canadian clay is also generally
more plastic and more over-consolidated than Norwegian clay. This is shown in
figure 6.15, presenting Canadian data with higher levels of remoulding energy and a
bigger product of shear strength and plasticity indices. It is important to note that
previous Canadian data and results from the Norwegian landslides are determined
with other approaches than this thesis. The plotted results from this thesis are in
line with the in-situ determination results from Thakur et al. (2015). Therefore the
estimated energies in this thesis are reasonable, with regard to the fact that there
are no previous results on Swedish clay.

Swedish clay is similar to Norwegian clay but differs in terms of relief, clay min-
eralogy, source material and deposition environment. From figure 6.15 it is clear
that Swedish clay results in a smaller magnitude of remoulding energy than both
Norwegian and Canadian clay. A reason why the Swedish results are of a smaller
magnitude than the Norwegian results could be due to the different natural water
contents. As presented in figure 6.6 there is a negative correlation between remould-
ing energy and water content. According to Thakur et al. (2015) the Norwegian
in-situ determined clays had a water content between 33-40 %. The Swedish clays
vary between 43-101 % with a mean of 78 % which could explain the lower levels of
remoulding energies.

The results from Kärra are in the same magnitude as the other in-situ determination
results as presented in figure 6.16. The clay in Kärra has a higher plasticity index
compared to the other clays in figure 6.16, which is why the results are shifted
to the right in the diagram, in a similar range as for the Canadian clay. The
results for Kärra are also similar to the result from the Finnish clay. Finnish clay
is usually characterized by higher water content, clay fraction and plasticity than
Norwegian clay which also agrees with the results for Kärra (Di Buò et al., 2019).
The Norwegian in-situ determined clay had a plasticity index between 5-7 % which
is lower than for the ones in Kärra, 43-51 %, (Thakur et al., 2015). However, the
Finnish result is based on one dataset and therefore no further conclusion can be
drawn. The results from Kärra are based on the improved field vane tests, which
is why they are higher than most of the other results from this thesis. For further
comparisons, it is of interest to cover a broader range of clay properties, such as shear
strength, plasticity and sensitivity to fully determine the relationship to remoulding
energy. From the two figures 6.15 and 6.16, it can be concluded that using the
field vane test to determine the remoulding energy of Swedish clay is a promising
approach.

7.5 Variation between study areas
The soil material distribution varies stratigraphically and laterally which could affect
the remoulding energies. But from the routine analysis, the fractions of organic
matter and grain size are not evaluated for all sites. Therefore it is hard to draw
any conclusions in relation to the grain-size fractions. Additionally, the deglaciation
and the marine limit have affected the soil layers. Due to the deglaciation of various
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sedimentary environments, erosion, transport and deposition have occurred in the
study areas. One thing which could affect the clay is the underlying layers of sand.
If there is a permeable layer of sand below the clay it could affect the consolidation
of the clay.

Figure 6.9 shows that the majority of the study areas have an increased limit state
energy with depth. This is reasonable since the consolidation is higher with in-
creasing depth. It is also some indications that the time above the marine limit is
resulting in higher remoulding energy. A reason for this could be due to the higher
possibility of consolidation. Further research regarding how the remoulding energy
is related to consolidation is therefore suggested.

As figure 6.10 shows, Nobelplatsen requires the highest remoulding energy, compared
to the other study areas at the same depths. This could be explained by the fact
that Nobelplatsen has been the longest time above the marine limit. As the figures
presenting the marine limit show, Nobelplatsen is above the marine limit at 7000 cal.
years BP. The clay at Nobelplatsen has thereby had the possibility for the highest
consolidation. The deglaciation and the isostatic land uplift has according to Stevens
et al. (1991) driven the consolidation and thereby improved the clay strength. This
could explain why Nobelplatsen requires the highest amount of remoulding energy.
In addition, it also has the highest bulk density. This could also be due to the
possibility of consolidation. Figure 6.10 shows that with increasing bulk density, the
remoulding energy increases. This is in line with the correlation between elevation,
marine limit, bulk density and consolidation versus remoulding energy.

Figure 6.10 presents results from 6, 7 and 8 meters depth and since these are from
similar depths they should have a comparable degree of consolidation. The density
from the different sites has varying bulk density. The bulk density is dependent
on the grain size distribution which is related to the depositional environment and
has affected the organic content. It is therefore required with further research re-
garding the density and correlating parameters before any clear conclusions can be
drawn. As figure 6.10 presents, Varla, Kungsbackaån and Anneberg are locations
which are all in Kungsbacka municipality and have resulted in very similar total
energies. They have probably been deposited at similar times in similar conditions.
According to Stevens et al. (1991) it is most likely that the shear strength of the clay
is primarily dependent on the original floc bonds formed during deposition, which
could explain their similar result. The other areas are located north of Kungsbacka
and have had different depositional environments and a larger variation in bulk den-
sity and remoulding energy. It is hard to determine exactly what the major reason
for the variation in the needed remoulding energy between the study areas is. A
possible explanation could be the time and manner of clay deposition. But it can
be concluded that it is several factors that affect the variation. How these interact
and their individual significance requires extensive research. But it is clear that the
deposition of clay in a similar environment is resulting in comparable total energy.

In general, the bulk density of clay increases as the water content decreases. This is
because as the water content decreases, the void ratio decreases and the volume of
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solids increases, leading to a higher bulk density. Conversely, as the water content
increases, the void ratio increases and the volume of solids decreases, leading to
a lower bulk density. However, this relationship between bulk density and water
content is not always straightforward for clay, as other factors such as the type of clay,
mineralogy, and compaction history can also influence the relationship. Therefore,
it is important to consider these factors when interpreting the relationship between
bulk density and water content for a specific type of clay. This relationship can also
be found for remoulding energy versus bulk density and remoulding energy versus
water content. Both higher density and lower water content in the clay result in
increased remoulding energy.

7.6 Areas of improvement
As this study has compared vane shear test results from both standard and im-
proved it can be concluded that the improved one is easier to compare and evaluate.
Therefore an area of improvement is to rotate the vane further during field vane
tests. This would result in a more comparable graph, an example can be seen in
figure 3.5. By a more comparable graph, the tests could be evaluated and used in
more studies. For a field technician, it does not require any more work.

A weakness of this study is that it is dependent on the Swedish standard for the vane
shear tests since it does not suggest any rotational speed (SiS, 2020). Additionally,
it cannot be assured that the tests were conducted according to the standard. As
seen in figure 6.3 the rotational speed and time to failure is varying between the
tests. According to the Swedish standard, the time to failure should be 2 minutes,
where 1-3 minutes is acceptable (SiS, 2020). An improvement would be to make the
Swedish standard more precise. A suggestion is to add a recommended rotational
speed, which would make comparisons easier, both between tests in Sweden, but
also internationally. It would be more useful to compare the occurrence of the peak
by using a constant speed for all tests, rather than aiming for the peak to occur at
the same time for all tests. Additionally, Dehlbom and Lundström (2020) suggests
that field vane tests should be developed to measure low shear strengths. Also that
the Norweigan method for the determination of remoulding energy with field vane
tests should also be further investigated, for Swedish clays.

Another addition would be a more precise recommendation for how long the vane is
set at the level before conducting the measurement. As for now, the recommendation
is a maximum of 5 minutes (SiS, 2020). It could also be useful to measure the
time from when the vane has reached the desired depth until the measurements
start. This is a way to ensure that the tests are conducted more similarly and
make them more comparable. It could also be useful to educate the field technicians
further to assure that the tests will be conducted according to the standard. These
suggestions go hand in hand since a more clear standard would be easier to follow.
More knowledge among the field technicians would make more tests conducted in
the same way, according to the standard. Thereby the variation in how the tests
were conducted an important aspect that has the potential for improvement.
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The field vane test only measures the rod friction at the beginning of the test,
before the actual test is performed. This means that the rod friction is assumed
to be constant during the whole test, which is probably not the case. This source
of error is probably increasing at deeper depths since the rod is extended and the
mantle area becomes larger. This has affected our results, but it is not possible to
determine to what extent. More uncertainties are determined in SiS (2020) together
with guidance on uncertainty minimisation.

7.7 Further research
Further research regarding the variation of the soil characteristics and how these
relate to energy is of interest. The amount of information regarding these is lim-
ited in this thesis as well as in the Swedish literature. This development together
with field vane tests from more locations is possible for further research. When
considering further research the extrapolation should be another refinement area.
By investigating and evaluating the extrapolation the actual relationship could be
obtained.

Since, as mentioned, the rotational speed and time until failure is affecting the results
a correlation which has not been evaluated is the inclination of the curve from field
vane tests. More specifically to investigate if there is some correlation between
remoulding energy and how fast the shear strength decreases after the peak. This
comparison would require that all tests are conducted the same way.

The energies estimated from this thesis have the potential to be applicable in real-
life scenarios involving clay disturbances. Therefore, a suggested area for further
research is to evaluate how the estimated energy can be applied and compared
to the energies generated by disturbances. It is stated by Larsson and Åhnberg
(2011) that there is a need to evaluate landslides in conjunction with loads such as
construction work and blasting. Further Larsson and Åhnberg (2011) means that
there is a great need for determination of the parameter first introduced as rapidity.
Additionally, the risk of landslides dependent on the remoulding energy is an area
for further research. This has been applied for Norwegian and Candian clays by
Thakur et al. (2015) and could potentially be applied for Swedish clays as well.

Another aspect for future work is to map larger areas of Sweden, which would allow
this thesis’ findings to be applied in a broader context and compared to more areas
where similar tests have been conducted. Using the improved method is preferable as
it reduces uncertainties and provides a more reliable characterization of the behavior
compared to the standard method. This would enhance the understanding of soils,
reduce uncertainties and thereby reduce the required safety factors. According to
Dehlbom and Lundström (2020) could an improved understanding of breakdown in
clay shear strength could result in a better basis when assessing areas that can be
affected by a retrogressive or progressive landslide.

67



7. Discussion

68



8
Conclusion

The energy needed to disturb or fully break down the shear strength of the clay
estimated from field vane tests varies. It can be concluded that similar sensitivity
results in varying remoulding energy. 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 essential to conduct the field vane
tests in a consistent manner. This is necessary to enable reliable comparisons of the
results. The rotation of the field vane tests should be conducted until the undrained
shear strength remains relatively constant.

The results for southwest-Swedish clay are of a smaller magnitude compared to
Canadian and Norwegian clays. When considering the varying soil parameters the
estimated remoulding energy is in line with previous research. The locations with the
most similar depositional environment have resulted in similar remoulding energy.
There is a possible trend for the remoulding energy geographically. It is also some
indications that the time above the marine limit results in higher remoulding energy.

The energies and correlations 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. Using the field vane tests
to determine the remoulding energy shows promising results.
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Appendices

A Field vane test results

Figure A1: Obtained field vane test results from Anneberg, without rod friction,
peak shear strength marked in parentheses
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Figure A2: Obtained field vane test results from Kastellegården, without rod
friction, peak shear strength marked in parentheses

Figure A3: Obtained field vane test results from Kungsbackaån, without rod
friction, peak shear strength marked in parentheses
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Figure A4: Obtained field vane test results from Kärra, without rod friction, peak
shear strength marked in parentheses

Figure A5: Obtained field vane test results from Nobelplatsen, without rod friction,
peak shear strength marked in parentheses
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Figure A6: Obtained field vane test results from Svinholmen, without rod friction,
peak shear strength marked in parentheses

Figure A7: Obtained field vane test results from Varla, without rod friction, peak
shear strength marked in parentheses
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Figure A8: All obtained field vane test results without rod friction, peak shear
strength marked in parentheses
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Table A1: Summary of the obtained field vane test results

Site Borehole
ID

Depth
[m]

Max.
torque
[Nm]

Rod
friction
[Nm]

Anneberg 1801M 7 22.41 7.56
Anneberg 1801M 11 30.66 10.75
Anneberg 1801M 18 44.06 16.53
Kastellegården NC903 3 24.89 1.16
Kastellegården NC903 4 24.63 1.68
Kastellegården NC903 5 23.68 1.29
Kastellegården NC903 6 23.29 1.98
Kastellegården NC903 7 32.36 4.08
Kungsbackaån NC2301 3 15.54 1.55
Kungsbackaån NC2301 4 17.42 2.40
Kungsbackaån NC2301 5 18.00 3.15
Kungsbackaån NC2301 6 19.95 3.83
Kungsbackaån NC2301 7 21.70 4.61
Kungsbackaån NC2301 8 24.25 6.71
Kungsbackaån NC2301 10 28.29 7.00
Kungsbackaån NC2301 12 36.27 9.39
Kungsbackaån NC2301 15 41.12 10.56
Kungsbackaån NC2301 18 44.62 12.18
Kungsbackaån NC2301 20 56.77 17.56
Kärra CH1 2 19.06 1.84
Kärra CH1 4 21.14 4.14
Kärra CH1 6 21.98 4.77
Kärra CH1 8 28.48 6.19
Kärra CH1 10 37.46 7.82
Kärra CH1 12 43.49 7.84
Kärra CH1 15 49.91 12.52
Kärra CH1 20 54.25 16.68
Nobelplatsen NC2 4 22.31 2.07
Nobelplatsen NC2 6 25.16 2.47
Nobelplatsen NC2 7 37.09 2.93
Svinholmen NC213 10 22.95 4.23
Svinholmen NC213 12 23.79 5.15
Svinholmen NC213 14 27.49 6.78
Svinholmen NC213 16 31.52 8.56
Svinholmen NC213 18 38.39 12.00
Svinholmen NC213 20 37.88 12.28
Varla NC201 4 12.82 2.56
Varla NC201 5 13.06 2.69
Varla NC201 6 13.06 2.05
Varla NC201 7 13.17 3.29
Varla NC201 8 14.91 3.34
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B Correlation values

Figure B1: Correlation values for all investigated study areas and depths
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Figure B2: Correlation values for 6, 7 and 8 meters
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