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Preface
In 2008, the Swedish Government commissioned the Swedish Geotechnical Institute (SGI) to conduct a mapping of the risks for landslides along the entire river Göta älv (hereinafter called the Göta River) - risks resulting from the increased flow in the river that would be brought about by climate change (M2008/4694/A). The investigation has been conducted during the period 2009-2011.
The date of the final report has, following a government decision (17/11/2011), been postponed
until 30 March 2012.
The assignment has involved a comprehensive risk analysis incorporating calculations of the probability of landslides and evaluation of the consequences that could arise from such incidents. By
identifying the various areas at risk, an assessment has been made of locations where geotechnical
stabilising measures may be necessary. An overall cost assessment of the geotechnical aspects of
the stabilising measures has been conducted in the areas with a high landslide risk. Furthermore, an
overall assessment of the geotechnical preconditions for increased flow in the Göta River is also
presented.
The investigation has primarily been conducted by SGI employees. The work has been led by
SGI's management group, under the leadership of the Director General, Birgitta Boström. The
work has been organised into one main assignment for the project management and into a large
number of sub-assignments, as far as method development and investigation are concerned. SGI
has utilised the support of a number of agencies and research institutions, including the Swedish
Meteorological and Hydrological Institute (SMHI), the Geological Survey of Sweden (SGU),
Chalmers University of Technology, Lund University, the University of Stuttgart, the Norwegian
Geotechnical Institute (NGI), Vattenfall, the Swedish Maritime Administration and the Swedish
Transport Administration. All municipalities within the Göta River valley and the County Administrative Board of Västra Götaland have also participated at various stages of the project. Finally,
SGI has engaged a large number of consultants, primarily from the Göteborg region, as extra resources in the implementation of the investigative work.
The results and conclusions of the investigation are presented in a final report, Landslide risks in
the Göta River valley in a changing climate. The report consists of three parts:
Final report, Part 1 – Societal Consequences, which comprises a summary of the assignment, landslide risks and the consequences for society, the costs of measures and the proposals of the investigation with regard to future activities. Part 1 is aimed primarily at
those who require an overall description of the landslide risks that exist in the valley, how
these may affect the local community and the measures that need to be taken.
Final report, Part 2 – Mapping, which comprises a description of the investigation's
methodology, inventories, field and laboratory investigations, calculations and analyses.
The target group for Part 2 is those who wish to delve deeper into the investigation and
acquire more detailed facts regarding the various conditions in the valley, as a basis for
planning and adapting to climate change.
Final report, Part 3 – Maps, which comprises an account of the landslide risks for various
parts of the Göta River, in map form. Part 3 describes where along the river the landslide
risks can be found and the areas that would be affected. The maps also contain a classification of the climatic impact along the river.
In addition to the final report, the detailed work involved with the taking of inventories,
method development and analyses has also been described in 34 sub-reports that were
submitted to the government on 21/12/2011. The reports are listed in the Appendix and are
available via SGI's website: www.swedgeo.se
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Final report, Part 2 has been edited by Karin Lundström and Bengt Rydell. Text has been submitted by Yvonne Andersson-Sköld, Per-Evert Bengtsson, Charlotte Cederbom, Stefan Falemo, Gunnel Göransson, Bo Lind, Karin Lundström, Hjördis Löfroth, Håkan Persson, Bengt Rydell, Hanna
Tobiasson-Blomén, Marius Tremblay, Helen Åhnberg and Mats Öberg. The checking of technical
details has been conducted by Rolf Larsson. Elin Sjöstedt has been responsible for layout and
proofreading has been conducted by Per Samuelson and Anders Salomonson.
This is a translation from the Swedish original and the SGI may not be claimed responsible for any
misunderstanding or error that may occur from the translation.
Linköping, March 2012
Bo Lind
Acting Director General
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The Göta River investigation - in brief
Assignment and background
The Government has commissioned the Swedish Geotechnical Institute (SGI) to conduct a
mapping of the risks for landslides along the river Göta älv (hereinafter called the Göta River) - risks resulting from the increased flow in the river that would be brought about by climate change.
SGI has performed the assignment by:


Conducting and presenting a comprehensive analysis of the risks for landslides
along the Göta River and the river Nordre älv (hereinafter called the Nordre River).
The analysis has involved the collection of data, calculations of the probability of
landslides and evaluation of the consequences that could arise from such incidents.
The risks included the conditions that apply based on the climate of today and those
that can be expected to apply in the year 2100.



Carrying out method development in order to improve and make more effective
previously produced methods used for landslide risk analyses.



Assess where geotechnical stabilising measures may be necessary and provide an
overall assessment of their cost.

How the investigation has been conducted
The area of investigation stretches from the power station at Vargön in Vänersborg to the
Marieholm Bridge in Göteborg, as well as in the Nordre River from Bohus to the Kornhall
ferry berth in the Municipality of Kungälv. In total, this encompasses a stretch of approximately 100 km with a corresponding shoreline of 200 km. Parallel with this investigation,
the City of Göteborg has been conducting detailed stability investigations within Göteborg
Municipality's urban areas, and the results of these have been used in SGI's work.
The overall direction of the investigation has been led by SGI's management group and a
project management group has been responsible for the operational direction of the investigation. The development work has been conducted within nine different special investigations that, above all, have been aimed at the development of methodology, the inventory-taking of previous investigations and the analysis of climate changes. The area of investigation has been divided up into a total of 10 different geographical sub-areas along the
river.
The climate of today and that of the future in the Göta River valley
The climate of today and the climate changes that are expected to occur by the year 2100
are significant for the evaluation of the conditions that affect the stability of the slopes
along the Göta River, including erosion, water levels in the river and the sea, and ground
water conditions. The climate analysis demonstrates that:


The mean annual temperature can be expected to increase by 4-5 C.



Precipitation is estimated to increase by 20-30% by 2100.



The sea level at Göteborg is estimated to rise by approximately 0.15 m by 2050 and
then by around 0.7 m by 2100, taking land uplift into consideration.
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Geology and landforms
The geological aspects that are primarily of significance for landslides and erosion are the
soil type, the sequence of soil layers, ground water conditions, the structure of the soillayers and the location of the highest coastline in the area. The Göta River's valley is characterised by the following geological and topographic conditions:


Thick layers of clay that superpose cohesionless soil and bedrock.



Seams of silt and sand occur frequently within layers of clay.



The preconditions exist for artesian ground water conditions.



In the northern part of the valley, the river has carved its way deep into the soil layers and formed steep and high river banks.



In the southern part of the valley there are steep underwater slopes and flat flooded
areas.

Geotechnics
The geotechnical conditions that are primarily of significance with regards to landslides
are the soil's density, shear strength, water content, sensitivity to disturbance, and groundwater levels and pore pressure. The geotechnical field and laboratory investigations that
have been conducted have been used to interpret the geotechnical preconditions in the valley. The geotechnical conditions within the river valley have been studied through 2,500
geotechnical field investigations (soundings, samplings, etc.) and 20,000 laboratory tests.
Together with the results from previous investigations, these demonstrate that:


The sequence of soil layers consists primarily of dry crust clays that superpose clay
with a thickness up to 60 m north of Lilla Edet and a thickness of 50-100 m south of
Lilla Edet.



The clay's undrained shear strength is generally low to medium, but extremely low
shear strength also occurs south of Lilla Edet.



The clay is, on the whole, overconsolidated north of Lilla Edet and normally consolidated south of Lilla Edet.



Quick clay and highly sensitive clay primarily occur north of Lilla Edet. South of
there, the clay is primarily of medium sensitivity, although quick clay does occur
locally.

Surface and groundwater conditions today and in the climate of the future
The stability of the slopes along the river is affected, among other things, by high water
flows that can cause erosion, low water levels that provide less resisting force in the slopes
and by high groundwater and pore pressure which reduces the shear strength. Analyses of
current and future conditions indicate that:


Water discharge in the Göta River varies during the day depending on the production of hydroelectric power. The mean level of water discharge is 550 m3/s and the
maximum permitted level according to water legislation is 1,030 m3/s.



Climate changes mean that increased quantities of water need to be drawn off from
Lake Vänern.
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A different annual cycle for inflow to Lake Vänern can be expected in the future
and this will affect the flows in the River Göta älv. Inflow will increase during the
winter months at the same time as it will decrease during the summer. Both high
and low drainage levels will become more frequent.



In areas with thick clay deposits, both upper and lower groundwater aquifers can be
found. During the winters up until 2100, it is thought that the highest groundwater
levels in the upper aquifers will remain relatively unchanged, whilst the highest levels in the lower groundwater aquifers are expected to increase by around 0.3 m.
This means that the pore pressure in the clay is expected to increase insignificantly
in superficial layers and somewhat more at greater depths.

Erosion
Erosion in water courses is primarily caused by flowing water and by the abrasion of ice
against slopes and the river bottom. Erosion can entail the gradient and levels of slopes on
land and the slopes and bottoms of the river gradually changing, which affects the stability
of the slopes. Analyses of the river's conditions in relation to erosion indicate that:


Erosion protection consisting of blasted rocks can be found in large stretches along
the river. The extent of the protection below the water line has not been established.



Current erosion conditions are, for the majority of the river, less than 0.05 m/year.
Along certain exposed underwater slopes, the erosion is approximately 0.15
m/year.



Allowing for the same maximal flow that is currently permitted by water legislation,
erosion by 2100 can be expected to amount to 0.4-0.5 m in the northern parts of the
river and 1.0-1.5 m in the southern parts.



Future climate changes imply increased water flows which lead to increased erosion. Should higher flows be drawn off along the river, total erosion up to the year
2100 can amount to 0.8-2.0 m in the northern parts of the river and 2.0-3.0 m in the
southern parts.

Stability calculations
Stability calculations have been performed for current and future climatic conditions. The
calculations of stability have been conducted for current conditions using a total safety philosophy and through a so called detailed investigation in accordance with the instructions
given by the Swedish Commission on Slope Stability (see Skredkommissionen, 1995). Both
undrained and combined (lowest value of drained and undrained shear strength) analyses
have been performed. For future climatic conditions, changes to groundwater levels and the
geometry of slopes resulting from erosion have also been taken into consideration. The results from the calculations indicate that:


Stability in the climate of today is, on the whole, satisfactory between Vänersborg
and Trollhättan. Stability is low for several areas in the stretch between Trollhättan
and Lilla Edet, as well as from south of Lilla Edet to north of Lödöse. Stability is
low from Lödöse to Älvängen, closest to the river, but the stability is satisfactory
south of there. The stability conditions vary between Bohus and Marieholm, whilst
the stability along the Nordre River is satisfactory, with a few exceptions.



Erosion will affect stability up to the year 2100, and the safety factor can be expected to decrease by approximately 4 % if the flow is limited to the provisions of
the water legislation. If higher flows resulting from climate change are permitted in
the river, the safety factor will decrease by up to 14 %.
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The probability of landslides
The probability of the driving forces exceeding the resisting forces in the slopes studied has
been statistically calculated, taking into consideration the uncertainty of the parameters involved. Results from calculations conducted in sections have been tied together with the
help of results from previous investigations, the nature of the terrain and local knowledge,
from which a probability map covering the whole of the area of the investigation has been
produced.


A number of representative sections have been selected within various geographical areas, where an interpretation of the actual and an idealised slope geometry
has been presented.



The probability of a landslide has been expressed through a division into five
probability classes, based on the probability of slope failure and the safety factor.



The preconditions for retrogressive landslides in the areas with quick clay have
been taken into consideration using a method produced within the scope of the investigation.



Changes in landslide probability brought about by future climate changes have been
analysed and categorised into three classes.

Consequence assessment
A method has been developed to assess the socio-economic consequences of landslides. The
method includes the identification of that which can be affected by a landslide, the scope of
this effect and a monetary assessment of the consequences. Costs have been estimated for
areas of 1 hectare in a grid that covers the whole area of investigation.


The combined value within each square of the grid has been calculated. Following
this, the total consequence of a landslide has been calculated by totalling up all the
squares that can be assumed to be affected by a landslide.



Consequences have been described for residential areas, human lives, roads and
railways, energy and electricity systems, water and sewage systems, environmentally hazardous activities and contaminated sites, and for industry.



The consequences of landslides are given in five consequence classes and expressed
in economic intervals.

Analysis of landslide risks
Landslide risk constitutes a combination of the probability of a landslide and the consequences of such an incident. The landslide risks have been evaluated for various subsections along the river, given the climate of today and also based on a changed, climate of
the future.
To summarise, the greatest landslide risks in the climate of today are present in the following areas:


The stretch from Trollhättan and up to Ödegärdet, south of Lilla Edet, constitutes
the largest continuous area with high landslide risks. Quick clay is present within
several areas, where a landslide can bring about secondary effects and have a large
effect on the river.



Gäddebacke, Vänersborg Municipality – areas on the eastern side of the river and a
levee that is to protect areas behind it from flooding.
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Åkerström, Trollhättan Municipality – areas with integrated residential developments.



The densely populated area of Lilla Edet – several areas with high landslide risks on
both side of the river. The presence of quick clay means that a landslide can become
widespread.



Gamla pappersbruket (The old paper factory), Lilla Edet Municipality – a large area
where quick clay occurs.



The Älvängen industrial area, Ale Municipality – existing industrial area with contaminated land.



Kärra-Backa, Göteborg Municipality – steep underwater slopes along several stretches.



Kungälv – areas with industrial activities.

In a changed climate, the probability of a landslide is expected to change, which
can affect the risks of such. The following conditions can be expected:


Between Vargön and Åkerström – little impact.



For the area between Åkerström and Alvhem – impact varies between little and
moderate.



Between Alvhem and Bohus – moderate impact.



Between Bohus and Marieholm – large impact along the Göteborgsgrenen (the river
branch from Bohus to Göteborg).



Along the Nordre River – moderate impact.

The need for measures and costs
Measures are needed to reduce the landslide risks in the river valley in addition to the necessary monitoring of the erosion process and maintenance of existing erosion protection. The
landslide risks can be reduced through, for example, the removal and redistribution of earth
masses and the setting up of erosion protection.


The costs of stability improvement measurements can be estimated at between
SEK 4-5 billion, for landslide risks in the climate of today, and between SEK 5-6
billion in the climate of the future.



The costs for monitoring and maintenance are assessed to amount to between
SEK 6-7 million per year in current climatic conditions, and to between SEK 7-9
million per year in a changed climate.
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1

The assignment

1.1

The Government's commission

In 2008, the Swedish Government, in a specific directive (M2008/4694/A) commissioned
SGI to conduct a mapping of the risks for landslides along the entire river Göta älv (hereinafter called the Göta River) resulting from the increased flow in the river brought about
by climate change. The investigation has been conducted over the course of 2009-2011.
The date of the final report has, following a government decision (17/11/2011), been postponed until 30 March 2012.
The directive issued the following directions in connection with the assignment:
“In order to address forthcoming climate changes and handle increased flow
through the Göta River, greater understanding is required of the stability conditions
along the entire Göta River. The funding is to be used for the improvement and production of landslide risk analyses and stability mapping along the Göta River.”
SGI has conducted the assignment by:


Conducting and presenting a comprehensive analysis of the risks for landslides
along the Göta River and part of the Nordre River. The analysis has involved the
collection of data, calculations of the probability of landslides and evaluation of
the consequences that could arise from such incidents. The risks included the conditions that apply based on the climate of today and those that can be expected to
apply in the year 2100.



Carrying out method development in order to improve and make more effective
previously produced methods used for landslide risk analyses.



Assess where geotechnical stabilising measures may be necessary and provide an
overall assessment of their cost.

New and further developed methods have been produced in order to improve landslide risk
analyses and stability calculations, to improve knowledge of the erosion processes along
the Göta River, to assess the effect of climate changes on groundwater conditions, to develop methodologies for mapping and the handling of highly sensitive clay (quick clay),
and for consequence assessment. The investigation has been conducted in coordination
with other agencies, research institutions and national and international organisations. The
work has involved the most extensive mapping of landslide risks conducted in Sweden.

1.2

Background

The ongoing global climate change is affecting the conditions for residential developments
and infrastructure in many ways. The final report of the Swedish Commission on Climate
and Vulnerability (Klimat- och sårbarhetsutredningen, 2007) highlighted the fact that the
risks for flooding, landslides and erosion will increase in many parts of Sweden and that
preventative measures are necessary. The Commission's interim report (Klimat och
sårbarhetsutredningen, 2006), which deals with the risks for Mälaren, Hjälmaren and Vänern, points out the need for increased drainage through the Göta River due to increased
inflow into Lake Vänern. In a previous government commission given to SGI, an action
plan developed to predict and prevent natural disasters in Sweden in the event of climate
change, SGI reported that increased drainage could lead to increased erosion and, consequently, an increased risk of landslides along the river (SGI, 2006). The action plan also
states that the climate changes will lead to changes in the groundwater conditions in the
soil layers along the river, something which in turn can lead to a decreasing stability of the
slopes along the Göta River.
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The Göta River is one of the country's largest water courses and the river valley is characterised by varied countryside that has been formed through natural erosion and landslide
processes. Several landslides of varying sizes occur annually along the river and landslides
are much more common in this area than in other parts of the country. The primary reasons for the high frequency of landslides in the Göta River valley are its geological construction, with immense, soft clay layers that were once deposited in a marine environment, the varying flow within the river which causes erosion, and the effect of the expansion and activities of the society that surrounds it.
The river is an important traffic corridor that provides the preconditions for the establishment of ports, industry, housing and infrastructure. These establishments mean that at several locations along the river valley the consequences of landslides would be large, since
housing, industry, roads, railways and maritime traffic would be affected. Furthermore,
contaminated soil would become involved and there would be an adverse effect on water
intake.
Changes in climate mean an increase in the risk of natural disasters. In order to limit the
damage and address the new preconditions that are implied by climate change, it is important not only to identify risks and protect exposed areas and existing structures, but also
to improve the quality of planning for future residential developments and infrastructures,
taking the climate of the future into consideration.

1.3

The Göta River and the local community

The Göta River is one of Sweden's most water abundant river systems and its major inflow
is from Lake Vänern. Its drainage basin amounts to approximately 50,000 km2, which is
equivalent to approximately one-tenth of Sweden's total area, and is by far the largest
drainage basin in Sweden (Göta älvs Vattenvårdsförbund, 2005).
The Göta River, from its intake at Vänersborg to its outlet in Göteborg, is approximately
93 km long, see Figure 1-1. The river's total height of fall is 44 m, with dams and power
stations at Vargön, Trollhättan and Lilla Edet. The river's drainage basin incorporates several tributaries, the largest of which are Slumpån, Grönån, Lärejån, Säveån and Mölndalsån.
The river forks into two at Bohus, where the two branches of the river, together with the
sea, enclose the island of Hisingen. The majority of the water mass, approximately 70 %,
runs through the northern branch, the Nordre River. The southern branch, which runs into
Göteborg harbour, retains the title of Göta River, but is also known as Göteborgsgrenen.
The river is important from many points of view, as a supplier and recipient of water, for
the production of electricity, as a shipping channel and for recreation. The power stations
at Vargön, Trollhättan (Hojum and Olidan) and Lilla Edet annually produce approximately
4-5 % of the country's total hydroelectric power, approximately 3 TWh. Residents of the
municipalities of Trollhättan, Lilla Edet, Ale, Kungälv, Göteborg, Mölndal, Partille and
Öckerö are dependent on the Göta River for the supply of their drinking water. Furthermore, many industries use the river's water for cooling or processing purposes and the river is also an important traffic corridor for shipping. Important natural resources can be
found in and along the river and, amongst others, the areas around Dössebacka, Marieberg,
Fontin as well as the Nordre River and its outlet, are classified as nature reserves or Natura
2000 areas.
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Figure 1-1
The Göta River
© SGI, Lantmäteriet

The discharge of water into the river has primarily been influenced by the construction of
a hydroelectric dam at Lilla Edet in 1916 and by the “Lake Vänern Regulations”, which
started to be applied in 1937. The regulations were introduced in order to control water
levels in Lake Vänern and to utilise the river in an effective manner for the production of
electricity. The regulations have resulted in great variations in the flow of water in the river and both low and high discharges occur, compared with the conditions prior to 1937.
Drainage at the Vargön power station is limited to a maximum of 1,030 m3/s, according to
the relevant water legislation, and the intention of this limitation is to avoid damage
caused by landslides and flooding along the river. This provision means that the water in
Lake Vänern can rise to very high levels during prolonged and heavy inflow. The Göta
River's mean rate of flow is approximately 550 m3/s. During the autumn of 2000 and the
winter of 2001, the water level of Lake Vänern was extremely high. The County Administrative Board temporarily took over the responsibility for drainage from Lake Vänern and
allowed Vattenfall to increase drainage to levels that were in excess of the water legislation provisions, at times up to nearly 1,200 m3/s.
Sundborg and Norrman (1963) state that the changes in the water level upstream of Lilla
Edet have, as a result of the change in the regulations, allowed wave erosion to have an ef-
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fect within a greater and previously partially unaffected area, which has in turn led to increased shore erosion and an increased number of landslides in the area.
Climate changes are expected to lead to further changes related to the inflow into the river.
The results from hydrological calculations and climate modelling conducted by SMHI
(Bergström et al., 2010) clearly show that both high and low levels of drainage from Lake
Vänern will become more common in the future. This applies both to calculations based
on today's drainage strategies and for a hypothetical strategy involving a considerably
higher maximal drainage level. Which flows will be drawn off from the river in the future
will depend on how the climate develops and which drainage strategies are employed.

1.4

Landslides in the Göta älv valley

In the purposes of this investigation, “landslide” refers to a rapid movement of soil sliding
along shallow or deep-seated slip surfaces. The slip surface may be either rotational or
translational. Depending on the nature of the landslide, the soil masses may broke up in
different ways to become large chunks or connected slabs, but they can also become more
or less fluid. The latter type of incident is known as a “quick clay landslide” which is
common in the Göta älv valley.
The type of landslide that has previously occurred in the Göta River valley has primarily
occurred in fine-grained soil compiled by clay and silt layers.
Landslides in coarse-grained soils may also occur in slopes, however, mostly adjacent to
the surrounding outcrops. But, as the problem that society faces throughout the valley primarily is due to landslides in fine-grained soils, landslides in coarse-grained soils or other
types of earth mass movements have not been studied within this investigation.
Figure 1-2 illustrates landslides in fine-grained and coarse-grained soils.

Figure 1-2
Illustration of landslides in finegrained (left) and
coarse-grained
(right) soils.
Illustration: Robert
Källgren.

During the 1900s, two large landslides occurred in the river valley in which people were
killed; these were the Surte landslide of 1950 and the Göta landslide of 1957. In addition
to these, several other extensive landslides have occurred that entailed great costs to society.
The landslide at Intagan, which occurred in 1648, is probably the largest landslide disaster
in Sweden. The sliding masses of clay dammed up the river, whereby the the water level
of the river upstream was raised by approximately 10 m. When the water broke through
the soil masses blocking the river, a massive flood wave developed that caused large dam-
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age downstream. The area affected by the landslide amounted to 27 hectares and the disaster claimed 85 lives.
The Surte landslide (Surteskredet, Jakobson, 1952) occurred in 1950 on the eastern side of
the Göta River, approximately 1,400 m south of Surte church, see Figure 1-3. Much of the
clay consisted of quick clay and the landslide spread retrogressively until it reached firm
layers of soil. Houses within the area affected were moved 50-150 m. The landslide extended over an area 600 m in length and 400 m wide. The sliding earth masses blocked
parts of the Göta River. One person died and 31 homes were destroyed.
At the industrial area in Göta (Odenstad, 1958), a landslide occurred in 1957, see Figure 14. A major part of the factory itself, the whole of the woodyard and a 500 m long section
of fields north of from there slid into the river. The river width decreased into a 30 m wide
channel and the electrical power was lost. The landslide caused a flood wave that reached
a height of approximately 6 m. Three people were killed. One of the causes of the landslide was the ongoing erosion of the river bottom. Quick clay was present in several locations within the landslide zone.
In 1993, a landslide occurred at Agnesberg (Larsson et al., 1994). Agnesberg is situated
along the Göta River's eastern bank, approximately 10 km north of the centre of Göteborg.
The landslide started as an underwater slide and subsequently triggered a number of retrogressive slides. The landslide zone, which extended over a distance of 80 m, stretched 30
m inland. The landslide could have had extensive consequences if the slides had reached
the quick clay that was present at deeper levels. The road E45 and the railway, in addition
to the water intake into the city of Göteborg, located approximately 2.5 km downstream
from the site of the landslide, could have been seriously affected.
The Ballabo landslide (Ballaboskredet, Andersson et al., 1999) occurred in 1996 along the
western bank of the Göta River, approximately 5 km south of Lilla Edet. The landslide affected a 110 m long stretch alongside the river and stretched 50-70 m back from the river
bank. When the earth masses slid down into the river, the water depth at the edge of the
channel decreased from 9-10 m to 4.5 m. The area in which the landslide occurred is dominated by flat clay ground which was surrounded by elevated areas of rock and moraine.
Quick clay was present at deeper depths but the landslide did not extend down into these
soil levels.
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Figure 1-3
The Surte landslide,
1950. Background
map © SGI,
Lantmäteriet. Photograph: SGI

Figure 1-4
The Göta landslide,
1957. Background
map © SGI,
Lantmäteriet. Photograph: Press photograph
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2

How the investigation has been conducted

2.1

Scope and limitations

The Göta River investigation encompasses the slopes along the Göta River from the power
station at Vargön in Vänersborg to the Marieholm Bridge in Göteborg, as well as the
slopes along the Nordre River from the forking of the Göta River at Bohus to the Kornhall
ferry berth in Kungälv Municipality. In total, this is a stretch of approximately 100 km
with a corresponding shoreline of 200 km. The width of the area of investigation is limited
to those areas that could be affected by primary and secondary landslides in conjunction
with the Göta River. Investigations of landslide risks in the tributaries have been limited to
stretches in the vicinity of the river or areas where landslides could affect the river's discharge capacity.
In parallel with SGI's mapping, the City of Göteborg has been working with detailed stability investigations within the city's urban areas. Thanks to a collaborative agreement, the
results from Göteborg's stability investigations have also been used in SGI's landslide risk
mapping.
The purpose of the investigation was to analyse how the risk for landslides could be affected by climate changes, including the effects of increased drainage from Lake Vänern.
For such an analysis, the danger of (or probability of) and the consequences of landslides
need to be investigated.
The preconditions for landslides are primarily determined by the region's topography, geology, hydrology and the geotechnical properties of the soil layers, but are also affected by
changes and stresses that arise through human activity, for example the loads of buildings.
Within the investigation, a great deal of work has therefore involved the producing and
analysing of data, so that these conditions can be described. The work has entailed new
geotechnical field investigations and the taking of inventory for previously conducted investigations. Calculations of the landslide stability have been conducted for 240 sections
and, together with results from previous investigations, the stability conditions along the
entire river are presented. The topographical conditions can be influenced by erosion, for
example, and the conditions with regards to erosion have therefore been mapped along the
river's banks, bottoms and underwater slopes.
The consequences of a landslide depend on the objects at risk within the potential landslide zone and their value. This work has included an analysis of the consequences that can
arise and these are expressed, as far as this is possible, in monetary terms.
It was noted at an early stage that there was a need for method development in order to
improve and make more efficient the mapping of parameters and the methodology for risk
assessment. Previous investigations and ongoing research indicated a number of areas
where new knowledge would increase the quality and the reliability of the investigation's
results. Within the scope of the Göta River investigation, methodology development therefore commenced at an early stage within the following areas:
-

Erosion - the description and understanding of erosion processes in cohesive soils,
the determination of bathymetric conditions along the Göta River, the evaluation
of field and laboratory investigation methods and calculation models and methodology for the estimation of erosion.

-

Groundwater and pore pressure - the understanding of the region's geohydrological conditions and changes to these caused by climate changes.
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-

Sensitive soil - the production of a method for mapping the occurrence and distribution of highly sensitive clay (and quick clay), and methodology for the assessment of the development of landslides in sensitive soil.

-

Landslide probability - the production of methodology for the calculation of landslide probability and the establishment of probability classes.

-

Consequence assessment - a method for identifying and evaluating consequences
and the establishment of consequence classes.

-

GIS reporting - the development of a web-based “map viewer” for the Göta River
valley with editing options in order to allow the compilation, analysis and presentation of data.

-

Climate analysis – the description of changes in precipitation and inflow in the
Lake Vänern region and the flows that these are expected to generate in the Göta
River. The climate scenarios have, among other things, formed the basis for the
assessment of changes to groundwater levels and water flows.

The development work connected with the assignment has been needs-based and provided
direct support to the work of the investigation. Furthermore, much of this work has also
resulted in the acquisition of valuable knowledge that can be utilised in other applications
and other areas. In conjunction with the investigation, the need for research and development within other subject areas has also arisen. SGI has compiled these requirements in a
special report.

2.2

Organisation

The overall direction of the investigation has been led by SGI's management group and a
specific management committee, both of which were headed up by the Institute's Director
General. A project management group has been responsible for the operational direction of
the investigation. In addition to the assignment leader, Marius Tremblay, the project management group has consisted, during various different periods, of Peter Zackrisson, Lars
Andersson, Bo Berggren, Jonas Hedlund, Karin Lundström, Victoria Svahn and Karin
Odén (Geosigma AB). The organisation of the assignment is illustrated in Figure 2-1. Internal support functions within the areas of finance, CAD/GIS and IT have provided the
investigation with assistance.
The investigatory and development work has been conducted within nine different special
investigations that, above all, have been aimed at the development of methodology, the inventory-taking of previous investigations and the analysis of climate changes. A large
number of employees at SGI and various external operators have been involved in the investigatory work, something which is noted by the authors of the interim reports found in
the Appendix.
The area of investigation has been divided up into a total of 10 different geographical subareas and water areas along the river, see also Figure 2-2. In order to simplify the localisation, naming and referencing of investigated sections, two “road” alignments have been
created in the Göta River between the Vargön power station (length measurement km
0/000) and the Marieholm Bridge (length measurement km 81/000), and in the Nordre
River between Bohus (length measurement 100/000) and the Kornhall ferry berth (length
measurement 111/600).
An interest group has been linked to the investigation, consisting of representatives from
the Swedish Maritime Administration, the Swedish Transport Administration, Vattenfall,
the Swedish Civil Contingencies Agency (MSB), the Geological Survey of Sweden
(SGU), the Swedish Meteorological and Hydrological Institute (SMHI), the County Ad-
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ministrative Board of Västra Götaland and all of the municipalities located along the river.
Furthermore, there has been a specific dialogue with the Swedish Transport Administration regarding the ongoing investigations of the road E45 and the Norway-Vänern railwayline. At the same time that the Göta River investigation was being conducted, the City
Planning Office in the City of Göteborg was performing extensive stability mapping within Göteborg Municipality. SGI and the City of Göteborg have therefore been cooperating
closely in the coordination of the stability investigations along the Göta River and within
the Municipality.
During 2009, SGI signed a framework agreement with 11 consulting firms for the provision of geotechnical services. The specifications of the framework agreement were utilised
on five occasions, and agreements were signed with consultants for a total of nine different
assignments. The geotechnical services involved the conducting of geotechnical field investigations on land and in the river, laboratory investigations and stability calculations.
Consultants have also been employed for other activities, such as bathymetric measuring,
climate analysis and parts of the GIS-reporting.
SGI is certified in accordance with ISO 9001 and ISO 14001, and the investigatory work
has been audited by internal members of staff and external consultants. Furthermore, the
following measures have been carried out in order to inspect the quality of the assignment:
- SGI has been supported in its development work within the Göta River investigation by
the Geological Survey of Sweden (SGU), the Norwegian Geotechnical Institute (NGI),
Chalmers University of Technology, Lund University, the Swedish Meteorological and
Hydrological Institute (SMHI), Deltares (a research and consulting firm that operates in
Netherlands) and the University of Stuttgart.
- The Swedish Maritime Administration has supported SGI in its work with procurement
and during the quality inspection of test results from the compilation of elevation models on land and under the river.
- An internal SGI committee for quality assurance and acceptance inspection has audited
the work that was conducted by external consultants. The auditing has adhered to established instructions. Deviations that have arisen as a result of the auditing have been later remedied by the consultants.
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Figure 2-1
Organisational
chart for the
Göta River investigation.
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Figure 2-2
Geographical
sub-areas along
the Göta River
valley.
Background map
© SGI,
Lantmäteriet.
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2.3

The GIS platform and GIS applications

As part of the Göta River investigation, a large amount of external data has been collated
and utilised, for example, geological conditions, property values, population statistics, infrastructure and the occurrence of risk objects. A large amount of new data and results
were produced whilst the investigation was in progress. In order to process the large
amount of data, a GIS platform was established where data is stored in the coordinate system SWEREF99TM in plane and in the elevation model RH2000.
Based on the GIS platform that was produced, a number of web-based GIS applications
were also developed so that the collated and processed data could be easily managed; certain applications made it possible to edit and revise data within the database.
The single most important GIS application within the investigation is the one known as
“Viewer – Göta River”. It contains almost one hundred layers and hundreds of thousands
of geographic objects (for example, points, lines, areas) with both data provided by other
authorities and results generated by the investigation. Examples of useful and easily accessible presentations in the viewer have been the description of field studies in plane with
the correct associated geotechnical symbols, and the underlying results of field and laboratory investigations that can be accessed by clicking on them. Safety factors from stability
calculations are also described, along with elevation models and geological maps. The Göta River “viewer” has been a very valuable tool during the investigation and has been used
for the digitalised surface representation of stability and consequence classes. Figures 2-3
and 2-6 show examples of some of the presentations of various data in Viewer - Göta River.

Figure 2-3
Illustration of the
property map, showing investigation
sections, boreholes
and contour lines
with an equidistance
of one metre.
Background map ©
SGI, Lantmäteriet.
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Figure 2-4
Illustration of the
soil type map, including the geology
of the soil types in
the river, contours
with an equidistance
of one metre, investigation sections, as
well as boreholes
and sounding diagram (diagram from
GeoSuite).
Background map ©
SGI, Lantmäteriet.

Figure 2-5
Illustration of an orthophoto with certain points and lines
from the property
map, contours with
an equidistance of
one meter, investigated sections plus a
photograph from a
GPS camera.
Background map ©
SGI, Lantmäteriet.
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Figure 2-6
Illustration of a terrain
model (for further details
see section 4.3) based on
laser scanning of land
and multibeam echo
sounding in the river.
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3

The climate of today and in the future in the Göta
River valley

This chapter outlines the climate of today in the Göta River valley and expected
changes in the climate up until the year 2100. The climate in the Göta River valley
and its drainage basin is significant for the evaluation of the conditions that affect
the stability of the slopes along the Göta River, including erosion, water levels in
the river and the sea, and ground water conditions.
The climate in the Göta River valley and its drainage basin affects the stability of the
slopes along the Göta River since precipitation has a direct effect on the groundwater conditions in the slopes. Slopes are also affected by a change in air temperature. For example,
high temperatures lead to increased evaporation, reduced soil moisture and the development of cracks in the clay's dry crust.
The water flow in the river and its tributaries are also significant for the erosion of bottoms
and slopes which, in turn, affect the stability of the slopes. The water flow in the valley is
governed by the amount of precipitation that falls in its drainage basin, which encompasses Lake Vänern and major parts of the counties of Västra Götaland and Värmland - an
area of just over 50,000 km2. The water flow in the Göta River is regulated, but consideration must also be given to the levels in Lake Vänern, as well as those in the Göta River.
After persistent high inflows to Lake Vänern the discharge in Göta River must be increased to avoid flooding around the lake.
The stability of the slopes adjacent to the river is also affected by the water level in the
river since the mass of water constitutes a stabilising and resisting force as far as the slopes
are concerned. Since the Göta River is connected with the sea, the level of the sea is significant for the water level in the river downstream Lilla Edet. The sea level will, in turn,
rise as a result of global warming.
As a basis for the Göta River investigation, SMHI has conducted an investigation regarding future climatic conditions in the Göta River valley (Bergström et al., 2011). Lake Vänern's future levels and drainage to the river has also been studied in an investigation for,
among others, the County Administrative Boards in Västra Götaland and Värmland (Bergström et al., 2010). Based on the data from these investigations, this chapter provides a
compilation of the meteorological conditions that are of significance to slope stability in
the river valley. The current and future flow in the Göta River and its tributaries, and the
groundwater conditions are described in Chapter 6, Surface and groundwater conditions in
the climate of today and that of the future.

3.1

The climate of today

Due to its proximity to the North Sea, the temperatures in the Göta River valley are higher
during the winter and lower in the summer, when compared with areas further east. The
mean monthly temperature during the 1961-1990 reference period was, at its lowest,
around -2 C and was recorded during the months of January and February. At its highest,
it was around 17 C in July (SMHI, 2011).
Proximity to the North Sea also entails higher levels of precipitation than in eastern Sweden. The mean precipitation during the same reference period was around 800900 mm/year (SMHI, 2011). Most precipitation fell during the late autumn with nearly
100 mm/month recorded during September to November. The period from February to
May was generally the driest period with around 50 mm/month. The number of days during the reference period when there was snow cover was around 50-60 days/year, and on
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these days, around 15 % of the annual precipitation fell as snow (Västra Götaland, 2003
and SMHI, 2011).
Long-term measurements of temperature and precipitation in Sweden have been performed by SMHI since 1860. The records indicate that both temperature and precipitation
have increased during the measurement period. Figures 3-1 and 3-2 describe, respectively,
the long-term development of the mean air temperature and the annual precipitation recorded at SMHI's weather station in Vänersborg.

Figure 3-1
Long-term development
of the mean air temperature recorded at SMHI's
weather station in Vänersborg. Data that has
been completed with the
help of the interpolation
of observations from the
town of Skara is marked
in a contrasting colour.
The continuous black line
represents the calculated
trend (Bergström et al.,
2011).

Figure 3-2
Long-term development
of annual precipitation
recorded at SMHI's
weather station in Vänersborg. Data that has
been completed with the
help of the interpolation
of observations from the
town of Skara is marked
in a contrasting colour.
The continuous black line
represents the calculated
trend (Bergström et al.,
2011).

Figure 3-3 shows the long-term development of the most extreme precipitation in the
county of Västra Götaland. The description is based on SMHI's climate database for the
application of hydrological modelling, “the PTHBV database”. The database covers the
whole of Sweden, using a 4x4 km grid. The diagram shows the mean value across the region of the year's highest value for each calculation square. This is not entirely comparable
with previously reported observations based on direct readings taken at gauging stations.
The diagram shows that there has been an increase in the level of the most extreme rain
since the start of the 1960s.
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Figure 3-3
Long-term development of the most extreme precipitation
in the county of Västra Götaland. The
continuous black line
represents the calculated trend (Bergström et al., 2011).

Climate changes

The climate analysis conducted within the Göta River investigation (Bergström et al.,
2011) is based on a large number of different climate scenarios that have been designed
using regional climate models, the majority of which comprise part of the European
ENSEMBLES project. The climate analysis described future precipitation and temperature, and future changes in inflow. The occurrence of low and high flows in the Göta River
has been estimated on the basis of these changed inflow levels. In addition, future changes
to the soil moisture in the vicinity of Lake Vänern are described, which have been used,
together with precipitation changes, in the assessment of the future groundwater situation,
for more details see Chapter 6. A compilation of several international studies has also been
made that assesses changes in global sea levels up until the year 2100.
A great degree of uncertainty is generally associated with assessments of future climatic
conditions. The further one looks into the future, the greater the variation in the results of
the various climate scenarios and models. The magnitudes and values given in this chapter
are type or mean values from the climate of today analyses. Since there is a great degree of
uncertainty, the values given below should be treated with caution.
Temperature and precipitation in a changed climate
Meteorological measurements and analyses show that there has been an increase both in
precipitation and temperature in the Göta River valley over the last century. For extreme
precipitation, this applies for the last 50 years, since the period before this has not been analysed.
Based on the climate scenarios, the future development of temperature and precipitation in
the Göta River valley has been projected. For the Göta River's drainage basin, the climate
is expected to change in much the same way as within the river valley. As can be seen
from Figure 3-4, the mean annual temperature is expected to rise by 4-5C by the turn
of the century, compared with current conditions (reference period 1961-1990). The increase is expected to be greatest during the winter and least during the summer.
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Figure 3-4
Estimated future temperature development in the Göta River valley for the whole
year, based on 16 climate
scenarios. The various
shadings refer, from the top
down, to: the maximum value, 75 % percentile, the
median value (black line),
25 % percentile and the
minimum value of the annual mean temperature, taken
from all climate estimations. The mean value of the
reference period is shown
with a horizontal line
(Bergström et al., 2011).

As can be seen from Figure 3-5, a gradual increase in the mean annual precipitation can
be expected in the Göta River valley over the next 90 years with 20-30 % higher precipitation by the turn of the century, compared with current conditions (reference period 19611990). Precipitation increases most during the winter, but results vary greatly. It should be
noted that the climate estimations indicate that the mean annual temperature will increase
by 4-5 C during the same time period, which means that evaporation will also increase.
In the future, precipitation in the Göta River valley's drainage basin is expected to increase
during the winter and to decrease during the summer, whilst it will remain largely unchanged during the spring and autumn.
Figure 3-5
Estimated future precipitation development in the Göta River valley for the whole
year, based on 16 climate
scenarios. The diagram also
includes observations for
the same area obtained
from the PTHBV database.
The various shadings refer,
from the top down, to: the
maximum value, 75 % percentile, the median value
(black line), 25 % percentile and the minimum value
of the annual precipitation,
taken from all climate calculations (Bergström et al.,
2011).
.

As far as the change in the frequency of extreme daily precipitation with a return period of
100 years is concerned, it is reasonable for the moment to expect future increases to occur
linearly in the Göta River valley, which would mean an approximate increase of 10 % up
to the middle of the century and an approximate increase of 20 % by 2100.
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3.3

Sea levels today and in the climate of the future

The sea level at the outlet of the Göta River has been measured over a long period of time,
and characteristic values for high, mean and low water levels have been compiled for the
Göta River investigation by Bergström et al. (2011)
The water levels in the sea affect the water level south of Lilla Edet and, therefore, the
possibility to discharge water from Lake Vänern. As a result of land uplift, the relationship
between the land and the sea level is constantly changing. Global sea levels are currently
rising at nearly the same rate as the land uplift at Göteborg, i.e., by approximately 3
mm/year.
The effect of global warming on the future sea level depends on several factors. The most
important are thermal expansion (the expansion of the water when heated) and the contribution made by melting glaciers and the large land ice masses of Greenland and Antarctica. But there are large local differences that are due to changed salt conditions, changes in
the local wind climate, changed gravitational fields when large areas of ice melt, and even
changed land uplift and subsidence conditions when the load on the earth's crust changes
as a result of pressure from the large areas of ice falling. The most extreme water levels often have greatest local significance and these are seriously affected by the changing frequency, intensity and direction of storms.
Future sea levels are described by the international climate panel, the IPCC (IPCC, 2007)
which base its work on the climate research that was available at the time. Several academic articles have subsequently been published that emphasise the risk that ice may melt
all the more rapidly and that oceans may rise more than has previously been assumed.
Compilations and assessments of future sea levels for specific regions have also been
made.
It should be noted that the majority of projections regarding future sea levels are based on
the IPCC's emission scenarios. This means that the effects of any emission limitations resulting from international agreements have not been taken into account. If the emission of
greenhouse gases can be limited, sea levels will rise less, but due to the inertia of the climatic system, they will not cease to rise completely.
A review has been conducted of several international studies within the climate analysis
for the Göta River, and it has been noted that the assessments regarding future sea levels
vary considerably, and that the regional differences are substantial. It has been assessed
that the sea level will rise by approximately 0.3 m up until 2050 and by around one metre
until 2100 (Bergström et al., 2011). Due to isostatic uplift, the effect in Göteborg will be
reduced to approximately 0.15 m and 0.7 m respectively, according to Figure 3-6.
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Changes in waterlevel/Isostatic uplift

Global sea level rise

Isostatic uplift

Figure 3-6
Net rise in the sea level
at Göteborg up until
2100, based on the assumption that global
sea levels will rise by
0.3m up to 2050 and
by one metre up to
2100, estimated from
the 1990 reference
year. (Bergström et al.,
2011).
.

Year

Short-term extreme water levels are often linked to storms. Existing regional climate scenarios give no unequivocal picture of how these will develop. This means that there is no
data on which to base recommendations regarding the considerations that should be made
in respect to changed levels of storm intensity or storm frequency, and the subsequent high
water levels in the Göteborg area in a climate of the future.
For areal planning, the long-term development of climate beyond the year 2100 is also of
interest. Some international investigations suggest that sea levels could continue to rise up
to as much as 2-4 m. However, there is great uncertainty since the calculations are affected
by future emissions and a long list of feedback mechanisms about which little is known.

Facts in brief



The climate scenarios indicate that the mean annual temperature can be expected to increase by 4-5 C and that precipitation can be expected to increase by 20-30 % by the year 2100.



The sea level at Göteborg is estimated to rise by approximately 0.15 m up
to 2050 and then by around 0.7 m up to 2100, taking land uplift into consideration.



The climate analysis is based on climate scenarios that are projected using
regional climate models. Assessments of the climate of the future are extremely uncertain.
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4

Geology and landforms

This chapter aims to provide an understanding of the geological conditions and
landforms in the river valley that are significant in terms of landslides and erosion.
The geological aspects that are primarily of interest are the soil type, sequence of
soil layers, soil depth, ground water conditions, structure of the soil-layers and the
location of the highest coastline in the area. Knowledge regarding the area's landforms provides a good level of understanding of the ongoing processes and topographical preconditions that relate to landslides and erosion.
The sensitivity of the Göta River valley to landslides is a result of its geological, geotechnical and morphological conditions. The Göta River valley has the highest frequency of
landslides in Sweden. SGI's landslide database contains records of over 60 landslides and
earth movements along the Göta River, the majority of which have occurred in the stretch
between Lilla Edet and Trollhättan (SGI, 2012b). Of the four documented landslides that
have affected the largest area (> 20 ha), one occurred at Lilla Edet (Intagan) and three
south of Lilla Edet (Göta, Jordfallet and Surte).
Of the Göta River's major tributaries, it is primarily Slumpån and Lärjeån that are affected
by landslides and the formation of ravines. There are also several landslide scars along the
Grönån River, but none directly connected with the river. No large landslides or earth
movements along the Nordre River's shores are documented in the landslide database or
have been registered in the terrain model's analyses, but a number of ravines and deep
holes have however been noted along the Nordre River.
Geological conditions are affected by human activities. Over the years, extensive filling
activities have been carried out in connection with the river and the clay has, in several
places, been covered with widespread filler masses. Contaminants have sometimes accumulated in these masses, which further affects the nature of the soil. Current soil conditions are therefore a combination of natural geological preconditions and the impact of
mankind.

4.1

Geological conditions

Bedrock
The bedrock in the Göta River valley belongs to the Baltic Shield and consists primarily of
crystalline rock types with varying chemical composition and texture, primarily gneisses
with elements of diabase and granite (Samuelsson, 1985).
Zones of movement in the bedrock have caused an extensive system of cracks that have
affected the formation of the valley considerably. The extent of the river's channel largely
coincides with a pronounced fault zone that stretches from Vänerbäckenet to the other side
of Göteborg. In this fault zone, the rock has been pushed up vertically and subsequently
caused a system of steeply dipping cracks (Samuelsson, 1985 and Klingberg et al., 2006).
At Lilla Edet, the valley changes direction; north of Lilla Edet it runs northeast-southwest,
whilst south of Lilla Edet it runs north-south.
Consequences of land uplift
During the latest ice age (approximately 110,000-6,000 B.C.), the whole of Scandinavia
was covered by ice. The heavy load from the 2-4 km thick land ice pressed down the
Scandinavian bedrock, a process known as “isostatic downwarping”. When the ice for-
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mation was at its maximum level, it is estimated that the Göta River valley was pressed
down by approximately 150 m (Berg och jord, 1994). After the ice age, when the heavy
load from the land ice had disappeared, the process was reversed and Scandinavia was
been lifted back isostatically through postglacial land uplift - a process which is still ongoing. Land uplift is slow and has a decreasing speed, and along the Göta River valley it is
currently 1-3 mm per year. The process whereby the land surface is gradually emerging
above the sea level is illustrated by the four maps in Figure 4-1, which show the situation
in the southern part of Lake Vänern, the Göta River valley and Göteborg's local coastal area. The speed of land uplift has gradually decreased.

Figure 4-1
The land uplift process
in the Göta River valley and its vicinity. The
ground level has,
through uplift, gradually been lifted up
above the sea level.
The situation in the
southern part of Lake
Vänern, the Göta River
valley and Göteborg's
local coastal area in
10,500 B.C., 9,000
B.C., 8,000 B.C. and
5,500 B.C. (as per
Klingberg et al., 2006).
Maps: © SGU
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For thousands of years following ice melting, many areas found above sea level today,
were covered by open sea and bays and, through sedimentation, thick marine base layers
of clay and silt were deposited at the bottom of these sea beds. Due to land uplift, these
previous marine base layers are now soil layers on land along the Göta River valley. Other
types of soil layers such as flood-plain deposits, organic soil, glacial material and moraine
are also present. Soil layers of clay and silt often superpose moraine and glacial material.
The shores along the Göta River and its tributaries with their layers of clay have been
eroded, which has led to the formation of, in several parts, steep slopes.
Soil depth
Due to the immense soil layers that currently superpose the rock surface, it is difficult in
some places to assess the depth down to the bedrock. Within the Göta River investigation,
a large number of soundings have been conducted to fairly great depths. In certain cases,
the bedrock was reached and the soil depth could therefore be established, but since it was
not the aim to map the depths down to the bedrock, the soundings were stopped at depth of
40-45 m if the bedrock was not encountered before this depth. However, through seismic
investigations conducted by Klingberg et al. (2006), the soil depth in the river was roughly
estimated. It is generally deeper in the valley south of Lilla Edet. Between Lilla Edet and
Göteborg, soil depths of over 100 m are common, and at a level with Alafors and Älvängen the bedrock probably lies at a depth of just over 200 m. North of Lilla Edet the soil
depth is considerably less, and in several places, the bedrock is exposed on the river bed.
At Slumpån's outlet, the bedrock can be found between 7 and 15 m under the river bed.
Deposition conditions
A description of the geological conditions for deposition in the Göta River valley is provided, among others, by Fredén (1994 and 1986), Klingberg et al. (2006) and in Berg och
jord (1994). A summarising description based on these is given below.
During the melting of the glaciers approximately 14,500 years ago, large amounts of suspended silt and clay particles were transported by meltwater and was deposited as thick
glacial, marine clay in the valley, which then was a salt water environment in an arctic ice
sea. Between 11,000 and 10,000 years ago, land uplift was pronounced and the Göta River
valley came to form a long, narrow and deep bay where the salt water reached as far as
south of Trollhättan. During this period, extensive volumes of water were drained through
Vänerbäckenet and out towards the North Sea. For several thousands of years, the river's
mouth into the sea lay downstream of the water fall at Trollhättan, after which it has gradually moved southwards.
The depositing of glacial clay occurred beneath the highest coastline (HC) which, due to
land uplift following the regression of the ice, is currently found about 100 m above sea
level at Göteborg and at about 130 m above sea level at Trollhättan. Due to land uplift, the
conditions for the formation of soil layers in the Göta River valley gradually changed. The
deposited layers of glacial clay started being eroded. Approximately 7,500 years ago,
however, the sea level was rising at a faster rate than the land uplift (postglacial transgression) and the seashores in the southern section were therefore higher then, compared with
their level 10,000 years ago. In this environment, eroded glacial clays were redeposited as
postglacial clay in the newly formed bay. The interplay between the changing sea level
and the land uplift resulted in deposition of new layers of clay, sand and gravel over previous areas of land. Four and a half thousand years ago, the sound reached Lilla Edet, and
approximately 2,000 years ago, the river started to look essentially the way it does today.
Deltas are formed at estuaries since the flow rate in the outlet zone falls and particles are
subsequently able to settle. Discharging in salt water environments also implies that clay

Landslide risks in the Göta älv valley in a changing climate

37
particles can flocculate, favouring sedimentation of material. In the Nordre River's estuary,
there is today a (recent) estuarine delta, formed of fine-grained sediments. Through variations in the location of the river's mouth, older deltas are encountered at various points
along the river. The flat clay plains at Utby and Torpa, south of Lilla Edet, are examples of
similar fine-grained estuarine deltas that were formed before the river mouth was shifted
southwards.
The sequence of soil layers in the Göta River valley
The soil layers in the Göta River valley primarily consist of clay that lies on top of several
metres of cohesionless soil. However, in the areas that are affected by lateral moraines, the
thickness of the layers of cohesionless soil is significant. Generally, the thickness of the
clay is greater in the southern than in the northern part of the valley. Along the sides of the
valley, up towards firm ground, cohesionless soil can be found in different places. The
general geological picture has essentially been confirmed by the work performed within
the Göta River investigation. The investigation has also contributed with an extensive
amount of new data concerning the sequence of soil layers and the composition of clay
soil.
The layer sequence in the Göta River valley is presented in the descriptions accompanying
the quaternary maps Vänersborg SO (Fredén, 1984), Göteborg NO (Fredén, 1986) and
Marstrand SO/Göteborg SV (Adrielssson & Fredén, 1987), and by Hillefors (1974), in
Berg och Jord (1994) and in an overview by Sundborg & Norrman (1963). A summarising
description, based on these reports and data that have come to light during the investigation, is provided below.
The layer sequence is generally characterised by glacial marine clays that are deposited directly onto the bedrock or onto thin layers of coarse-grained sediments such as till and
glaciofluvial material. Between Bohus and Lödöse, thick layers of coarse sediment occur
beneath the glacial clay, and north of Lärje there is a thick glaciofluvial deposit which is
part of the Göteborg moraine. The clays are in many places varved with thin strata of
coarse-grained materials which, as a result of the effect of wave-washing, have surged out
from the valley sides. In many places, postglacial clays and sand can be found above the
glacial clay.
In the northern part of the valley, glacial fine clay dominates; which here has a clay content of between 40-60 per cent. This glacial fine clay is grey-blue in colour, apart from in
the dry crust where it usually has darker shades of grey and brown. The dry crust is, as a
rule, 1-2 m thick and is thickest at high river banks. Beneath the dry crust the clay has low
shear strength, increasing with depth.
In the southern part of the river valley (along both the Göta and the Nordre Rivers) the
lower (oldest) part consists of glacial clay with sandy and silty strata. Higher up in the sequence, the thickness of the clayey layers increases, whilst the frequency of the sandy and
silty strata decreases. The clay content in the various clay layers varies between 15 and 40
per cent, whilst the clay content in the thickest part of the glacial clay sequence is between
30 and 60 per cent. The presence of marine animal and plant fossils, arctic foraminifera
(amoebae) and plankton, indicates that clay sedimentation took place in the arctic sea and
at a relatively great depth. The thick part of the glacial clay sequence is homogeneous and
grey-blue in colour, with dark strata of iron sulphide.
Postglacial clays in the Göta river valley are found primarily at levels less than approximately 25 m over sea level, and hence downstream of Trollhättan alongside the river. The
postglacial clays in the valley are seldom thicker than 15 m and a superficial layer (less
than 0.5 m) of postglacial sediments of varying grain size (clay to gravel) are found
throughout almost the entire river channel. It can be hard to differentiate postglacial clay
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from glacial clay, but the former has a grey colour and is usually not clearly stratified. The
flat parts of the valley are often a result of the formation of postglacial clay.
Cross-sections of typical soil layer sequences across the Göta River valley upstream of
Slumpån and downstream of Älvängen are illustrated in Figure 4-2.

Legend
Western side

Eastern side
Göta River

Rock
Till
Sand, silt
Glacial clay
Postglacial clay
Flood-plain deposit

Figure 4-2
Cross-section of typical soil sequences
across the Göta River
valley upstream of
Slumpån (upper section) and downstream
of Älvängen (lower
section).

Eastern side

Western side
Göta River

Flood-plain deposits also occur in several places along the river, normally with a thickness
of 1-3 m. The presence of gyttja clays and clayey gyttja in the postglacial sediment is a result of organic material becoming embedded in the clays when the climate became gradually warmer, approximately 10,500 years ago.
The northern sections of the river are characterised by embedded glacial clay being exposed at the river's bottom, whilst postglacial sediment occurs sporadically in the form of,
among other things, fluvial outwash along the sides of the river channel. In the southerly
part of the valley, the river has carved its way down through postglacial sediments instead,
and the sides of the river channel therefore primarily consists of postglacial clay, whilst
the bottom of the river channel may consist of glacial clay (Klingberg et al., 2006). Results
from the multibeam echo sounding have been evaluated in order to assess the type of superficial bottom sediment. The river channel is in most places covered by thin surface layers of sand, but at Dössebacka and north of Lilla Edet's lock, large thicknesses of sand are
present. The sand deposits on the river bed at Dössebacka are believed to be growing with
a small delta moving southwards. Sand waves at right angles to the river occur on the surface of the delta, and these are clearly evident in the bottom scans that have been performed.
Examples of sediments from beneath river bottom are presented in Figures 4-3 to 4-5.
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Figure 4-3
Surface sediments
sampled beneath the
Nordre River. Blackgrey organic clay,
somewhat sulphidecoloured and with root
marks beneath a thin
stratum of brown-grey
clay. Photograph: SGI.

Figure 4-4
Surface sediments
sampled beneath the
Göta River, Göteborgsgrenen. Grey
homogeneous postglacial clay. The uppermost millimetre is
browner in nature and
contains silt and sand
grains. Photograph:
SGI.

Figure 4-5
Surface sediment sampled beneath the Göta
River, south of Göta.
At the surface, a brown
stratum of clayey organic silt and underneath, a grey clayey,
fine-sand silt. Photograph: SGI.

The river valley is intersected by three ridges of recessional moraines that run in a northwest-southeast direction and which were formed when the ice border stood still for a long
period of time (100-200 years) in an “ice margin” state. The southernmost terminal moraine is the Göteborg moraine that crosses the Göta River valley south of the Nordre river's
estuary and north of Lärjeån's outlet. Upwards the river follows the Berghem moraine that
crosses the river roughly at Nol and the Trollhättan moraine at Trollhättan. The ice margin
is seen in places on both sides of the river as lateral moraine ridges and formations similar
to drumlins.
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At Dössebacka (part of the Berghem moraine) there is a thick drumlin formation that contains both glacial sediments and till, see Figures 4-6 and 4-7.

Figure 4-6
Part of the Dösseback
formation. Photograph: SGI.

Figure 4-7
Surface sediment in the
river, outside of Dössebacka. Brown sand
with plant parts. Photograph: SGI.

At Ellesbo (part of the Göteborg moraine) there is another drumlin. In addition to this
there is till beneath the glacial clay at Lärje, Agnesberg and Surte (Göteborg moraine) and
between Bohus and Älvängen (Berghem moraine). Between these recessional moraines
there are several veins of smaller moraines and glaciofluvial deposits. This is especially
evident at Lilla Edet where there are two glaciofluvial deposits - Backamodeltat and
Dunnebacken - that are part of a marginal deposit line that runs across the Göta River.
Near to the glaciofluvial deposits, glacial sediment has surged out over the glacial clay.
These coarse-grained surge deposits are generally thin (0.5-1 m) even if they can be widespread. At several places along the river valley, the glaciofluvial deposits have been exploited through extractions of sand and gravel and they are no longer as prominent.
Typical for the glaciofluvial deposits is that they are constructed of horizontal and angled
strata and layers of various cohesionless soils. In several cases, the layers may have been
disturbed by the effect of ice movements. The occurrence of coarser sediments, how they
lie in strata and at what angle, their situation in relation to the bedrock and the manner in
which they are superposed by clay, are of significance for the groundwater flow. In areas
with coarser sediment that are superposed by clay, or where coarser strata are interbedded
in the clay, artesian groundwater can occur and layers of highly sensitive clay or quick
clay can be formed, a process which is described in more detail below.
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Quick clay
The subsequent groundwater flow caused by land uplift has in many places caused leaching of salt in the marine clay deposits. In these leached clays, the binding forces between
the clay particles may disappear when clay is disturbed or subjected to vibrations. The
skeleton of the clay, which also contains cavities (pores), may then collapse in which case
the shear strength of the clay more or less completely disappears. These clays are known
as “quick clays” and are common in the Göta River valley, especially north of Lilla Edet.
Quick clay can occur both as homogeneous clay areas and as major or minor volumes
within more “normal” clay.
The presence of quick clay is of crucial importance to the extent of a potential landslide.
The majority of large landslides along the Göta River valley have occurred in quick clay.
Within the scope of the Göta River investigation, particular attention has been paid to
identifying and mapping the presence of quick clay and highly sensitive clay.
Artesian groundwater conditions
The tectonized bedrock along the valley has brought about big differences in elevations,
differences which in places amount to between 200 and 300 metres. This influences the
groundwater conditions, amongst other things. Infiltration into the elevated areas and
groundwater flow from these along underlying till, glaciofluvial deposits and coarser, embedded sediments in the often thick layers of clay, provide preconditions for high and
sometimes artesian groundwater pressure in clay layers in adjacent valleys.

4.2

Topography and landforms

The landforms in the Göta River valley are the result of ongoing geological processes such
as erosion and landslides. The river channel in the valley has been gradually reshaped by
the forces to which it has been exposed, in the form of flowing water, waves, land uplift,
changing groundwater conditions and human intervention.
Sundborg & Norrman (1963) describe how the shore morphology in the Göta River valley
changed substantially in the time preceding and immediately following the canal reconstruction of 1916, due to the “Lake Vänern Regulations”, increased shipping and different
land use practises. A description of this can also be found in Rydell et al. (2011a).
Dredging work has been performed in several places along the river and an account of the
work carried out before the 1960s can be found in Sundborg & Norrman (1963). In Göteborgsgrenen, dredging was carried out to enable shipping there as early as the middle of
the 1800s and, in connection with improvement to the entire river during the 1910s, extensive dredging was carried out along several stretches. After the landslide disasters at Surte
and Göta, significant amounts of dredging material were deposited in deep sections of the
river. In the 1950s, dredged masses were tipped into a one kilometre stretch of the river
downstream of the Nol railway station and in 1957, sections of deep river at Smörkullen,
north of Lilla Edet, were filled, amongst others. Furthermore, dredged masses from the
Göta landslide were tipped into the river at Tossland, north of Lilla Edet, and at Ivarslund,
Ödegärdet, Bäcksholmen, Alvhem, Signehögsholmen and Nol, all of which are south of
Lilla Edet. In Göteborg harbour, approximately 50-80 kilotons of sediment are dredged
every year (Brack et al., 2001 and Port of Gothenburg, 2010).
The water depth in the middle of the river varies a great deal in the stretch upstream of Lilla Edet. For example, the depth at Åkerström and Stallbacka is only about 6-7 m, whilst at
Hjärtum and Vargön, it is 20-25 m. Downstream of Lilla Edet, the variations in water
depth are not so great; the water varies in depth between 6 and 15 m. Towards Göteborg,
the water depth in the middle of the river is around 6 to 9 m, whilst in the Nordre River, it
is generally between 10 and 15 m.
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Thorough descriptions of the geomorphology of the Göta River valley were provided,
among others, by Sundborg & Norrman (1963), Engström (1934) and Klingberg et al.
(2006). A compiled description, based on these reports, can be found below, divided up into the areas north and south of Lilla Edet and the Nordre River valley, respectively.
The valley north of Lilla Edet
Along the valley between Lake Vänern and Lilla Edet, there is high relief, and rock surfaces are exposed at several locations along the river channel with rocky outcrops frequently situated close to the river channel. Traces of erosion caused by flowing water can
be found on the river bed.
The river has carved its way down into the clay deposits and formed a relatively narrow
channel with relatively steep river banks that are often around 20 m high. The difference in
elevation between the surrounding ground surface and the river bed can be as much as 40
m, but it decreases gradually towards Lilla Edet. The landscape of this part of the Göta
River valley is distinctive, with high, erosion-damaged river banks, ravine formations and
scars produced by landslides of different sizes. This is evident especially in the area
around Slumpån and Intagan, see Figures 4-8 and 4-9. The formations have been interpreted as being the result of water erosion, when clay surfaces became exposed as a result of
rapid land uplift which occurred approximately 11,000 years ago.

Figure 4-8
Landslide scars in the
valleys of the Göta
River and Slumpån.
Background map ©
SGI, Lantmäteriet.
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Figure 4-9
Landslide scars along
the river's western
side, downstream of
Intagan. Photograph:
SGI.

The valley south of Lilla Edet
In the valley between Lilla Edet and the sea, the bottom of the valley still retains its original features of undisturbed surface sediments. Within the southern part, the surface sediments on the valley bottom have not yet been completely raised above the sea level and
there are, consequently, flooded areas on both sides of the river, see Figure 4-10. Along
certain stretches, such as around the Angered Bridge on the river's eastern side in the area,
the valley is, however, restricted by steep, high, rock sections.
Below the water level, the river channel has itself been carved down sharply and is restricted by steep underwater slopes on its way towards a water area between the river
channel and the shore edge which is quite wide and shallow in certain parts. Erosion in the
channel can cause landslides in these steep underwater slopes, see Figure 4-11.

Figure 4-10
The river's eastern
bank, just north of
where it forks at Bohus.
Photograph: SGI.
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Figure 4-11
Slides in the underwater slope just north of
the Angered Bridge.
Background map ©
SGI, Lantmäteriet.

The Nordre River
At Bohus, the river divides itself into two sections: towards Göteborg (called Göteborgsgrenen) and the Nordre River. The Nordre River's valley is considerably narrower
than the valley towards Göteborg. On the other hand, the Nordre River is wider and deeper
than towards Göteborg. In the upper section, the Nordre River turns in several wide arcs
that are caused by fault zones in the bedrock. The lower section of the valley is rectilinear
with a northeast-southwest direction. After the forks in the river, both the northern and
southern banks are flat and there are some protruding sections of bedrock, see Figure 4-12.
In the estuary, the northern bank partially consists of steeply inclined rocksides from the
Överön island and further east, whilst the southern bank is still relatively flat. The river
bed forms there a threshold and the depth of the water is not greater that 2-3 m (Adrielsson
& Fredén, 1987).
The channel's underwater slopes are steep in many places; however, the shallow water areas between the channel and the shore edge, which are common towards Göteborg, are
largely absent.

Figure 4-12
The Nordre River,
southern bank, after
the fork in the river.
Photograph: SGI.
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4.3

Terrain model

A digital elevation model of the Göta River valley was produced by Vattenfall AB in
2007. The elevation model is based on laser scanning carried out from the air and a number of hydrographic surveys conducted by boat. However, the hydrographic surveys did
not always encompass the shallow areas in the river, which is why a complete multibeam
echo sounding of the river bottom was conducted within the Göta River investigation
(Marin Miljöanalys, 2011b). Descriptions of the laser scanning and the multibeam echo
sounding can be found in Rydell et al. (2007).
A new terrain model of the river valley was subsequently produced by Vattenfall Power
Consultants (VPC) by interconnecting the air measurements from the previous elevation
model with the new data from the hydrographic surveys (Hedvall, 2010). The model is
stored in the coordinate system SWEREF99TM and in the elevation coordinate system
RH2000. The terrain model has a standard error in plane of approximately 0.2 m and of
between 0.1 and 0.5 m in terms of elevation. In connection with the laser scanning conducted for Vattenfall's elevation model, orthophotos of the area were also taken. Figure 413 shows a 3D illustration from the terrain model.
All ground sections that were studied within the investigation have been levelled, in order
to verify the terrain model.

Figure 4-13
3D illustration of
the terrain model
of the Göta River,
showing land and
river topography
and road embankments. In the
land model, all
data involving
vegetation and
buildings, etc. has
been removed.

Facts in brief


Thick layers of clay that in most places superpose cohesionless soil and
bedrock.



Seams of silt and sand occur frequently within layers of clay.



Preconditions for artesian ground water conditions exist.



In the northern part of the valley, the river has carved its way deep into the
soil layers and formed steep and elevated river banks.



In the southern part of the valley there are steep underwater slopes and flat
flooded areas.
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5

Geotechnics

This chapter describes the geotechnical conditions in the Göta River valley that
are of significance in relation to landslides. The conditions that are interesting
with regards to landslides are the soil's density, shear strength, sensitivity to
disturbance, groundwater levels and pore pressures. The chapter starts with a
description of the field and laboratory investigations conducted that, together
with previously conducted investigations, have formed the basis for the interpretation of the geotechnical conditions in the valley.
In order to be able to establish the stability conditions for the slopes along the river, knowledge was required regarding the construction of the sequence of soil layers and their geotechnical and hydrological characteristics. A comprehensive inventory-taking of the results from previous investigations has therefore been conducted within the Göta River investigations, combined with new field investigations and laboratory soil tests. The inventory work has been primarily conducted
by SGI and, to a certain extent, by consultants who were contracted to work in
these sub-areas. The field investigations conducted within the Göta River investigation have been carried out by geotechnical consulting firms.
In order to assure the quality of the investigations, SGI has produced governing documents
with guidelines for how the technical work is to be conducted. The documents specify how
field and laboratory investigations and calculations and reports are to be conducted.
The results from the field and laboratory investigations conducted are described in a Geotechnical Investigation Report (GIR) for the respective sub-areas (SGI, 2011:1-10). Furthermore, Geotechnical Design Reports (GDR) have been compiled for the respective subareas and in these can be found detailed descriptions of the geotechnical conditions within
the sections that have been studied (SGI, 2011:11-20).
This chapter presents a compilation of the strategy and investigation methodology that has
been used in the field and in the laboratory, together with the methodology that has been
developed for the mapping of quick clay. Furthermore, there is a summary of the descriptions of the geotechnical conditions resulting from the Geotechnical Investigation and Design Reports for the ten geographical sub-areas.

5.1

The field investigations that were conducted

Geotechnical field investigations were conducted within all the sub-areas with the aim of
clarifying the soil, bedrock and groundwater conditions. All investigations were conducted
by geotechnical consultants. The scope of the investigations has corresponded to an overview investigation in accordance with the instructions of the Swedish Commission on
Slope Stability (Skredkommissionen, 1995), with regard to the number of sections that the
valley was divided into. However, the majority of sections have been investigated with a
higher degree of detail.
The investigations have generally been conducted along 100-400 m long sections that are
oriented at right angles to the river and which are distributed with a distance of 800 meters
between each other (as a mean value). The distance between sections varies depending on
the topographical conditions, the geology and whether investigations have previously been
conducted in the area. The locations of the sections investigated can be seen in the maps in
GÄU (Göta River Investigation) Final Report Part 3 - Maps (SGI, 2012a). In total, approx-
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imately 2,500 geotechnical field investigations (soundings, samplings, etc.) have been
conducted within the investigation, divided between 240 sections.
Investigations have normally been conducted at four to six different points within each
section. Where the results of previously conducted investigations are available, the number
of new investigation points is less. The investigations have encompassed soundings (total
pressure sounding, CPT sounding, soil and rock drilling and percussion drilling), disturbed
and undisturbed sampling, filed vane tests and the installation of pore pressure and
groundwater gauges. BAT and Geotech pore pressure gauges with both manual and automatic readouts and data recording have been used. The overall extent to which the respective investigation methods were used can be seen in Table 5-1.
In certain areas, CPT soundings have been conducted along with the simultaneous recording of the total force of the downward push, with the aim of providing data for the mapping of the occurrence of quick clay (for further details see section 5.3). Furthermore, surface resistivity measurements and CPT-R (CPT sounding with simultaneous measurement
of resistivity) have been conducted in an area south of Slumpån with the aim of evaluating
whether these methods can detect the presence of quick clay, based on the chemical composition of the clay. The work conducted with surface resistivity measurement and CPT-R,
and the results, are presented by Löfroth et al. (2011).
During the first year of the investigation, a new sampler for the extraction of undisturbed
samples of fine-grained soils was produced by SGI. The aim of the sampler is to be able to
take high quality samples, even in soils where this has proved to be difficult with the
commonly used standard piston sampler, and to get samples that are better suited for various types of research projects, for example, investigations of the sensitivity of soils to disturbance. The sampler, which is described by Larsson (2011), has been used and tested
thoroughly within, among other projects, the Göta River investigation. A comparison of
samples taken with block samplers and standard piston samplers will be reported during
2012.
The governing documents imply that, as far as geotechnical field investigations in the Göta
River investigation are concerned, the general rules in the Geotechnical Field Handbook
(Geoteknisk fälthandbok, SGF, 1996) shall apply, unless otherwise stated. The documents
also state which reference documents are to apply in respect of the planning, execution and
documentation of the investigations.
Placements of the investigation sections, as well as the type and scope of the geotechnical
field investigations, have been selected by the contracted consultants, in consultation with
SGI. The results from the geotechnical field work can be found in SGI (2011:1-10).

Investigation method

Total number of investigations

Total pressure sounding, Tr

664

CPT

804

Soil and rock drilling, Jb

12

Percussion drilling, Sl

21

Field vane tests, FVT

379

Piston sampling

291

Disturbed sampling

333

Pore pressure gauges

557 (divided amongst approx. 70 stations)

Open stand pipes

34 (divided amongst the same number of stations)
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The scope of the
various types of
geotechnical field
investigations
conducted within
the Göta River investigation.
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5.2

The laboratory investigations that were conducted

The soil samples extracted have been investigated in the laboratory. The investigations
have included the determination of soil type and analysis of the soil's geotechnical characteristics. The investigations have been conducted at SGI's laboratory and by contracted
consultants.
The governing document (SGI, 2009) establishes that the laboratory work is to be planned
and conducted in accordance with the applicable standards, method descriptions or practice, unless otherwise stated. A number of Swedish standards for laboratory testing have
been abolished and replaced with technical specifications with the designation SIS-CEN
ISO/TS 17892-number. Whilst the investigation was in progress, work was underway to
harmonise these with Swedish practice and previous standards. The governing document
therefore states which reference documents are to apply for the Göta River investigation.
Selected samples have been characterised in the laboratory through routine investigation,
CRS tests, direct shear tests and triaxial shear tests (a few), in order to get a clear picture
of soil layer sequence, variation in preconsolidation pressure and shear strength at depth.
The number of investigations conducted with different methods can be seen in Table 5-2.

Table 5-2
Scope of the laboratory investigations conducted
within the Göta
River investigation.

Method

Total number

Soil classification

3,900

Bulk density

3,600

Water content

3,500

Fall cone liquid limit

3,100

Fall cone test, undisturbed soil

3,000

Fall cone test, disturbed soil

2,200

CRS tests

755

Direct shear tests

106

Triaxial shear tests

7

The results from the geotechnical laboratory investigations are described in the Geotechnical Investigation Reports of the respective sub-areas (SGI, 2011:1-10).

5.3

Methodology for the mapping of quick clay

Quick clays are clays whose skeleton collapses at remoulding. These clays are formed
through slow geological processes. The majority have been formed in layers deposited in
salt water at the melting of the latest glaciation. When the ice retreated, the land rose out
of the sea and the clays emerged above sea level. The deposits can then have been subjected to infiltration by fresh water, causing their salt water content to sink, which can lead to
the formation of quick clays.
It is often not the quick clay itself that initiates a landslide, but the final extent of the landslide depends largely on the sensitivity of the soil to disturbance.
In Sweden, quick clay is defined as clay with a sensitivity (St) greater than 50 and remoulded undrained shear strength (τR) of less than 0.4 kPa.
Mapping of the presence of quick clay has hitherto been primarily conducted through the
extraction of undisturbed samples in the field and the determination of the clay's undisturbed and remoulded, undrained shear strength with fall cone tests in the laboratory.

Landslide risks in the Göta älv valley in a changing climate

49
Within the investigation, the practical opportunities to use a step-by-step procedure for the
mapping of quick clay based on map material, soundings and sampling has been developed further. Furthermore, the possibility of producing a tool for this in GIS has been investigated. An inventory has been taken of previous landslides and these have been
marked in the web-based map reporting within the Viewer-Göta River. An export function
for information regarding the clay's sensitivity within the Geosuite reporting programme,
that exports all recorded values for sensitivity from previous and newly conducted investigations to GIS format (ArcGIS) has been developed. In addition to this, an application was
developed within GIS for the assessment and reporting of permeable strata/cohesionless
soil layers, based on soundings; this was tested within a selected area. However, this application was not used to any great extent for mapping.
The possibility of being able to assess the presence of quick clay through measuring the
total penetration resistance when performing total pressure sounding has been investigated
by Möller & Bergdahl (1982). An equivalent investigation for CPT sounding was conducted by Rankka et al. (2004). The total penetration force recorded with the CPT sounding complemented by the weight of the rods and reduced by the recorded cone penetration
pressure corresponds to the skin friction along the rods. When the gradient of the curve for
skin friction along the rods at depth is less than the gradient of a curve corresponding to
1 kPa skin friction, the clay is classified as quick clay. A procedure for compilation and
analysis in Excel format has been developed within the investigation so that this comparison can be made in a rational manner for all soundings. In order to evaluate the accuracy
of this method for the evaluation of quick clay, a comparison was carried out between
quick clay that had been evaluated using total pressure sounding and CPT, and quick clay
determined by fall cone tests in the laboratory for all investigation points within sub-areas
5 and 6 (Löfroth, 2011). The results show that almost all levels that were evaluated as
quick clay using fall cone tests were also classified as quick clay in both of the sounding
methods. Both CPT sounding and total pressure sounding usually classify several other
levels as quick clay, levels that are not quick according to fall cone tests. Classification
from CPT soundings generally conformed better with the sampling results than the classifications from total pressure soundings.
To conclude, the investigations conducted show that when the presence of quick clay is
evaluated using CPT and total pressure sounding, it is somewhat over-estimated in comparison with that which is actually observed through sampling and fall cone tests.
The methodology produced for the mapping of quick clay and the results from the analyses conducted are described more thoroughly in Löfroth (2011).
Procedure
Within the Göta River investigation, the assessment of the presence of quick clay has been
made based on CPT sounding and total pressure sounding with the help of the procedure
developed in Excel format. Figure 5-1 shows an example of evaluation, using the programme. The hatching on the right of the diagram indicated those sections of the profile
that the programme has evaluated as quick clay. An engineering-based assessment of the
depth of quick clay must then be made, based on this evaluation. Determination of quick
clay has also been done based on sensitivity determinations conducted on undisturbed
samples in the laboratory. In cases where a determination of sensitivity and remoulded
shear strength from undisturbed sampling is available, this is also described in the diagram.
The presence of quick clay that has been assessed based on soundings and sampling is reported in interpreted plan diagrams produced within the investigation (SGI, 2011:1-20).
This has been done through the level for interpreted upper and lower limits of the quick
clay's distribution being marked at the respective sounding or sampling points.
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Based on the recorded sensitivities that have been exported from previous and new samplings to ArcGIS, a GIS-based map has been produced that incorporates the highest sensitivities found in all sampling points. In order to estimate the extension of retrogressive
landslides, division has been made based on the value of the sensitivity. On the GIS map,
investigation points with a sensitivity lower than 50 have been marked in green, points
with a sensitivity of between 50 and 99 have been marked in yellow, points with a sensitivity between 100 and 199 have been marked in orange and extremely quick clay with a
sensitivity of over 200 has been marked in red. Based on the interpreted plans, quick clay
has then been assessed based on CPT soundings and total pressure soundings that have
been manually entered into the same GIS map. An assessment of the extension of retrogressive landslides in each respective section was then made based on this GIS map, based
on the clay's sensitivity and geometric conditions, together with geological factors such as
proximity to solid ground and previous landslides. For further information, see section 9.3.

Figure 5-1
Example of the
results from CPT
and total pressure
sounding with
evaluated quick
clay and the evaluation from piston
sampling.

5.4

Geotechnical conditions

General
In the Göta and Nordre River valleys, the soft soil layers primarily consist of clay which,
especially nearest the ground level, can be silty and organic. The thickness of the clay varies and is connected to, among other things, the topography of the bedrock and the width
of the valley. The thickness of the layers of earth under the river bed, determined through
seismic investigations (see section 4.1 and Klingberg et al., 2006), varies substantially between Trollhättan and Lilla Edet and reaches a maximum of 60 m. Downstream of Lilla
Edet the depth of the clay increases and varies in most places between 50 and 100 m.
The clay is primarily superposed by dry crust that varies in thickness between several decimetres up to several metres. The greatest thicknesses of the dry crust can be found in areas with high river banks, primarily in the area between Lilla Edet and Trollhättan. In residential areas, the clay can be superposed by fill materials. In the southern part of the river,
downstream of Garn (km 41/000), coarse sediment can be found under the clay in most
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places. According to Klingberg et al. (2006), this is almost completely absent in the northern part of the river.
Sand and silt strata occur within the clay layers. These strata are usually thickest along the
valley side and thin out towards the river. In places where they come into contact with
bedrock or cohesionless soil, artesian groundwater pressure can occur. Within the investigation, sand and/or silt strata have primarily been found between Trollhättan and Lilla
Edet, on the western side of the river between Lilla Edet and Garn, and on the eastern side
of the river between Garn and Lärje.
The clay's undrained shear strength in the upper sections of the valley, from Vargön down
to Lilla Edet, is classified as low to medium (according to SS-EN ISO 14688). From Lilla
Edet and further south, the shear strength fluctuates between very low and medium, but areas with extremely low undrained shear strength also occur. Along the Nordre River, very
low to medium undrained shear strength values have been recorded.
Between Vargön and Lilla Edet, the clay is overconsolidated, with the exception of the area closest to Vargön where it is normally consolidated (according to the classification in
Larsson, 2008). The overconsolidation ration decreases to the south and from the area
around Lilla Edet to the sea, the clay is normally consolidated.
Quick clay and highly sensitive clay generally occurs along the entire river, but its presence is greatest between Vargön and a few kilometres south of Lilla Edet. From Garn (km
41/000) and south towards Bohus, the clay is primarily medium sensitive, but quick clay
occurs locally. For the area around the Nordre River and Göteborgsgrenen, the clay is medium sensitive to highly sensitive and quick clay occurs locally, for example at Agnesberg
and Lärje.
Investigations of soil layers under the river bed have been conducted at 25 locations, mostly at underwater shelves or slopes. The investigations show that there is a very soft layer
of clay uppermost with a thickness of one to three metres, and that under this can be found
more firm clay of varying thickness. Approximately a quarter of the total of 92 investigations conducted with CPT sounding show that a thin layer of cohesionless soil superposes
the clay. According to the investigation of the bottom sediment in the middle section of the
river that was conducted by SGU (Klingberg et al., 2006), major parts of the bottom are
covered with a thin layer of cohesionless soil.
The clay's undrained shear strength in the uppermost layers under the river are, in many
sections, lower than at their equivalent level on land. This is due to the stress that has been
relieved from the clay layers as a result of the erosion of the river channel. The increase in
shear strength at depth is often greater under the river bed than on land, and the shear
strenghts at a depth of approximately 10-15 m under the bottom normally assume values
of roughly the same size as at the equivalent level on land. The increase in the shear
strength of the undrained clay in the uppermost metres often lies around 3 to 5 kPa/m.
There are areas, however, where the clay's shear strength in the clay layers under the river
never reaches the same shear strength as the clay on land. This is assessed to occur more
frequently in the northern section of the river than in the southern. When describing investigations conducted at four locations adjacent to the river downstream of the Angered
Bridge, af Petersens (2012) states that the depth under the river with lower shear strength
is generally six to seven metres in the deepest sections of the river and that this decreases
with proximity to the river bank. The water depths in the investigated section of the river
vary between six and eight metres.
Groundwater generally flows from the sides of the river valley down towards the river.
The field investigations show that the groundwater level in the surface layers of soil, the
“zero pressure level”, is found somewhere between ground level and a depth of around
two metres. Furthermore, the distribution of pore pressure is normally hydrostatic from the
zero pressure level and several metres down. The variations are greater deeper down, with
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everything from strong downward-directed gradients with significantly lower pressures
relative to the hydrostatic distribution of pore pressure, to upward-directed gradients with
artesian pressure. The groundwater and pore pressure conditions are described more thoroughly in Chapter 6, Surface and groundwater conditions today and in the climate of the
future.
Erosion protection can be found along the edges of the banks in many parts of the river.
These are described in Chapter 7, Erosion.
Below is a summary of the geotechnical conditions along the river, for the sub-areas included in the investigation. Descriptions of the geotechnical conditions in the sections investigated that are more detailed than those given below can be found in the technical
memos for the respective sub-areas (SGI, 2011:11-20) and, for groundwater and pore pressure conditions, in Chapter 6.
The area between Vargön and Intagan (sub-area 6)
Figure 5-2 provides a map of the area. Between Vargön and Stallbacka the ground is relatively level and the soil layers consist to a large extent of clay with a thickness of up to 50
m. However, on the western side there are high sections 50-200 m from the river where the
ground level rises sharply. The clay's undrained shear strength is classified as very low to
low and the clay is often highly sensitive. Quick clay occurs relatively extensively.
Downstream of Stallbacka, the clay thicknesses and depths are generally between 5 and 15
m. Bare bedrock occurs along the river. The clay's undrained shear strength is classified as
low and the clay is often highly sensitive. Quick clay also occurs relatively extensively
here.
South of the locks at Trollhättan, the slopes immediately adjacent to the river are often
steep and signs of erosion can clearly be seen. The clay thicknesses vary between 5 and 20
m and the clay has a low undrained shear strength and is highly sensitive. Quick clay occurs extensively.
The clay in the area generally has an overconsolidation ratio of between 1.5 and 2.5, but
there are areas with higher values (between 2.5 and 6). The dry crust, which is often silty,
is often between 1.5 and 3 m thick in this area.
No landslides are known to have occurred upstream of the Trollhättan power station.
South of the locks, several landslides have occurred in the steep slopes.
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Figure 5-2
Map of sub-area 6.
Background map
© SGI, Lantmäteriet, SGU.

The area between Intagan and Lilla Edet (sub-areas 5 and 7)
Figure 5-3 provides a map of the area. In the northernmost part of the area, from the power
station at Trollhättan to the area around Slumpån, the countryside is varied with shallow
clay areas between protruding sections of bedrock or cohesionless soil. The clays is in
many places silty with sulphide patches. Organic clay is common in the uppermost soil
layers. The clay thicknesses vary from a couple of metres up to approximately 25 m. On
the eastern side, downstream of the locks by Trollhättan power station, the first four kilometres consist primarily of bedrock.
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Intagan – Lilla Edet

Figure 5-3
Map of sub-areas
5 and 7.
Background map
© SGI, Lantmäteriet, SGU.

The clay has an undrained shear strength that is low to medium and it is medium to highly
sensitive. Quick clay occurs along most of this stretch. The clay has an overconsolidation
ratio that is higher nearer the river (OCR less than 6) than it is further away from it (OCR
less than 3). The overconsolidation ratio generally decreases to the south.
From the area around Slumpån and further south, the area with clay is continuous and the
clay depth is 20 to over 45 m. Nearest the river, the uppermost soil layers from one to five
metres depth consist of flood-plain deposits in the form of organic clay, silt and sand. The
undrained shear strength is low to medium and the clay is medium to highly sensitive.
Quick clay has been encountered at isolated points. In the area nearest to Slumpån, layers
of cohesionless soil that are one to five metres thick occur in the clay at a depth of approximately 20 m (upper limit layer of level circa -1).
The dry crust, which is often silty, is often between 0.5 and 1 m thick in this area, but at
isolated locations, thicknesses of between two and three metres occur.
Within this area, a large number of landslides have occurred, both large and small. The
landslide at Intagan in 1648 is probably the longest known landslide disaster in Sweden.
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The area between Lilla Edet and Alvhem (sub-areas 4 and 8)
Figure 5-4 provides a map of the area. Topographically, the area is extremely varied, with
extensive clay basins in between protruding sections of bedrock and narrow clay areas
closest to the river. In general, the slopes are steep and high in the northern part of the area, whilst the southern part consists mainly of low-lying land. The soft soil layers consist
of clay which lies on cohesionless soil. The uppermost parts of the clay are silty and, in
places, even organic clay. This is superposed by dry crust which is often silty, usually with
a thickness of 0.5 to 1 m. Several areas also occur where the thickness is between one and
three metres. The thickness of the clay layers varies and usually increases in a southerly
direction.
Lilla Edet - Alvhem

Figure 5-4
Map of sub-areas
4 and 8. Background map
© SGI, Lantmäteriet, SGU.

The clay has an undrained shear strength that is classified as very low to medium. It is often normally consolidated but overconsolidated clay also occurs. In the north of the area,
highly sensitive clay is common, whilst in the south, the clay is primarily medium sensitive. Quick clay occurs extensively around Lilla Edet, but it also occurs in places along the
whole stretch.
Both small and large landslides have occurred in the area, the most serious of which is the
Göta landslide of 1957.
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The area between Alvhem and Bohus (sub-area 3 and part of area 9)
Figure 5-5 provides a map of the area. The northern part of the area consists of large areas
of clay surrounded by sections of bedrock. The land consists primarily of meadowland that
slopes gently down to the river. The area is characterised by thick layers of clay resting on
cohesionless soil. Clay depths reach more than 40 m deep closest to the river but decrease
up towards firm ground.
Alvhem - Bohus

Figure 5-5
Map of sub-area
3 and part of subarea 9. Background map
© SGI, Lantmäteriet, SGU.

On the river's eastern side, from Älvängen and further south, the ground closest to the river
is partly comprised of industrial areas. The E45 motorway and the Norway-Vänern railway line are located within the area.
From immediately north of Nol and to the south, the conditions vary. On the eastern side,
the area consists primarily of a confined strip of land before bedrock sections in the east
take over. On the western side, large clay basins and narrow areas of clay occur. The soil
layers consist of clay of varying thicknesses resting on cohesionless soil. The uppermost
clay is generally silty and shell remains occur throughout the entire clay section. Adjacent
to the river, the clay thickness is usually more than 40 m. The clay is in places, primarily
on the eastern side, superposed by fill material.
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The clay's undrained shear strength is classified as extremely low to low. The overconsolidation ratio is generally less than two. The clay is medium to highly sensitive and quick
clay occurs in places up towards firm ground.
The area between Bohus and Marieholm (sub-areas 1 and 10 and part of
areas 2 and 9)
Figure 5-6 provides a map of the area. The area on the western side primarily consists of
clay with a soil depth in excess of 45 m. On the eastern side, the conditions vary with large
clay basins and substantial soil depths in the north, whilst from the Angered Bridge and
further south, the soil depth is limited up toward the steep sections of bedrock nearby.
Nordre River and
Bohus - Marieholm

Figure 5-6
Map of the area between Bohus and
Marieholm and of
the Nordre River.
Background map
© SGI, Lantmäteriet,
SGU.

On the eastern side, from Lärjeholm and further south, the land surface is level and residences can be found near the river. The area is characterised by industrial areas with paved
surfaces. Under the residential area there is one to three metres of fill material, which increases to a thickness of seven metres in the south. Under the fill material is clay with a
thickness of 60 to 120 m, closest to the river. The clay, in turn, rests on cohesionless soil.
In a 700 m long section under the river around Lärjeholm, the thickness of the cohesion-
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less soil is substantial, up to seven metres, and this is a part of the “Göteborg moraine”, see
Chapter 4, Geology and landforms.
The clay's undrained shear strength is classified as low to medium and the sensitivity as
medium to high. Quick clay occurs in many places up towards firm ground and more extensively at Agnesberg and Lärjeholm. The clay is normally consolidated.
The area around the Nordre River (part of area 2)
Figure 5-6 provides a map of the area. The terrain closest to the river varies, with flat areas, more sloping areas of clay and bedrock. The soil in the area primarily consists of a firm
surface layer comprised of fill material, dry crust, sand or silt, under which clay lies on
cohesionless soil. The thickness of the surface layer varies between half a metre and two
metres.
The depth of the Nordre River decreases drastically out towards the sea and it is only a
couple of metres deep outside of Kippholmen. There is substantial sedimentation of the
material transported by the river at this point. Since the valley is narrow and the water
flow is high, conditions do not exist for substantial sedimentation in the Nordre River prior
to this area, where the river meets the sea.
The Nordre River was not included in the seismic investigation of bedrock depth that SGU
conducted previously (Klingberg et al., 2006). Within the Göta River investigation, a clay
layer thickness of between 10 and 30 m has been recorded for half of the sections investigated; the others have a thickness in excess of 45 m.
In the areas with greater depths, the clay has an undrained shear strength that is classified
as very low to medium. The clay in the more shallow areas (10-30 m) has a very low to
low shear strength. The clay on land in the upper sections of the valley is primarily normally consolidated (OCR less than 1.5) whilst the clay further out towards the sea varies
between being normally consolidated and medium overconsolidated (OCR less than 3).
The clay under the Nordre River has been investigated at four points and the investigations
conducted show that the clay there is overconsolidated (1.5 < OCR < 15).
The clay in the Nordre River is medium to highly sensitive. Quick clay occurs to a small
extent and principally in the areas where there is a short distance from the river shore to
the bedrock and where the distance to underlying cohesionless soil is small.
Few landslide scars are found along the Nordre River.
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Facts in brief


Two thousand five hundred field investigations (soundings, samplings,
etc.) in 240 sections along the river and 20,000 laboratory tests have been
conducted.



The sequence of soil layers consists primarily of dry crust (of several metres thickness), clay (up to 60 m north of Lilla Edet and up to 50-100 m
south of Lilla Edet) and cohesionless soil.



The clay's undrained shear strength is generally low to medium, but extremely low shear strength also occurs south of Lilla Edet.



The clay is, on the whole, overconsolidated north of Lilla Edet and normally consolidated to slightly overconsolidated south of Lilla Edet.



Quick clay and highly sensitive clay primarily occur north of Lilla Edet.
South of there, the clay is primarily of medium sensitivity, although quick
clay does occur locally.



The free groundwater level lies between ground level and a depth of two
metres. Both downward and upward-directed gradients occur.

Final report, part 2 - Mapping

60

6

Surface and groundwater conditions in the climate of
today and in the future

This chapter describes the surface and groundwater conditions in the Göta River valley
in the climate of today and in the future. The stability of the slopes along the river is affected, among other things, by high water flows that can cause erosion, low water levels
that provide less resisting force in the slopes and by high pore pressure in the clay which
leads to reduced shear strength. Powerful groundwater flow can contribute to the formation of quick clay. All of these conditions can deteriorate the stability of the slopes.

6.1

Methodology

The description of surface water conditions is based on the compilation of the hydrological
and meteorological conditions along the Göta River that has been conducted within the
Göta River investigation (Bergström et al., 2011) and which is described in more detail in
Chapter 3, The climate of today and in the future in the Göta River valley. The compilation
describes the conditions in respect of climate of today variations and the effects of a
changed future climate, based on the most recently available climate scenarios.
Groundwater conditions in the climate of today are based on a compilation of previous experiences from the river valley (Persson et al., 2011) and field measurements carried out
within the Göta River investigation. Assessments of future conditions have been based on,
among other things, an assessment of groundwater changes in a changed climate (Blied &
Persson, 2011).

6.2

Flows in the Göta River

The water flows from Lake Vänern to the sea are crucial in terms of the stability conditions of the slopes along the river and the erosion in the river. The expected increase in
precipitation will have consequences for the water level in Lake Vänern and increased
drainage may be necessary in order to limit damage around the lake's shores. The lake's future levels and drainage to the Göta River have been studied in a separate investigation
(Bergström et al., 2010).
The regulation of Lake Vänern in accordance with the water legislation of 1937 constitutes
a balancing between interested parties upstream and downstream the lake. It led to a reduction of the highest water levels in Lake Vänern, but had a major effect on the discharge
of water in the Göta River, which then came to be utilised for hydroelectric production.
This can be seen in Figure 6-1, which shows the daily values for discharge in m3/s for
Lake Vänern's outlet into the Göta River during the period 1846-2005.
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In order to avoid flooding problems downstream of Lilla Edet, there are also provisions
that limit drainage when sea levels are high. There are also regulations regarding low water, which include ensuring a sufficient water level for shipping requirements and in order
to avoid salt water from the sea penetrating up into the Göta River.
A compilation of the provisions regarding applicable water levels has been completed
within the Göta River investigation (Rydell et al., 2011d).
The Göta River is regulated through three hydroelectric power stations which are situated
at Vargön, at the outlet from Lake Vänern, at Trollhättan and at Lilla Edet. This regulation
means that the flow in the river is governed by how much water is drained into these power stations. Regulation of the Göta River is governed by water legislation that prescribes
the highest and lowest permitted levels of drainage. However, the tributaries are not regulated, why their flows are primarily dependent on recent precipitation.
Current flow levels
The regulation of Lake Vänern in accordance with the water legislation of 1937 and the
expansion of hydroelectric production in the Göta River brought about a serious change in
the flow conditions in the Göta River, primarily as drainage became greatly varied
throughout the course of the day. Daily variations in the drainage are due to the requirement for electricity being considerably greater during the day than at night. Since 2008, a
new strategy has been applied for the regulation of drainage. This strategy aims to reduce
the risks of high water levels in Lake Vänern and is based partly on long-term prognoses
regarding inflow into the lake.
In accordance with the water legislation, the highest permitted drainage in the Göta River
is restricted to 1,030 m3/s. The intention behind the drainage limitation is to avoid damage
caused by landslides and flooding along the river. However, during 2000/2001, exceptions
from this rule were made, in order to avoid serious flooding around Lake Vänern. The
highest drainage at that time was 1,190 m3/s, which can be seen in Figure 6-1. The mean
discharge level is around 550 m3/s.
In order to avoid flooding problems downstream of Lilla Edet, there are also provisions
within the water legislation that limit drainage when sea levels are high. In addition, the
water legislation also comprises regulations regarding low water, which include ensuring a
sufficient water level for shipping requirements. Another important reason is to avoid salt
water from the sea penetrating up into the Göta River, which could lead to the temporary
closing down of Göteborg's drinking water supplies. The lowest permitted drainage in the
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Discharge in m3/s at
Lake Vänern's outlet
(Vargön power station) during the period 1846-2005.
(Bergström et al.,
2011).
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river is 170 m3/s at Lilla Edet. This is a mean daily value and lower flows may be drained
on a temporary basis.
Future flow levels
The future flow of water in the Göta River depends on inflow to Lake Vänern. The future
levels of Lake Vänern and its drainage into the river was studied based on available climate scenarios, and are described in Bergström et al. (2011). Inflow is expected to increase significantly during the winter, to decrease during the summer and to remain unchanged at other times of the year, compared with conditions of the climate of today.

Water discharge (m3/s)

Climate changes are also expected to lead to a different annual cycle for inflow to Lake
Vänern in the future, which will affect the flows in the Göta River. Figure 6-2 shows that
the future inflow is estimated to increase all the more during the winter months at the same
time as it will decrease during the summer. This also implies that the water flows in the
Göta River will change in the future, so that higher flow levels will occur for longer periods. Which flows are drawn off will ultimately depend on the drainage strategies adopted.

Month

Water discharge (m3/s)

Figure 6-2
Changing annual cycle
for inflow to Lake Vänern
for the periods 20212050 and 2069-2098 in
relation to the 1963-1992
reference period. The
grey shaded area comprises the reference period's range of variation
(the 75 % percentiles of
the maximum values, and
the 25 % percentiles of
the minimum values, respectively) and the pink
area refers to the equivalent climate scenarios.
The continuous lines represent the respective
mean values. (Bergström
et al., 2011).

Month
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The inflow has been compiled for a large number of climate scenarios and, based on these,
drainage calculations have been made for the Göta River. The calculations have been carried out largely in line with the drainage strategy that has been applied since the autumn of
2008. However, it has not been possible to take into consideration the hydrological prognoses included in the drainage strategy, although this is assessed to have relatively little
significance in terms of the qualitative results. The results are described in terms of the
number of days per year with high or low drainage.
The effect of three different flow levels for the future periods 2021-2050 and 2069-2098,
together with the 1961-1990 reference period, have been calculated by Bergström et al.
(2011). The flows that have been used in the calculations are 170, 870 and 1,030 m3/s,
which correspond to the lowest and highest permitted flows in accordance with water legislation and a high but relatively frequently occurring flow level. The calculations are
based on future inflow into Lake Vänern, which has been calculated based on a large
number of climate scenarios and the drainage strategy that has been employed since 2008.
The results, described in terms of the number of days per year with high or low drainage
from Lake Vänern, are shown in Figure 6-3 as a “box and whiskers” diagram. It can be
seen from the diagram that high and low flows will be more common in the future.
Drainage frequency Q ≤ 170 m3/s

Drainage frequency (days/year)

Drainage frequency (days/year)

Drainage frequency Q ≥ 870 m3/s

Figure 6-3
The number of days with drainage from Lake Vänern lower
than or equ than or equal to
870 m3/s (top right.) and higher
than or equal to 1,030 m3/s
(lowest) in accordance with
current water legislation and
the drainage strategy applied
since 2008. Within the coloured
rectangles, 50 % of the calculations can be found. The columns
represent maximum and minimum values. The line through
the middle refers to the median
value. (Bergström et al., 2011).

Final report, part 2 - Mapping

Drainage frequency (days/year)

Drainage frequency Q ≥ 1030 m3/s

64
6.3

Water discharge in the Göta River's tributaries

Downstream of Vänersborg, the Göta River is fed by a number of smaller and several medium-sized water courses. Some of the more important of these are described in Figure 6-4
and Table 6-1.

Figure 6-4
Most important water courses that flow
into the Göta River
between Vänersborg
and the sea (Bergström et al., 2011).

Table 6-2 shows the flow statistics for these water courses, where such are available. The
table describes mean flow (MQ), mean annual peak flow (MHQ) and the 100-year floods
(Q100). The values within parenthesis have been produced from area-based proportioning
between the area in question and the equivalent information for Slumpån. The table shows
the mean flow, the mean annual peak flow and the 100-years floods. For Grönån,
Slumpån, Säveån and Mölndalsån, the 100-year floods have been estimated for a changed
future climate. The variation between the different scenarios is significant in the area in
question, at the same time as a certain increase in the average 100-years floods can be expected in the majority of cases. The 100-years floods are expected to increase by an aver-
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age of 5-10 %, over the course of a century. However, assessments differ widely and the
material currently available does not allow the production of more accurate assessments.
Water course

Area (km2)

MQ (m3/s)

MHQ (m3/s)

Q100 (m3/s)

Slumpån

396

4.9

32

66

Grönån

197

2.6

20

45

Lärjeån

113

1.8

13

33

Stallbackaån

79

(1.0)

(6.4)

(12.7)

Sollumån

36

(0.4)

(2.9)

(6.0)

Säveån*)

1750

25.1

81

165

Mölndalsån*)

267

4.7

19

40

Table 6-1
Flow statistics for
the water courses
that run into the
Göta River between Vänersborg and the sea.
(Bergström et al.,
2011).

*) Downstream of the area studied in the Göta River investigation

6.4

Water levels in the Göta River

In a similar way as with flows, the water levels in the river are largely governed by regulation and the water legislation also provides restrictions with regards to water levels. However, downstream of the power station at Lilla Edet, the river is unregulated and the sea
level has a decisive impact on the levels in the river at that point.
Current water levels

The current water legislation contains limits for maximum water levels and minimum water levels upstream of the power stations at Vargön, Trollhättan and Lilla
Edet, as can be seen in Table 6-2. Downstream of Lilla Edet power station there is
also a minimum water level limit. Furthermore, there are agreements in place between the Swedish Maritime Administration and Vattenfall regarding the lowest
levels upstream of the power stations at Trollhättan and Lilla Edet, which are higher than the minimum water level limits imposed by water legislation.
Location

Maximum water
level limit

Minimum water
level limit

Lake Vänern

45.17

43.48

Trollhättan (upstream of the power
station)

39.81

38.71

Lilla Edet (upstream of the power
station)

7.60

6.55

-

0.05

Lilla Edet (downstream of the power station)

The water level in the river decreases somewhat in the direction of flow between the power stations. With the mean water discharge (550 m3/s), the loss of fall amounts to 0.35 m
between Trollhättan and Lilla Edet and 0.7 m between Lilla Edet and the sea. However,
with higher flows these losses of fall increase.
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Future water levels
Since maximum and minimum water level limits are regulated by water legislation,
changes to these have not been studied. It should be noted, however, that a changed drainage strategy, for example one similar to that discussed in section 6.2, would lead to
changed water levels in the river. Downstream of Lilla Edet a higher future sea level can
also influence the levels in the river. As stated in Chapter 3, sea levels are expected to rise
by 0.15 m by 2050 and then by 0.7 m up to 2100, taking land uplift into consideration.
Since it is primarily low water levels that have an adverse effect on slope stability, it is
considered that a changed climate with higher water levels may increase stability. However, since the assessments of future sea levels are very uncertain, no change in the water
levels has been taken into consideration as far as the future levels in the Göta River are
concerned.
A summary of the levels that have been used in the Göta River investigation can be found
in Chapter 8, Stability conditions and in Rydell et al. (2011d).

6.5

Groundwater conditions in soil layers along the Göta River

The groundwater conditions along the Göta River are largely governed not only by the
climate, but by the topography and geology of the area. In the southern part of the river
valley, the shores are flat, whilst the northern part is more undulating, with higher and
steeper slopes. The clay in the Göta River valley has a low permeability and, in respect of
groundwater conditions, can often be regarded as tight. This leads to the pore pressure in
the clay being governed by the groundwater conditions in adjacent, permeable layers.
These layers normally consist of dry crust with partially cracked clay immediately underneath, together with layers of cohesionless soil under and sometimes even within the clay.
The dry crust nearest the surface is firm with substantial and permanent cracks. This
means that the soil has high permeability and can, together with the cracked clay immediately underneath it, be regarded as an upper groundwater aquifer. Under the dry crust
there is often a zone of a couple of metres of stiffer clay which is also affected by the formation of cracks that cause increased permeability. At a depth of approximately 5 metres
below ground level, these cracks usually disappear. The pressure distribution in the low
permeable clay can differ significantly from hydrostatic distribution. Under the clay, permeable friction material is often found, which constitutes a lower groundwater aquifer.
Strata with permeable material are sometimes also encountered within the clay section.
These layers can be thin and detached or be in contact with both the lower groundwater
aquifer and the river.
Current conditions
Upper groundwater aquifers
The upper groundwater aquifer is supplied with water through infiltration direct from the
ground or from adjacent water courses. The groundwater flow in the upper aquifer is considered to be primarily directed towards the river. The groundwater level in the upper aquifer is considered as not normally being lower than the lower limit of the dry crust and
not higher than ground level. This groundwater level is linked to the river's water level,
which therefore largely governs the groundwater level in the area nearest to the river.
Apart from the areas closest to the river, it is thought that it is primarily in flat sections that
the groundwater level in the upper aquifer can reach ground level. The groundwater level
in the upper aquifer is thought to be able to vary quickly, even as a result of relatively brief
spells of rain, but these fluctuations are not known in detail.
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Lower groundwater aquifers
The lower groundwater aquifer, which is superposed by low permeable clay and therefore
regarded as a confined aquifer, is most often supplied by water from the areas of higher
ground that surround the river. In these areas, there are rocky outcrops and coarser soils
through which infiltration into the lower aquifer can occur. Groundwater in both the upper
and the lower aquifer generally flows towards the Göta River from the infiltration areas in
the higher ground that surrounds it. In many cases however, the pressure level in the lower
aquifer does not decrease at the same rate as it does at ground level, which means that the
pressure level exceeds that which is found at ground level (see Figure 6-5). This artesian
pressure in the centre of the valley can often extend to 1-2 m above ground level, but in
specific areas in the southern part of the valley, pressure levels have been measured up to
7 m above ground level.

Figure 6-5
A typical crosssection of the Göta
River valley with artesian groundwater
pressure from areas
of higher ground
sloping down towards the river.

The upward pressure levels in the lower groundwater aquifers are, however, restricted upwards by the level of the ground in the infiltration areas. This is due to the fact that the
groundwater level in the infiltration areas cannot exceed ground level. However, as a result of groundwater flowing towards the centre of the valley, the maximum levels in the
slopes are often considerably lower than the levels in the infiltration areas.
In several places, especially in the northern part of the river valley, these are areas having
the opposite conditions. In these areas, the pressure level in the lower aquifer is lower than
in the upper aquifer, as a result of the lower aquifer being in contact with the river.
The fluctuations of the groundwater in the lower aquifer are considered to occur more
slowly than in the upper aquifer. The levels in the lower aquifer are thought to vary depending on the time of year and in a similar way each year. With the climate of today, the
highest annual groundwater levels in the Göta River valley normally occur during the winter months as a result of low evaporation together with long periods of rain or melting
snow. The lowest levels normally occur at the end of the summer. The seasonal variation
in the groundwater level is described by Sundén et al. (2010) as a groundwater regime,
which is illustrated for southern Sweden in Figure 6-6. The diagram shows typical
groundwater fluctuations over the course of a year, which is roughly generalised for two
regions that cover the whole of southern Sweden. It also shows, for the respective regions,
the times of the year when snowfall or the melting of snow occurs, and in which periods
precipitation or evaporation is greatest. The annual range of variation in the Göta River's
lower aquifer usually lies at around 1.0-2.5 m. The fluctuations in the lower aquifer typically vary dependent on the distance from the infiltration area and it is generally greater
nearer the infiltration areas than next to the river.
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Figure 6-6
Groundwater regimes for
two regions in southern
Sweden. Typical annual
fluctuations are shown in
the diagram for each region, where month is given along the x-axis and
range of variation is given along the y-axis (according to Sundén et al,
2010).

The results of the measurements
Within the Göta River investigation, geotechnical investigations have been conducted at
ten sub-areas along the Göta River. A summary of the hydrogeological conditions for
these sub-areas can be found in the technical memo (SGI, 2011:11-20).
Generally, the groundwater flows from the sides of the valley and down towards the river.
The groundwater level in the outermost layers of soil, the “zero pressure level”, has been
stated as lying somewhere between the ground level and a depth of around two metres.
Furthermore, the distribution of pore pressure has been found to be hydrostatic from the
zero pressure level and several metres down. At deeper levels, the variations are greater,
with everything from strong downward-directed gradients with large under-pressure relative to the hydrostatic distribution of pore pressure, to upward-directed gradients with artesian groundwater pressure.
Downstream of Lilla Edet, along the river's eastern side (sub-areas 8-10), the zero pressure
level in the vicinity of the river generally lies close to ground level, as well as at a greater
distance from the river, in the lower edge of the dry crust or up to approximately 2 m under ground level. The clay generally displays a hydrostatic profile in the uppermost layers
of soil and a somewhat raised pore pressure level in the lower soil sections adjacent to underlying cohesionless soil. Similar conditions apply for the Nordre River (sub-area 2) and
the river's western side downstream of Skår (sub-areas 1 and 3) and upstream of Lilla Edet
(sub-areas 5 and 6). In the southern part of sub-area 1, in sub-area 6 and in sub-area 10, the
distributions of pore pressure have often been almost hydrostatic, whilst in the other subareas, an upward-directed gradient has more generally occurred at greater depths. In subarea 5, it has been observed that the gradients below the uppermost hydrostatic soil layers
are downward-directed far away from the river and upward-directed near the river.
Between Ström and Skår, on the river's western side (sub-area 4) and between Intagan and
Lilla Edet on the river's eastern side (sub-area 7), the conditions vary. In the northern part
of sub-area 4, there is hydrostatic pore pressure distribution in the upper soil layers and
downward-directed gradients beneath these layers. Coarser layers under the clay are
thought to be in contact with the river and be drained into it. In relation to the ground level, the pressure level in the coarser layer is, at its lowest, around 10 m under the ground
level. Further south the conditions vary, with hydrostatic, as well as upward and down-
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ward-directed gradients found at greater depths. In the southernmost part there is a weak
upward-directed gradient at greater depths.
In the northern part of sub-area 7, the zero pressure level lies at the lower edge of a dry
crust which is thick in some cases. The distribution of pore pressure is hydrostatic or with
a downward-directed gradient to a drained friction layer. Somewhat further south, in the
area down towards Slumpån, the zero pressure level lies under the dry crust at a depth of
1-2 m and the gradient in the pore pressure profile is upward directed. Immediately south
of Slumpån there is a drained friction layer in the clay that causes a downward-directed
gradient above the layer and an upward-directed gradient below it. In the most southerly
part, the distributions of pore pressure far from the river are hydrostatic, whilst the gradients near the river are upward-directed.
Future conditions
Assessments of groundwater conditions along the Göta River in the climate of the future
are based on a summary of various climate analyses concerning extreme precipitation and
soil moisture as well as the formation of groundwater and groundwater levels. The results
are described below for the groundwater levels in the upper and lower aquifers, and in an
assessment of future changes in pore pressure in the clay slopes along the Göta River.
Upper groundwater aquifers
Expected future changes in soil moisture in the vicinity of Lake Vänern have been studied
by Bergström et al. (2011). They describe how much water is accessible in the uppermost
soil layers in relation to the ground's “field capacity”. Calculations have been carried out
using a hydrological model developed primarily for the areas with moraine and coarse
soils.
Within the Göta River investigation, these conditions have also been assumed to be relevant for the levels in the upper groundwater aquifer in the Göta River valley, since the
cracked dry crust is directly affected by precipitation and evaporation, and the groundwater level in this crust can be said to correspond to the soil moisture in the model. The results from these analyses show that soil moisture will, in the future, decrease over the
course of the whole year. The decrease is greatest during the spring and summer as a result
of increased evaporation, whilst the reduction during the winter is relatively medium, see
Figure 6-7. These results have also been assumed to apply for the upper groundwater aquifer. The diagram illustrates the durations of various climate scenarios, and the observed
values for current conditions (the 1961-1990 reference period) are shown with a black line.
The aforementioned study does not encompass brief, very intensive periods of rain, which
would probably bring about high levels in the upper groundwater aquifer. Bergström et al.
(2011) believe that extreme daily precipitation in the Göta River valley, with a return period of 100 years, will increase by around 20 % up until 2100. The most intensive rain currently occurs primarily in the late summer (Hernebring, 2006). It is believed that a
changed climate would not have any major effect on when the most extreme, brief periods
of rain would occur during the year. As soil moisture is also assessed as decreasing during
the late summer, a preliminary conclusion is therefore that isolated instances of extreme
precipitation ought not to lead to high pore pressure in the climate of the future. However,
knowledge regarding the fluctuations in the upper groundwater aquifer, and how this affects pore pressure in the clays superficial layers, is limited.
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Figure 6-7
Duration diagram
for soil moisture
around Lake Vänern
during December to
February for the period 2068-2097 together with observations from 19611990 (as per Bergström et al, 2011).

Lower groundwater aquifers
Expected future changes in the groundwater levels in unconfined aquifers within the same
groundwater regime as the Göta River have been studied by, amongst others, Rodhe et al.
(2009), Sundén et al. (2010) and Blied & Persson (2011). These studies are also considered relevant for the groundwater levels in the Göta River valley’s confined, lower
groundwater aquifers. This is since their infiltration areas can be regarded as unconfined
aquifers.
Rodhe et al. (2009) and Sundén et al. (2010) analysed four and five stations, respectively,
within the same groundwater regime where the hydrogeological environments were fairly
comparable with the Göta River valley's infiltration areas. With the exception of one climate scenario, all of the calculations provided relatively similar results. The results indicate a larger range of distribution over the course of a year with both increased peak levels
and reduced minimum levels. The mean values over the periods 1961-1990 and 2071-2100
for these calculations indicate that the groundwater's highest levels will increase between 0
and +0.4 m by 2100 (see the example in Figure 6-8).
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Groundwater station 15007
Period 1961-1990

Groundwater station 15007
Period 2071-2100

Blied & Persson (2011) have supplemented these analyses in respect of the five stations
that were assessed to be relevant to the groundwater situation in the Göta River valley.
Based on extreme value analyses conducted by SMHI, the change in the highest groundwater levels has been studied. The results indicate increases of between 0.1 and 0.3 m for
high levels, with a return period of 100 years.
These results have also been supported by Hultén et al. (2005), where observed groundwater levels in confined aquifers were studied during five heavy-precipitation years - 19982002. The results from this study suggested a relatively large increase in groundwater levels during the summer months, whilst the increases during the winter months corresponded
to those described above.
Up until the end of the century, the lower groundwater aquifer's highest levels in the vicinity of the infiltration areas can be expected to increase by around 0.3m. Since the groundwater's range of variation is greatest near the infiltration area and diminishes towards the
river, this should imply that the calculations for unconfined aquifers overestimate the
changes that apply to confined aquifers. A further restriction for high groundwater levels
in confined aquifers is that the aquifer can become full and that the groundwater cannot
exceed its level in the infiltration area.
Pore pressure in the clay slopes
For stationary conditions, the pore pressure in the clay is assumed to be linear (the same
hydraulic conductivity in the clay layer) between the upper and lower groundwater aquifer. This means that maximal pore pressure arises when the groundwater levels are maximal in both the upper and the lower aquifers. In the lower aquifer, the highest groundwater
levels usually occur during the winter months. Knowledge regarding the fluctuations in the
upper aquifer is less precise, but these levels are believed to vary more rapidly and could
even rise as a result of relatively brief spells of rain. Maximal pore pressure in the clay
profile can therefore arise in connection with rainy periods or the melting of snow during
the winter months.
During the winters up to 2100, it is thought that the highest groundwater levels in the upper aquifers will remain relatively unchanged, whilst the highest levels in the lower
groundwater aquifers are expected to increase by around 0.3 m. This means that the pore
pressure in the clay is expected to increase insignificantly in the superficial layers and
somewhat more at greater depths. However, in cases where permeable strata can be found
within the clay deposit, pore pressure increases of around 0.3 m can occur, even in the upper clay layers, provided that these strata are in contact with the lower groundwater aquifer.
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Figure 6-8
The annual variation in groundwater levels at station 15-8 for the
1961-1990 reference period (left)
and ten climate
scenarios for the
period 2071-2100
(right). The
groundwater station is part of
SGU's groundwater network and is
situated at an unconfined aquifer
in Herrljunga
where the dominant soil type is
moraine. The levels are monthly
mean values for
the respective period. The y-axis
shows the level in
metres, relative to
ground level.
Each line represents a climate
scenario (Sundén
et al., 2010).
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Facts in brief


Water discharge in the Göta River varies during the day depending on the
production of hydroelectric power. The mean level of water discharge is
550 m3/s and the maximum permitted level according to water legislation is
1,030 m3/s.



Climate changes mean that increased quantities of water need to be drawn off
from Lake Vänern.



A different annual cycle for inflow to Lake Vänern can be expected in the future and this will affect the flows in the Göta River. Inflow is projected to increase during the winter months at the same time as it will decrease during
the summer. Both high and low drainage levels will become more frequent.



The groundwater conditions are determined by the river valley's geology, topography and precipitation, and there is an upper and a lower groundwater
aquifer. In areas with thick clay deposits, both upper and lower groundwater
aquifers can be found. During the winters up to 2100, it is thought that the
highest groundwater levels in the upper aquifers will remain relatively unchanged, whilst the highest levels in the lower groundwater aquifers are expected to increase by around 0.3 m. This means that the pore pressure in the
clay is expected to increase insignificantly in the superficial layers and
somewhat more at greater depths.
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7

Erosion

This chapter describes erosion and sediment transport in the Göta River under present
conditions as well as future climate conditions. Erosion is a natural and continuous
process that, in water courses, is primarily caused by flowing water and by the abrasion of ice against slopes and river bottoms. This means that the gradient and levels of
slopes on land and the slopes and bottoms of the river gradually change. These geometrical conditions are fundamental prerequisites for stability investigations.
Erosion refers to the process that leads to loss of material from a specific area of the slopes
or the bottom of a water course. The opposite process is known as sedimentation (or accumulation). Erosion and sedimentation are natural processes that are constantly in progress in the landscape. The natural balance can be disturbed by human activities, such as
constructions in water, shipping, the felling of forests near the shore, etc. More extensive
erosion occurs in certain conditions, for example, along coasts when there are storms or
when there are high flows and water levels in water courses and lakes.

7.1

How the investigation was organised

In order to map the stability conditions and risks of landslides in the Göta River valley,
knowledge of erosion conditions is an important prerequisite. For this reason, an overview
of erosion and sediment transport in the Göta River, under present conditions and those resulting from future climate changes, has been completed within the Göta River investigation. A more thorough description of this work is provided by Rydell et al. (2011c).
The methodology used in the investigation has encompassed the following main components:
-

analysis and description of erosion and sediment transport under present conditions,

-

calculation and evaluation of erosion in the river in a future climatic, up until
2100,

-

evaluation of the need for complementary investigations.

The results have been used as the basis for stability calculations in the climate of today and
in the future.
The analysis of erosion and sediment transport under present conditions was initiated with
an inventory and compilation of previous investigations, measurements, experiences, etc.
related to the river valley.
Investigations involving the extraction of sediment samples have been conducted in order
to provide an overall description of the characteristics of the bottom sediments. An inventory of existing erosion protections and bottom levels from bathymetric measurements
taken at various times have been compared and analysed. A hydrodynamic model has been
established for the entire river, and the transport of sediment in the river has been analysed
based on available information and complementary measurements. Based on this, calculations of erosion have been carried out and compared with the measured changes to bottom
levels.
Morphological and geological conditions are primarily described based on the information
available from existing investigations; no additional investigations have been conducted.
Erosion conditions up until 2100 have been calculated based on the water flows produced
in line with climate scenarios and comparisons with present conditions. Furthermore, fu-
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ture erosion has been estimated based both on a scenario where present water legislation is
applied and also when higher water levels are permitted in the river.
Data for stability calculations has been compiled through accounts of the estimated changes to bottom levels and slopes within various parts of the river.
Finally, the need for complementary investigations and further knowledge has been addressed, which is described in Rydell et al. (2011b).

7.2

Erosion processes in the Göta River

The morphology and geology along the Göta River valley have been studied exhaustively
by, among others, Sundborg and Norrman (1963), Klingberg et al. (2006) and Klingberg
(2011). The description below of the geological and morphological conditions in the Göta
River valley is based on these reports.
Topographic and bathymetric conditions vary along the Göta River valley. The area upstream of Trollhättan is characterised by bottom profiles with large level differences, but
relatively slight gradients that become steeper downstream of Trollhättan. Downstream of
Lilla Edet the slopes become flatter and, between Bohus and Göteborg, the berm under the
water level near the shores becomes wider and, in several stretches, there is a pronounced
underwater slope. Figure 7-1 gives some examples of slope profiles in the Göta River. Underwater berms are often absent in the Nordre River.
The river banks become gradually lower along the river's southern section. In the far south,
the ground level is nearly at sea level, which is why there are flooded areas on both sides
of the river. Two different examples of river banks along the Göta River are shown in Figures 7-2 and 7-3.
Legend
Rock
Till
Sand, silt
Glacial clay
Postglacial
clay
Flood-plain deposit

Göta River

Figure 7-1
Examples of slope
profiles in the Göta
River. The profiles
are taken (from the
top down) from the
Trollhättan – Lilla
Edet, Lilla Edet –
Bohus and Bohus –
Marieholm stretches, respectively. The
profiles are shown
in the same length
and height scale.

Göta River

Göta River
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Figure 7-2
River bank at Vesten
(between Trollhättan
and Lilla Edet) with
older landslide scars.
Photograph: SGI.

Figure 7-3
River bank at
Tjurholmen, close to
Älvängen.
Photograph: SGI.

In the Göta and Nordre River valleys, the soft soil layers primarily consist of clay of varying thickness and shear strength. The bottom sediment in the river channel consists primarily of glacial clay and over this there are, in places, relatively thin layers of postglacial clay
and sand.
The erosion processes that take place in the Göta River are very complex and the local effects are hard to predict without comprehensive field investigations and observations taken
over a long period of time.
In a water course, erosion largely depends on the speed of the water flow and the characteristics of the eroded material. Soil types with fractions between coarse silt and medium
sand are the most easily eroded. The eroded soil particles are carried downstream by the
flowing water. Fine-grained particles (fractions from clay to fine sand) are transported
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through suspension in the water mass. Larger particles roll or bounce along, in contact
with the bottom, something that is known as bottom transport. If coarser material occurs
on the surface of cohesive material, it can contribute to the further abrasion of the underlying material and this process is known as corrasion.
The erosion of the river's bottom and slopes largely depends on the forces that occur between the water and the bottom, the bottom shear stress. These shear stresses depend on
the river's flow, its formation and characteristics of the sediments at the river bottom. Soil
material in a river bottom starts to erode when the bottom shear stress exceeds a certain
threshold which is known as “critical bottom shear stress”.
If there is equilibrium between the amount of eroded and deposited material within a certain limited area, the area is said to be stable from an erosion point of view. In the event of
a net loss of material, the area is subjected to erosion; in the opposite scenario, sedimentation/accumulation of material occurs.
However, it is not just the flowing water that causes erosion in and around a water course.
Waves generated by both the wind and by ships affect shallower sections and the littoral
zone, and precipitation, surface run-off and frost thawing affect the river banks.
No detailed study of the local erosion patterns that occur in the Göta River has been conducted within this investigation. An investigation of the river's bottom was conducted and
reported by Sundborg & Norrman (1963).
Erosion patterns and sediment transport are also affected by dredging work and the deposit
of mud masses. Dredging leads to a certain amount of the sediment being spread in the
water, which leads to increased transport of sediment in the river. The mud masses deposited into the water are also sensitive to erosion and can bring about increased sediment
transport for a considerable period following the dumping. In a compilation by Norrman
(2008) it is stated that in the region of 20-25 % of the mud masses can disappear through
suspension as a result of dredging and subsequent dumping in the river.
Landslides occur regularly in the Göta River valley. The stability problems are often
caused by erosion, but it can also be the opposite, i.e., landslides in river banks bring about
erosion and sediment transport, as the slided masses are relatively easily eroded.

7.3

Investigations and inventories

Studies of erosion conditions and sediment transport it is of great value to be able to follow changes over time. In this investigation, only limited long-term records have been
available, primarily data concerning changes of bottom levels.
Erosion protection
In a previous investigation that was conducted regarding stability conditions in the Göta
River valley (Götaälvskommittén, 1962), stabilising measures were recommended in the
form of removal and redistribution of earth masses and the expansion of erosion protection
at the water's edge along several stretches. During the 1960s and 1970s, erosion protection
was erected where active shore erosion occurred, and large sections of the river's banks are
equipped with erosion protection today.
Along almost all of the section between Trollhättan and Älvängen, erosion protection can
be found on both sides of the river, with the exception of the areas where rocky outcrops
can currently be found. South of Älvängen the protection is sparser outside the residential
areas. Between Bohus and Lärje, essentially all of the river's eastern banks erosion protection, and also a number of banks in Göteborg.
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The protection consists of revetments of blasted rocks that have been placed on the river
banks, see Figure 7-4. It has not been possible to find any documentation regarding the areas in which protection has been established, or what form the protection takes under the
water line.

Figure 7-4
Erosion protection at
Intagan (south of
Trollhättan).
Photograph: SGI.

During 2010, in conjunction with the annual inspection trip carried out along the river that
involves, amongst others, the Swedish Maritime Administration and SGI, measurement of
the existing erosion protection has been conducted. Inventory was taken in respect of the
protection that was accessible above the water line. However, no monitoring of the total
scope of the protection or its quality has been carried out. This means that it is not known
which parts of the slopes under the water line that are protected, or the extent to which revetments have slid down.
The revetments near and above the water line represent protection against erosion of the
river banks, but in certain areas this protection can be washed over as a result of marine
traffic, entailing that material is transported behind and through the embankments. The status of the revetments below the water line is largely unknown, but investigations with side
scan sonar suggest that the protection may have slid out towards the deep channel at several locations. This may be a result of erosion of the lower edge of the revetments. It is
therefore important that inventory is also taken for erosion protection below the water line.
Investigations of river bottom conditions
Various investigations have been conducted with the aim of describing conditions of the
bottom sediments of the Göta River that are significant in terms of erosion. Furthermore,
an inventory has been taken of previous investigations and material from these has been
compiled. A strategy was chosen whereby a sampling programme was initially implemented in order to achieve an overview of the bottom sediments and their properties. The
results have been used as the basis for supplementary investigations. These have subsequently been implemented separately or in conjunction with the geotechnical investigations in the river. More detailed accounts of the field and laboratory work conducted in respect of erosion analysis can be found in a specific investigation report (Blied & Rydell,
2011).
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The investigation regarding the sensitivity to erosion of the bottom material has had a general focus, which means that investigations in the field and laboratory could only be conducted in certain isolated spots in a few areas. Furthermore, the resources have not been
available to enable investigations to be conducted of all the conditions that are significant
for erosion and sediment transport; results from previous investigations have been used to
a large extent. This applies, among other things, to detailed morphological investigations
including the sampling of sediments and sedimentological investigations. The marine geological conditions have been assessed based on existing material with some additional
sources.
Sampling and analysis of bottom sediment
Within the investigation, a general sampling was initially carried out with tube samplers
and laboratory investigations of the superficial sediments in 15 cross-sections of the river.
The results showed a somewhat increased percentage of fine-grained fractions in the upper
sediments downstream in the Göta River. Between Trollhättan and Lilla Edet, the samples
primarily contained gyttja and silt, with the exception of one section which was entirely
composed of sand. Downstream of Lilla Edet the material consisted of clay and sand.
Further sampling of bottom sediments and laboratory investigations have subsequently
been conducted at approximately 40 points along the river. The geotechnical qualities of
the extracted sediments were examined in the SGI laboratory. Furthermore, laboratory investigations were carried out to determine the values of the parameters that govern erosion
and sediment transport. The Institute for Hydraulic Engineering at the University of
Stuttgart has developed a system for determining critical bottom shear stress, density and
erosion rate of extracted sediment samples - the “SETEG system.” Sampling was conducted with open plexiglas tubes with a diameter of 130 mm, see Figure 7-5. In the laboratory,
the sediment samples are pushed from the tube into the bottom of a trough where water
can flow over the upper surface of the sample. The erosion qualities can then be determined for different flows. More detailed information on this method can be found in Rydell et al. (2011b).

Figure 7-5
Sediment sampling
using the SETEG
method.
Photograph: SGI.
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A summary of the results from the investigations of critical bottom shear stress can be
found in Figure 7-6. The chart shows that the critical bottom shear stresses vary considerably along the river but, on average, amount to 0.5-1.0 Pa.
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Critical bottom
shear stresses determined using the
SETEG method.
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To investigate variations in plane and depth of the erosion parameters, a concentrated
sampling was conducted in a test area close to Lödöse. The results for this test area are described in more detail by Rydell et al. (2011b).
Backscatter analysis
In conjunction with the bathymetric mapping using multibeam echo sounding in the Göta
River, information was also collected for backscatter analysis. When the sound wave that
is transmitted with echo sounding is returned its amplitude has changed, and this can be
utilised to determine the composition of the bottom's surface layer. A low amplitude indicates a soft bottom and a high amplitude indicates a hard bottom. It should be noted that
the characteristics of the outer stratum can only be determined up to a depth of approximately 20 mm, which means that a thin layer of firm material may be found on the softer
underlying material.
The sediment has subsequently been divided into five surface geological classes, in accordance with Table 7-1.
Bottom class

Assessed material

Type of bottom

Class 1

Very soft sediment (organic clay and clayey
gyttja)

Bottom sedimentation

Class 2

Soft sediment (clay, gyttja, silt, organic material)

Bottom sedimentation

Class 3

Fine sand, silt, stiff clay, organic material

Mixed bottom

Class 4

Medium sand, coarse sand

Erosion and/or transport bottom

Class 5

Gravelly sand, gravel, stone

Erosion and/or transport bottom

An example of the interpreted backscatter data can be found in Figure 7-7. For more detailed results, a report on surface geology in the Göta River is referred to (2011a).
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Table 7-1
Classification of
the surface layer
in the Göta River
which is used in
the interpretation
of backscatter data. (as per Marin
Miljöanalys,
2011a)
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Figure 7-7
Example on the bottom's surface layer
for the areas north of
Tjurholmen, based
on interpreted
backscatter data. The
division of the different classes of bottom
can be seen in Table
7-1.
Background map ©
SGI, Lantmäteriet.

Side scan sonar
In conjunction with a marine geological mapping of the Göta River, SGU conducted
measurements using, among other things, side scan sonar in the river channel (Klingberg
et al., 2006). The method is based on a sound wave being transmitted into an area of water
and the measurement of its reflection (echo). The collected measurement data generates
images of the bottoms. From the images, assessments can be made regarding the surface
formations of the bottoms, trenches, object on the bottoms, sediment formations, etc. More
information regarding this method is provided by Rydell et al. (2011b). In the evaluation
compiled of the erosion conditions, side scan sonar images have been used for certain
stretches of the river, together with other data from the investigation.

7.4

Changes to the bottom levels

Changes to the bottom levels in the Göta River between various points in time, provide information about erosion and sedimentation conditions in the river. The bathymetric conditions have been mapped through bottom level measurements at various times. Within the
Göta River investigation, comprehensive bathymetric measurements with high resolution
and a high degree of precision were conducted during 2009. The measurements were conducted with multibeam echo sounding and the scope of the investigation, the precision of
the measurements and the results can be found in a special report (Marin Miljöanalys,
2011b).
Results from previous measurements
On several previous occasions, both multibeam measurements and simpler soundings have
been conducted, often for various parts of the river. A summary of the results from previous measurements is given below.
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Conclusions from the 1963 measurements
Sundborg & Norrman (1963) compared sounded sections from 1899 with sections from
1959-1960. Besides artificial interventions along the river, they noted, among other things,
that, upstream of Lilla Edet, the river's water level had risen as a result of new regulatory
strategies, which meant that a new shore level had been formed. Parts of the material that
had eroded from the new shore line had been deposited on the old shore line. No widespread erosion or aggradation of the river channel could be observed.
Downstream of Lilla Edet, no obvious shore erosion or large slope failures had occurred.
From Lilla Edet to just downstream of Göta, many artificial interventions made analysis of
natural processes impossible. On the other hand, substantial erosion of the channel was
observed downstream of Göta, especially between Dössebacka and Kungälv, which is
thought to be due to more erosion-sensitive bottom material. The river branch to Göteborg
was seriously affected by dredging work, which made studies of natural processes difficult
to conduct. In certain sections, a tendency towards bottom erosion could be seen.
The progress of erosion in parts of the river was monitored in a report of SGI's supervision
of the Göta River valley during the period 1962-1982 (Lindskog, 1982). Measurements
showed that, for the Trollhättan - Lilla Edet section, the shoreline had moved inland by an
average of 2-4 m during the studied period. However, no appreciable change of the bottom
level could be discerned when carrying out soundings of the river bottom in corresponding
stretches of the river.
For the section Lilla Edet to Göteborg, the shore erosion between Lilla Edet and Garn had
been quite substantial, with several slope failures as a result. Downstream of Lilla Edet,
soundings carried out at six year intervals showed no measurable erosion to the bottom of
the river. Investigations in Göteborgsgren produced no clear results, but the river bottom
had fluctuated between lying higher and lower compared with the original measurements.
Vattenfall
During the 1970s, dredging of the river channel was carried out within several areas along
the river, under the auspices of Vattenfall. The dredged sediment masses were deposited in
deeper parts of the river. Monitoring of these dumping areas was carried out through the
conducing of echo sounding when dumpings were made in 1975 and subsequently in 1976
and 1978, as part of an environmental control programme for this work (Vattenfall, 1978).
The measurements in the dumping areas from 2003 and 2009 generally indicate a similar
bottom topography to the measurements from the 1970s. The level differences between the
1970s' measurements and those from 2009 do not amount to more than one metre, and in
several cases, to less than half a metre. However, it should be stressed that the accuracy of
this comparison is limited, as a result of uncertainty regarding the location of the measurement sections used in the 1970s. A reasonable conclusion from the comparison might
be that the changes since the 1970s are less than one metre in the areas in question.
The nature of the changes seems to be “local”, i.e., the changes do not always occur in the
same way over large areas. Instead, they fluctuate between increases and reductions in the
bottom levels.
Comparisons between the bathymetric measurements of 2003 and 2009
Changes in bottom levels have been calculated as the difference between bathymetric
measurements from 2003 and 2009. A grid with squares whose sides measure 0.5 m was
drawn up and the difference between the level for each square was calculated. The calculations have been adjusted to take into account a deviation in level thought to be 70 mm be-
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tween both of the measurements for the stretch from Vargön to Haj (between Lilla Edet
and Bohus), whilst no equivalent displacement could be determined for the southern sections. A correction for the difference between the elevation models was therefore applied
to the whole stretch. This correction may possibly have led to a certain overestimation of
the sinking of bottom levels in the southern sections of the river.
The 2003 measurements only encompassed the channel in the Göta River down to Bohus
and a smaller area in Göteborgsgrenen. This means that large sections of the shallow areas
near the shores, as well as the whole of the Nordre River, were not included in this comparison. Two illustrations of the calculated changes in bottom levels are shown in Figure
7-8. The higher bottom level (sedimentation) is shown in blue and the lower bottom level
(erosion) in red, to indicate the difference between the 2003 and 2009 measurements. The
diagram shows an area to the left in which sand waves are transported in a thick sand deposit. An area can be seen to the right that has what is thought to be corrasion patterns on a
clay bottom.

Figure 7-8
Comparison of
measurements of
bottom levels in
2003 and 2009.
Blue colour indicates higher bottom levels and red
colour indicates
lower bottom levels.

A summary of the changes of bottom levels between 2003 and 2009 shows that, on average, the bottom level has eroded every year by 7 mm, taking the whole stretch of the river
into account. This agrees with the mean erosion in the river that was previously estimated
by Larson & Hanson (2006). It should be noted, however, that the level comparison does
not cover the whole river and that erosion or sedimentation outside of the channel are
therefore not included in the calculation. The comparison also shows that the greatest
amount of erosion occurs in the southern part of the river and least in the northern section.
Furthermore, the variations are greatest in the southern section.
Summarising analysis of the measurements conducted
To summarise, the assessments show that, based on the measurements, both increases and
reductions in the bottom levels of the river occur. However, these changes seem primarily
to occur on a small scale, with alternating increases and decreases of levels within the
same sub-stretch of the river. Nor do the changes to the bottom level seem to be constant
over time; within a certain area the level can decrease for a while and then increase at a
later stage.
The annual changes show both increased and decreased bottom levels that, in the channel,
are often less than 0.05 m. In slopes that incline towards the river's deeper sections, erosion has been measured at up to 0.15 m/year in some places. In order to determine the
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changes in a more detailed manner, measurements need to be taken on several occasions at
frequent intervals. The pattern that occurs upon analysis of different sub-stretches along
the river has in any case been thought to provide a holistic picture of the changes to bottom levels and has therefore been used in the ongoing assessments of erosion and sediment
transport in the river.

7.5

Hydrodynamic calculations

SMHI, in collaboration with SGI, has established a hydrodynamic flow model of the Göta
River, from Lake Vänern to the sea (including the Nordre River). The aim of this has primarily been to obtain a description of the distribution of bottom shear stress with different
flow levels. The model and the results are briefly described in this section whilst a more
thorough description is provided by Åström et al. (2011).
Calculation model
In order to calculate flows, water levels and bottom shear stresses, a hydrodynamic calculation model in the Delft3D calculation programme has been used. When setting up the
model, the Göta River was divided into three sub-stretches on account of the power stations at Trollhättan and Lilla Edet. It is relatively complicated to describe the differences
in water levels that arise at power stations, which means that it was not relevant to set up a
continuous calculation model that stretches the whole way from Lake Vänern to the sea.
The first sub-area stretches from Lake Vänern to Trollhättan, the second from Trollhättan
to Lilla Edet and the third from Lilla Edet to the sea. Calculations have been made separately for each of the three areas. The calculations have been made using a twodimensional (depth-integrated) model, since this is thought to provide a sufficient level of
precision.
The bathymetric conditions in the model are obtained from the terrain model that was established within the Göta River investigation. The terrain model consists of data in a grid
of squares with sides measuring one metre that has then been interpolated into the flow
model's calculation grid using cells of approximately 30 x 10 m.
In order to check the results from the model, SMHI conducted measurements of water levels and water velocities (flow measurements) and these have been used in calibration and
validation. For the calibration of the calculation models for the three sub-areas it is primarily the coarseness of the bottom, in the form of Manning's formula, which has been adjusted. This formula was initially chosen based on the information provided by the marine geological investigation (Klingberg et al., 2006), but has been adjusted during calibration so
that a correct gradient of the water level between two gauges was achieved. The input data
and boundary conditions chosen are described in the hydrodynamic report (Åström et al.,
2011).
The results from the calibration and validation demonstrate that calculated and measured
flow velocities lie within the same dimensions and that the flow directions are compatible.
Results of the calculations
Simulations have been carried out for six different water flows from Lake Vänern:
170 m3/s, 550 m3/s, 780 m3/s, 1,030 m3/s, 1,250 m3/s and 1,500 m3/s. These flows correspond to the permitted values in accordance with water legislation, mean rate of flows and
the flows that may occur in the climate of the future.
To summarise, the results of the simulations show that the bottom shear stresses vary from
0.2 Pa up to approximately 5 Pa, depending on the water flow. The shear stresses are generally highest in the northern parts of the three sub-areas and decrease to the south. The
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highest shear stresses occur primarily where the stream velocity increases due to the river
becoming narrower or shallower. In several places, the calculations show considerably
higher shear stresses locally at the edges of the river.
In the stretch from Lake Vänern to Trollhättan, the shear stresses increase from 0.5 Pa at
780 m3/s to 2 Pa at 1,500 m3/s, but locally at the edges of the channel, values of 5 Pa can
occur. South of Trollhättan and towards Lilla Edet, the bottom shear stresses vary between
0.8-3 Pa at 780 m3/s. At 1,500 m3/s, the shear stresses increase to 5 Pa in the entire northern part of the river and to 3.5 Pa further south. Between Lilla Edet and Bohus, the calculated shear stresses are approximately 2.5 Pa at 780 m3/s and they increase up to 5 Pa at
1,500 m3/s.
An observation of the distribution of the flow between the Nordre River and the Göteborgsgrenen (where approximately 75 % of the flow goes via the Nordre River) would
suggest that the bottom shear stresses ought to be higher in the Nordre River than in the
Göteborgsgrenen, but this is not the case. If the shear stresses in the two branches of the
river are compared, it can be seen that they are of the same size, which is a result of the
Nordre River generally being wider and deeper than the Göteborgsgrenen. The calculated
bottom shear stresses are relatively small in both rivers, often 0.2 Pa with higher local values of up to 2.5 Pa. This applies both for flows of 780 and 1,500 m3/s.
The magnitude of the areas with high shear stresses increases as the flow in the river increases. As flows increase, so does the shear stress in the whole of the river channel. The
reason that the shear stresses are higher in the northern sections of the respective substretches is that the stream velocity is generally higher in these sections. Typical water velocity values in the northern sections are 0.7 - 1.0 m/s and for the southern sections they
are 0.4 - 0.6 m/s, with a flow of 1,030 m3/s.
An example of the calculated bottom shear stresses for the area around Göta within the
sub-stretch from Lilla Edet to the sea is shown in Figure 7-9. It can be seen from the diagram that the bottom shear stresses increase considerably with heavier flows in the river.
A compilation of the distribution of all the bottom shear stresses shows that a substantially
larger share of low bottom shear stresses occur downstream of Bohus than in the areas upstream.
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Bottom shear stresses (Pa)

Figure 7-9
Bottom shear stresses for the
stretch 32/600 – 37/000 between Lilla Edet and Göta for
a flow of 780 m3/s (top left),
1,030 m3/s (top right) and
1,500 m3/s (bottom left).
(Åström et al., 2011).
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Comparison of shear stresses with a modified river channel
Gradually, as erosion progresses, the river's cross-section becomes broader and deeper. As
the channel widens, the flow area increases which, with unchanged water flow, leads to
lower water velocities and, therefore, lower shear stresses in that section. In order to study
how bottom shear stresses along a stretch of a river are affected by erosion at the edges of
the river channel, simple hydraulic modelling has been conducted, where the river channel
is made 4 m wider on each side. The calculations show that the bottom shear stresses decrease by 5-10 % compared with the original conditions. This implies that the changes
brought about by an expanded cross-section are likely to only have a limited effect on erosion.

7.6

The effect of marine traffic on erosion

Marine traffic generates three types of flows that can affect the river banks and shores.
These are: short period waves that are primarily generated by the prow of a vessel (wake),
long period waves that are determined by the total water mass that a vessel displaces
(drawdown waves), and a counter flow around a vessel depending on its speed and the
proportion of the river's cross-section that the vessel takes up.
The backward flow under the vessel and propeller-generated flow can have an effect on
the river's channel. In curves and/or narrow passages, the underwater slopes of the channel
are probably also affected, as is the shore adjacent to the channel. When the vessel travels
upstream, the direction of the backward flow coincides with the direction of the water discharge.
Breaking waves, which generate powerful turbulence and affect the river bottom and
slopes, can results from the passage of vessels in the river, see Figure 7-10.

Figure 7-10
Breaking waves
caused by a vessel's passage.
Photograph: Jonas Althage.

The annual number of vessel passages (motorised vessels) was barely 20,000 in the 1920s
and 1930s, and this decreased to between 12,000 and 14,000 in the 1950s. The corresponding figure today is approximately 1,600 cargo vessels per year.
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Comparison with the effect of water discharge
In an investigation conducted by Althage (2010), the shear stresses from a wave-generated
flow have been calculated. The shear stresses are of the same size as those from the drainage flow, which is why erosion due to shear stresses caused by shipping should be the
same size per unit of time. The contribution that shipping makes to erosion caused by
shear stresses is, according to this rough estimation, scarcely 1 %, with a level of 1,600
marine vessel passages per year.
Transport of sediment due to shipping
Flows that are generated by wake and drawdown waves lead to coarser particles and lumps
of earth rolling and bouncing along the bottom of the river. The flows also bring about
turbulence and pressure changes that lead to the suspending of loosely deposited and finegrained material. Rolling, bouncing and suspended material is transported both longitudinally and transversely.
A model has been developed to estimate the amount of material that is transported along
the river due to the passage of vessels, and that reaches Göteborg (Larson, 2011). The
model is based on the amount of material that is suspended as a result of a vessel's passage, how quickly the material becomes sediment again and the speed at which the water
flow in the river can transport this material (advective speed). The amount of eroded material that is removed from the river in this manner due to marine traffic is estimated at 3,500
tonnes per year.
Shipping in relation to the operation of power stations
A comparison between erosion caused by waves from marine vessels and waves caused by
power station operation with sudden changes to drainage patterns has been made by
Larsen (1995 and 1996). A comparison has been conducted for one section a distance
downstream of Lilla Edet and for one section downstream of where the river branches into
the Nordre River. It is established that the change in water level due to long period waves
caused by the passage of vessels occurs much more quickly and is substantially larger than
the change in water level brought about by changes in drainage. It has also been noted that
rapid water level changes lead to pressure gradients in shore slopes. Furthermore, it has also been observed that there are pressure gradients that lead to erosion, primarily in silty
material.
For the section downstream of where the river divides into two branches, Larsen draws the
conclusion that the erosion effect of waves from shipping is noticeably greater than the
erosion effect caused by power station operations. There is no mention of whether consideration has been paid to the frequency of the passage of the vessels or the changes in
drainage patterns, with regard to this conclusion. Unprotected silty slopes were previously
found upstream of Lilla Edet. The risk for this type of erosion has decreased due to erosion
protection. However, erosion probably still occurs to some extent today, behind the erosion protection that has been erected.
Summarising analysis of the effect of marine vessels on erosion
To summarise, it is thought that the contribution of marine vessels to the transporting of
eroded material along the river is probably very small; according to the estimation above,
it is 3,500 tonnes per year, compared with the total transport of material to the sea which is
estimated to amount to 180,000 tonnes.
As far as erosion from the slopes is concerned, marine vessels probably have a greater effect here. Erosion of the river banks as a result of waves caused by marine vessels can be
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significant locally and initiate small slides. It is, however, difficult to quantify this. Attention should be paid to the effect of the passage of marine vessels, however, especially in
narrow passages and at sharp bends where the banks are sensitive to erosion. Furthermore,
is should be noted that the vessel's speed plays a major role in wave formation and, therefore, the erosion processes. Finally, the extent and quality of erosion protection above and
below the water line is very significant for erosion caused by marine vessels.

7.7

Sediment transport

An overall evaluation of erosion, transport and sedimentation of material along the Göta
River has been conducted and compiled in a sediment budget for the river. The sediment
budget shows the magnitude and distribution of the sediment that is transported from Lake
Vänern's outlet to the sea, in total and for the various sub-stretches. As a basis for this sediment budget, an analysis of the transport of suspended material along the river has been
conducted.
The transport of suspended material in the Göta River
Several investigations have been conducted over the years to clarify the transport of sediment in the Göta River. A compilation and analysis of previous investigations has been
carried out, relating to the transport of suspended material in the Göta River (Göransson,
2011). The long series of continuous turbidity measurements that exist for the Göta River
have been used to assess the transport of suspended material (sediment) in the river. One
assumption was that there is a strong connection between turbidity and suspended particles, and that this could form the basis for the establishment of a sediment budget for the
Göta Rver.
The results have been compared with previous investigations conducted by Sundborg &
Norrman (1963), Göta älvs Vattenvårdsförbund (2010), SMHI (2010) and Westberg
(2010). The results of the investigations differ somewhat, which is due, among other
things, to the samplings being taken at different levels and at different parts of a crosssection, but also due to the conducting of different types of sediment analyses.
The total transport of suspended material in the Göta River consists of suspended material
including material that has been washed out from Lake Vänern and that has been transported from the bottom of the river. To this can be added small clay particles, colloids and
loose elements that are not classified as suspended content but as dry matter. The concentration of suspended material is not completely evenly distributed over a cross-section, so
the part of the section from which the sample is taken is significant, to a certain extent.
In order to examine whether extreme drainage generates a clear increase in turbidity, a
comparison was made between the extreme flow of the winter of 2001 (from late autumn
up to and including the winter of 2001) and the turbidity of the same period (mean daily
value). A comparison was also carried out using data from 2005 and 2007, when there was
a clear increase in winter flow. The results do not show any clear connection between extreme drainage and turbidity.
To summarise, the compilation and analysis show that the transport of suspended material
for the whole Göta River (the outlet in the sea at the Nordre River and at the Göteborgsgrenen) varies greatly from year to year. Roughly 70 % of the transport of suspended
material upstream of where the river branches is transported through the Nordre River,
with a variation of between 49-85 % for the time period studied (2004-2009). During years
with heavy precipitation, the flow (in the river and its tributaries) is clearly affected, as is
the amount of suspended material that is transported.
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The sediment budget for the Göta River
A summary of the material transported along the Göta River is provided in a sediment
budget for the river, see Figure 7-11. The sediment budget shows the magnitude and distribution of the sediment that is transported from Lake Vänern's outlet to the sea, in total
and for the various sub-stretches. The amounts reported in the sediment budget have been
evaluated based on previous investigations and complementary analyses and assessments
made within the Göta River investigation, primarily those based on changes to bottom levels. The amounts given are somewhat higher than those reported in previous investigations.

Figure 7-11
Transport of sediment along the Göta
River in kton/year,
based on present
conditions.

Sediment transport along the Göta River is composed of sediment that comes from the outlet from Lake Vänern, through the erosion of slopes and bottoms, from erosion resulting
from marine traffic and sediment from the inflow of other water courses into the river. The
total amount of sediment that reaches the sea has been estimated at 180 kton/year, of
which 110 kton/year arrives via the Nordre River and 70 kton/year via the Göteborgsgrenen. This is of the same magnitude as the dredging that is continuously conducted
in the area around Göteborg harbour, which corresponds to 50-80 kton/year (Brack et al.,
2001 and Port of Gothenburg, 2010).
The amount of sediment at the outlet from Lake Vänern comprises a substantial part of the
total sediment transport in the river and is composed primarily of washed out and suspended material.
For the stretch from Lake Vänern to Lilla Edet, the erosion of river banks is assessed to
have decreased compared with previous investigations, largely due to all river banks being
equipped with erosion protection during the 1970s. However, a certain level of erosion is
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judged to still occur along the shores in addition to vertical erosion in underwater slopes
and river bottoms.
Along the stretch from Lilla Edet - Bohus, the amount of sediment is assessed as having
been caused by erosion of the bottom and underwater slopes to the same extent as was estimated in previous investigations.
The amount of sediment resulting from erosion in the stretches from Bohus to the Nordre
River's outlet and from Bohus to Göteborg has been assessed as being similar to the
amount that applies for the stretch from Lilla Edet to Bohus, which is primarily due to bottom erosion.

7.8

Erosion conditions in the climate of today

For the analysis of erosion conditions, the river has been divided into 17 sub-stretches,
within which the conditions are assumed to be similar. The division has been made based
primarily on morphological, bathymetric and geological conditions. An analysis of the collected data has been conducted for each sub-stretch.
Changes to bottom levels have been analysed based on two bathymetric measurements
carried out at a 6.5 year interval, in accordance with the description provided in section
7.4. The annual changes show both increased and reduced bottom levels that, in the channel, are often less than 0.05 m. In slopes that incline towards the river's deeper sections,
erosion has been measured at up to 0.15 m/year in some places.
Based on measured bathymetric changes, the amounts of eroded material for the different sub-stretches and the mean value for the level change of equivalent sub-stretches have
also been calculated. For the Nordre River, the bathymetric measurements have only been
conducted during 2009. For calculation purposes, the change in the mean bottom level has
therefore been assumed to be of the same size as it is in the Kungälv-Göteborg stretch. The
changes recorded are shown in the map appendix in Rydell et al. (2011c), an example of
which is provided in Figure 7-12.

Figure 7-12
An example of the
mapping of the annual change in bottom levels, based on
a comparison of
bathymetric measurements. Negative
bottom level changes refer to erosion
and positive changes
refer to sedimentation.
Background map ©
SGI, Lantmäteriet.
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Estimated eroded amounts for the various sub-stretches and the mean values for the level
change in equivalent sub-stretches are shown in Figure 7-13. It should be noted that the
length of the various sub-stretches differs and that the different colours of the columns only indicate the area in which the sub-stretches are located (Lake Vänern-Trollhättan,
Trollhättan-Lilla Edet, Lilla Edet-Bohus, Bohus-Göteborg). The diagram shows that the
annual changes in bottom levels are minor (less than 0.005 m) in several stretches from
Lake Vänern to Lilla Edet. Downstream of Lilla Edet the changes are greater, up to 0.03
m/year. This can be compared with the estimation previously made by Larson & Hanson
(2006,) where erosion of 0.007 m/year was given as a mean figure for the entire river
stretch. In two sub-stretches north of Trollhättan (5/200-6/400) and between Vesten and
Hjärtum (19/800-25/900), the amount of sediment deposited exceeds the amount of material eroded. Along the Bohus-Göteborg stretch, the measured mean change in bottom level
is considerably greater than in the other sub-stretches.
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for the various substretches.

Calculations of erosion have been made in order to get an understanding of where erosion
may occur and the extent of its effects. The erosion calculations were originally intended
to be implemented using the same model as had been used for the hydrodynamic calculations (Delft3D) and the MOR module. In this type of calculation, the bottom level can be
updated as it changes, which also implies that the bottom shear stresses change and a realistic description of erosion over a long period can therefore be carried out. In a detailed
calculation, this updating of bottom levels is important if erosion seriously affects the
shape and width of the water course. A calculation in Delft3D can also incorporate bottom
transport and sedimentation.
Calculations using such models presuppose that the erosion properties of the river bottom
can be well described. Since bottom conditions vary considerably along the river, extensive investigations would be necessary, in the form of sampling in the field and laboratory
investigations of the sediment. This has not been possible within the scope of the investigation and it was therefore not considered possible to carry out the relevant erosion calculations using Delft 3D-MOR. For this reason, it was instead decided to perform the calculations with the aid of a GIS analysis and without any updating of the bottom levels during
the calculation process. This also implies that sedimentation has not been included in the
calculations.
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The calculations have been based on the amount of eroded sediment and the erosion properties of the bottom sediment. The eroded amounts for the various sub-stretches have been
based on sediment transport reported in previous investigations. The critical bottom shear
stresses vary considerably along the river, as is described in section 7.3. It was therefore
decided that a figure equating to 95 % of the mean value of the bottoms shear stresses
would be used to represent critical bottom shear stresses, in accordance with the hydrodynamic modelling within each backscatter class described in Table 7-1, based on a flow of
780 m3/s. This flow was considered to correspond to a reasonable “erosion flow”, i.e., the
stationary flow that, with regards to erosion, best represents the actual flow variation in the
river. The results are shown in the section below.
Comparison between measured and calculated erosion
Based on comparisons of changes in bottom levels and calculations of erosion resulting
from GIS analysis, ongoing erosion based on present conditions has been evaluated. A
continual change in bottom sediment has been observed, with both erosion and sedimentation occurring along the river. Measurements show that these conditions vary within various sub-stretches and within the calculation cells that were used in the analyses. The
changes measured have been expressed as a mean value per year. The results are illustrated in Figure 7-14.
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The results for the various sub-stretches show major differences between measured and
calculated erosion. One explanation for this might be that, although the erosion parameters
vary along the river depending on the qualities of the bottom sediment, these have been assumed within the calculations to be equal over large areas. Furthermore, the calculations
have been made using a formula that applies for cohesive material, but which has been
used here for all of the river's bottom material.
The results show that the model seems to be able to describe erosion in certain types of areas, but not in others. One possible further explanation is that the processes that govern
erosion differ at various locations along the river.
Erosion under present conditions
Ongoing erosion based on present conditions has been evaluated based on comparisons of
changes in bottom levels and calculations of erosion. A continual change in bottom sediment has been observed, with both erosion and sedimentation occurring along the river.
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Measurements and calculations show that these conditions vary within various substretches and within the calculation cells that were used in the analyses.
Estimated changes for various sub-stretches have been described in the data provided for
stability calculations (Rydell et al., 2011a). Annual erosion varies for the various substretches between 0.005 and 0.015 m. Bearing in mind the uncertainty of the analyses, the
values selected are on the “safe side”.
The measurements also indicate that the effect of erosion is considerable along certain underwater slopes, and that this is probably especially noticeable at the toe of the slopes.
Since landslides occur in the lower parts of the underwater slopes near the river channel, it
it is thought that a new slope contour comes about that gradually adopts its angle of friction, which means that the slope subsequently moves in parallel towards the shore.

7.9

Erosion conditions in the climate of the future

The climate changes that can be expected in the Göta River valley show an increased level
of precipitation in the future and that the seasonal distribution of the flows will also
change, with higher flows over most of the year, see Chapter 6, Surface and groundwater
conditions today and in the climate of the future. This means that increased erosion can be
expected as a result of the higher water flows, but also that the high flows will have a
longer duration throughout the year.
There are also other conditions that are significant for erosion conditions in the river. New
residential areas and infrastructure, as well as future marine traffic and the drainage practices of power production also affect erosion in different ways. The effect of these conditions cannot be predicted, which means that the calculations and assessments that were
made contain an amount of uncertainty.
Calculations and evaluations have been carried out in order to estimate erosion conditions
up until the year 2100, based on two different scenarios. The first scenario is one where
higher drainage levels cannot be accepted; the flow will continue to be regulated in accordance with the application of water legislation. This implies that flooding can be expected in the future around Lake Vänern, or that water must be drawn off in another manner. The second scenario that is described applies when flows that are higher than those
currently permitted are drawn off through the Göta River.
Erosion with water flow at present drainage levels
In the scenario where flow in the river is governed by the current water legislation, it has
been assumed that erosion will principally occur in the same magnitude as in present conditions. In this scenario, the extent of the erosion is based on the estimations that were
made based on comparisons of the bottom levels between 2003 and 2009. Erosion up until
2100 is given as the mean values for various sub-stretches, bearing in mind the uncertainties that exist within the data.
Erosion is assumed to occur to the same extent as it does today and can be extrapolated for
the period up to 2100, i.e., 90 years. This implies that the total erosion amounts to 0.4-0.5
m in the northern sections of the river and to 1.0-1.5 m in the southern parts. Information
for the various sub-stretches can be found in the data provided for stability calculations
(Rydell et al., 2011a).
The greater effects of erosion that has been noted with bathymetric measurements in
slopes down towards the river's channel are expected to continue in the future and a parallel movement of slopes in towards the shore can then occur. The extent of this movement
depends on many conditions including time-dependent morphological changes, and the extent of these is difficult to assess. In the data provided for stability calculations, (Rydell et
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al., 2011a) it has been suggested that this movement can be assumed to amount to 4 m up
to the year 2100.
Erosion with increased water flow
In order to evaluate the erosion conditions brought about by increased flows in the river,
calculations have also been made for four future alternative water flows, see Table 7-2.
The calculations have been made in order to get an understanding of the extent of the
changes to bottom levels in the climate of the future. The water flows are generalised and
do not always correspond to the flows observed in the Göta River. They have been chosen
to illustrate the effect of various flows that could occur in the current and the climate of
the future.
Table 7-2
Studied duration
distribution for water discharge in the
Göta River.

Flow
(m3/s)

Alt

Duration
(months)

1

Flow
(m3/s)

Duration
(months)

780

12

Flow
(m3/s)

Duration
(months)

2

1030

6

780

6

3

1250

4

780

6

550

2

4

1500

3

780

6

550

3

Calculations of the annual erosion with different flows have therefore been conducted for
the various sub-stretches, presupposing that the same flows occur for 12 months and the
equivalent calculation has been made for different flows and durations.
A comparison has also been made between current and future erosion conditions. Estimated erosion for each of the four flow alternatives has been compared with erosion under
present conditions. The mean values for the various sub-stretches have also been calculated for all of the flow alternatives, 1-4. Alternative 4 refers to an extreme flow that is
thought unlikely to occur and, in order to evaluate the effect of this flow, also the mean
value for flow alternatives 1-3 have been calculated. The results are illustrated in
Figure 7-15.
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It can be seen from the diagram that different sections of the river have different preconditions, with respect to erosion. For example, the estimated erosion caused by the highest
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flows increases sharply in the northern and southern parts of the river. The increased flows
lead to greater erosion and, compared with present conditions, the effect in relative terms
is greater in the sub-stretches between Lake Vänern-Trollhättan and Bohus-Göteborg than
in the stretch between Trollhättan-Bohus. The mean values for alternatives 1-3 show an
increase in erosion of 3-4 times the level for the northern stretch of the river down to
Trollhättan, an increase of 2-5 times the level for the Bohus-Göteborg stretch and an increase of approximately 2 times the level for other stretches.
With higher future flow levels, erosion is expected to increase in all sub-stretches. In 2100,
the total erosion for the northern sections of the river is estimated to amount to 0.8-2.0 m,
and 2.0-3.0 m in the southern sections. Consideration has been given to the gradual increase of the water flows up until the turn of the century. Information for the various substretches can be found in the data provided for stability calculations (Rydell et al., 2011a).
Increased flows means increased erosion over the whole cross-section including its underwater slopes. This leads to a larger cross-section which, in turn, implies reduced bottom
shear stresses. As far as the effect of erosion in the slopes towards the river channel is concerned, the same effect as for flows with present durations has therefore been assumed,
i.e., parallel movements towards the shore and of the same size.
The evaluation of future conditions that has been made is based on changes observed over
a relatively short period (6.5 years). Since there was no detailed information regarding the
local variations, the information provided with regards to erosion as per 2100 was generalised and based on the mean values for relatively large areas. The erosion conditions in the
event of future higher flows depend entirely on the water flow that can be expected in the
river, which implies that the assessments contain large uncertainties.
Even if the estimation of the effect of erosion presented in this investigation contains uncertainties, it is still thought to provide a relatively good picture of future erosion conditions. The values given for erosion are assessed as being on the “safe side”.

Facts in brief


Erosion in the river occurs as a result of the effect that flowing water has
on the river's bottoms and slopes, through the abrasion of the clay by
coarser soil particles (corrasion) and through the effects of marine traffic.



Erosion protection consisting of revetments of blasted rocks can be found
in major stretches along the river. The extent of the protection below the
water line has not been investigated.



The erosion conditions have been evaluated based on comparisons between various bathymetric measurements and through calculations.



Current erosion conditions are, for the majority of the river, less than 0.05
m/year. Along certain exposed underwater slopes, the erosion is approximately 0.15 m/year.



Allowing the for the same maximal flow that is currently permitted, erosion up until 2100 can be expected to amount to 0.4-0.5 m in the northern
parts of the river and 1.0-1.5 m in the southern parts.



Future climate changes imply increased water flows which will lead to increased erosion. Should higher flows be drawn off along the river, total
erosion up to the year 2100 can amount to 0.8-2.0 m in the northern parts
of the river and 2.0-3.0 m in the southern parts.
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8

Stability calculations

This chapter describes the methodology for stability calculations that has been employed in the Göta River investigation for the climate of today and future climatic
conditions. The stability calculations for various sub-stretches along the river are described, as well as how they are expected to be affected by changes in the climate.

8.1

The calculation methodology used within the Göta River investigation

Current conditions
Within the Göta River investigation, stability calculations have been made according to
guidelines in governing documents for technical work.
The calculations have been made using a total safety philosophy, as a “detailed investigation” in accordance with the instructions of the Swedish Commission on Slope Stability
(Skredkommissionen, 1995). The soil's shear strength properties, which have been determined through field vane tests, fall cone tests and CPR sounding, have been compiled on
both a depth-related and a level-related basis. The compilations have been compared with
empirically estimated values based on CRS tests and, in certain sections, also with values
determined using direct shear tests. An important part of the assessment of the stability of
slopes in the Göta River has been the undrained shear strength of the clay found in areas
near the shore and in the soil layers under the Göta River. In areas where the distance to
the investigations conducted in the river has been large, the undrained shear strength in the
area near the shore and in soil layers under the river have been assessed based on
knowledge of the area's geological history and empirical relationships. Drained shear
strength parameters have been assessed based on empirical relationships.
Choices concerning the pore pressures and groundwater levels used in the calculations
have been made based on conducted measurements, whilst consideration has been given to
topography and the soil layer conditions. A sensitivity analysis of the effect of the pore
pressure has also been conducted where this has been deemed important.
Where sand and silt strata occur, their effect on stability has been evaluated through a sensitivity analysis in respect of the possible artesian pore pressure and that which has been
measured in the stratum concerned. In sections where the depth to firm bottom was unknown, which generally applies for soil layers under and across the river, the possible effect of this uncertainty has been evaluated with descriptive text.
The stability conditions of the slopes have been calculated using both undrained and combined analyses. Exceptions to this have been made in a few sections where only undrained
analyses have been conducted. In these sections, the conditions have been such that it was
deemed unlikely that the combined analysis would provide any significantly different results. This applies, for example, where the undrained shear strength is very low, where no
artesian pore pressure has been encountered and where the slope is level. Within sub-areas
5 and 7, steep slopes with low safety occur and within these areas, a check of the effect of
shear strength anisotropy has been conducted. However, the safety factors described here
refer to the values without consideration of the shear strength anisotropy.
The calculations have been made either using the calculation programme Slope/W (Geo
Studio) or GeoSuite Stabilitet. For calculations made using Slope/W, version 2007:7.13 or
later has been used along with the Morgenstern-Price calculation method, with an “opti-
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mised” slip surface. For calculations made using GeoSuite Stabilitet, version 4 or later has
been used along with the Beast 2003 calculation method, with a “step” slip surface.
The calculations have been made presupposing cracked dry crust and water-filled cracks
of up to half the thickness of the dry crust. For road and rail loads, TK Geo (National Road
Administration, 2009) has been applied and for stresses caused by buildings, a load of
10 kPa/floor has been used.
Maximum and minimum water level limits in the river are stipulated in the valid water
legislation and in agreements made between Vattenfall and the Swedish Maritime Administration. Based on these and the mean low water level (MLW) in the sea, the investigation
has been based on the lowest water levels intended for stability calculations, in accordance
with Table 8-1 (Rydell et al., 2011d). Rectilinear interpolation has been employed between
Lilla Edet and Bohus, and between Bohus and the sea. The levels described in Table 8-1
were not, however, established at the start of the investigation, why the stability calculations for the area between the Trollhättan and Lilla Edet locks were made using a water
level of 6.0 m above sea level. This implies that the calculations were made on the “safe
side”. However, for the probability calculations, a model error corresponding to the difference in water levels was incorporated, so the calculated probability classifications represent the levels given in Table 8-1.
Stretch/location

Level (m.a.s.l.)

Vänersborg – Trollhättan

+38.7

Trollhättan – Lilla Edet

+6.6*

Lilla Edet (downstream)

-0.2

Bohus

-0.4

The sea

-0.6

*In stability calculations, the level 6.0 has been used. The error has
been corrected in the probability calculations.

Table 8-1
For stability calculations, the
lowest water levels in the Göta
River in the climate of today are
used (the levels
are stated in metres above sea
level and are taken from the elevation model
RH2000).

The most dangerous optimised slip surface for the river slope and the underwater slope has
been described graphically for undrained and combined analyses. “Optimised slip surface”
refers to how, with the support of the location of the most dangerous circular slip surface's
rotation point, a slip surface with arbitrary geometry that provides the lowest safety factor
value is sought. Furthermore, the variation of the safety factors along the slope and further
away have also been described. The variations have been divided into the intervals 1.1-1.3;
1.3-1.5; 1.5-2.0 and 2.0-2.5 respectively, and for undrained analyses, the interval 2.5-3.0 is
also reported. Examples of how the variations of safety factors were reported are given in
Figure 8-1.

Figure 8-1
Description of the
most dangerous
calculated slip
surface and variations in the safety
factor along the
slope.
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Conditions in the climate of the future in the year 2100
A changed climate with increased precipitation and more intensive rain affects the stability
of the slopes. For the slopes in the Göta River valley it is, from a climatic aspect, increased
flows (which change the preconditions for erosion), changes in water levels, and increased
infiltration into groundwater recharge that affect stability. Within the investigation, expected erosion and changes in surface water and groundwater levels have therefore been
analysed and the results have been presented in, for example, Chapter 6, Surface and
groundwater conditions today and in the climate of the future and Chapter 7, Erosion.
The analyses conducted show that the highest pressure levels in the lower groundwater
aquifer are expected to increase by around 0.3 m by the year 2100, whilst it is thought that
the highest groundwater levels in the upper aquifer will remain largely unchanged. However, in cases where permeable strata can be found within the clay deposit, pore pressure
increases of around 0.3 m can occur, even in the upper clay layers, provided that these
strata are in contact with the lower groundwater aquifer. Within the Göta River valley, a
combined analysis, which is affected by groundwater and pore pressure, is normally of
greater importance, in foremost the shallow slip surfaces. It has therefore been assessed
that the marginally increased pore pressure has little effect on stability, and the changes
that can still be expected can be considered to be included in the cautiously chosen values
and sensitivity analyses that have been conducted.
Maximum and minimum water level limits in the river are regulated by water legislation
and for this reason, any changes in these levels have not been taken into consideration in
the stability calculations. The level of the sea (adjusted for land uplift) is expected to rise
by 0.15 m up until the year 2050 and by 0.70 m up until the year 2100, which will affect
the water levels downstream of Lilla Edet. The assessments of future sea levels are, however, uncertain and, since a rising of the sea level may increase stability, changes in the sea
level have not been analysed within the stability calculations. In the stability calculations,
the water levels have therefore not changed with respect to future conditions, compared
with those that are used with regard to the climate of today.
Calculations and analyses of ongoing erosion and changes to erosion due to changes in
flow (see Chapter 7) show that erosion will occur along the river's bottoms and slopes in
many stretches, both with current and increased flow levels. If the flow does not change in
the future, the total erosion up until 2100 is estimated to amount to 0.4-0.5 m (evenly distributed over the cross-section) upstream of Lilla Edet and 1.0-1.5 m downstream of Lilla
Edet. With higher future flow levels, erosion is expected to increase in all sub-stretches.
By 2100, the total erosion on the northern sections of the river is estimated to amount to
0.8-2.0 m (evenly distributed over the cross-section) and to 2-0-3.0 m in the southern sections. Furthermore, it is expected that certain exposed sections of underwater slopes adjacent to the river channel may be moved in towards land by 4 m by year 2100. It should be
noted that the scenarios mentioned do not claim to represent the exact magnitude of the
erosion; they have been put forward in order to state in practical terms the effect that erosion can have on stability conditions.
The effect of erosion on stability conditions along the river up to 2100 has been studied in
approximately 20 selected calculation sections. The sections have been chosen so that they
are representative of the various areas along the river with similar geological and topographical conditions and soils with similar geotechnical conditions. The calculated stability changes have subsequently been assumed to apply for other sections with the same preconditions.
The effect of erosion has been studied for the 7 sub-stretches along the river that are considered to be affected. The effect has been studied partly through evenly distributed erosion over the cross-section and, for especially exposed sections, through horizontal movement of underwater slopes towards the shore. The stability calculations have been made
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based on three different alternatives for erosion changes that are dependent on the presence or absence of underwater shelves. The geometry of the sections has changed as follows and by the measure given above for the various sections of the river:
-

For slopes where there is no underwater shelf, see Figure 8-2, the bottom of the
shipping lane has been lowered and the slope has been eroded horizontally at the
shoreline and its gradient has been adapted in line with the lane's bottom (after
erosion). Slopes above the water surface have been given an inclination of 32 degrees and connected with the existing slope gradient.

-

For slopes with an underwater shelf, as in alternatives a) and b) in Figure 8-3, the
bottom of the shipping lane has been lowered and the slope between the underwater shelf and the bottom of the lane has been eroded vertically, as has the underwater shelf itself. Slopes by the shoreline have been eroded horizontally, with further
adjustment to the toe of the slope. Slopes above the shoreline have been given an
inclination of 32 degrees and connected with the existing slope gradient.

-

For slopes with an underwater shelf, as in alternative c) in Figure 8-3, the bottom
of the shipping lane has been lowered vertically and the underwater slope has been
assumed to have the same gradient as previously. It has been assumed that no erosion of the underwater shelf has occurred. Triangular distribution towards the
deeper sections, down to the shipping lane's bottom (after erosion). No changes in
the geometry on and above the underwater shelf or for slopes over the water surface have been assumed.

No consideration has been made in the calculations of changes in the properties of the soil
that unloading might bring about. This effect is considered to be negligible. No consideration has been made in the calculations of existing erosion protection. This is because the
extent of the erosion protection beneath the water line is unknown. The calculations have
therefore been performed on the “safe side”, as far as erosion protection is concerned.
Legend
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Glacial clay
Postglacial

clay
Flood-plain deposit

a) An example from the Trollhättan - Lilla Edet stretch

b) An example from the Lilla Edet - Bohus stretch
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Assumed change
in the geometry
of slopes without
an underwater
shelf that are exposed to erosion.
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Sand, silt
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clay
Flood-plain deposit

a) An example from the Trollhättan - Lilla Edet stretch

b) An example from the Bohus - Marieholm stretch

Figure 8-3
Assumed change
in the geometry
of slopes with
an underwater
shelf that are
exposed to erosion.

c) An example from the Bohus - Marieholm stretch

8.2

Current stability conditions

The stability conditions have been calculated for a total of 240 sections along the Göta
River and the Nordre River. The locations of the sections can be seen in the maps in GÄU
Final Report 3 - Maps (SGI, 2012a). The calculations show that many of the areas around
the river have, in current conditions, a low level of safety with regard to stability failures.
The stretch between Trollhättan and Lilla Edet is the stretch along the length of the investigation area that has the most slopes with low stability. Many slopes here have a safety
factor of less than 1.2. Within certain areas south of Lilla Edet the stability near the river is
low, primarily due to the steep underwater slopes.
This section provides an overall description of the stability in the sections studied. The description is divided up into the various geographical sub-areas along the river, which can
be seen in Figures 5-2 to 5-6. Detailed descriptions of the assumed conditions and the results from the stability calculations, given the climate of today, can be found in the technical memos for the respective sub-areas (SGI, 2011:11-20).
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The area between Vargön and Intagan (sub-area 6)
The safety against landslides between Vargön and immediately south of the locks in
Trollhättan is high, on the whole. The estimated safety factors generally lie between 1.6
and 3 with undrained analysis and between 1.5 and 1.8 with combined analysis. However,
lower stability can occur locally.
In the southernmost part (approx. 1 km) of area 6, downstream of the locks at Trollhättan,
the stability is low, especially on the western side. The estimated safety factors against
landslides are as low as 1.3 here, with undrained analysis, and 1.1 with combined analysis.
The area between Intagan and Lilla Edet (sub-areas 5 and 7)
In the northernmost 4 km of the area, the eastern bank primarily consists of bedrock. The
stability for the western bank is primarily low. The estimated safety factors with undrained
analysis vary, primarily between 1.0 and 1.7. In the majority of cases, safety factors estimated with combined analysis lie around 1.0, but slopes with safety factors higher than 1.5
also occur. In the western area, a large number of landslides have occurred, large and
small, of which the landslide at Intagan in 1648 is the largest.
For the following 6 km, from Stenarsröd/Assarebo to the area immediately north of
Slumpån, the stability is primarily low. The side ravines that flow into the Göta River also
have a low degree of safety. The estimated safety factors against landslides, with undrained analysis, principally lie around 1.1 and 1.3, whilst the estimated safety factor with
combined analysis is around 1.0. A large number of landslides have also occurred in this
area.
From the area north of Slumpån and further south, the stability is, on the whole, low. The
estimated safety factors against landslides, with undrained analysis, principally lie around
1.0 and 1.3, whilst the estimated safety factor with combined analysis is around 1.0. A
large number of landslides have also occurred here, mainly in the northern part of the area.
The area between Lilla Edet and Alvhem (sub-areas 4 and 8)
In the northernmost part, which runs through the community of Lilla Edet, the estimated
safety against landslide is primarily low, on the western side. Safety factors estimated with
undrained analysis vary between 1.0 and 1.5. Estimated safety factors with combined
analysis lie around 1.0. On the eastern side, the stability conditions are better. Estimated
safety factors here are primarily between 1.4 and 1.7 with undrained analysis and between
1.3 and 1.4 with combined analysis. South of the densely populated area of Lilla Edet,
near Lilla Edet's paper factory, the stability is low, however, with an estimated safety factor of just over 1.0, from both undrained and combined analyses.
The area south of the community of Lilla Edet and towards Göta has relatively low stability on the western side, whilst stability is better on the eastern side. Estimated safety factors against landslides on the western side primarily lie between 1.4 and 1.6 with undrained analysis and between 1.1 and 1.4 with combined analysis. On the eastern side, the
estimated safety factors against landslides are between 1.4 and 2 with undrained analysis
and between 1.3 and 1.9 with combined analysis. The landslide at Göta in 1957 occurred
within this area.
For the following 5 km or so, south of the community of Göta, the stability on the river's
western side is primarily low. Estimated safety factors here lie around 1.0 according to
both undrained and combined analyses. On the river's eastern side there are areas with
both high and low stability. Estimated safety factors lie between 1.3 and 2 with undrained
analysis and between 1.1 and 1.7 with combined analysis. Within this area, a landslide occurred on the western side that affected a large area - the Ballabo landslide of 1996, which
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affected shipping on the river. Furthermore, a number of slides with a smaller extent have
also occurred within this area.
In the southernmost 5 km of the area, north and south of the community of Lödöse, stability is high on both sides of the river. The estimated safety factors against landslides here
are between 1.9 and 2.2 with undrained analysis and between 1.7 and 2.1 with combined
analysis.
The area between Alvhem and Bohus (sub-area 3 and part of area 9)
In the northernmost part of the area, from Alvhem to the southern part of the community
of Älvängen, the stability is primarily low on the river's western side. Estimated safety factors with undrained analysis are between 1.2 and 1.4. Estimated safety factors with combined analysis lie between 1.1 and 1.4. However, the low stability is concentrated in the
area nearest the river. On the river's eastern side, the stability is generally somewhat better.
Estimated safety factors against landslides with undrained analysis vary, primarily between 1.4 and 2. Estimations with combined analysis have only been conducted to a very
limited degree. Estimated safety factors with combined analysis lie around 1.0 in a few
separate sections with low safety factors also resulting from undrained analysis. In one
case, there is also an area which slopes towards firm ground, further away from the river,
which has a low level of safety. The estimated safety factor in this case lies around 1.2.
In the southern part of the area, from the southern part of the community of Älvängen to
the Nordre River, the stability is high on the river's western bank. With undrained analysis,
the estimated safety varies between 1.7 and 4. Estimated safety with combined analysis
lies around 1.7. Since the estimated safety with undrained analysis is high, estimations
with combined analysis have been omitted in several cases. The stability is also relatively
good along the river's eastern bank. Estimated safety against landslides with undrained
analysis varies, but is generally greater than 1.8. However, areas with porer stability occur
locally. Estimated safety factors with undrained analysis lie between 1.2 and 1.3 here. Estimations with combined analysis have only been conducted in isolated sections.
The area between Bohus and Marieholm (sub-areas 1 and 10 and part of areas 2 and 9)
In the northernmost 6 km of the area, from the Nordre River to immediately south of the
community of Surte, the stability fluctuates from high to low, on both sides of the river.
Estimated safety factors with undrained analysis generally lie between 1.2 and 1.7, and
with combined analysis, generally between 1.1 and 1.6. The areas that have low safety
against landslides mostly occur locally, however, whilst the areas that have high safety are
more continuous. Isolated steep underwater slopes with lower safety also occur. Large
landslides have occurred in this area.
For the following 5 km, to immediately north of Lärjemotet, the stability is generally high
on the western side as well as on the eastern side of the river. However, isolated areas with
lower stability occur on the eastern side. Estimated safety factors against landslides with
undrained analysis generally lie between 1.5 and 3. In several cases, the safety factor with
undrained analysis has not been estimated as the combined analysis showed acceptable
stability conditions. The estimated safety factor with combined analysis varies between 1.4
and 2.
From Lärjemotet and 3 km to the south, the stability is relatively low. The stability on the
river's eastern side is somewhat better than on the western side. Estimated safety factors
against landslides with undrained analysis principally lie between 1.1 and 1.5, whilst with
combined analysis, they generally lie between 1.0 and 1.4. However, smaller areas with
high stability occur locally on the eastern side.
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In the southernmost part of the area, there are sections with both high and low stability.
However, stability conditions are generally better in the northern section. Estimated safety
factors against landslides with undrained analysis generally lie between 1.2 and 1.8 here.
With combined analysis, estimated safety factors against landslides generally lie between
1.1 and 1.8.
From Agnesberg and southward, estimations have been made considerably closer to each
other than in the northern section.
The area around the Nordre River (part of area 2)
Stability along the Nordre River is generally high. Estimated safety factors with undrained
analysis lie between 1.4 and 2. Estimated safety factors with combined analysis primarily
lie between 1.3 and 1.7. However, areas with low safety against landslides occur locally,
on both the northern and southern sides. Estimated safety factors against landslides with
combined analysis lie just over 1.0 here, whilst with undrained analysis they can vary between 1.1 and 1.9 for these areas.

8.3

Stability conditions in the climate of the future

Stability calculations have been conducted for the conditions that can be assumed to apply
in 2100, given the climate changes that are expected to occur. The calculations have been
made both assuming no change in the flow is permitted (which implies that water must be
drawn off in a way other than through the river) and assuming increased flow is permitted.
The methodology used for the calculations is described in section 8.1.
It should be noted that the estimated changes in safety factors are mean values and larger
or smaller changes may occur locally. The change in the safety factor primarily depends,
apart from the size and position of the erosion, on the elevation, gradient and geometry of
the slope.
It should be pointed out that in areas where there is currently a low level of safety against a
stability failure, even small changes, such as those caused by erosion, can trigger landslides.
Unchanged flow in the river
Within the areas where erosion is expected to be less than 1 m, the calculations show that
the changes to the safety factor are, as a rule, marginal. For stretches where erosion along
the bottom is expected to become between 1 and 1.5 m, and the slope be moved 4 m towards land, the safety factors decrease by an average of 4 %.
Increased flow in the river
Within the areas where erosion is expected to be less than 1 m, the calculations show that
the changes to the safety factor are, as a rule, marginal. For stretches where erosion along
the bottom is expected to between 2 and 3 m, and the slope is moving 4 m in towards land,
the safety factors decrease by 14 % on average.
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Facts in brief







The calculation of stability has been conducted for current conditions using a total safety philosophy and through a detailed investigation in accordance with the instructions of the Swedish Commission on Slope Stability. Both undrained and combined analyses have been performed.
For future climatic conditions, changes to groundwater levels and the geometry of slopes resulting from erosion have also been taken into consideration.
Stability in the climate of today is, on the whole, satisfactory between Vänersborg and Trollhättan. Stability is low for several areas in the stretch
between Trollhättan and Lilla Edet, as well as from south of Lilla Edet to
north of Lödöse. Stability is low from Lödöse to Älvängen, closest to the
river, but the stability is satisfactory south of there. The stability conditions vary between Bohus and Marieholm, whilst the stability along the
Nordre River is satisfactory, with a few exceptions.
Erosion will affect stability up to the year 2100 and the safety factor can
be expected to decrease by approximately 4 % if the flow is limited to the
conditions currently permitted by water legislation. If higher flows are
permitted in the river, it is expected that the safety factor will be reduced
by up to 14 %.
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9

The probability of landslides

This chapter describes the methodology that has been developed and employed within the Göta River investigation in order to calculate the probability of landslides occurring. Furthermore, a description is given of how attention should be paid to the
retrogression of landslides in areas with quick clay, in addition to a methodology for
the calculation of how climatic changes will affect the probability of landslides occurring.
The probability of a stability failure, together with the assessment of the consequences of
potential landslides, constitutes the basis on which the risk of landslides is determined. Before the methodology for the calculation of landslide probability was selected within the
Göta River investigation, a review was carried out of existing methods and possible new
methods to be used in the assessment of the probability of stability failure. With the support of this review, a methodology was selected that had previously been used in the Göta
River valley, see Alén et al. (2000), with the intention that necessary changes and improvements to this methodology would be made, using the knowledge and aids that have
now become available. The methodology selected is described in detail by Berggren et al.
(2011).
The methodology selected is used to calculate whether the probability of the safety factor
against a stability failure is less than 1, taking into consideration the spread of the parameters involved. However, the probability calculated does not reflect a value for how likely it
is that a landslide will occur in the slope over the next 100 years, for example. Within the
investigation it has still been decided to describe the probabilities that have been computed
as the probability of a landslide occurring.
With the probability-based calculations, it is presupposed that the traditional stability analyses that have been conducted are relevant and reliable and that the analyses have been
conducted so that calculated safety factors correspond to their mean value. Any limitations
and flaws in such a calculation are not then due to the methodology employed.

9.1

Methodology

The calculation of the probability of a stability failure has been conducted using a statistical method known as FORM, First Order Reliability Method. A central element of the
methodology is the establishment of how the safety margin (the margin against a stability
failure) shall be expressed. The safety margin is normally described as the difference between load-bearing capacity and load effect. If the safety margin, M, is greater than zero,
this implies that the load-bearing capacity is greater than the load effect, i.e., failure limit
is not exceeded, and if M is less than zero, this implies that the failure limit is exceeded.
There are several alternative ways to describe the safety margin and, in the investigation, it
has been decided to use the natural logarithm for the safety factor as the safety margin, expressed as follows:

M  ln F
where

M = safety margin
F = safety factor
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The chosen methodology requires that the safety margin can be expressed as a function of
the input governing variables, which can be stochastic or deterministic.
In order to arrive at an analytical expression for the safety margin, the help diagrams established by Janbu (1954) in the “Janbu's direct method” have been utilised. By using geometry and properties in traditional stability analyses, the slope is idealised in line with
Janbu's direct method and an equivalent slope for the safety factor is created. The idealised
slope shall have the same safety factor as the traditional analysis for input parameters with
the same values. Idealisation implies that the geometry of the natural slope is transformed
to a slope that has a horizontal ground surface behind its crest and a horizontal bottom in
the water course, see Figure 9-1. The slope is described geometrically with the measurements H, for slope height, and B for the horizontal length of the slope. The slip surface is
described geometrically with the measurements X, for the horizontal distance between the
toe of the slope and the centre of rotation, Z, for the vertical distance between the toe of
the slope and the centre of rotation, and D, for the depth of the slip surface under the toe of
the slope. The soil layers are idealised with an equivalent clay layer, Cl (Eq).

Figure 9-1
Idealisation of a
slope to an equivalent slope.

The help diagrams in Janbu's direct method apply for circular slip surfaces. In the Göta
River investigation, calculations of stability failure have been conducted partly for a circular slip surface and partly for an optimised slip surface (see section 8.1). In order to deal
with this difference in the size of the safety factor, a model error was introduced into the
statistical calculation, model. The model error also corrects deviations arising from the idealisation of the slope.
The safety factor, F, is calculated in Janbu's direct method with the introduction of model
errors, expressed as follows:

F   modell 

where

N c
Pd

model = model error
N = stability number (in respect of the geometric shape factors for the slope) according to Janbu's direct method
c = mean shear strength along the slip surface
Pd = driving pressure
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The calculation of driving pressure Pd is made as follows:

Pd    H  qe   w  H w
where

 = mean density of the soil layers above the toe of the slope
H = level difference between the crest of the slope and the toe of the slope
B = horizontal distance between the toe of the slope and the crest
qe = equivalent surface load for loads behind the crest of the slope
w = density of the water in the water course
Hw = depth of the water in the water course

This methodology uses the analytical expressions for the stability number, N, that were
developed by Alén (1998) for different types of circular slip surfaces (base circle, toe circle).
Idealised model
The idealised slope, see Figures 9-1 and 9-2, are described with
-

coordinates for the toe of the slope; longitudinal, Xtoe, and level, Ztoe

-

coordinates for the crest of the slope; longitudinal , Xcrest and level, Zcrest

-

level for the water surface in the water course, Zw

-

mean density of the soil layers,  

-

surface load on the crest of the slope, q

-

density of the water, w

Figure 9-2
Geometry of an
idealised slope.

Every slip surface, see Figure 9-1, is described with
- coordinates for the slip surface's centre of rotation (side and level), (X and Z)
- the depth to the lower edge of the slip surface, relative to the level of the toe of
the slope, (D)
- mean shear strength along the slip surface, cu 
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Characteristics of the governing variables
The characteristics of the governing variables are given using the statistical terms “mean
value” and “standard deviation”. Recommendations for how these terms are developed
from existing existing data are provided by Berggren et al. (2011).
Calculation
The probability of a landslide, pf, is calculated as:

p f  p(ln F  0)  p[(ln  model  ln N  ln c  ln Pd )  0]
By using the mean value of the variables and standard deviation, the mean value for the
safety margin is calculated, lnF, according to the following formula:

 ln F   ln

mod el

  ln N   ln c   ln Pd  ln 

model

 ln  N  ln  c  ln  Pd

where  = mean value
Standard deviation for the safety margin, lnF, is calculated according to the following
formula:

 ln2 F   ln2 
where

model

  ln2 N   ln2 c   ln2 Pd  V2model  VN2  Vc2  VP2d

 = standard deviation
V = coefficient of variation

The coefficient of variation for the safety factor, VF, can be calculated approximately using the following formula:

VF   ln F
where

 ln F = standard deviation for the safety margin

By using the mean value and standard deviation for the safety factor, the safety index  is
calculated according to the following formula:



 M  ln F ln  F 


 M  ln F
VF

where

F = mean value for the safety factor
VF = coefficient of variation for the safety factor

The probability of a landslide, pf, is subsequently calculated according to the following
formula:

p f    
where

( ) = the standardised normal distribution, i.e., a normal distribution where
mean value = 0 and standard deviation = 1

The result of the calculation of the probability of slope failure is, accordingly, the probability of slope failure pf and the safety index . One of the most important results from the
analysis is the size of the coefficient of variation for the safety factor. Furthermore, the
calculations provide information about the influence of the various governing variables on
uncertainty, in the form of sensitivity factors, i for incoming variables. The sensitivity
factor for a parameter specifies the significance of the parameter for the uncertainty in the
safety factor, i.e., the variable's influence on the probability of slope failure.
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Time-dependency
When calculating the probability of landslides, the issue arises of how to manage the characteristics (variables) that vary over time, for example, geometric changes in the slope that
are caused by erosion, changes in a water course's water level, changes in groundwater
levels and pore pressure, and changes in load preconditions. Within the investigation, a
methodology has been developed with the aim of managing this time-dependency, for example, the annual probability of landslides and the sensitivity factors of the input variables, Berggren et al. (2011).
Within the investigation, a simplification has been made in that the analyses are conducted
at different points in time, with loads and low water levels described as dimensioning values, under the assumption that these variables are deterministic. Within the Göta River investigation, this assumption leads to a relatively small deviation in results, compared with
a more comprehensive analysis. For scenarios where time-dependent characteristics are
more dominant, it is suggested that the calculations should be conducted according to the
methodology described by Berggren et al. (2011).
Boundaries between different probability classes
In previous investigations, see for example Alén et al. (2000), landslide probability has
been divided into four categories called stability classes. Within the Göta River investigation, five categories, known as “probability classes” have been chosen instead, in order to
provide a more varied description.
The boundaries between the various probability classes have been selected with consideration to:
-

the probability of slope failure for different safety classes according to European standards

-

boundaries in previous Swedish standards

-

previously used boundaries in investigations in the Göta River valley

The selected boundaries between the various probability classes and their designations are
presented in Figure 9-3. The diagram also indicates the connection between the probability
of slope failure pf and safety factor F, for various values of the safety factor's coefficient of
variation, VF. The relationship applies under the conditions that natural logarithms for the
safety factor are normally distributed.
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Figure 9-3
Connection between the probability of slope
failure pf and the
mean value of the
safety factor F,
for various values
of the safety factor's coefficient of
variation VF.

9.2

The application of methodology for landslide probability within
the Göta River investigation

In order to describe the spread of the different landslide probability classes on a map,
probability calculations have been conducted in line with the methodology presented
above, with certain necessary simplifications and adjustments, including those where the
calculations would otherwise have demanded too much time.
The mean value and coefficient of variation for the safety factor are determined for the
most dangerous slip surface according to the stability calculations and, with the help of
these, the probability class to which the slip surface belongs can be derived from
Figure 9-3. With the simplification that the safety factor's coefficient of variation V F has
the same value for all slip surfaces in the slope, the safety factors to which the boundaries
between the probability classes correspond can be determined from Figure 9-3. From the
stability calculation, the distance from the shoreline that the safety factor assumes its values can be subsequently ascertained and, consequently, the associated location can be
marked on the map.
The most dangerous slip surface has been chosen to correspond to the slip surface with the
lowest safety factor, calculated according to undrained or combined analysis, with the addition that the safety factor according to combined analysis has been multiplied by 1.15
prior to the comparisons, i.e., F = min(Fc; 1.15Fk). The factor of 1.15 has been chosen
since the uncertainty regarding the soil's drained shear strength is considered to be lower
than its undrained shear strength and since the calculation is conducted in the combined
analysis based on the lowest value of the soil's shear strength (undrained or drained shear
strength).
The choice of sections for calculation of landslide probability
In order to restrict the number of sections where an interpretation from actual to idealised
slope has been made, a number of representative sections have been chosen, within various geographical areas. The area of investigation was divided up into a total of 39 different
geographical areas with similar topographical and geological conditions.
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Within each geographical sub-area, the calculated sections were grouped according to their
geometrical configuration and uncertainties in geometry, undrained shear strength and
density.
Millet (2011) identified seven different standard cross-sections for the underwater slopes
along the Göta River, with regard to their geometrical appearance. Based on Millet's work
and with some modification, including representing the geometry of the sections above the
water surface as well, the calculated sections were divided, within the investigation, into
six different standard cross- sections, named standard cross-sections 1, 2, 4, 5a and 7, see
Figure 9-4.
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Standard crosssection 1
Distinct, short underwater berms with
steep slope, inclination greater than
25°. The berm's
height is greater
than 5 m. The water
depth of the berm is
less than 3 m.

Standard crosssection 2
Distinct, short underwater berms with
flat slope, inclination
less than 25°. The
berm's height is
greater than 5 m.
The water depth of
the berm is less
than 3 m.
Standard crosssection 4
Underwater berm
as per type 1 or 2
but with a greater
length - more than
50 m. The water
depth of the berm is
usually less than 3
m, but greater
depths do occur.
Standard crosssection 5a
Double berm consisting of two distinct berms, one after the other. The
berms can be of the
same type (1,2 or 4)
or a combination of
various types. The
water surface is
above both of the
berms.
Standard crosssection 5b
Double berm consisting of two distinct berms one after the other, where
the upper one lies
above the water
surface. The berms
can be of the same
type (1,2 or 4) or a
combination of various types.
Standard crosssection 7
Evenly sloping profile where the slope
often continues with
the same gradient,
even above the water surface.
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For each geological area, representative coefficients of variation for undrained shear
strength and density have been determined according to guidelines provided by Berggren
et al. (2011). Input data has been provided from the results of CPT soundings, field vane
shear tests and fall cone tests on undisturbed soil samples that were conducted in the present or other investigations. All shear strength and density values within the vicinity of the
river have been used, although values with clear deviations have been screened out at the
evaluation. The coefficient of variation for shear strength has been imposed a variance reduction of 0.6 and has subsequently been sorted into three groups: small variation
(V<11%), medium variation (11%< V <15%) and large variation (V >15%). For sections
where the combined analysis has been dimensioning, coefficients of variation of 0.06 have
been assumed for the cohesion intercept and the friction angle.
Uncertainty in the geometry of the slopes has been chosen depending on the slope's gradient, where a steeper slope has resulted in higher uncertainty. Within the investigation, the
slopes involved have been divided into the groups small and medium, according to the
proposals of Berggren et al. (2011). Within each geographical sub-area along the river
(sub-areas 1-10), a slope has been selected for complete calculation for every combination
of geological area, standard section and uncertainty of geometry, which involves calculations for around 80 sections. All of these sections have been calculated for every set of uncertainty measurements, which constitutes the basis for the calculation of the safety factor's coefficient of variation. In cases where loads are present, the representative section
has been calculated with and without the load.
The calculated slope was considered to represent other slopes that are situated within the
same geological formation and which have the same combination of standard crosssection, uncertainty in shear strength and uncertainty in geometry. For these slopes, the
probability has been calculated through direct transfer from safety factor to landslide probability via the calculated coefficient of variation for the safety factor, according to the diagram in Figure 9-3. This diagram has also been used for determining the distance from the
shoreline and in towards land, for the respective landslide probability classes. The probability class boundaries and VF have been used in order to detect the safety factor that
marks the boundary for the respective probability class. Finally, plan coordinates are compiled regarding the probability class boundaries for each section.

9.3

Landslide retrogression in areas with highly sensitive clay

When a landslide occurs in an area with quick clay, there is a high probability that the
landslide will spread and therefore affect large parts of the area in question and, in certain
cases, even neighbouring areas.
Within the Göta River investigation, the extent of retrogressive landslides has been estimated with a method specially developed for the Göta River valley by Larsson et al.
(2008). The method, which has been modified somewhat within the investigation, is briefly described in this report. For a more detailed description, is referred to Åhnberg et al.
(2011).
The method is based on analyses of known retrogressive landslides where the final extent
of the landslide from the toe of the slope to the rear edge of the slope has been linked to
the sensitivity of the soil. Calculations were initiated with a determination of the stability
closest to the slope crest, using the same methodology as that used for other types of clay
(Skredkommissionen, 1995). The subsequent retrogressive extent is determined with the
aid of a line from the toe of the slope with the gradient 1:n, see Figure 9-5. The factor n is
a function of the sensitivity of the clay within the volume of earth that is affected by the
initial slide, see Figure 9-6. For initial slip surfaces at or under the shoreline, an additional
retrogressive extent is calculated by the factor n multiplied by the slope height. The proba-

Final report, part 2 - Mapping

114
bility class that applies for the initial landslide within an area is assumed to also apply for
the area that is deemed to be affected by subsequent secondary slides.

Zone with F≤1.1

Fmin=1.0

Figure 9-5
Assessment of the
retrogression of
secondary landslides in sensitive
clay.

Figure 9-6
Diagram for assessment of the factor n based on sensitivity.

For the practical application of the proposed methodology for landslide retrogression, a
simplification has been necessary. The simplification and the practical use imply that, for
clays with a measured sensitivity between 50 and 99, it is assumed that n = 10, and for
clays with sensitivity between 100 and 199, a gradient of n = 15 is assumed, see Figure 97. For quick clay with extremely high sensitivities, greater than 200, it is assumed that an
initial landslide which reaches this clay will propagate throughout the whole area of quick
clay, which can entail that it reaches as far as the surrounding firm ground.
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Special rules used within the investigation
1. Landslide retrogression is determined for the initial slip surface with the lowest
safety factor affecting a volume of soil with a sensitivity equal to or greater than
50.
2. In sections, where the safety factor according to undrained analysis is lower than
or equal to 1.3, or 1.2, according to combined analysis, the retrogression is determined for the initial slip surface that has a safety factor of 1.3, according to undrained analysis (1.2 for combined analysis), if this affects a volume of soil with a
sensitivity equal to or greater than 50.
3. In a scenario where a slip surface cuts through a soil layer with a sensitivity greater than 50 or with the possible occurrence of quick clay, the probability classes are
shifted backwards within the section (away from the crest of the slope) at a gradient corresponding to 1:10 or, alternatively, 1:15 from the river bottom. This applies for all slip surfaces, regardless of probability class.

Landslide retrogression
20

Factor n

15

10

5

0
0

50

100

150

Sensitivity, St

200

250

Figure 9-7
Diagram of the connection between
sensitivity and the
factor n, as used in
the investigation.

As a basis for the assessment of landslide retrogression, investigation points that, according to piston sampling, show a sensitivity of over 50 at some level were marked on maps
through an automatic function in the “viewer” that was developed within the investigation.
The investigation points are marked with different colours depending on the value of the
sensitivity, in accordance with the intervals shown in Figure 9-7. Sounding points where
CPT sounding or total pressure sounding shows the possible presence of quick clay were
marked manually. The possible presence of quick clay found by the soundings was evaluated with the help of a program developed by SGI for this purpose (Löfroth, 2011).
Examples of different types of shifts of probability classes can be seen in Figures 9-8 and
9-9. In Figure 9-8, the sensitivity is lower than 50 in the points closest to the river (green
dots), whilst further back the sensitivity is between 50 and 99 (yellow dot), between 100
and 199 (orange dot) and there is a possible quick clay presence (purple star). Here, the
probability class for the slip surface that cuts through the soil with high sensitivity is shifted to the boundary line for the 1:15 gradient. The shift is marked with a black arrow. It
should be noted that, in this case, the shifting of the probability class does not apply to the
slip surface closest to the river.
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In Figure 9-9 there is clay with a sensitivity of over 200 (red dots) and the possible presence of quick clay (purple star) in both points within the section. The probability class for
the most dangerous slip surface that cuts through the high sensitivity soil is moved to firm
ground (red area). This is done since the sensitivity is over 200 and, furthermore, the
boundary line for the 1:15 gradient is further back in the section, compared with the firm
ground.

Figure 9-8
Moving the probability class to the
1:15 gradient. Extract taken from the
“viewer” developed
within the investigation. Background
map © SGI,
Lantmäteriet.

Figure 9-9
Shifting the probability class to the
boundary with firm
ground. Extract taken from the “viewer” developed within the investigation.
Background map ©
SGI, Lantmäteriet.
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9.4

The mapping of landslide probability

The methodology for assessment of landslide probability in calculated sections that has
been presented in this chapter so far can be summarised as follows:
-

There is a direct connection between the calculated landslide probability, the
slope's safety factor and the coefficient of variation of the governing factors.

-

In order to reduce the scope of the number of sections that need to be studied in
detail, the area has been divided into smaller sub-areas that have the same geological preconditions, above all, a similar shear strength distribution. The coefficients
of variation for shear strength have been sorted into three groups: small variation
(V<11%), medium variation (11%< V <15%) and large variation (V >15%).

-

The sections studied (approx. 240) have been divided up, based on their geometric
appearance, into six different typical appearances, see Figure 9-4. The gradient of
the slope has been the governing factor in the study of the uncertainty in geometry
and the sections have been divided up into two groups: small and medium uncertainty in geometry.

-

Comprehensive calculations of landslide probability have been conducted for approximately 80 representative sections. For other sections, the probability has been
calculated through direct interpretation from safety factor to probability via the
calculated coefficient of variation for F, according to the diagram in Figure 9-3.

In order to assess the landslide probability within the whole of the area studied along the
Göta River, the results from sections where calculations have been carried out within the
scope of the Göta River investigation have been used in the first instance. These results
have been applied to neighbouring areas, primarily through comparison between calculated sections and sections where probability has not been calculated. Limitation of this extrapolation of results has been governed by classic total stability calculations that have
been conducted, the nature of the terrain and its topography, soil type and firm ground, etc.
Furthermore, the results from a large number of previously conducted investigations as
well as local knowledge have been used to map the areas between the sections that have
been studied within the investigation. This work has resulted in several sections within the
area of investigation receiving a probability class from P1 to P5, see Figure 9-10.
Finally, attention has been paid to the occurrence of highly sensitive clay/quick clay in
various areas in the mapping of the probability classes. In accordance with the methodology that is presented in this chapter, and in Åhnberg et al. (2011), the calculated probability
by the first slip surface that moves towards the river and affects an area with quick clay,
has come to encompass a larger part of, or the whole way up to the limit of the quick clay
area. This involves the established probability classes being adjusted within these areas in
order to indicate that the area may be affected by secondary landslides, i.e., retrogressive
landslides, as a result of local landslides adjacent to the river, see Figure 9-11.
The results have been summarised in a probability map that covers the whole of the area
studied along the Göta River and the Nordre River.
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Figure 9-10
Example of a map
indicating probability classes,
where quick clay
does not affect the
division.

Figure 9-11
Example of a map
indicating probability classes (P1P5) where the
probability
boundary has
been shifted due
to the occurrence
of highly sensitive
clay/quick clay.
BE refers to bedrock.

.
9.5

The effect of a changing climate on the probability classes

The effect of the change in climate on the factors that affects stability is described in previous chapters concerning climate, erosion, and surface and groundwater. The expected effects of the stability conditions in the river valley primarily apply to changes in the valley's
water level, the pore pressure situation in the slope and changes to the slope's geometry
due to erosion.
The investigation of the erosion process in the Göta River has shown that an increased
flow, up to a maximum of 1,500 m3/s during certain parts of the year, leads to a significant
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increase in erosion. This applies primarily in areas that are already currently classified as
being sensitive to erosion, but also in other areas that are not today affected by erosion to
any large degree. Increased erosion leads to a deterioration of the stability conditions since
the geometry of the slopes is of major importance to landslide probability.
Studies of the change in the maximum groundwater level and pore pressure in the slopes
have shown, however, that this factor is less significant to the stability conditions and that
the deterioration can be assumed to lie within the limits of parameter uncertainty, see section 8.1.
It has been presupposed within the investigation that the lowest water level upstream of
the Lilla Edet lock will remain unchanged. South of Lilla Edet's lock, the Göta River's water level will be affected by a rising sea level which, within the lower part of the river, will
have a positive effect on stability.
Methodology for the calculation of climatic impact
The erosion process in the Göta River valley and its effect on the river's geometry are described in Chapter 7, Erosion. The areas along the river that are currently exposed to erosion are described, along with other stretches that will be affected by an increased flow resulting from a change in climate. The total erosion up until the year 2100 varies between
0.4 and 1.5 m, with the same erosion effects that apply with current flow levels. If higher
flows resulting from a changed climate are drawn off through the river, the total erosion is
expected to increase to between 0.8 and 3.0 m for the various sub-stretches.
Chapter 8, Stability calculations, describes, with regards to the effect of erosion, how safety factors have been calculated within the representative sub-stretches along the river, and
how these calculations have been used for assessing the effects along other sections of the
river. In order to illustrate the effect of erosion, the calculations have been made based on
1 and 3 m of erosion along the river's bottom and slopes respectively, and also in combination with a 1 or 4 m parallel movement of the slopes due to erosion along the river's underwater slopes.
The change in the probability, and consequently, in some cases, the probability class, has
been calculated for all sections within those sub-stretches that will be affected by erosion,
i.e., approximately 130 sections with undrained analysis and approximately 75, using
combined analysis.
In the calculation of the effect of erosion on stability conditions, lower calculated safety
factors against stability failure have been obtained, which entails a direct effect on the
probability and the probability class. The results from the calculations carried out show
that landslide probability increases as a result of an increased flow brought about by a
changed climate. However, the extent of the changes differs according to the particular
stretch of the river, partly since the extent of erosion varies from area to area, and partly
because the scope of the change in the probability is affected by, among other things, the
geometry and the original probability value.
Figure 9-12 shows a calculated change of probability class, with regards to climatic impact, for a scenario where there is 1 m of erosion along the whole cross-section and for a
scenario where there is 3 m of erosion along the river's bottom and 4 m along the slope.
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Figure 9-12
Change in probability class, based on
the current situation, resulting from
future climatic impact (undrained
analysis).

The diagram shows that the effect of erosion is greater where the original probability is
low (i.e., for slopes with relatively good stability against failure) than for slopes with a
higher failure probability. This implies that landslide probability will change to a greater
degree in areas with relatively good stability that are exposed to erosion than in areas with
a poorer original degree of stability. However, it should be noted that, for those slopes that
already have a significant or clear probability of landslides, a small change in the geometry, caused by erosion, can lead to a landslide being triggered.
The diagram also shows that the scenario with 1 m of erosion implies a limited effect on
the probability whilst, on the other hand, 3 m of erosion in certain parts of the area can
worsen conditions and increase the risk of landslides considerably.
Results from the calculation of climatic impact
The effect of climatic impact on the landslide probability implies an expected change
within major parts of the area studied. The impact has been divided up into three classes:
-

little impact - the climate change implies no general change to probability
class.

-

moderate impact - the climate change implies that the probability class increases by one step in areas with low probability (class P1-P2) in the climate
of today, whilst in other areas there is no general change in the probability
class.

-

large impact - the climate change implies that the probability class increases
by two steps in areas with low probability (class P1-P2) in the climate of today, whilst in other areas there is an increase of up to one class.

For areas with the highest probability class, P5, even a minor erosive effect caused by climate change can lead to the occurrence of a landslide.
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Facts in brief


The landslide probability has been based on a methodology where the
safety margin is described as a function of a number of governing conditions for slopes. An idealisation of slopes has been carried out, based
on the geometric conditions and soil properties.



A number of representative sections have been selected within various
geographical areas, where an interpretation of the actual and an idealised slope has been presented.



A method has been developed to take into account the extent of retrogressive landslides within areas with quick clay.



Results from calculations conducted in sections have been tied together
with the help of results from previous investigations, the nature of the
terrain and local knowledge, from which a probability map covering
the whole of the area of the investigation has been produced.



The probability of a landslide has been expressed through a division
into five probability classes, based on the probability of slope failure
and the safety factor.



Changes in landslide probability brought about by future climate
changes have been analysed and categorised into three classes.
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10

Consequence assessment

This chapter describes the methodology that has been used to assess the consequences
of a landslide. Various types of consequences are described, as well as how these can
be expressed in monetary terms and how the overall values that may be affected by a
landslide can be calculated. The methodology has been applied in the Göta River investigation in order to map the consequences of potential landslides.
The consequences of a landslide in combination with the probability of a landslide form
the basis for the assessment of landslide risks.
In order to evaluate the consequences that a landslide can lead to, a model that has previously been used for landslide risk analyses in the Göta River valley has been developed
further. The aim of the consequence assessment is to identify consequences that can arise
and evaluate them in monetary terms, as far as this is possible. For the purposes of monetary evaluation, the areas have been divided into five consequence classes, where the lowest implies that only slight consequences are expected as a result of a landslide, whilst the
highest implies that the consequences can be catastrophic. Some examples of serious consequences are a landslide in a residential area, a landslide that causes operational failure in
a hydroelectric dam or a landslide that affects a plant that handles large amounts of dangerous chemicals, which could lead to a gas leak, explosions or the spreading of pollution
in the surroundings.
In this chapter, a general description is given first of the chosen methodology for consequence assessment, and the methodology for cost valuation is then described in more detail before, finally, the method applied in the Göta River valley is described. Unless otherwise given, the costs specified are expressed at the 2009 level. The methodology is described in more detail by Andersson-Sköld (2011a).

10.1

Methodology for the assessment of consequences

Methodology for the assessment of consequences comprises a number of steps whose central processes consist of identifying objects that can be affected by a landslide, and a valuation of these objects. Following valuation, a summation of the consequences is made
within each reporting box in the chosen grid, where each box has a width and length of
100 m. The combined value of the consequences in each reporting box has been reported,
divided up into 5 different value classes.
When evaluating the consequences of a landslide, the value for those reporting boxes affected by the landslide has been subsequently summed up. The combined consequences
for landslides for all the boxes affected is divided up into five consequence classes, designated C1-C5. The economic intervals are the same for both value and consequence classes.
The classification employed can be seen in Table 10-1.
Table 10-1
Economic intervals for value and
consequence classes, expressed in
SEK millions.

Value class and
consequence class

1

2

3

4

5

Economic interval (SEK millions)

<6

6-35

35-150

150-650

>650

For landslides that encompass more than one reporting box (100 x 100 m) the cost is added for all boxes that are affected by the landslide. As an example, a situation can be de-
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scribed where a larger landslide affects a 300-400 m stretch of the E45 motorway. The
time taken to restore the stretch to its original state and, consequently, the time during
which traffic needs to be diverted is estimated at no less than 100 days. The equivalent
time for the restoration of a shorter stretch of road has been assumed to generally be linear,
so that the time required to restore a 100 m stretch of road is set at 33 days. This implies
that, in the event of larger landslides, the costs are summed up so that the total cost of the
landslide is comprised of all consequences that can be described within all units that are
affected. When the consequence value is described in map form, the total value within the
respective reporting box (100 x 100 m) is stated, i.e., the consequence is described in the
form of the value classes mentioned here, per hectare. When the consequence is described
in a risk map however, the total consequence value (which often comprises several reporting boxes) is stated, which can affect the areas adjacent to the river as a result of an initial
landslide that is assumed to occur alongside the river.
The total monetary consequence valuation is subsequently used in order to make a division
in the five consequence classes where the lowest (C1) implies that only slight consequences are expected in the event of a landslide, and the highest (C5) implies that there are objects that can bring about catastrophic consequences.
The type of consequence that can arise from a landslide, and how large this consequence
may be, depends primarily on the scale of the landslide and land use, or the values that exist in the location that is affected. In the consequence assessment work, it has been assumed that a reporting box (100 x 100 m) within the selected grid is affected by a landslide, either in its entirety or not at all.
The following description therefore principally deals with issues regarding the values that
can be found within a landslide-affected reporting box. This limitation is not optimal, but
it has in any case been deemed to be the best. An example of a scenario where the value/cost is not proportionate to the value within the affected reporting box might be if a water transmission pipe is destroyed. What is then decisive for the value/cost is not how
many metres of the pipe are destroyed, but the number of people/industries that are dependent on that specific pipe, how long it takes to repair the damage and the measures that
must be taken during that time.
To make this more clear, consequences can be described for various sections, each of
which contain value categories that are linked to the location:
-

Homes (and other properties)
Human life
Roads and railways
Shipping
Energy and electrical systems
Water and sewage systems
Environmentally hazardous activities and contaminated sites
Industry
Natural environment and cultural heritage

The analysis is based on the data and information available. The work is also based on the
results of previous studies and previously developed methods, and on experiences gained
from previous or similar incidents.
In the Göta River investigation, information has been acquired via the purchasing of data,
open data registers/databases, literature reviews and via verbal or written requests. Contact
has primarily been with municipalities and county administrative boards, but also with
universities, institutes, government agencies, industry organisations, business professionals, etc.
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Certain information is also location and operation-specific and it was not possible to access this within the scope of the investigation. The methodology that was developed can
however be applied in smaller and limited areas. In such cases, it is often possible to develop information with a good level of precision in order to make closer and more detailed
analyses possible.
The development work has been conducted in two stages. The first stage was field studybased, in order to develop a methodology that was usable for this specific field study area.
The second stage implied the development of the method into a general methodology that
could be used throughout the whole area of investigation.

10.2

Exposure and vulnerability - identifying what could be affected
and to what extent

In order to identify that which could be affected at a specific location in the event of a
landslide, an inventory is taken of the values present at that location. Examples of that
which might be included in such an inventory are properties, housing (data from Statistics
Sweden (SCB)) and contaminated sites (data from the county administrative board).
The results from the taking of inventory show, for example, the number of buildings or the
number of inhabitants that might be affected by a landslide within a certain reporting box.
The extent of the damage depends on how many, or how much, in respect of objects, are
affected by the landslide. How many may be affected depends on how many people are in
the vicinity when the landslide occurs. To reflect this, “presence factors” for inhabitants,
workers and school pupils have been produced.
Within technical sectors, the terms “technical vulnerability” or “conditional vulnerability”
are used to describe the extent of, or the probability that a consequence will arise as a result of an incident such as a landslide. The consequence that can arise may be, for example, that a person present in the landslide zone is killed. The conditional vulnerability can
in this case only be evaluated if a landslide occurs and should not be confused with the
probability of a landslide occurring, which is described in Chapter 9, The probability of
landslides. The probability that a person is present within the landslide zone, or the probability that a certain function, operation or building collapses in the event of a landslide, is
known as conditional or technical vulnerability. The technical or conditional vulnerability
is given as a value between zero and one (0-1). A zero implies that there is no noticeable
effect resulting from the occurrence of a landslide and a one implies that there is a total
collapse of the object, function or operation in question.

10.3

Valuation in monetary terms

A significant part of the work that has been conducted has been concerned with finding a
method for the valuation of the consequences that may arise. Examples of valuation methods are the value of a “statistical life”, costs for the restoration of the damage that has occurred, assessed values or costs associated with the loss of production.
The consequence valuation for, for example, inhabitants who may be affected by a landslide, has been based on information regarding the number of inhabitants, assessed presence factors and an assessment of conditional vulnerability for those who are established
as being present at a landslide. For the valuation, the value of a “statistical life” has been
used.
The consequence for housing is calculated in the same way, as are the other consequences
that have been included in the assessment and for which there was a basis for valuation.
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Reported below is a cost valuation of consequences, along with the data and valuation
methods chosen for the respective sector. The methodology for consequence assessment is
described more thoroughly in Andersson-Sköld (2011a;b) and Göta River Investigation interim reports 12-26, see Appendix.
Housing
With the consequence assessment of housing and other properties affected by landslides, it
is presumed that the property must be completely restored or sold. The value for this has
been fixed at the property's market value. Furthermore, the property's value is divided
equally over the whole of the property's area.
For properties with an assessed value (certain properties have no assessed value, i.e.,
churches), the property value is calculated as the assessed value multiplied by a purchaseprice coefficient (the quotient between a property's price/purchase price and the property's
assessed value). The assessment is based on type code, assessed value and joint assessment code. All properties that are assessed for taxes are given a type code by the Swedish
Tax Agency. The joint assessment code shows whether the property is taxed together with
other properties and it is therefore important, in order to avoid the property being counted
twice. Information used for calculating the property value has been provided by
Lantmäteriet (MS2009/9792). For properties lacking an assessed value, their values have
been calculated where the necessary information was available.
Human life
Within a landslide zone, there is a risk that people will be injured or killed. A cost valuation of this requires an assessment of how many people are at the landslide location and of
how vulnerable these people are.
An assessment of how many can be assumed to be present at the landslide location (exposure) is based on information regarding the number of inhabitants, workers, school pupils,
etc. plus the duration of their stay (the time exposed to risk) at the location. The duration
of their stay is expressed as a presence factor which reflects the proportion of the day that
an average person can be assumed to be in a particular location, such as at home, at school
or at work.
The conditional vulnerability (degree of injury or risk of death in connection with the
landslide) has been developed from documented information relating to previous landslide
incidents in Sweden and Norway (MSB, 2009a and Skrednett, 2010). Based on these landslides, an assessment has been made of the risk that a person in the landslide zone will be
killed. In principle, it should be possible to describe personal injuries in the same way, but
there is no basis on with which to conduct such calculations. In the sensitivity analyses
that were included in this consequence assessment there was however a gross estimation
of the socio-economic cost for personal injuries that can arise as a result of landslides.
I order to describe the consequence in monetary terms, the value of a statistical life (VSL)
has been used. The method chosen for monetary valuation of the consequence for a statistical life, C(VSL), is calculated according to the following formula:

C (VSL)  ( Pp  e p  Pi  ei  Pe  ee )  (V  VSL  0,4)
where

C(VSL) is the consequence with regards to statistical life, expressed in SEK millions
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Pp = the number of pupils
Pi = the number of inhabitants
Pe = the number of employees
ep = the presence factor of the pupils
ei = the presence factor of the inhabitants
ee = the presence factor of the employees
V = conditional vulnerability for all groups
VSL = the value of a statistical life amounts to SEK 23.5 million, according to the
Swedish Institute for Transport and Communications Analysis (SIKA) (2009).
The values that have been used within the investigation to calculate the consequence for a
statistical life can be seen in Table 10-2. In order to assess the consequence value for statistical lives within the area of investigation, population data from Statistics Sweden
(SCB) has been used.

Table 10-2
Values and factors
used within the Göta
River investigation
for calculation of
the consequence
value for statistical
lives that can be affected in the event of
a landslide (2009
cost level).

Category
The value of a statistical life, VSL

Value/factor
SEK 23.5 million

Conditional vulnerability, V

0.16

Presence factor ei

0.69

Presence factor ee

0.24

Presence factor ep

0.14

Roads and railways
If a road or railway is affected by a landslide, costs arise for the diversion of traffic during
the restoration period and for the actual restoration of the sections that have been destroyed. Within the investigation, the calculation of diversion costs has only been conducted for the major roads and for the Norway-Vänern railway line. Restoration costs have
however been taken into consideration for all roads adjacent to the river, where data has
been available.
Diversion costs depend on the intensity of the traffic, the period of time for which the diversion is required and the diversion options that exist in the area in question. Using information from previous landslides and, following discussions with representatives from
the Swedish Transport Administration, the diversion costs have been calculated for a 100
m stretch of road or railway over a period of 33 days.
If the E45 through the Göta River valley were to be affected by a landslide, traffic would
have to be diverted via other roads. Calculations of the costs of this diversion have been
based on model calculations for five different sections of the road, see Figure 10-1. For the
Norway-Vänern railway line, the stretch along the Göta River has been divided into two
sections - north and south of Älvängen respectively (located just north of Nödinge in Figure 10-1).
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Figure 10-1
Division into five
sections that is
used to calculate
the diversion
costs in the event
of a landslide affecting the E45 in
the Göta River
valley.
Background map
© SGI,
Lantmäteriet.

As a basis for the assessment of restoration costs for road and rail, the costs resulting from
previous landslides, and interviews conducted after the incidents, have been used. If a road
or railway bridge is affected, a restoration cost of SEK 20,000 per m2 has been assumed.
Table 10-3 describes the costs that have been assumed for the diversion and restoration
work following a landslide affecting the E45 in the Göta River valley.
Cost for diversion
(SEK millions)

Cost for restoration
(SEK millions)

Designation in
Figure 10-1

Stretch

A/B

Göteborg – Jordfallsbron
(Surte)

52

12

64

D

Jordfallsbron – Lilla Viken

134

12

146

C

Älvängen

52

12

64

E

Göta

26

12

38

F

Utby – Slumpån

15

12

27
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Total cost
(SEK millions)

Table 10-3
Costs for the
diversion and
restoration of
the E45, following a landslide (SEK millions).
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For main roads on the western side of the Göta River, a diversion cost of SEK 15 million
has been assumed, along with a restoration cost equivalent to SEK 1 million. For local and
minor roads, only a restoration cost has been assumed, equivalent to SEK 1 million per
100 m of road.
The total cost for diversion and restoration of railways has, in the same manner, been fixed
at SEK 30 million per 100 m stretch of rail, for stretches north of Älvängen, and SEK 42
million per 100 m for stretches south of Älvängen.
Shipping
There are no established methods for the valuation of the consequences to the shipping
sector, following a landslide. The assessment that has been made is based on interviews
and on information available from previous incidents and associated investigations.
A landslide occurring along the Göta River, in or close to the shipping channel, would require certain work to be carried out. This could include various rescue services, the dredging of landslide debris and work to prevent new landslides - all of which would be required to restore and safeguard shipping conditions. The cost for these efforts could well
have been described in a separate section, but since it is largely governed by shipping in
the Göta River, it has been included in this section instead. This cost has been assumed to
be SEK 51 million per 100 m of the river, based on information from the Agnesberg landslide of 1993 (Andersson-Sköld, 2011a).
Figure 10-2
Valuation of costs
for shipping. Division of the landslide
zones, based on distance from the river
edge. Size of the
green squares is 100
x 100 metres.

Göta River

A

B

B

etc.

A

B

B

etc.

A

B

etc.

etc.

etc.

etc.

etc.

etc.

In order to study the consequence costs for shipping resulting from a landslide in or close
to the shipping channel, the extent of landslides in the area closest to the river has been divided into two parts. The areas are to be found partly within the section of the landslide
that occurs near (up to 100 m from) the river edge and which are illustrated as area A in
Figure 10-2, and partly within the section that stretches over distances greater than 100 m
from the river - area B in Figure 10-2. Table 10-4 describes the costs that have been used
to describe the consequences for shipping.
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Assumed cost per
hectare (SEK millions)

Measure
Emergency efforts, restoration of shipping channel (dredging),
stabilising measures (applies < 100 m from the river) (A)

51

Dredging ( > 100 m from the river) (B)

2.5

Depositing of non-contaminated sediment (Dep)

2.5

Vessel (F)

1

Grid units closest to the river (A+Dep+F)

55

Grid units > 100 m from the river (B+Dep+F)

6

Table 10-4
Summary of
costs for the
consequences
for shipping
(SEK millions).

Energy and electrical systems
For energy and other systems critical to society, such as telephony and IT/broadband, both
the direct and indirect consequences of a landslide can be very extensive. The connection
is complex, however, and difficult to assess. In this investigation, therefore, consideration
has only been made of those restoration or compensation costs that are required in order to
maintain the existing structure.
A major part of the costs for the installation of cables is associated with excavation. In this
study, it has been presupposed that the restoration work following a landslide can be coordinated between various sectors. Since costs for excavation work have been included both
for shipping and the water and the sewage sector, no extra excavation costs have been assumed for other types of lines.
Table 10-5 describes the values used for the energy and electrical line systems sector.
Plant

Assumed cost (SEK millions)

Hydroelectric power stations

Treated as the most serious consequence
class (consequence class 5)

Electrical line/voltage

Estimated cost* per 100 m
(SEK millions)

12 kV (high voltage)

0.07

400 V (low voltage service)

0.07

400 V (low voltage mains)

0.05

Transformer stations/voltage

Estimated cost (SEK millions)

Small transformer station for distribution (supply to a residential block or area)

0.5

40/10 kV Transformer station (supply to smaller
communities)

20

130 kV Transformer station (supply to larger
communities, large industries such as AKZO,
Eka Nobel in Bohus, etc.)

50

*) Information from Vattenfall (2010).
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Summary of
costs used within the energy
and electrical
line systems
consequence
sector (SEK
millions).
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Water and sewage systems
Only those water and sewage plants and pipe systems that can be directly affected by a
landslide have been valued. It has been assumed that the systems are completely destroyed, i.e., the residual value has been set at zero. The values have been linked to those
reporting squares affected by the landslide which, in certain cases, can lead to erroneous
valuations.
Plants and pipe systems have been divided into three types: areal, line and point facilities.
Areal facilities consist of networks of pipes, including service pipes for the local supply of
water and for sewage. Line facilities consist of pipes of larger dimensions that connect
larger areas, for example, transmission lines and main pipes. Point facilities consist of hydroelectric power stations, sewage treatment plants, pumping stations and booster stations.
For the new construction of pipes, the costs have been estimated using KP-fakta, which is
based on price information from actual building projects (KP-fakta, 2010). A further 25 %
has been added to the contract costs for the projecting and for the municipality's supervision and control. For larger pipes within Göteborg Municipality, the costs for new construction have been obtained from the Municipality's technical departments. Table 10-6
describes the costs assumed for the water and sewage sector.

Table 10-6
Assumed costs (SEK
million) for water
and sewage plants
affected by landslides which are not
included in the market values of the
properties (2009 cost
level). Sewage treatment plants are divided into three classes based on the
number of people the
plant supplies (number of population
equivalents, pe).

Plant

Assumed cost
(SEK millions)

Sewage treatment works and hydroelectric power stations
150
> 8,000 population equivalents (pe)
Sewage treatment works and hydroelectric power stations
50
1,000 < pe < 8,000
Sewage treatment works and hydroelectric power stations
10
< 1000 pe
Pumping stations and booster stations
Alternative pumping stations and booster stations
Linear facilities *
Surface-moulded facilities, additional costs not included in the
market values of the properties

0.5
0.025 per hectare
0.003 per m
0.1 per ha

*) Applies to the majority of the area of investigation. Within Göteborg Municipality, the damage
costs can be considerably higher, bearing in mind that that pipe network is significantly larger.
For certain main pipes, the damage cost can amount to between SEK 10,000-80,000 per metre.

Environmentally hazardous activities and contaminated sites
It has not been possible to identify any established method for ex-ante valuation (valuation
prior to the occurrence of an incident) of all costs arising as the result of a landslide that
affects an environmentally hazardous activity, a Seveso facility (a facility that handles
very large amounts of dangerous chemicals, SFS 1999:381) or a contaminated site. A stepby-step model for this has therefore been developed within the investigation, which is described by Andersson-Sköld (2011a) and, in more detail, by Helgesson & Rihm (2011).
It has not been possible to carry out a comprehensive valuation of each object within the
area of investigation; instead, the valuations have only taken the form of rough estimations. Estimations have been necessary since it has not been possible to take an inventory
of, for example, the quantities of stored hazardous agents per facility or the distribution,
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content and quantities of contaminated substances per object. A conclusion that has been
drawn within the investigation is that, in many cases, little data is available for the assessment of the amount and type of pollutants. For certain contaminated sites there is no more
information to be found, without new environmental engineering investigations being
conducted. Furthermore, each facility is different and, in order to be able to correctly assess the consequence, detailed and facility-specific investigations are required.
For Seveso-classified facilities, where there are high level requirements, it is thought that
the consequences to public health and the environment could be so great that only the
highest consequence class could be considered.
After a landslide, certain measures are required, regardless of whether or not the area is
contaminated. These basic costs for dredging, the depositing of non-contaminated soils,
the securing of the area, etc., are covered within the section on shipping. For environmentally hazardous facilities and contaminated sites, consideration is therefore only given to
the cost that arises as a result of land that is contaminated, in relation to corresponding
land that was not contaminated, i.e., the additional cost that arises as a result of the fact
that it is an environmentally hazardous activity, a Seveso-classified facility or a contaminated site that is affected.
The results of the assumptions and assessments of costs for environmentally hazardous activities and contaminated sites are described in Table 10-7.
Activity

Additional cost per ha
(SEK millions)

Contaminated site, Very high risk (class 1)

22

Contaminated site, High risk (class 2)

14

Contaminated site, Moderate risk (class 3)

2.3

Contaminated site, Little risk (class 4)

0.5

Environmentally hazardous activity, A-facility

0.65

Environmentally hazardous activity, B-facility

0.4

Environmentally hazardous activity, C-facility

0.15

Seveso, Higher requirement level**

Highest consequence class

Seveso, Lower requirement level**

0.65

* Decontamination costs with deductions for those costs that would have occurred if the
area was not contaminated
** Should be investigated further by the facility owner in cooperation with the authorities
concerned.

Industry
There are several large and important commercial operations located in the Göta River
valley. These are dependent on communication, the supply of water and sewage, etc. for
the continuation of the operations. The consequence of a landslide can therefore be major,
even for businesses that are not located directly within the area affected by the landslide.
Within this investigation, there has not been the scope to analyse and quantify all of these
consequences.
The impact on industry has been estimated through a rough valuation of the lost production that would be a direct result of a landslide. It has been assumed that the duration of
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Values for description of additional
costs and socioeconomic costs resulting from the
landslide-affected
area being contaminated, or due to environmentally hazardous activities being located in that
area.
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these lower levels of production would, on average, be one month. In order to estimate the
lost production in terms of income (to the consumer), the average wage for an employee
working in Sweden has been used. In order to calculate the number of employees concerned, statistics from Statistics Sweden (SCB) have been used. This material describes
the number of employees per administrative unit. However, it does not describe how the
employees are distributed geographically over the larger area in which the business operates. For large facilities, in the number of employees in administrative functions in this
way is over-estimated, whilst the number in surrounding functions is under-estimated. The
method used here does not include income from capital, which can entail an underestimation of production losses.
Natural environment and cultural heritage
The Göta River valley's coastal meadows constitute an area of national interest, due to
their rich nature and the opportunities they present for outdoor activities. It is also a very
ecologically sensitive area. The coastal areas contain some of the largest and most valuable freshwater wetland complexes in western Sweden and accommodate, among other
things, important frog and reptile habitats. The coastal meadows have a great biodiversity
of both flora and fauna and are also important breeding locations for birds. The river is a
species-rich water course and all of the estuaries along the river are important spawning
locations and migratory routes for, among other species, salmon and sea trout. The countryside along the Göta River valley also provides opportunities for outdoor activities including studies of nature and culture heritage, fishing and boating.
In terms of biodiversity, there are two competing consequences of landslides. Existing
species-rich habitats are dependent on continuity and can be damaged by landslides. However, landslides also provide the preconditions for the establishment or re-establishment of
desirable species. There are many species that are dependent on areas that are eroded.
The impact of landslides on the natural environment can be positive as well as negative.
There are no methods for describing the consequences of landslides for all natural values
and there is no data with which one can quantitatively describe the negative and positive
impact of landslides on the natural environment, either in the short or the long-term.
The cultural landscape is characterised by those who use it and it changes in pace with the
development of society as cultivated land is abandoned, borders are moved, towns grow,
roads are built and houses are pulled down, etc. There are also a number of cultural objects
of national interest within the Göta River valley. Landslides that cause damage to cultural
buildings have the same consequences as those that cause damage to other buildings, but it
is more difficult to assess cultural value. There are separate methods for describing the
specific values of cultural heritage, but there are no methods for providing a general description of the losses that can occur as the result of a landslide.
There are methods for describing certain natural values and certain cultural heritage values
in monetary terms. The impact of a landslide on the natural and cultural environment is
complex and there is no data with which quantitative assessments can be made, even if a
valuation method does exist.
Within the investigation it has not been deemed possible to include monetary values of
natural and cultural objects in the valuation of consequences together with other sectors
such as traffic, properties and human lives, even if this would have been desirable.
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10.4

Illustration of consequence classes

In the risk valuation that is used above, five intervals are mentioned that describe consequences for landslides (consequence classes C1-C5) and which are expressed in economic
intervals as described in Table 10-1. Since there is no established method, it has been decided to use the method previously employed to describe the consequence of landslides
(Berggren et al., 1991, Alén et al., 2000, Hultén et al., 2006). In this method, the division
into classes is based on qualitative descriptions and semi-quantitative assessments, which
have been summarised in Table 10-8. The table includes an interpretation of the described
consequences in monetary terms, in accordance with the methodology for valuation that
has been developed and of which an overall description is provided by Andersson-Sköld
(2011a:b). The cost that is assessed to arise as the result of a landslide, stated in the 100 x
100 m reporting boxes, is also specified in the table. For roads, railways and other larger
linear objects, the cost is stated per 100 m. The consequence has therefore been assessed
for landslides that are 100 x 100 m or larger.
Each landslide brings about costs for society in terms of the various efforts provided by,
among others, the emergency services, the municipality and the owner of the land. Furthermore, certain landslides can lead to disruptions to shipping and therefore require other
efforts such as dredging and restoration work in the river. Large landslides in areas with
highly sensitive clay/quick clay can lead to other consequences such as the damming of
the river and the flooding of different areas. These costs are directly dependent on the location and scope of the landslide and cannot therefore be calculated without more exact information regarding the location of the landslides and the volume of earth affected. These
consequences have not therefore been included in the assessment of primary consequences, but are treated in the risk mapping as secondary effects of landslides, see Chapter 11.
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Table 10-8
Description of
consequence class
and examples of
interpretation into
a monetary valuation. In order to
value the cost of
large landslides,
the cost for those
units affected is
summed up, together with an
additional basic
cost resulting
from the landslide.
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10.5

Mapping of consequences in the Göta River valley

The methodology for assessing consequences was presented in detail earlier in this chapter. The inventoried consequences consist of the socio-economic effects of injuries, losses
and after-effects caused by a landslide in the area in question. These consequences have
been compiled as a combined value in a grid with squares measuring 100 x 100 m. The
compilation applies for the whole of the area of investigation and corresponds to the primary effect of a landslide, i.e., costs of lives lost, resources and functions on land, if the
square in question was affected in its entirety, see Figure 10-3.
The consequences of a landslide can cover a wide spectrum. However, there are several
consequences that could not be valued in monetary terms within this investigation, two examples of which are given below.
A landslide can have large consequences for people and cause suffering, distress or discomfort. However, within this investigation, there has not been the scope to pay attention
to these types of consequences.
In addition to the damages and costs on land, the river can also be affected, should a landslide occur. The damming that can occur and the consequences of this have not been treated as a primary consequence. A landslide can also trigger a substantial flood wave and this
can occur at a great distance from the actual landslide. However, the costs of damages and
other consequences resulting from such a wave have not been calculated within the investigation. Should a flood wave occur, as the result of a large landslide in quick clay for example, the consequences may be so great that they are included in the most serious consequence class. The areas where secondary consequences can occur are shown in the landslide risk maps, based on the methodology described in section 11.5.
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Figure 10-3
Example of an inventoried grid
with the values in
SEK millions/hectare.
Background map
© SGI,
Lantmäteriet.

The total consequence of a landslide depends on its size, which varies from incident to incident and can encompass several grid squares. In order to be able to classify the areas into
the consequence classes described above, the combined value of the affected area has to be
calculated. A summation of the values in the squares that are affected by landslides, at various different distances from the river, has therefore been conducted and a new map has
been produced. This means that, for a landslide that is expected to start within a certain area at a certain distance from the river, the consequence value is the sum of all squares affected by the landslide, up to the river. Assessed consequence classes (C1-C5) are shown
with red boundary lines between the various classes, see Figure 10-4.
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Figure 10-4
Example of the total consequences
of a landslide.
The figures stated
refer to the values
in SEK millions/hectare
Background map
© SGI,
Lantmäteriet.

A review and adjustment of the consequence classes has been carried out in order to pay
attention to two flaws in the methodology. The first adjustment applies to the fact that certain large values, for example the high property values of an extensive property or where
many employees are registered at one address (such as a company's head office), are not
representative of the value within the area, as the value is only registered in one square.
The other adjustment is due to the consequences, and therefore the resulting consequence
classes, being compiled in a grid with a north-south orientation and therefore needing to be
adjusted to reflect the actual orientation of the river and the commercial facilities in various sections. This applies primarily in areas where the river, or elongated facilities such as
roads and railways, runs at an angle contrary to the consequences' grid.
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Figure 10-5 presents three examples that show how the process described above has been
applied, from inventoried values in the grid to adjusted consequence classes.

a) Elongated facility (railway)

Figure 10-5
Example of the
adjustments carried out for consequence classes.
The picture at the
top shows an
elongated facility
(railway), the
middle picture
shows a residential area and the
picture at the bottoms shows a
combined local
value.
Background map
© SGI,
Lantmäteriet.

b) Residential area
<0,5

<0,5

<0,5

c) Combined local value

This work has resulted in a consequence map where the whole area of the investigation
has been divided into consequence classes from C1 to C5.
The consequence classes that have been developed correspond to the primary effect of a
landslide, in this case the costs in terms of the lives lost and the resources and functions
that were in the area affected by the landslide. Further consequences (secondary effects)
can arise if the landslide involves a large volume of soil, where the soil masses slide out
into the river and cause disruptions or damage in the form of obstacles to shipping, flood
waves, damming, flooding, etc. These circumstances are described in section 11.5
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Facts in brief







A method has been developed to assess the socio-economic consequences
of landslides. The method involves identifying the object or objects that
can be affected within a certain, limited area, and assessing the extent to
which the landslide affects the object(s), together with making a monetary
assessment of the consequences.
Consequences that have been considered within the investigation are residential areas, human lives, roads and railways, energy and electricity systems, water and sewage systems, environmentally hazardous activities and
contaminated sites, and industry. The areas with secondary consequences
have not been valued in monetary terms but are accounted for in the landslide risk maps.
A summary of the value of all objects that can be affected by a landslide is
also provided in the maps.
The consequences of landslides are given in five consequence classes and
expressed in economic intervals.
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11

Analysis of landslide risks

In this chapter, landslide risk is defined as a combination of the probability
of a landslide and the consequences of such an incident. The landslide risks
are described for the various sub-stretches along the river in the climate of
today, along with a description of how these risks may change in the climate
of the future. By way of introduction, a summary of previous landslide risk
mappings and stability investigations follows.
11.1

Introduction

A combination of the probability of a landslide together with the expected consequences is
used as a measurement of the risk of a landslide, in a similar way to previous risk mapping
in the Göta River. The methodology is described in more detail in section 11.3.
The landslide risk level in an area is governed both by the local stability conditions and by
how the area is used and utilised:
- Geotechnics, geology, topography, load  probability of landslides.
- Impact of existing properties and facilities, land use  consequences.
Within the investigation, the risks of landslides occurring in the areas adjacent to the river
have been mapped. Landslides can also occur away from the river, for example, in steep
slopes where soft soils meet firm ground. A complete study of these slopes has not been
included in the investigation, other than in areas where the slopes are expected to affect the
stability of land adjacent to the Göta River.

11.2

Previous landslide risk mappings and stability investigations

After the landslide at Surte that occurred on 29 September 1950, the County Administrative Board in Älvsborg County initiated a first geotechnical stability investigation within
the landslide zone and its vicinity. This was later expanded to cover in principle the whole
of the Göta River valley and was presented by the Göta River Committee in 1962. From
the middle of the 1990s, landslide risk analyses have been conducted for the southern Göta
River valley, the north-east Göta River valley within the Municipality of Lilla Edet, and in
the south-west of the river valley within Göteborg Municipality. Furthermore, an overall
stability investigation for the north-west of the Göta River valley has been conducted. On
a local basis, geotechnical investigations have been conducted in conjunction with planning, construction work, infrastructure development, etc. Since the 1960s, SGI has been
responsible for monitoring stability along the Göta River, from Trollhättan to the municipal border with Göteborg. Within this assignment, SGI examines investigations that have
been selected for remittance to the institute for its viewpoints.
Results from major investigations and the measures undertaken are summarised in this
chapter.
Landslide risks in the Göta River valley (Investigation SOU 1962:48)
When the investigation following the landslide in Surte was essentially complete, a large
landslide occurred in Göta on 7 June 1957. A Government investigation was initiated, in
order to conduct a comprehensive stability investigation of the Göta River valley. In the
final report from the investigation (Göta River Committee, 1962) the following preventative measures were recommended:
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-

Erosion protection in connection with the shoreline, in order to prevent the extensive shore erosion that was noted within the investigation. Erosion protection has
subsequently been erected along over 80 km of the river.

-

At locations with the greatest landslide risks, the investigation recommended limited excavation work, which has been carried out at the residential areas around the
locks in Lilla Edet and at the industrial areas north of the paper factory in Lilla Edet,
amongst other places.

-

For the residential district near Fuxerna church in Lilla Edet, deep drainage was
chosen which involved pumping in wells, as far down as the coarser layer under the
clay. Pumping has been continuing since the start of the 1960s.

-

In the ravine north of the paper factory in Lilla Edet, a water course was put in culvert in 1959-1960 and limited redistribution of earth masses and drainage of the
sand layers embedded in the clay was carried out. The pumping and drainage
measures have lowered the groundwater levels and pore pressures.

Landslide risk analysis for the southern part of the Göta River valley
At the start of the 1990s, it was established that knowledge regarding the stability in the
Göta River valley was insufficient as the basis for decisions regarding the expansion of the
infrastructure in the river valley and that there was a need for complementary investigations with modern methods and stability calculations. A new investigation was conducted
as a landslide risk analysis and the first stage of this comprised the section of the valley
where a new double track railway and four lane motorway, the E45, was being planned.
The analysis covered a stretch of approximately 25 km along the eastern bank of the river
from north of Älvängen in the Ale Muncipality as far as Lärje, in the Municipality of Göteborg. The results from the investigation were presented by Holmén & Ahlberg (1995)
and indicated the following:
The topography of the bottoms and slopes under the river and on land, respectively, have a
decisive importance for stability. Along stretches lacking an underwater shelf, there is
generally a high probability of landslides occurring.
The expansion of road and rail communications is possible, but requires careful geotechnical investigations, especially within the sections that are within 100 m of the shoreline.
A number of areas were described as having an obviously high landslide risk. Particular
attention was directed at the Eka Chemicals industrial area in Bohus and to the industrial
area in Älvängen. For the Eka area, complementary investigations were conducted and
stability improvement measures were implemented - these were completed in 1996. For
the industrial area at Älvängen, complementary stability investigations have been conducted which confirm the initial assessments. Stability improvement measures have still not
been undertaken. The Municipality has applied to the Swedish Civil Contingencies Agency (MSB) regarding funds for preventative measures to protect against natural disasters.
Within certain other areas it has been noted that the landslide risks should be further investigated, including the former Bohus shipyard, the Surte industrial area and certain slopes
up towards the areas of firm ground (for example, the industrial area at Stora Viken). Several of the areas indicated have been investigated and measures taken.
Uncertainties within the investigation were primarily insufficient knowledge regarding the
bottom topography in the river and the areas with quick clay. In the areas with quick clay,
it was presupposed that an initial landslide would always give rise to secondary landslides
that encompassed the whole of the quick clay area.
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Landslide risk analysis for the north-eastern section of the Göta River valley
within the Municipality of Lilla Edet.
Landslide risk analysis for the north-eastern section of the Göta River valley within the
Municipality of Lilla Edet was conducted using the same methodology as for the southern
Göta River and encompasses the eastern stretch of the river at Lödöse and the section from
Göta to north of the densely populated area of Lilla Edet. The results from the investigation were described by Hagberg & Schälin (2004).
Particular attention was given to two areas with a high landslide probability - the residential area near Fuxerna church and the industrial area north of the paper factory in Lilla
Edet. For the residential area, stabilising measures were carried out in 1997, whilst no stabilisation has yet been made to the industrial area north of the paper factory.
The landslide risk analysis also indicates relatively large areas where the risk of landslides
should be further investigated, especially within the densely populated parts of the town of
Lilla Edet. The fact that these areas have been selected is primarily due to the major consequences that would be brought about by an extensive quick clay landslide. Based on the
information available to the investigation, it was assessed that the majority of the densely
populated area of Lilla Edet is built on top of quick clay. This means that the stability of
the areas adjacent to the river is critical. Lilla Edet has reviewed stability within the area
and proposed various stability improvement measures which are yet to be implemented.
Landslide risk analysis for the south-western section of the Göta River
valley within the Municipality of Göteborg.
Landslide risk analysis for the south-western section of the Göta River valley encompassed the western river shore between the Tingstad Tunnel and the Angered Bridge at
Hisingen in the Municipality of Göteborg, a stretch of approximately 8 km. The investigation is described by Hultén et al. (2006). The investigation identifies sections with a high
landslide probability, or where the landslide risk should be investigated further, especially
in connection with existing quay constructions and where there are no underwater shelves
in the river. In a side ravine, an area that was close to a residential area was also indicated.
Complementary investigations and measures have been conducted within parts of the areas
indicated.
Overview stability investigation for the south-eastern section of the
Göta River valley
The fourth area that was considered important to investigate embraces the south-eastern
section of the Göta River, of which the main part lies within the Municipality of Lilla
Edet, a river stretch of approximately 26 km. The results are presented by Johansson
(2010). Compilations of data and stability calculations showed that there was generally a
low safety against landslides. Certain areas where particularly urgent measures are required were identified during the course of the investigatory work, and the Municipality of
Lilla Edet has started conducting complementary stability investigations in these areas.

11.3

Methodology for the mapping of risk

Descriptions are given of how landslide probability and the respective consequences have
been mapped within the Göta River valley in Chapter 9, The probability of landslides and
Chapter 10, Consequence Assessment respectively. The area of investigation has been categorised according to certain criteria. The categorisation has resulted in every single area
within the boundaries of the investigation being allocated a probability class (P class) from
1 to 5, and a consequence class (C class) from 1 to 5.
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Each individual area can therefore be described with a pair of numbers “P/C” which represents the Probability/Consequence combination. Visualisation of this combination of
probabilities and consequences can be illustrated in a matrix of the various combinations,
see Figure 11-1. The landslide risk in each area can, based on the matrix, be described as
the combination of the landslide probability (from negligible to obvious) and the consequences of a landslide (from slight to catastrophic). This entails each pair of number constituting a risk class with specific preconditions for landslides (probability and consequences).
Ovious
probability for
landslides with
catastrophic
consequences

S5 Obvious

Probability

S4 Pronounced

S3 Some
Low probability
for landslide
with large
consequences

S2 Low

S1 Negligible

K1 Slight

K2 Large

K3 Very large

K4 Extremely
large

K5 Catastrophic

Consequence

11.4

Landslide risk levels

The matrix in Figure 11-1 shows that the different combinations of probabilities and consequences mean that there are 25 different landslide risk classes (5x5). In order to be able
to clearly classify the various sub-areas and, above all, describe them in maps, the number
of groups (risk levels) has to be limited. As with similar, previous landslide risk investigations, the risk matrix has therefore been divided up into three different areas corresponding
to low, medium and high landslide risk, see Figure 11-2.
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Matrix for landslide risk categorisation – combination of the
probability of a
landslide and its
consequences.
The example
shows the pair of
numbers P2/C2
and P5/C5.
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Probability class

High risk

Medium risk

Figure 11-2
General principle
for the establishment of risk levels.

Low risk

Consequence class

Since both probability and consequence are categorised into five different classes, the limits for risk levels must be adapted in accordance with Figure 11-2. This adaptation results
in a new matrix where the limits for the risk levels coincide with the limits for the probability and consequence classes, in accordance with Figure 11-3.
This means that each part of the matrix described in Figure 11-1, which is characterised by
a number couple (P/C) consisting of probability class and consequence class, is designated
a colour that represents a risk level, based on the risk matrix in Figure 11-3.
Probability
classes
P5
(Obvious)

P4
P3
P2

Figure 11-3
Matrix with landslide
risk levels based on
the probability of a
landslide and its consequences.

P1
(Negligible)

C1

C2

C3

C4

C5
(Catastrophic)

(Slight)

Consequence classes
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Based on the matrix in Figure 11-3, landslide risk maps have been produced for the whole
of the area of investigation. The landslide risk levels for the various areas are indicated on
the maps as follows:
Areas with a low landslide risk
Areas with a medium landslide risk
Areas with a high landslide risk
The maps show combinations of the probability of a landslide and the primary consequences of such an incident, i.e., the loss of human life and damage to existing properties
and facilities on land.

11.5

The risk of retrogressive landslides and secondary effects

Within the areas with highly sensitive clay/quick clay, retrogressive landslides can occur,
where large areas can be affected by proceeding landslides. Such an incident entails that
secondary consequences can occur, in addition to losses of and damage to pieces of land.
Examples of secondary effects that can occur are the disruption of shipping, the damming
of the Göta River (or its tributaries) and flood waves of varying magnitude, depending on
the volume of the landslide's mass. These secondary consequences may, if the area affected is sufficiently large, exceed the primary consequences in the area. It is impossible to
predict or calculate with any certainty the costs involved with the secondary consequences,
but since they constitute an important effect of landslides in areas with high sensitivity
soil, they have been addressed within the investigation.
In order account for the possible secondary effects of landslides in the Göta River valley,
the areas nearest the river with highly sensitive clay/quick clay and a high probability of
landslides (probability class P4 or P5) have been marked with a dotted line on the risk
maps. This indicates that there is an obvious possibility of a larger landslide in this area,
and consequently, a greater risk (more serious consequences). The methodology for the assessment of landslide retrogression is presented in Chapter 9, The probability of landslides
and in Åhnberg et al. (2011).

11.6

The development of landslide risks in a changed climate

In the evaluation of the impact of climate on landslide risks, attention has only been given
to changes in the stability of the slopes and the increased probability of landslides (see
Chapter 9), whilst the consequences of future landslides have been assigned the same values as they have today. It has not been possible within this investigation to predict how the
consequences will change, up to the year 2100. This is because the time period encompassed by the investigation, approximately 100 years into the future, is further than the
planning horizon that is normally used in community planning. Furthermore, the results
from this investigation of the Göta River valley make it possible to influence the location
and construction of new residential areas and facilities so that landslide risks can be prevented.

11.7

Risks in the climate of today and in that of the future

This chapter provides a summarising description of the landslide risks mapped within the
investigation. The description is divided up into different sub-areas, the borders of which
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are denoted by the longimetry used within the investigation. The probability of landslides,
the consequences and the associated risk levels are described for each area.
The results from the mapping can be found in the landslide risk maps in GÄU Final Report
Part 3 (SGI, 2012a). The maps indicate the landslide risk level (low, medium, and high, as
per Figure 11-3) that applies for various sections of the area of investigation, under current
climatic conditions. The maps also show the impact of a changed climate within the area
of investigation and those areas where retrogressive landslides and secondary effects in the
river can be expected to occur.
The stretch between Vargön and Åkerström (km 0/000 – 14/000)
The area is characterised by relative large sections of bedrock along the river. Within the
clay areas, the estimated landslide probability is generally negligible (class P1), apart from
a few areas where the probability is higher. Highly sensitive clay does occur in the area.
The areas north of the Trollhättan lock have not been assessed as having a particularly
high landslide risk since the quick clay in these areas does not affect landslide retrogression. Clay with high sensitivity normally occurs up towards the firm ground and only locally close to the river.
The consequences vary within this area, which means that there is a certain degree of variation in the risk level. The greatest consequences of a landslide can primarily be found
within Trollhättan's most densely populated areas. The damage to the SAAB factory or at
the locks in Trollhättan resulting from a landslide is also considered to be very substantial.
In the north-eastern section of the stretch in question, around km 2/500-7/000, there is a
levee which protects against flooding caused by high water levels in the river. The protected area is largely agricultural land with a relatively low value, but important functions
such as Trollhättan airport, the SAAB factory and some housing are also to be found in
this area. According to information from Vattenfall (2011), the levee is classified as a high
consequence dam (consequence class 1A) in accordance with RIDAS-Kraft Corporate
guidelines for dam safety issued by Swedish Energy. This means that the whole stretch
along the river and the area behind the levee has been classified with the highest consequence class (C5).
North of the SAAB factory, around km 3/700, there is a limited area along the eastern
bank with a clear landslide probability (class P4) due to a steep slope at the shoreline. The
area therefore has a higher risk level than its surroundings.
One area on the western side of the river, km 13/200 to km 13/800, has an obvious landslide probability (class P5), which entails a medium risk level, with consideration of the
consequences on land. Since quick clay occurs, there is a heightened risk of impact on the
river, bearing in mind the secondary effects of landslides.
The area around the old locks at Trollhättan, around km 13/100, has been classified as
having a medium risk level due to a clear landslide probability (class P4).

Climatic impact
The climatic impact within the stretch in question is expected to be minor. This means that
the estimated probability after climatic impact will be the same class as it is in the climate
of today. Since the area near the shoreline adjacent to the aforementioned levee is classified in consequence class 5, a limited increase in the probability implies a change in the
risk level - to medium. In the southern part of the stretch, where there is a risk for secondary landslides on the western side, erosion may trigger a landslide.
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The stretch from Åkerström to Lilla Edet (km 14/000 – 34/000)
Estimated probability varies from clear to obvious (probability classes P4 and P5) on both
sides of the river along large parts of the stretch. The area is characterised by high, steep
slopes and deep, steep ravines. Clear evidence of previous landslides is visible in the area.
Highly sensitive clay and quick clay occur principally throughout the whole stretch, which
means that large landslides can occur that have a substantial effect on surrounding areas,
both with regards to the extent of retrogressive landslides inland and secondary effects in
the river.
The consequences vary along the stretch, but the high landslide probability means that the
risk level is nearly always medium to high. The greatest consequences of a landslide in
terms of damage to objects on land are within the densely populated area of Lilla Edet, at
around km 30/500-33/500.
In the northwestern section of the sub-stretch at Åkerström, at around km 15/000, there are
areas with a high landslide risk. The whole area generally exhibits an obvious probability
of landslides (class P5) and the presence of residential areas means that the risk level is also high. Further south, at about km 16/000, the first area of quick clay is encountered within this sub-stretch and there is a risk of impact on the river. The occurrence of highly sensitive clay and quick clay has been documented along practically the whole western side of
this sub-stretch. Large parts of the area represent risks to surrounding areas, in regard to
retrogressive landslides and secondary effects in the river. This is due to a combination of
high landslide probability (class P4 or P5) and the occurrence of highly sensitive clay and
quick clay. However, small areas close to the river have been classified as lower risk due
to a locally estimated negligible probability of landslides, or alternatively, a slight consequence classification.
On the eastern side of the river, bedrock can be found along the shoreline over a stretch of
approximately 3 km. After this, up until around km 21/000 (approximately 2 km north of
Slumpån), there is a narrow strip of clay alongside the river that is bordered by sections of
bedrock that lie behind it. In the area around Slumpån (around km 23/000), there is a large
occurrence of quick clay, which means that the area has the preconditions to cause significant impact on surrounding areas in the event of a secondary landslide occurring. The E45
is located within this area. Between Slumpån and Lilla Edet there are narrow shore areas,
of approximately 100-200 m in length, with extremely varied landslide probability and
consequence. This results in all three risk levels existing in the area. Quick clay has also
been found here, but the area has not been assessed as having a potential risk for major
impact on surrounding areas in view of the smaller soil masses that would be involved in a
potential secondary landslide.
Within the densely populated part of Lilla Edet, it has been difficult to assess the landslide
risk level due to the varying conditions that occur along the shoreline. There are locks, retaining walls, power stations, areas where earth masses have been removed or redistributed, areas where highly sensitive clay occurs, areas with lower groundwater levels, etc. Besides the current investigation, the analyses that have been conducted were based on previous landslide risk analyses and, to a certain extent, on detailed investigations that are in
progress. There is therefore a certain degree of uncertainty associated with the results described. A clear to obvious landslide probability (classes P4 and P5) generally applies
within the densely populated part of Lilla Edet in several areas closest to the river. The extents of the landslide risk zones become more widespread due to the occurrence of quick
clay.
Two areas in the north-eastern part of Lilla Edet, km 30/500 and 31/000 are classified as
high risk due to a locally estimated clear (class P4) landslide probability, the occurrence of
quick clay and existing housing. Another large area that affects existing housing and that
has a high risk level can be found on the western side of the river, south of the locks, at
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around km 32/000. The area has a clear to obvious (classes P4 and P5) landslide probability at the shoreline and extremely severe consequences. The area has also been highlighted
with respect to secondary effects and impact on the river. The size of the area is uncertain
since the overall occurrence of the quick clay is not known. Southeast of Lilla Edet, at km
33/500, there is an industrial area near the river (Gamla pappersbruket – eng: the old paper
factory) that has a high landslide risk level due to the obvious landslide probability (class
P5) and potentially extensive retrogression due to the occurrence of quick clay.
The sub-stretch has several areas with a high landslide risk level. The steep slopes and the
relatively narrow river channel can lead to problems in the implementation of any stability
improvement measures. Further factors that may affect the implementation and extent of
the measures are environmental considerations and the impact on shipping, etc.

Climatic impact
Climatic impact within the stretch in question is expected to vary from little in the northern section to moderate in the south. The northern section of the area is sparsely populated
and closest to the river it is dominated by agricultural land. This implies only slight consequences on land. The area does however demonstrate a clear to obvious landslide probability (classes P4 and P5) along large parts of the shoreline, under current conditions. Small
changes in the geometry caused by erosion could trigger a landslide. Since these areas can
be affected by secondary landslides that would impact on the river, such small changes
imply a heightened landslide risk. Despite this change, the risk level in these areas will not
normally be increased due to the unchanged consequence class.
In the middle part of the stretch, from around km 25/700 to km 30/000 (eastern side) and
km 25/700 to km 31/000 (western side), the climatic impact is estimated to be moderate.
Large sections of the area's western side are classified with an obvious landslide probability (class P5) under current conditions. The occurrence of quick clay implies a risk of impact on the river in the event of a landslide in the area. The climatic impact that is expected along this stretch will lead to an even greater probability of landslides; however,
the risk level will not change since the consequence class will remain unchanged. The
eastern section of the area is characterised by the same high probability as in the west, yet
without the same impact on the river in the event of a secondary landslide. The climatic
impact also entails a greater risk of landslides here.
The southern part of the stretch, i.e., within the densely populated part of Lilla Edet, is
projected to experience a moderate climatic impact that will make stability conditions
worse. This means that the already high landslide probability (classes P4 and P5) in many
residential areas will increase further. This area can be deemed the most exposed, as it has
a combination of an obvious landslide probability, very large to catastrophic consequences
and areas with quick clay that lead to the risk of secondary landslides in the event of moderate climatic impact.
The stretch from Lilla Edet to Alvhem (km 34/000 – 47/000)
The northern part of the stretch up to around km 41/000 demonstrates mostly clear to obvious landslide probability (classes 4 and 5). Within this part of the stretch there is an area,
km 37/600 till 38/400, with highly sensitive clay. This, in combination with a high probability class, means that the area is a potential risk zone in terms of secondary effects and
impact on the river.
The southern half of the stretch has considerably better stability conditions with solely
probability class P1 along the shoreline, apart from at Torskogs Bruk, km 44/400. At
Gårdaån, one of the river's tributaries, at km 44/600 in Lödöse, there is some probability of
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a landslide (class P3) in the ravine that leads down to the river which, together with large
consequences, means there is a medium landslide risk level.
The consequences along the stretch in question are slight to large along the river's shoreline, apart from near the housing in Göta, roads and railway north of Lödöse and the residential area there.
The risk level in the northern part of the stretch is governed in the first instance by variations in the probability class, and varies between low and medium. A smaller area within
Göta (eastern side), km 36/500, has the highest risk level. From around km 36/500 to
about km 40/700 the landslide risk level along the river's western side is medium, due to a
high probability class (P5) and a low consequence class (C1). However, within this substretch, a number of smaller areas have the highest risk level due to the presence of residential areas. Otherwise, the remainder of the stretch has a low level of landslide risk.

Climatic impact
The climatic impact within the stretch in question is expected to be minor, apart from a
short stretch (approximately 1.5 km) in the far south where it increases to moderate. In the
northern part of the stretch down to about km 40/600, the landslide probability under current conditions is extremely varied. Within sub-stretches with clear and obvious probability (classes P4 and P5), small changes in the geometry caused by erosion could trigger a
landslide. The area around Göta, on the eastern side around 35/500 to 37/000, may experience a climatic impact that raises the probability class and, consequently, the risk level.
This applies primarily at Glässnäs, where the area south of the bedrock section (km
37/000) may change to a high level of risk.
In the stretch between km 40/600 and 45/400, the landslide probability is negligible along
the shoreline on both sides of the river (class P1). The consequences are slight (class C1),
which implies that the risk level of the sub-stretch will not change due to climatic impact.
Areas further away from the river and with a higher consequence class (C4-C5) may possibly be allocated a higher risk level.
The southern part between 45/400 and 47/000 has a low risk level (class P1/C1) that will
not be affected, even if the climatic impact were to cause an increase in the probability
class to P2.
The stretch between Alvhem and Bohus (km 47/000 – 66/000)
From the northern boundary of the stretch up to the island of Tjurholmen, at km 50/800,
the probability class varies between P1 and P5 on both sides of the river. The higher classes can be found in narrow sections near the shoreline. The area past Tjurholmen and
Älvängen up to about km 55/400 is mostly classified with probability classes P2 to P4,
with the exception of the Älvängen industrial area (km 52/400 to 53/200), where the landslide probability is obvious (class P5). South of Tjurholmen and Älvängen, the landslide
probability is lower (class P1) apart from at Grönån and the Nödinge marina (km 58/300)
on the eastern side of the river, and at Dössebacka, on the western side.
The consequences along this stretch are generally relatively low. Higher consequence classes occur at the railway on the eastern side, where it is quite close to the river north of
Älvängen (km 50/000 to 52/400), past Nol (km 58/000 to 61/000) and in the southern parts
of the stretch (km 65/000 to 66/000). Higher consequence classes can also be found at
Älvängen, at the Nol industrial area and the marina at the Grönån estuary, as well as at the
industrial area at km 59/200-59/600.
With a few exceptions, the landslide risk level is generally low along this stretch. The risk
level rises to medium near the shoreline in the northern section of the stretch and only
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reaches high adjacent to the industrial area at Älvängen. Otherwise, the risk level is medium at Dössebacka and at the marina outside of Nödinge.

Climatic impact
Climate impact within the stretch in question is expected to be moderate, which implies
that a certain increase in probability can be expected, possibly to a higher probability class.
The southern part of the stretch has a low risk level (class P1/C1) that will not be affected,
even if the climatic impact were to cause an increase in the probability class to P2. However, there are a number of sub-stretches, primarily narrow sections along the shoreline,
with a probability class of P3 or P4. Within these areas, an increase in the probability class
due to climatic impact could lead to the risk level being raised to the next grade (from low
to medium or from medium to high).
The shoreline adjacent to the industrial area at Älvängen already displays a clear to obvious landslide probability (class P4 or P5) under current conditions and small changes in
the geometry caused by erosion could trigger a landslide.
The stretch between Bohus and Marieholm (Göteborgsgrenen)
(km 66/000 – 81/000)
The stability conditions differ markedly between the eastern and the western sides of the
rivers. On the eastern side, the landslide probability is generally low (class P2) to clear
(class P4). South of the Angered Bridge and north of Lärjeån the probability is however
negligible (class P1). At the Marieholm industrial area (approx. km 80/500), the probability is obvious (class P5).
On the western side of the river, the estimated landslide probability is negligible, up until
km 76/000 (class P1). After this, many areas with a high landslide probability can be
found, primarily narrow areas alongside existing quay constructions. Probability classes 4
and 5 (clear to obvious) can be found between approximately km 77/000 and 79/000, and
in the southern part of the stretch immediately north of Marieholmsbron.
The consequences along the eastern side are relatively large (class C2-C5) near existing
industries and work places, residential areas and infrastructure facilities. On the western
side, conditions similar to those south of the Angered Bridge apply.
The landslide risk level is generally low along this stretch. There is a medium risk level on
the eastern side, alongside the industrial areas south of Jordfallsbron (km 66/600-67/700)
and within the industrial area outside of Surte (km 68/800-69/800). Medium to high landslide risk levels also occur locally within the areas, on both sides of the river, between km
74/600 Lärjeån and Marieholmsbron (km 81/000).

Climatic impact
The climatic impact as a result of erosion can be substantial within this area - the greatest
impact found within the whole investigation. Large parts of the area on the western side of
the river have a negligible to low landslide probability (class P1 to P2) under current conditions. The stability conditions of these areas may deteriorate considerably, by up to two
probability classes, due to climatic impact. This implies that the risk level will rise due to
climatic impact within areas which currently have a low risk level, primarily within the areas south of the Angered Bridge, with large to very large consequences (class C2 - C). In
other areas along the shoreline that have a probability class higher than P3, for example
outside of Bäckebol and Backa (77/000-79/300) and at the end of the (80/200-81/000)
stretch, the climatic impact may lead to an increase in the probability class by one step
and, therefore, a higher risk level.
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On the eastern side of the river, the situation is extremely varied under current conditions,
both in terms of probability and consequences. This means that it is more difficult to predict the effects of climatic change along this stretch. The northern part of the area, up to
km 77/000, is characterised by infrastructure (railway and motorway) near the river, which
means that the climatic impact in this area is highly likely to lead to an increase in the risk
level. In the southern part of the stretch, the landslide probability is negligible (class P1)
within the majority of the industrial areas along the river. However, there are narrow areas
along the shoreline with a probability class of P2 to P4 and, for these areas, the climatic
impact can lead to an increase in the probability class and therefore an increase in the risk
level.
The stretch along the Nordre River (km 100/000 – 111/600)
The area from the forking of the Göta River at Bohus to km 102/400 has a landslide probability ranging from negligible to clear (from class P1 to P4), along the northern bank. After this, the landslide probability varies from negligible to low (class P1 to P2) past adjacent residential areas up to the southern tip of Munkholmen, at km 105/600. Along the
southern shoreline, between km 100/000 and km 103/000, the probability is negligible to
low, with the exception of one area south of Fästningsholmen where the probability class 4
(clear) occurs. The area along the southern shoreline between km 103/000 and the southern part of Munkholmen (km 105/600) is dominated by clear to obvious landslide probability (class P4 till P5).
Between the southern part of Munkholmen and km 108/200, the landslide probability varies on both sides of the river between class 1 and 4. Areas with a class 4 probability occur
primarily on the northern side of the river. The area from km 108/200 to the southern
boundary of the investigation (km 111/600) has a low landslide probability (P1) on both
sides of the river.
The consequences along the northern shoreline are large to extremely large (class C2 to
C4) in the town of Kungälv (between km 100/000 and 103/800) due to residential areas,
etc. adjacent to the town. West of Kungälv, the consequences on the northern side of the
river are slight (class C1) with the exception of several smaller areas where there is a small
amount of housing.
The consequences of a landslide along the southern shoreline are mild (class C1) apart
from at the bridge over to Fästningsholmen (km 101/000), at the motorway bridge over the
Nordre River (km 102/700) and at a number of smaller residential areas between km
107/200 and 107/800), and at km 110/300 and km 111/200.
The landslide risk levels along this stretch of the Nordre River vary between low and medium; the areas with a higher risk level (medium) are to be found spread out on both sides
of the river.
Climatic impact
The climatic impact within the stretch in question is expected to be moderate, which implies a certain increase in probability, possibly to a higher probability class. Within the
northern shoreline alongside the town of Kungälv, i.e., between km 100/000 and 103/600,
the risk level of certain areas with very large consequences may rise, due to climatic impact. Climatic impact may also lead to a higher risk level in those parts of the area around
Kastellgården, on the northern side of the river (approx. km 10/600), which have a probability class of P4 (clear). Other sections along the northern side of the Nordre River are not
expected to experience a change in risk level.
Along the southern shoreline, there are two areas with clear to obvious probability (classes
P4 and P5). Changes in the conditions in the river brought about by climatic impact may
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result in a landslide being triggered. However, in these areas the consequences of a landslide are generally mild, which implies that no change in the risk level is anticipated. Between km 107/200 and 107/600, there is housing in an area with some probability of a
landslide (class P3). A change in the probability class due to climatic impact can lead to
the area being allocated a high risk level. Otherwise, climatic impact is not expected to
bring about any change in the risk level along the southern side of the Nordre River.
Facts in brief
To summarise, the greatest landslide risks in the climate of today are present in
the following areas:


The stretch from Trollhättan and up to Ödegärdet, south of Lilla Edet,
constitutes the largest continuous area with high landslide risks. Quick
clay is present within several areas, where a landslide can bring about
secondary effects and have a large effect on the river.



Gäddebacke, Vänersborg Municipality – areas on the eastern side of the
river and a levee that is to protect areas behind it from flooding.



Åkerström, in the Municipality of Trollhättan – areas with integrated
residential developments.



The densely populated area of Lilla Edet – several areas with high landslide risks on both side of the river. The presence of quick clay means
that a landslide can become widespread.



Gamla pappersbruket (The old paper factory), Lilla Edet Municipality –
a large area where quick clay occurs.



The Älvängen industrial area, Ale Municipality – existing industrial area
with contaminated soils.



Kärra-Backa, Göteborg Municipality – steep underwater slopes along
several stretches.



Kungälv – areas with industrial activity

In the climate of the future, the probability of landslides is expected to
change, which can affect the risks of such. The following conditions can be expected:


Between Vargön and Åkerström – little impact.



For the area between Åkerström and Alvhem – impact varies between
little and moderate.



Between Alvhem and Bohus – moderate impact.



Between Bohus and Marieholm – large impact along the Göteborgsgrenen.



Along the Nordre River – moderate impact.
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12

The need for measures and costs

This chapter provides an overall description of the need for measures to reduce the landslide risks in the river valley. Different types of measures that may be relevant are described, as is the need for the monitoring of landslide risk zones and for maintenance
measures, in addition to an estimation of the costs of these measures.

12.1

General

The measures required to reduce the probability of landslides within the areas along the
Göta River valley have been determined and a rough assessment has been made of the
costs of these measures. The assessments have been made based on an appraisal of all the
risk levels for landslides along the river, assessed erosion processes and areas that could
possibly be flooded, taking climate change into consideration. The assessment of the
measures required has been performed based on existing conditions both for a scenario
corresponding to the current drainage situation through the river, and also for a maximal
future drainage corresponding to 1,500 m3/s (during part of the year, in the same way as is
described in Chapter 7, Erosion).
The need for stability improvement measures has been assessed, based on calculations of
the relieving of stress and the flattening of slopes that is necessary along the river in order
to reduce the risk of landslides. Other, more expensive, measures may be required in certain cases, for reasons of space or due to environmental considerations, etc. Along certain
sections of the shoreline, where housing can be found close to the shore and/or where the
depth of the river channel is limited, solutions such as the moving/removal of buildings or
industrial facilities, retaining walls, etc., will probably need to be implemented. The scope
of these potential special solutions has not been assessed within the investigation. The assessment of measures has been made based on current conditions. With further exploitation or other changes to the load-bearing situation adjacent to the river, a new assessment
would be required, with regards to the need for stability improvement measures.
The need for more extensive erosion protection has been assessed and the costs for this
have been estimated. There is a requirement for existing erosion protection to be improved, as well as the construction of new protection. Increased flow and sediment transportation in the river is expected to lead to an increased requirement for dredging of the
river's southern sections, primarily outside of the area of investigation. Dredging is not
thought to affect the stability along the Göta River, as long as it is not carried out at depths
greater than that of the current shipping channel. No assessment of the costs associated
with dredging requirements has been carried out within the investigation.
The need for the construction of levees where there is a risk that areas with existing housing or industrial land may be flooded has been assessed and a rough estimation of the costs
for this has been conducted. Particular attention has been paid to levees since they normally lead to some deterioration in stability. This needs to be investigated specifically, or in
connection with a detailed investigation of other requirements associated with stability
improvement measures. The assessment of the requirement for levees is made based on an
estimation of the mean increase in the water levels along the river. Extreme situations can
lead to even higher levels, but no estimation of the costs associated with this has been
made within the investigation. The construction of levees near to, for example, agricultural
land adjacent to the river, or special measures to prevent the risk of the leaching of pollutants in the event of contaminated soils becoming flooded have not been included in the
cost estimation.
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For the stability improvement measures to be implemented, investigations in the form of
detailed stability investigations, the projection of measures and the establishment of construction documents are required, along with descriptions of the environmental consequences, permit applications, etc.
There is a requirement for the continuous control/monitoring and maintenance of the functioning of stability improvement measures. The need for control/monitoring also extends
to ongoing erosion processes. The need for improvement measures is great, but it has been
assessed that they can be kept at the estimated levels on the condition that the status of
erosion protection, the erosion process and the flow levels, etc. are continuously monitored.
The following section describes the estimated costs for stability improvement measures,
erosion protection, levees, investigation, annual maintenance and monitoring. The costs
are given as roughly estimated intervals, bearing in mind the overall nature of the assessment and the uncertainties that exist regarding both the scope of the measures necessary
and their costs. The variation in unit price for the various types of measures can be significant as it is highly dependent on the extent of the work, the transport distance and access
to materials, whether the work is to be conducted from land or on water, service routes,
etc. It should be noted that the cost estimation applies for the total of all measures required
throughout the whole river stretch, based on the residential areas, etc. that are currently
found there. The costs for individual stretches, with differing degrees of required
measures, can vary significantly.

12.2

Stability improvement measures, erosion protection and levees

When estimating costs connected with stability improvement measures, the amount of material to be removed and redistributed as supporting fill, has been calculated with a view to
improving stability by at least 20 % along those shore areas where the landslide probability is classified as class 4 or 5. This improvement only represents a general estimation of
the increase necessary. The requirement for individual slopes varies and can be considerably greater for many slopes within probability class 5, for example. Furthermore, future
detailed investigations may indicate that some of the improvements are also needed within
the areas that are classified as probability class 3, for example. The flattening measures
that are necessary for a number of slope types with different geometry have been estimated
and the total amount of material to be removed and redistributed has been calculated,
based on the distribution of these types of slopes along the river. It is not thought that any
additional removal or redistribution of material will be required, should the flow increase
to a maximum of 1,500 m3/s, compared with that which is required for a flow of
1,030 m3/s, since deterioration of stability brought about by increased erosion will instead
be prevented by increased levels of erosion protection.
In the estimation of costs involved with the expansion of erosion protection, through the
heighten of existing protection and the erection of new structures, it has been decided that
these measures need to be conducted along river banks that are classified as having a medium to high landslide risk. Erosion protection has been deemed necessary both close to
the shore, extending down to the river bottom, and within a specific section of the river
bottom along certain stretches where the underwater slope is relatively steep. Some
heighten of existing erosion protection also needs to be performed. Furthermore, erosion
protection has been deemed necessary in order to counteract the powerful erosion occurring at a number of existing deep holes on the river bottom. Increased flow levels up to a
maximum of 1,500 m3/s are thought to require an enhanced level of erosion protection,
both in the form of heighten to existing erosion protection and, to a large extent, in the
form of a deeper protection of underwater slopes and parts of the river bottom.
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Costs for the construction of levees adjacent to uninhabited low-lying areas have only
been calculated for sections of the shore where it is thought that flooding could affect existing residential areas and industrial land. It has been assessed that the levees in these areas should be constructed with a dense core, so that they can, to a certain extent, penetrate
into existing permeable soil/fillmaterial. The cost estimation refers to protection against
expected future increases in the mean water level along the river. The need for measures in
the event of extreme levels has not been included in the assessment.
Table 12-1 shows the combined estimated costs for stability improvement measures, erosion protection and levees under current conditions and for a situation with a maximal
drainage equivalent to 1,500 m3/s.
Current situation, max. drainage 1,030 m3/s (SEK millions)
3,600 - 4,300

Max. drainage 1,500 m3/s
(SEK millions)
4,300 - 5,200

The costs for stability improvement measures and erosion protection are clearly the dominating ones as they constitute 90 - 95 % of the total costs.

12.3

Table 12-1
Estimated costs for
stability improvement measures, erosion protection and
levees for different
flow levels.

Maintenance

Maintenance costs for erosion protection will increase somewhat in the event of increased
drainage flow and/or an increased number of occasions when high drainage occurs. The
estimated annual maintenance costs are described in Table 12-2.
Current situation, max. drainage 1,030 m3/s (SEK millions)
4-5

12.4

Max. drainage 1,500 m3/s
(SEK millions)
5.5 - 6.5

Table 12-2
Estimated annual
costs for maintenance.

Geotechnical investigations

Costs for the requirements of various investigations such as detailed stability investigations, the projection of measures, the establishment of construction documents, descriptions of environmental consequences, applications to the Land and Environment Courts,
etc. have been estimated. The estimated costs are described in Table 12-3.
Current situation, max. drainage 1,030 m3/s (SEK millions)
400 - 450

12.5

Max. drainage 1,500 m3/s
(SEK millions)
450 - 500

Monitoring

Geotechnical monitoring of the river is conducted at least once a year through an inspection by boat made by representatives from SGI, the Swedish Maritime Administration and
Vattenfall, which involves a visual inspection of the erosion protection. Inspections of certain points are also made from land. It has been assessed that the scope of this monitoring
needs to increase to roughly two or three inspections per year by boat and roughly double
this number from land.
There is currently no monitoring of erosion processes, either with regards to bottom erosion or shore erosion. This is deemed as being necessary in the future, and should take the
form of recurrent bathymetric measurements with multibeam echo sounding, backscatter
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and side scan sonar measurements, in combination with samplings of sediment in the river,
for the analysis of changes in the bottom and erosion conditions. These types of measurements are thought to be necessary roughly every third year and/or in conjunction with detailed investigations in areas with a high landslide risk.
The estimated annual costs for monitoring and control can be seen in Table 12-4.

Table 12-4
Estimated annual
monitoring costs.

Current situation, max. drainage 1,030 m3/s (SEK millions)
1.5 - 2

12.6

Max. drainage 1,500 m3/s
(SEK millions)
1.5 - 2

Total costs

Table 12-5 shows the overall combined costs of the stability improvement measures, erosion protection, levees and the need for investigations, as well as the annual maintenance
and monitoring of the scenarios studied. Costs for the construction of levees adjacent to
uninhabited low-lying areas or for the dredging of the river channels are not included.
Table 12-5
Total costs for
the scenarios
studied.

Measures
Stability measures, erosion protection, levees

Current situation, max.
Max. drainage 1,500 m3/s (SEK
3
drainage 1,030 m /s ( MSEK ) millions)
3,600 - 4,300

4,300 - 5,200

400 - 450

450 - 500

Total (SEK millions)

4,000 - 4,750

4,750 - 5,700

Annual maintenance

4-5

5.5 - 6.5

Annual monitoring

1.5 - 2

1.5 - 2

Total (SEK million/year)

5.5 - 7

7 - 8.5

Investigations

Facts in brief


Measures to reduce landslide risks are required along several stretches of
the Göta River. Examples of these measures are work to improve stability
such as the removal and redistribution of material, and erosion protection.



For certain low-lying areas, the construction of levees is required in order to
avoid flooding and these levees can, in certain cases, lead to a requirement
for further stability improvement measures.



The costs of stability improvement measurements can be estimated at between SEK 4-5 billion, for landslides risks in the climate of today and between SEK 5-6 billion in the climate of the future with increased drainage
through the river.



The costs for monitoring and maintenance are assessed to amount to between SEK 6-7 million per year in current climatic conditions, and to between SEK 7-9 million per year in a changed climate.
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