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PREFACE
This deliverable, “LIDAR data for slope stability analyses”, reports the possibility to use
airborne Laser scanning combined with multi beam sounding data to accomplish a detailed digital terrain model as a basis for landslide stability calculation purposes.
The work, which is performed by the Swedish Geotechnical Institute (SGI-SW), is included as the Sub-task No 1.1.1.1 in the Sub-project Landslide Monitoring and Warning
Systems/In-situ and remote monitoring techniques in the LESSLOSS-project in the EU
6th Frame Work Programme.
The project is financed by the European Commission and by the Swedish Geotechnical
Institute (SGI).
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1. Summary
In the present LESSLOS Sub-task No. 1.1.1.1, the Swedish Geotechnical Institute (SGISW) has performed stability analyses based on LIDAR data achieved by Laser scanning.
The chosen test site is Lilla Edet Town situated at the banks of the Göta Älv River in
southwest Sweden. Along the chosen section (“Section 5”) of a riverbank slope within an
industrial area, the geometry has been measured in three different ways:
−

In the “rough way” by measurements on a map, which is normally performed in
overview calculations

−

In the “detailed way” by levelling, which is normally performed in detailed calculations

−

Based on LIDAR measurements

The LIDAR data appear to fit the topographical data achieved “in the usual way” by
measurements on a map as well as by levelling. However, when comparing the Section 5
topography achieved “in the usual way”, with the section topography based on the results
of the LIDAR measurements, the latter gives a strikingly better image of the “true” topography, providing three-dimensional information on the area, and a very high density
of the cluster of measured points.
As comparison, stability calculations is carried out along Section 5 based on the topography achieved by each of the three different sets of geometry – measurements on a map,
levelling and LIDAR measurements respectively. The results of these stability calculations
differed slightly, because of the different topography information. However, in future
guidelines for stability investigations, the higher degree of topographical information can
justify lower demands on the requested safety factor F to judging a slope to be safe.
Usually performed levelling along sections only provide linear topographical information.
However, the LIDAR measurements provide topographical information covering the entire area, which facilitate drawing of many optional sections. Stability calculations can be
carried out in all these optional sections, giving a three-dimensional impression of how
the stability conditions differ along the slope in the direction perpendicular to the slope
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inclination. As a demonstration, stability calculations have been performed for ten extra
sections parallel to the Section 5.
Laser scanned digital terrain model offers a new way to achieving topographical data providing better performance in detail. Further, stability calculations based on the LIDAR
data provide better accuracy.
As a background, the regional geological development and its importance for the overview geotechnical conditions and the Swedish guidelines for performing slope stability
investigations are briefly described in Appendix A and B respectively.
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2. Scope
Laser scanning of the terrain from an aircraft is of special interest as it can deliver a detailed digital terrain model (DTM) with much better accuracy compared to existing topographic maps. In Sweden, the national maps have contour lines with equidistance not
smaller than 5 metres. For special purposes, e.g. detailed planning, also detailed maps
have been produced with smaller equidistance, typically 1-2 metres. These maps only
cover a minor proportion of the landscape – principally urbanised areas. When performing Laser scanning, however, the accuracy in the x-, y-, and z-measurements is better than
10 cm.
In the previous LESSLOSS deliverable, No. 7, Zonation and landslide hazard by means
of LS DTM, Fallsvik [2006], the development of a method for application of airborne Laser scanning to accomplish a detailed digital terrain model for landslide hazard zonation
purposes is reported. The same digital terrain model can also be used as a basis for slope
stability calculations.
The laser scanned digital terrain model (LS DTM) offers a new way to achieve geometrical data for sections of selected for overview as well as detailed stability calculations. Its
potential is explored in this sub-task to the LESSLOSS-project. The methods used today
in Sweden and other countries for achieving the geometrical data for stability calculations
are normally performed manually according to table 2.1.
Table 2.1

Methods normally used today for achieving geometrical data for sections selected for stability calculations

Type of investigation

On land

Under water

Overview

Measurements on the elevation contour lines on topographical maps

Manually plumbing from a boat

Detailed

Levelling

Manually plumbing from a boat

LESSLOSS – Risk Mitigation for Earthquakes and Landslides
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The cost of laser scanning is rather high, but the benefits are also high; they can be used
for other categories of planning than landslide mapping.
In the purpose to perform slope stability analysis based on LIDAR data, one test section
– called “Section 5” – was selected in Lilla Edet Town, situated in the northern part of
the Göta Älv River valley in southwest Sweden. The section represents a riverbank slope
in marine clay layers. Along the chosen section, the stability conditions were previously
calculated on an overview basis, Schälin et al [1997].
Slope stability calculations are performed based on three sets of slope geometry achieved
according to Table 2.2:
Table 2.2

Geometry set

The different sets of geometry used as a basis for the performed slope stability
calculations in the present LESSLOSS Sub-task 1.1.1.1, Deliverable 8.

1st

On land
Measurements of the elevation contour lines on topographical maps

Under water
Manually plumbing from a boat

2nd

Levelling

Manually plumbing from a boat

3rd

LIDAR (Laser scanning)

Muli beam sounding

Stability calculations are also carried out, based on ten extra sets of geometry achieved
from the third set of geometry representing ten sections parallel to the chosen Section 5.
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3. Swedish Guidelines for stability investigations
According to the Swedish Guidelines for stability investigations [1995] the investigation
work regarding slope stability conditions shall follow the principles given in Figure 3.1.
The figure illustrates that the investigation starts with:
−

Overview investigation – geotechnical inspection and rough estimate (Stage 1)

After which, depending on the results, in principle three further investigation stages can
follow:
−

Detailed investigation (Stage 2)

−

Deepened investigation (Stage 3)

−

Complementary investigation (Stage 4)

A description of the definitions regarding the stability conditions according to the Swedish Guidelines can be found in Appendix B.
In the present task (LESSLOSS deliverable report No. 8) slope stability calculations have
been carried out according to “Overview investigation – Geotechnical inspection and
rough estimate” (Stage 1) and to “Detailed investigation” (Stage 2).

LESSLOSS – Risk Mitigation for Earthquakes and Landslides
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Stability problem

Overview investigation – Geotechnical inspection and rough estimate

Stage 1

High landslide risk

Evaluation

Satisfactory
stability

Unsatisfactory
Detailed investigation

Stage 2

High landslide risk

Satisfactory
stability

Evaluation

Unsatisfactory
Deepened investigation

Stage 3

High landslide risk

Evaluation

Satisfactory
stability

Unsatisfactory
Complementary investigation

Stage 4

Unsatisfactory
High landslide risk

Evaluation

Satisfactory
stability

Unsatisfactory

Stage 5

Figure 3.1

Restrictions, Investigation, Stabilising measures,
Evacuation

Restrictions, Supervision,
Stabilising measures,

No measures, Eventual
restrictions

The investigation work regarding the stability conditions. Principle stated by the
Swedish Guidelines for stability investigations [1995]
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4. The test site
4.1 THE GÖTA ÄLV RIVER VALLEY
4.1.1 Overview of the geographical conditions
The Göta Älv River is the largest river in Scandinavia draining the “inland sea” Lake
Vänern. The river estuary is situated in Gothenburg. The river is a vital fairway; oceangoing merchant vessels sail the river to the lake Vänern, where a number of ports are
situated. In the towns Lilla Edet and Trollhättan, huge locks are constructed to lift the
ships for passing the waterfalls. In these sites, there are also water power stations.
In addition, the Göta Älv River Valley is an important transport route on land. The main
road and a double-tracked railroad between Gothenburg and Trollhättan follow the eastern riverside, partly close to the riverbanks.
The valley is densely populated. Gothenburg suburbs, and further north, a number towns
and villages are situated on both sides of the river.
4.2 OVERVIEW OF THE GEOLOGICAL AND GEOTECHNICAL CONDITIONS
In Appendix A, a brief description can be found on the regional late glacial and postglacial development and its importance for the overview geotechnical conditions.
4.3 EARLIER PERFORMED LANDSLIDE RISK ANALYSIS
In line with the municipal overview physical planning in 1990, the insufficient state of the
infrastructure in the surroundings of Gothenburg was brought to the fore. Consequently,
a highway and a double-tracked railway are planned to be built along the Göta Älv River
Valley. Also new urbanisation is planned along the valley. As a basis for the needed long
term planning and projecting, detailed knowledge about the river bank slope stability
conditions is needed.
On commission by the County Administrative Board of Älvsborg, the Swedish Geotechnical Institute (SGI) has performed analysis of the landslide risks in the north-eastern part
of the Göta Älv River Valley within the area of the Lilla Edet Municipality, Schälin et al.
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[1997]. In this project, an analysis was carried out of the risk levels depending to different
alternative land use in comparison to the risk level the society can accept. When estimating the landslide risk, both the probability and the consequences of a landslide are considered and evaluated simultaneously. As a basis for this work, overview stability calculation was performed in 15 sections scattered over the investigation area.
4.4 THE CHOSEN TEST SITE
For the LESSLOSS-project, one of the investigated sections, called “Section 5”, in the
Landslide Risk Analysis project described above was chosen as a test site, see Figure 4.2
and 5.2. In this section overview stability calculation had been performed in the project
described above, Schälin et al. [1997].
The major part of the local area around the Section 5 comprises an earlier part of an industrial plant (the SCA Lilla Edet Paper Mill, Europe's leading supplier of tissue products
as toilet paper, kitchen rolls, household towels and handkerchiefs). The area close to the
river, however, consists of undeveloped natural land.
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Figure 4.2

Section 5 is situated on a bank to the Göta Älv River in the northern part of an industrial area, earlier a part of the SCA Lilla Edet Paper Mill. The equidistant contour lines on land are achieved from the digital terrain model, and the river bottom contour lines area achieved from the multi-beam sounding. Equidistancies
1 m. The digital photo image (in the reality in colour) was registered simultaneously as the LESSLOSS Laser scanning was performed. (Direction North to the
left.)
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At the river shoreline, the thickness of the clay layers is around 15 metres, and at the crest
of the slope, the thickness of the clay is 25 metres, Schälin et al. [1997]. Around 200 m
north of the Section 5 there is a gully stretching eastward from the river, see Figure 5.2.
Principally, quick clay has been found in the gully, however, it is not estimated to have a
continuos extent. In order to improve the stability by unloading, an excavation has earlier
been performed in the area between the factory buildings and the river. As a counterweight, also a minor filling was laid out in the bottom of the gully, neighbouring north of
Section 5.
The slope is relatively steep between the factory buildings and the river shoreline, and this
steep inclination continues on the river bottom outside the shoreline.
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5. The geometry of Section 5
5.1 TRADITIONAL MEASUREMENTS OF THE GEOMETRY
The earlier performed stability investigation, Schälin et al. [1997], is classified as an overview investigation in line with the demands of the Swedish Guidelines for Stability Investigations [1995]. Hence, due to limited economical project frames, the achievement of the
geometry along the chosen Section 5 was chosen to be performed coarsely on land.
However, the accuracy of the manual plumbing of the river bottom profile did in fact fulfil the demands for a detailed stability investigation.
5.1.1 The slope geometry on land
On land, Schälin et al. [1997] based the slope geometry along the section on the elevation
contour lines on a local topographical map (scale 1:2000). When the map was constructed, the elevation contour lines were constructed by performing photogrammetric
stereo measurements on air photos. The equidistance between the contour lines on the
map was 2 m.
To achieve geometrical information good enough to fulfil the demands to perform a detailed stability investigation, at least levelling is demanded. Therefore, within the
LESSLOSS project, the old stability investigation is completed with performing a levelling of the Section 5 on land. The levelling was performed on consultant basis by Metria
AB.
5.1.2 The geometry of the river bottom
The plumbing of the river bottom was performed manually from a boat on consultant
basis by Gatubolaget AB.
Following the direction of the actual section, the boat was reversed away from the shoreline outwards in the river. The direction of the section was followed by visual aiming towards two stakes on land.

24
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The shoreline was defined according to the so-called lowest low water1, which equals 0.25
metres under the sea level2 at Section 5. The depth to the river bottom from the prevailing water level was measured in 27 points. The mutual horizontal distance between two
points varied, in Section 5 typically between 5 and 10 metres. At each point where the water depth was sounded, the distance from the shoreline was measured by using a measuring-wire, with its end fixed to the shore. The prevailing water level was provided by the
Swedish Maritime Administration.
5.2 THE TOPOGRAPHY OF SECTION 5 ACHIEVED BY USING THE LIDARSCANNING AND MULTI BEAM SOUNDING DATA BASE
The chosen Section 5 represents a slope on the eastern bank of the Göta Älv River,
which is both covered by a LASER-scanned area in Lilla Edet town, as well as a multibeam sounded part of the Göta Älv River.
5.2.1 Topography on land
On land, LASER-scanning was performed in the LESSLOSS sub-project 1.1.1.1, Deliverable No. 7, Fallsvik [2006]. The topography in the surroundings of the Göta Älv River
through the Lilla Edet Town was Laser scanned by the TopEye airborne topographic
survey system. The laser equipment was mounted on a helicopter, which scanned the area
from 150 m altitude, the helicopter routes, see Figure 5.1. The LIDAR-system delivers 510 measurements per square meter, and the accuracy in z-direction is ±10 cm.

The term “the lowest low water level” is based on hydrological records following the actual river
water discharge. In Sweden, five different so-called characteristic water levels are used – the highest high water level, the high water level, the mean water level, the low water level and the lowest
low water level. In the purpose to be on the safe side when performing stability calculations, in
which the water is estimated to act as a counterweight stabilising a slope against sliding, the lowest
low water level should be used, Swedish Guidelines for Stability Investigations (1995).

1

2 The lowest low water level could be found 0.25 m under the sea level at the site at Lilla Edet because there are no water falls downstream in the river. Infrequently, this surprisingly low water
level can occur in occasions with a very low water level in the sea combined with a very low water
discharge in the river, despite the site is located as far as around 60 km from the river estuary.

Sub-Project 1.1.1.1 – LIDAR data for slope stability analyses
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Lilla Edet Town. The lines indicate the pattern of the helicopter routes for performing the TopEye Laser scanning, covering 8 km2, Fallsvik [2006].
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5.2.2 Bottom topography of the Göta Älv River
The laser scanning provides detailed information on the topography on land. However, in
the task to analyse the slope stability conditions, detailed information on the bottom topography in the river is also necessary.
For creating a detailed terrain model of the bottom topography of selected sections of the
Göta Älv River, bathymetric measurements earlier had been performed by Marin Mätteknik AB [2004] by using “Multi-beam Echo Sounding”, Fallsvik [2006]. These measurements were commissioned by the SGI and financed by the Swedish Road Administration,
Banverket (the Swedish National Railway Administration) and the municipalities Lilla
Edet and Ale.
These multi-beam soundings involve the river bottom topography through Lilla Edet
town.
The method, multi-beam echo sounding, can only be performed where the water depth
exceeds 1 m under the keel of the measuring vessel. Therefore, the river bottom topography could not be measured within a narrow shallow zone close to the shores. The lack of
data within these narrow zones along the shores was overcome, by assuming the river
bottom inclination as a tilted straight line in the gap between the shoreline and the closest
measured points on the river bottom.
5.2.3 Combination of the Laser scanning and the multi-beam echo sounding
The data from the Laser scanning and the multi-beam echo sounding was combined in a
Digital Terrain Model (DTM). As an example, a printout from the Lilla Edet DTM is
presented in Figure 5.2, (oblique view), Fallsvik [2006].
5.2.4 Generating section topography from LIDAR data
The topography of Section 5 was carried out by using ESRI ArcMap, Version 9.1. In addition, the topography of ten sections parallel to Section 5 was created in the same way.
The mutual distance between these ten sections is 10 m. Five parallel sections were drawn
on each side of Section 5. These parallel sections are called respectively “Section N10N50” on the northern side of Section 5, and “S10-S50” on the southern side, see Figure
The subsequent steps are followed when generating section topography:
1. By using ESRI ArcMap, a Raster Based Digital Elevation Modell (Raster-DEM) is
created based on the topographical database achieved by the Laser scanning and

Sub-Project 1.1.1.1 – LIDAR data for slope stability analyses

27

multi beam soundings (the measured points). The Raster-DEM is then used as the
starting point for the generation of the section topography.
2. The section is draped over the Raster-DEM, by using the function ”Convert features
to 3D” in the ESRI ArcMap extension 3D Analyst. This function assigns the elevation (height) values from the Raster-DEM to the section, and the result will be a
poly-line stored as an ESRI shape-file containing z-values.
3. The section is transformed to a row of points with one metre mutual distance. This
row of point data is exported to an Excel file, which facilitates further work in other
data-programmes. The data that are exported to Excel contains the attribute data of
the points. (To get the geometry data from the ESRI shape-file into the attribute table the function “Add XY Coordinates” in the ArcMap Toolbox is used. This procedure adds x-, y- and z- fields in the attribute table.)
4. The Excel file is exported to the in-data sequence of the slope stability calculation
programme Slope/Windows, Version GeoStudio [2004].
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Old landslide

Göta Älv River
Gully
Section 5

Figure 5.2

Printout from the Lilla Edet digital terrain model, Fallsvik [2006]. Approximate
position of the Section 5. Oblique view, direction from south.
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6. Inventory of human activities and other information on the
terrain
An inventory was performed of different types of human activities in the section as fillings, roads and railroads, buildings and other information on the terrain, which can effect
the stability conditions.
6.1 SURFACE LOAD
As a control, in two selected calculations, the surface load from the area compiling industrial buildings and constructions was estimated to 10 kPa.
6.2 EARLIER PERFORMED UNLOADING
In geotechnical investigations carried out during the sixties the stability conditions were
found to be unsatisfactory. On the purpose to stabilise the slope, an unloading by excavation of the crest of the slope was carried out in the area around Section 5. The exact geometry (width and depth) of the excavation was not documented, and its extension is
therefore not known today. However, the margin against slope failure is most probably
higher. Most probably, the soil layers in the slope must be less stressed than before, assumed that no other modifications have occurred in the slope, which could have a negative influence on the stability conditions. Examples on possible negative impact on the
stability conditions are:
−

Eventual leakage of chemical compounds from the nearby industry

−

Loads from industrial supplies and new buildings and constructions

−

Raising of pore pressures

−

Erosion in the shore line

−

Dredging on the river bottom, etc.
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7. Geotechnical field and laboratory tests
7.1 TESTS PERFORMED IN EARLIER GEOTECHNICAL INVESTIGATIONS
Schälin et al. [1997] performed an inventory of earlier geotechnical investigations performed in the area to collect information on:
•

soil classification

•

the total depth of clay layers (the depth to the firm bottom)

•

the thickness of the dry crust of the clay (estimation based on earlier experience gathered locally)

•

eventual inter-bedded layers of more coarse soils in the clay layers

•

the soil properties as shear strength (achieved by field vane tests and fall-cone tests in
the laboratory), sensitivity, density, and liquid limit

7.2 COMPLEMENTARY TESTS
The data from the earlier performed geotechnical investigations was completed by new
field and laboratory tests, Schälin et al. [1997], in Section 5 comprising cone penetration
testing (CPT), field vane tests and piston sampling.
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8. Analysis of the input data
8.1 DATA ON LABORATORY RESULTS
The disturbed soil samples from the auger sampler and the undisturbed soil samples from
the piston sampler were analysed by the SGI laboratory, Appendix B. The laboratory
analysis included soil classification and determination of the bulk density, the water ratio,
the water limit and the shear strength. The latter two were determined by the fall-cone
test.
8.2 THE DRY CRUST
The thickness of the dry crust of the top clay layer was estimated to 1 m. The dry crust
was also estimated to contain water filled cracks.
8.3 THE LAYERS OF SOFT CLAY
8.3.1 Undrained shear strength
In Appendix B, the estimated distribution of the undrained shear strength, τfu, based on
the results from the field vane tests as well as the fall-cone tests in the laboratory, is plotted in two diagrams, which are representing the shear strength distribution in two areas,
the areas close and remote to the river respectively. The results from the CPT was used as
complementary information when judging the distribution of the undrained shear
strength tendency towards the depth. However, the CPT-results were not used for judging absolute values of the undrained shear strength.
Based on the values of the liquid limit, the undrained shear strength values, achieved by
the field vane test or the fall cone test, were first corrected according to Swedish practice
and experience, SIS [1991] and SGI [1984]:

cu = μ ⋅ c v ,c
μ =(

0 . 43 0 . 45
)
wL

(7.1)
1.2 ≥ μ ≥ 0.5

(7.2)

LESSLOSS – Risk Mitigation for Earthquakes and Landslides

32

where:
cu = corrected undrained shear strength

[kPa]

μ = the correction value
cv,c = the uncorrected undrained shear strength measured by the field vane test or
the fall cone test
[kPa]
wL = liquid limit3
In the area close to the river, the undrained shear strength was estimated to be described
by:

cu ( z ) = 23 + z

z>1m

(7.3)

where:
cu = undrained shear strength [kPa]
z = depth under the ground surface [m]
However, in the area on further distance from the river, the undrained shear strength is
estimated to be described by:

cu ( z ) = 27

1m<z<8m

(7.4a)

cu ( z ) = 23 + 2.1 ⋅ z

z>8m

(7.4b)

8.3.2 Drained parameters
For the clay layers, the drained parameters φ´ and c´, empirical values for overconsolidated clays were chosen according to SGI [1984] and Swedish Guidelines for Stability Investigations [1995]. In Section 5, the angle of friction was estimated to φ´ = 30 kPa and
the effective cohesion was estimated to c´ = 0.1·cu in all clay layers.

3

wL is expressed like a decimal number in Equation (7.2)
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8.4 SURFACE WATER AND GROUNDWATER CONDITIONS
The pore pressures was estimated to increase hydrostatically from a ground water level
situated under the dry crust. The surface water and groundwater conditions estimation
was based on the characteristic water levels in the Göta Älv River, and on pore pressure
measurements performed in the soil layers.
The estimation on the pore pressure conditions performed by Schälin et al [1995] was
carried out to be on the safe side, e.g. matching an estimated ground water surface positioned directly under the dry crust of the clay. Only the geometry of the estimated ground
water level is available today. The results of the performed pore pressure measurements,
which were the basis for the estimation, are not available.
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9. Stability calculations
9.1 CHOSEN ANALYSIS METHOD
The stability calculations were performed by the computer programme Slope/Windows,
Version GeoStudio [2004]. The programme calculates all circular sliding surfaces satisfying a selected grid of centre points and a number of selected radius tangent lines placed in
the soil layers. The rigorous stability calculation theory according to Morgenstern/Price
was chosen to be followed; a theory commonly used in Sweden for slopes bordering to
shores. (A comparison between different slope stability theories is reported in Johansson
and Axelsson [1992].)
9.2 STRENGTH MODELS
Where the calculated sliding surfaces pass through cohesional soil layers, both undrained
analysis and combined analysis were performed in all slices:
−

In the undrained analysis, the shear strength is estimated to be equal to the value of
the undrained shear strength only:

s = cu
−

(8.1)

In the combined analysis, in each slice the shear strength is estimated to the lowest
value of the drained and the undrained shear strength respectively:

s = min[c´+σ ´tan(ϕ´);cu ]

(8.2)

Where the sliding surface passes through frictional (non cohesional) soil layers – in both
the analysis methods, the shear strength is estimated to be equal to the value of the
drained shear strength:

s = σ ´tan(ϕ´)

where:

(8.3)
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s = shear strength

[kPa]

φ´ = effective angle of internal friction

[º]

cu = undrained shear strength

[kPa]

c´ = effective cohesion

[kPa]

σ´ = (σn –u) = effective normal stress

[kPa]

σn = total normal stress

[kPa]

u = pore-water pressure

[kPa]
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9.3 GEOMETRY OF THE SECTION
The position of the Section 5 is illustrated by Figure 4.2.
The stability calculations were based on three different sets geometry, which was archived
along the Section 5 by respectively:
1. Measuring on elevation lines on a detailed topographical map
2. Levelling
3. LIDAR scanning
As a comparison, the three sets of geometry are drawn in the diagram in Figure 9.1.
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Figure 9.1

Comparison between the three available information sets on the geometry along
the Section 5, achieved by measuring on elevation lines on a detailed topographical map, levelling, and LIDAR scanning respectively. Distorted scales.

9.3.1 Geometry achieved by the elevation contour lines and water depth plumbing
The original overview stability calculation, carried out by Schälin et al [1995], was based
on measurements on the elevation contour lines on land and plumbing of the river bottom from a boat. This lower level of precision was good enough to fulfil the demands for
the overview stability investigation.
9.3.2 Geometry achieved by levelling (and water depth plumbing)
The sub task objective is to compare the effect of raised geometry precision when carrying out detailed stability calculations. To simulate the level of detail, normally followed in
detailed stability conditions in Sweden, the geometry on land was levelled in the
LESSLOSS project. However, the precision of the geometry measurements by plumbing
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of the river bottom from a boat, already performed in the overview investigation, was estimated to still be good enough also for a detailed investigation.
9.3.3 Geometry achieved by LIDAR measurements and multi beam sounding
Compared to normal levelling the precision of the ground surface and river bottom geometry is much higher when using LIDAR measurements on land combined with multi
beam sounding on the river bottom.
9.4 RESULTS OF THE STABILITY CALCULATIONS
In the present task (LESSLOSS deliverable report No. 8) slope stability calculations have
been carried out according to “Overview investigation – Geotechnical inspection and
rough estimate” (Stage 1) and to “Detailed investigation” (Stage 2). The results from the
stability calculations are presented as sections in Appendix E.
9.4.1 Overview investigation – Geotechnical inspection and rough estimate
Overview stability calculation (Stage 1) was performed along Section 5 based on geometrical information achieved on land by measurements on the elevation contour lines of a
detailed topographical map (equidistance 2 m). The river bottom topography was
achieved by manual plumbing from a boat. The results of the performed overview slope
stability calculations based on topography achieved by measuring on the elevation contour lines on a local topographical map on land and manual plumbing of the river bottom
is presented in Table 9.1 and belonging figures in Appendix E.
Table 9.1

Results of the performed overview slope stability calculations based on topography achieved by measuring on the elevation contour lines on a local topographical map on land and manual plumbing of the river bottom. (The second decimal
of the F-values is not significant but is shown here to facilitate a comparison between performed the calculations.)

Section

Undrained analysis

Combined analysis

Appendix E

Fc

Fcomb

Section 5

1.08

1.03

Figure No.
E.1-2

9.4.2 Detailed slope stability investigations
(a) Detailed slope stability investigations based on levelling. On the purpose to
emulate the normal level of precision in a detailed stability calculation (Stage 2), levelling
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was performed along Section 5. The river bottom topography was achieved by manual
plumbing from a boat. The results of the performed detailed slope stability calculations
based on topography achieved by levelling on land and manual plumbing of the river bottom are presented in Table 9.2 and belonging figures in Appendix E.
Table 9.2

Results of the performed detailed slope stability calculations based on topography achieved by levelling on land and manual plumbing of the river bottom.
(The second decimal of the F-values is not significant but is shown here to facilitate a comparison between performed the calculations.)

Section

Undrained analysis

Combined analysis

Appendix E

Section 5

Fc
1.05

Fcomb
1.00

Figure No.
E. 3-4

(b) Detailed slope stability investigations based on Laser scanned information.
Perpendicular to a calculated section, the stability conditions differ along a slope developed by erosion in marine clay layers predominantly depending on the topography. The
soil layer conditions however do not differ to the same degree. To demonstrate how the
stability conditions differ along the same slope, ten sections were drawn parallel to Section 5. The position of Section 5 and the selected ten parallel sections are illustrated by
Figure 9.2.
The Laser scanned and multi-beam sounded topographical database facilitated the
achievement of the geometry of these parallel sections. In comparison, ordinary levelling
and manual plumbing of these ten extra sections had been far too expensive to carry out
in a typical ordinary stability investigation.
In detailed stability investigations, on the ground surface also external loads of different
nature are estimated. For industrial areas an external load corresponding to 10 kPa is
commonly used. Therefore, stability calculations involving a 10 kPa external load also was
performed.
The results of the performed detailed slope stability calculations based on Laser scanned
and multi beam sounded information are presented in Table 9.3 and in Appendix E, Figures E.7-E29. Figure 9.3 shows how the lowest calculated factor of stability (F) varies between Section 5 and the ten parallel sections, for undrained and combined analysis respectively. By “lowest” indicates that the F-factor is achieved from the sliding surface
along the section calculated to have the lowest F. The end- and centre-points of the sliding surfaces with the lowest calculated F-factor (combined analysis) are indicated for each
section in Figure 9.4.
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The position of the 10 extra sections, parallel to Section 5, where stability calculations also have been performed (5 sections on each side of Section 5). The horizontal distance between two adjacent sections is 10 m. (Direction North to the
left)
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Table 9.3

Results of the performed detailed slope stability calculations based on topography achieved by Laser scanning on land and multi-beam sounding on the river
bottom. (The second decimal of the F-values is not significant but is shown here
to facilitate a comparison between performed the calculations.)

Section

Undrained analysis

Combined analysis

Appendix E

No external loads on
the ground surface

Fc

Fcomb

Figure No.

N50

1.03

0.99

E.9-10

N40

1.01

0.95

E.11-12

N30

1.02

0.97

E.13-14

N20

1.07

1.02

E.15-16

N10

1.11

1.06

E.17-18

Section 5

1.12

1.07

E.5-6

S10

1.12

1.07

E.19-20

S20

1.14

1.08

E.21-22

S30

1.14

1.09

E.23-24

S40

1.15

1.10

E.25-26

S50

1.16

1.11

E.27-28

External load 10 kPa
on the ground surface
within the area of the
industrial plant

Undrained analysis

Combined analysis

Appendix E

Fc

Fcomb

Figure No.

Section 5

1.10

1.07

E.7-8
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1,20

1,15

Safety factor

1,10

1,05
Combined analysis
Undrained analysis
1,00

0,95

0,90
N50

N40

N30

N20

N10

Sektion 5

S10

S20

S30

S40

S50

Section

Figure 9.3

Variation of the lowest calculated factor of stability (F) between Section 5 and the
ten parallel sections north and south of Section 5. The calculations have been performed for both undrained and combined analysis. “Lowest calculated factor of
stability ” indicates that the F-factor is achieved from the sliding surface along
each section calculated to have the lowest F.
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Figure 9.4.

Position in each section of the end- and centre-points of the sliding surfaces with
the lowest calculated F-factor according to combined analysis.
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10. Discussion
The performed stability calculations in this LESSLOSS sub-task, based on Laser scanning
and multi-beam sounding, provide a higher level of geometry accuracy, and hence an increased level of information on the stability conditions. The estimation of the stability
conditions will stand on a better ground. Therefore, according to the Swedish Guidelines
for stability investigations [1995], the performed improved topographical information the
stability investigations could be assign to fulfil the demands for a “deepened investigation”, hence the required safety factor, F, will be somewhat lower, Appendix B, Table
B.1. However, also other investigations besides topographical measurements have to be
improved to fulfil the demands for a “deepened investigation”, e.g. complementary geotechnical field and laboratory investigations.
According to the Guidelines, there are two types of land use along the test section, “Section 5”. There are “Nature areas” along the slope close to the river, while there are “present buildings and constructions” in the flat area behind the slope. The “most dangerous”
sliding surfaces will only reach the “nature areas”. The calculations improved by the increased information on the geometry indicate that the stability conditions in this part of
the slope good enough. However, along Section 5, there are sliding surfaces, despite their
higher calculated safety factor, which are reaching the industrial area, which do not have
safety factors high enough as required. Because, according to the Guidelines, the required
safety factor is much higher for areas with “present buildings and constructions” compared to “natural areas”, see Appendix B, Table B.1 and Appendix E, Figure E.7 and E.8.
However generally, if a stability investigation, which has resulted in a safety factor just below the required, can be improved from a “Detailed” to a “Deepened” investigation (see
Appendix B, Table B.1). The lowering of the required calculated safety factor, F, from for
example 1,35 to 1,30, can make the fulfilling of the requirements possible.
Further, the stability calculations performed along the ten parallel sections, demonstrates
an increased possibility to finding the most strained part of a slope in perpendicular direction, indicating where eventual preventive measures are needed, Figure 9.1. This provides
“three-dimensional information” on the stability conditions along the banks of a river.
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The increased knowledge on the geometry also provides a better tool when designing the
preventive measures.
The cost of laser scanning is rather high, but the benefits are also high; they can be used
for other categories of planning than landslide mapping.
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APPENDIX A. BRIEF DESCRIPTION ON THE
REGIONAL GEOLOGICAL DEVELOPMENT AND ITS
IMPORTANCE FOR THE OVERVIEW
GEOTECHNICAL CONDITIONS
During the last Ice-Age (Weichel, 110,000 – 10,000 BP), entire Scandinavia was glaciated,
Geology [1994]. Following the law of equilibrium, the heavy load of the 2-4 km thick
land-ice pressed down the Scandinavian bedrock iso-statically into the profound plastic
mantle of the Earth. Of the same reason the areas around the Scandinavian ice sheet were
uplifted, for example today’s the Netherlands, parts of Germany, the North Sea basin and
the Barents Sea area, Figure A.1.
1) During the Ice Age

Load from the 2-4 km thick
Scandinavian Ice Sheet
S

N

B

Earth’s crust

Earth’s
mantle

Mantle material flow
2) After the Ice Age

The ice and the load has vanished

S
B

N

Earth’s
mantle
N = the Netherlands, S = Sweden, B = Barents Sea
Figure A.1

Earth’s crust
Mantle material flow

The iso-static processes during and after the Ice Age.
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During the maximum of the glaciation, the Göta Älv River area is estimated to have been
pressed down around 150 metres, Geology [1994]. After the Ice Age, when the heavy
load had vanished, the process was reversed and Scandinavia was slowly uplifted isostatically – a process that still is in progress, however, with a declining intensity.
The uplift was slow. During thousands of years after the de-glaciation, many areas, which
are to be found as dry land today, were covered by the sea, and, among other soils, clay
was layered as sediments on the sea bottom. Today, former marine clay layers can be
found on land in the Göta Älv River Valley, like in many other parts of Scandinavia. The
process how the land surface successively was uplifted over the sea level is illustrated by
the four maps in Figure A2, which show the situation in the southern part of Lake
Vänern, the Göta Älv River Valley and the Gothenburg local coastal area 10,500 BC,
9000 BC, 8500 BC and 5500 BC respectively. The speed of the uplift has successively decreased.
When uplifted over the sea level, due to fresh ground water flow through the marine clay
layers, the salt content has been leaked out from the clay, hence creating layers of quick
clay. When disturbed, quick clay can loose most of its shear strength.
The Göta Älv River and its tributary watercourses have eroded slopes in the clay layers.
In many cases, these slopes in the marine clays are prone to sliding. The Göta Älv River
Valley has the highest frequency of landslides in Sweden, Viberg and Inganäs [1979]. By
air-photo interpretation, scars from hundreds of pre-historical and historical landslides
can be studied along the Göta Älv River Valley. Some historical landslides in the valley,
causing loss of human life, are the landslides at Jordfallet around 1150, Intagan in 1648,
Surte in 1950, Göta in 1957 and Tuve in 1977.

Figure A.2

10,500 BC

9000 BC

8500 BC

5500 BC

The land up-lift process, in the Göta Älv Valley Area and its vicinity, SGU [2006].
The land surface has successively been uplifted over the sea level. Situation in the
southern part of Lake Vänern, the Göta Älv River Valley and the Gothenburg local coastal area 10,500 BC, 9000 BC, 8500 BC and 5500 BC respectively.
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APPENDIX B. DEFINITIONS IN LINE WITH THE SWEDISH GUIDELINES
In the Swedish Guidelines for stability investigations [1995], the following definitions
concerning the stability conditions are used, see also Figure B.1:
−

Satisfactory
stability

−

Unsatisfactory The slope is not stable according to the performed stability calculastability
tion, i.e. the Factor of stability (F) is lower than the correspondent
required values given in Table 3.1. More geotechnical and/or topographical data and further stability investigation may be required.

−

High landslide A performed stability investigation, (or in Stage 1: The geotechnical
risk
inspection) indicates that the stability conditions are poor, leading to
the estimation that a landslide is imminent.

The slope is stable according to the performed stability calculation,
i.e. the Factor of stability (F) exceeds the required values given in
Table 3.1. (Or in Stage 1: The geotechnical inspection and rough estimate is enough to clearly estimate that there are no stability problems in the slope)

Also according to these Guidelines, the required calculated safety factor (F) varies with
the performed investigation stage, e.g. the extent and hence precision of the stability investigation as well as the grade of the consequences of an eventual landslide.
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Table B.1

Required calculated safety factor (F) in different investigation stages depending
on type of land use and performed slope stability analysis method Swedish Guidelines for Stability Investigations [1995]

Investigation stage

Overview
investigation: Geotechnical
inspection
and rough
estimate
Detailed
investigation

Deepened
investigation (and
complementary investigation)

Intended or present type of land use
New exploitation

Present buildings and
constructions

Other areas

Nature areas (If the
surrounding areas are
not affected)

Insufficient4

Fc > 2 +

Fc > 2 +

Fc , Fcomb, and Fcφ > 1

Fcφ > 2

Fcφ > 2

Fc ≥ 1,7 - 1,5 +
Fcomb ≥ 1,45 - 1,35

Fc ≥ 1,7 - 1,5 +
Fcomb ≥ 1,45 - 1,35

Fc ≥ 1,6 - 1,4 +
Fcomb ≥ 1,4 - 1,3

Fφ ≥ 1,3 (sand)

Fφ ≥ 1,3 (sand)

Fφ ≥ 1,3 (sand)

Fc ≥ 1,5 - 1,4 +
Fcomb ≥ 1,35 - 1,30

Fc ≥ 1,4 - 1,3 +
Fcomb ≥ 1,30 - 1,20

Fc ≥ 1,3 - 1,2 +
Fcomb ≥ 1,2 - 1,15

Fφ ≥ 1,3 (sand)

Fφ ≥ 1,3 – 1,2 (sand) Fφ ≥ 1,2 – 1,15 (sand)
5

6

At least a detailed investigation must be carried out for new exploitation
If restrictions are imposed for the area
6 The lower F-values refer to constructions of less importance
4
5

Fc , Fcomb, and Fcφ > 1

Fc , Fcomb, and Fcφ > 1
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APPENDIX C. LABORATORY INVESTIGATIONS

LABORATORY INVESTIGATIONS
Analysis of the slope stability risks in the north-eastern Göta

Table

Älv River Valley

Dnr

5
5-9411-555

Sampling date

Sampler

Laboratory investigation
Date
Performed by

Date

12/8 1995

Auger / Piston

2-10/8 1995

Techn. leader

Section/
Bore hole/
Depth m

Classification according to 1981 system*

ML

I-MK

11/8 1995
Inga-Maj Kaller

4)
3)
4)
2)
1)
ShearClassification
Water Liquid SenBulk
strength (Remarks)
limit
siticondenvity
tent
sity
w
wL
ρ
τ
st
%
kPa
%
t/m3

Sect.5 Hole 2
1

1,4

Fill: Braun-grey, somewhat silty , gravelly sand with
remains of asphalt

5,2

Grey, silty clay with sand and silt contents

22

F: (si) gr Sa

33

si Cl

2

Grey, fine-sandy, clayey silt

25

25

3

Contact: Grey, gyttja-bearing silt with plant remains /
Grey, gyttja-bearing, clayey silt with plant remains

1,75

41

38

27

21

C: gy Si pl / gy cl Si pl

4

Grey, gyttja-bearing, silty clay containing plant
remains

1,68

55

51

31

27

gy si Cl pl

5

Grey, gyttja-bearing, silty clay

1,69

51

47

(38)

(28)1

gy si Cl

1) Large variation

6

Grey, gjyttja-bearing, silty clay

1,69

54

46

50

28

gy si Cl

Organic content 2,0%

7

Grey clay with plant remains

1,68

54

44

60

27

Cl pl

8

Grey clay

1,68

55

48

49

27

Cl

9

Grey clay

1,68

57

48

57

27

Cl

10

Grey clay

1,65

60

52

61

27

Cl

12

Grey clay

1,60

69

55

118

28

Cl

14

Grey clay, sulphide spotted

1,61

68

59

64

34

Cl

61

68

44

16

Grey clay, faintly sulphide spotted

1,62

67

19

Gray, layered clay and silty sand

1,80

61

saf cl Si

* The classification is based on visual judgement. Considerations have been taken to index properties.
1) Former Swedish code SS 027114
2) Former Swedish code SS 027116
3) Former Swedish code SS 027120
4) SS 027125 The shear strength has been determined with the Swedish fall-cone method.

Cl
Cl siSa
R1 C 2006-03-16
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APPENDIX D. ANALYSIS OF SHEAR STRENGTH DATA
The analysis of the shear strength conditions in the soil layers of clay is shown in the following two diagrams, which are representing the area close to the river and the area on
further distance from the river respectively.
In the diagrams, the shear strength is plotted towards the depth representing the different
investigated bore-holes (the thin lines). In addition, the estimated weighted shear strength
is drawn (the thick line).
The shear strength values, which were achieved by field vane tests and fall-cone tests performed on samples from a piston sampler, was first corrected in respect to the liquid
limit, according to Swedish practice and experience, see pos. 8.3.1 (SIS [1991] and SGI
[1984]).
When evaluating the weighted shear strength, also the results of the performed CPT tests
were considered, but only in the respect of the shear strength growth tendency towards
the depth, e.g. the inclination of the line, not in respect absolute value of the shear
strength.
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The area close to the river
Shear strength, corrected [kPa]

Investigated bore-holes

Estimated distribution of the shear strength

Depth [m]

Sub-Project 1.1.1.1 – LIDAR data for slope stability analyses

59

The area on further distance from the river
Shear strength, corrected [kPa]

Investigated bore-holes

Estimated distribution of the shear strength

Depth
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Sub-Project 1.1.1.1 – LIDAR data for slope stability analyses
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APPENDIX E. SECTIONS OF THE PERFORMED
STABILITY CALCULATIONS

(Only the first decimal of the F-values is significant. The second and the third decimal of the Fvalues are shown in the sections only to facilitate a comparison between performed the calculations.)

62

LESSLOSS – Risk Mitigation for Earthquakes and Landslides

Figure E.1

Section 5. Undrained analysis. The topography achieved by measurements
on the elevation contour lines on a
map on land and by manual plumbing
on the river bottom.
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Figure E.2

Section 5. Combined analysis. The topography achieved by measurements
on the elevation contour lines on a
map on land and by manual plumbing
on the river bottom.
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Figure E.3

Section 5. Undrained analysis.
The topography achieved by levelling on land and by manual
plumbing on the river bottom.
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Figure E.4

Section 5. Combined analysis. The topography achieved by levelling on land and by
manual plumbing on the river bottom.
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Figure E.5

Section 5. Undrained analysis.
The topography achieved by
Laser scanning on land and by
multi beam echo sounding on
the river bottom.
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Figure E.6

Section 5. Combined analysis.
The topography achieved by
Laser scanning on land and by
multi beam echo sounding on
the river bottom.
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Figure E.7
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Section 5. External load 10 kPa
within the industrial area.
Undrained analysis. The topography achieved by Laser scanning on
land and by multi beam echo
sounding on the river bottom.
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Figure E.8

Section 5. External load 10 kPa within
the industrial area. Combined analysis.
The topography achieved by Laser scanning on land and by multi beam echo
sounding on the river bottom.
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Figure E.9

Section N50. Undrained analysis. The
topography achieved by Laser scanning on land and by multi beam echo
sounding on the river bottom.
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Figure E.10

Section N50. Combined analysis. The topography achieved by Laser scanning on
land and by multi beam echo sounding on
the river bottom.
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Figure E.11

Section N40. Undrained analysis.
The topography achieved by Laser
scanning on land and by multi
beam echo sounding on the river
bottom.
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Figure E.12

Section N40. Combined analysis. The
topography achieved by Laser scanning on land and by multi beam echo
sounding on the river bottom.

73

74

Figure E.13
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Section N30. Undrained analysis.
The topography achieved by Laser
scanning on land and by multi
beam echo sounding on the river
bottom.
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Figure E.14

Section N30. Combined analysis. The topography achieved by Laser scanning on land and by
multi beam echo sounding on the river bottom.
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Figure E.15
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Section N20. Undrained analysis. The
topography achieved by Laser scanning on land and by multi beam echo
sounding on the river bottom.
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Figure E.16

Section N20. Combined analysis. The topography achieved by Laser scanning on
land and by multi beam echo sounding on
the river bottom.
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Figure E.17

Section N10. Undrained analysis. The
topography achieved by Laser scanning on land and by multi beam echo
sounding on the river bottom.
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Figure E.18

Section N10. Combined analysis. The topography achieved by Laser scanning on land and
by multi beam echo sounding on the river bottom.
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Figure E.19

Section S10. Undrained analysis. The
topography achieved by Laser scanning
on land and by multi beam echo sounding on the river bottom.
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Figure E.20

Section S10. Combined analysis. The topography achieved by Laser scanning on
land and by multi beam echo sounding
on the river bottom.
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Figure E.21
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Section S20. Undrained analysis.
The topography achieved by Laser
scanning on land and by multi
beam echo sounding on the river
bottom.
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Figure E.22

Section S20. Combined analysis. The topography achieved by Laser scanning on land and by
multi beam echo sounding on the river bottom.
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Figure E.23

Section S30. Undrained analysis.
The topography achieved by Laser
scanning on land and by multi
beam echo sounding on the river
bottom.
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Figure E.24

Section S30. Combined analysis. The topography achieved by Laser scanning on land
and by multi beam echo sounding on the
river bottom.
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Figure E.25

Section S40. Undrained analysis.
The topography achieved by Laser scanning on land and by multi
beam echo sounding on the river
bottom.
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Figure E.26

Section S40. Combined analysis. The topography achieved by Laser scanning on land and by
multi beam echo sounding on the river bottom.
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Figure E.27
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Section S50. Undrained analysis. The
topography achieved by Laser scanning on land and by multi beam echo
sounding on the river bottom.
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Figure E.28

Section S50. Combined analysis. The topography achieved by Laser scanning on
land and by multi beam echo sounding on
the river bottom.
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