
 

 

 DEPARTMENT OF EARTH SCIENCES 

 

Change Analysis of the 
Stenungsund Landslide Using 
UAV and Airborne LiDAR Data  
 

 

 

 

 

    

 
 
 
 
 
 
 
 
 
Karl Shorter 
 
Supervisor: Heather Reese 
Assistant Supervisor: Christian Öhrling 
 
Degree project for Bachelor of Science with a major in Earth Sciences 
2024, 180 HEC 
First Cycle 



   

 

   

 

2 

Abstract 
Airborne LiDAR (Light Detection and Ranging) is an important tool to analyze landslides in 

remote sensing surveys and can produce high resolution DTM’s of the ground surface. By 

applying a multi temporal survey, it can provide information about the size, height difference 

and geomorphology of the landslide to better understand its kinematic and how the surface has 

changed. In southwestern Sweden, Quick clay landslides is common and can cause severe 

damage to society which means that it is important to investigate these types of events when 

they occur. The aim of this project is therefore to analyze and understand the movement of a 

recent major landslide, the Stenungsund landslide, by comparing UAV and airborne LiDAR 

data from before and after the landslide event. This is carried out by using different analyst 

tools in the GIS software QGIS that allows to create different models and maps of information 

regarding elevation difference, morphology and displacement. Fieldobservations were also 

conducted to support the remote sensing survey. The Results from the change analysis 

indicated that most of the material from the landslide has moved downhill from the upper part 

of the slope to the lower part and passed slope in a northwestern geographic direction. Through 

the interpretation of the morphology, two major flows may have caused the downhill 

movement due to the positioning of ridges and heaving zones. This resembles a translational 

progressive landslide.  The study was able to understand and interpret how the landslide has 

moved and the extent of it, thus, future surveys have great opportunities to use UAV and 

airborne LiDAR in similar landslide investigations.  
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1 Introduction  
Light detection and ranging (LiDAR) are today regarded as an important tool to monitor and 

investigate landslide regions. As many other remote sensing techniques, it can collect huge 

amounts of data in a short periods of time, thus being a more cost-effective alternative 

compared to conventional field investigations (Tseng et al., 2013). LiDAR provides high 

accuracy 3D-models of surfaces and can produce high resolution digital terrain models (DTM) 

with information of the elevation. By comparing DTM’s from multitemporal surveys it is 

possible to create DTM’s with elevation differences (DoD) for change analysis studies. From 

this information detection of morphological features and topographical surface-change is 

simplified  (Bossi et al., 2015b; Pellicani et al., 2019).  

  

Earlier LiDAR applications have used Terrestrial LiDAR due to its impressive millimetric 

resolution (Barbarella et al., 2014; Jaboyedoff et al., 2012). However, airborne LiDAR is 

capable of covering a larger geographic range and can easier collect data from areas difficult 

to reach, in particular landslides that are still active and at risk. Furthermore, airborne methods 

have improved in recent years due to the development of Unmanned Aerial Vehicles (UAV’s) 

and drones which are cheaper compared to manned aircrafts and can generate higher spatial 

resolution of data. UAVs have thus increased in popularity and are seen as an important tool in 

landslide investigations (Joon-Kyu et al., 2024; Zhuo et al., 2017). 

 

Example of studies that have used airborne LiDAR and UAV methods for analyzing landslides 

is Eker et al. (2017) that conducted an UAV-monitoring of a landslide. Pellicani et al. (2019) 

analyzed the kinematic evolution of a landslide by comparing UAV and airborne-derived 

DEM’s (digital elevation models). Liu et al. (2021) analyzed a reactivated landslide to 

understand the surface displacement and determine the type of landslide. All these studies have 

high resolution data (<1 m) However, most of these studies use UAV-photogrammetry and 

compare’s it with LiDAR from manned aircraft’s, which can lead to difficulties in obtaining 

accurate ground surface values in regions with vegetation. Thus, it would be of great interest 

to conduct a study with UAV LiDAR data for landslide investigations. 
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On the 23rd of September 2023 a massive landslide occurred during the night on the main 

highway E6 in the Municipality of Stenungsund, Southwestern Sweden. There were no 

fatalities and only a few minor injuries, however the highway and nearby buildings were 

damaged and are now closed off (SVT Nyheter, 2024). This has caused and will continuing to 

cause in major economic consequences, mostly due to extended times for vehicles to reach 

their destinations (Johansson, 2009). Figure 1 shows the landslides impact on the highway 

(Länsstyrelsen n.d.). 

 

Quick clays are common in southwestern part of Sweden and are found in marine sediments 

that have been raised above sea level due to deglaciation and isostatic uplift (Andersson-Sköld 

et al., 2005). When quick clays are disturbed by external stresses caused by anthropogenic or 

natural factors, the physical structure in the sediments can easily collapse which can cause 

liquefaction and major landslides. Due to this, quick clays have caused great damage with one 

example being the 1977 Tuve landslide and most recently the Småröds landslide further north 

up the E6 Highway (Hartlén, 1984; Johansson, 2009). Due to the regular occurrence of 

landslides in this part of Sweden, it is of great importance to investigate these types of hazards 

when they occur. 

 

 

Figure 1 An UAV-image showing how the landslides has dislocated the highway E6 from its 

original place (Länsstyrelsen, n.d). 
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1.1 Aim of Investigation 

The aim of this thesis is to investigate the Stenungsund landslide by analyzing high resolution 

airborne LiDAR data produced from before and after the landslide event. Evaluating how the 

surface has moved and changed between these datasets provide better understanding too how 

the landslide behaves and to what extent it has affected the study area. To complement the 

change analysis, field observations will be conducted to gain a greater understanding of the 

study area and to compare and see if the LiDAR data resembles real field conditions. The ability 

to interpret and understand the Stenungsund landslide based on LiDAR will hopefully provide 

better insight into how remote sensing techniques can be used for future investigations in this 

region. Additionally, in combination with field observations this will hopefully enable a more 

efficient and in-depth survey. The aim is to answer the following research questions: 

 

• Through the usage of LiDAR data, how has the surface in the study area spatially 

changed from before to after the landslide and how much of the landmass has moved? 

• What morphological features can be detected in the landslide? 

•  Can the Change analysis provide information about the kinematic evolution and what 

type of landslide the Stenungsund landslide is? 

 

1.2 Background 

1.2.1 Airborne LiDAR and DTM  

LiDAR is an active remote sensing technique that generate energy and sends out laser pulses 

from a sensor towards Earth’s surface to calculate the elevation of ground features (Campbell, 

2022). The pulses become backscattered by various objects (ground surface, vegetation, 

buildings etc.) to the receiving part of the sensor  (Jaboyedoff et al., 2012). The sensor can thus 

record and measure the time of flight or time interval (∆𝑡) described in Jaboyedoff et al. (2012), 

and compute the distance (d	) by the equation (EQ.1): 

 

 2 × 𝑑 = 𝑐 × ∆𝑡.																																																																									(EQ.1) 

 

To retrieve the positions of different objects, the line of sight (LOS) direction must be known 

that provides information about what objects on the ground that are visible to the sensor. 
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Secondly a GPS must be mounted on the airborne source to know the geographic location; and 

thirdly, an Inertial measurement units (IMUs) is required that has precise recording of the 

airbone platform’s orientation (pitch, role and yaw) (Campbell, 2022; Jaboyedoff et al., 2012; 

Lato et al., 2010). If these three are well integrated, position of the surface relative to the sensor 

can be determined (figure 2) (Campbell, 2022). The distance to known positioned objects 

enables highly accurate mapping of topography, bathymetry and objects on the Earth’s surface 

(e.g. vegetation). It is for this reason, LiDAR is regarded as a widespread application in earth 

science with increasing publications relying on it over the past two decades (Okyay et al., 

2019).  

 

The advantage of LiDAR compared to other techniques is the ability to penetrate trough 

intermediate-range objects by receiving multiple backscattered pulses from one emitted pulse, 

allowing LiDAR to create models of the bare surface. Other cheaper methods such as 

photogrammetry and structure from motion techniques can also create models of the bare 

surface, however, are only suitable in cases with sparse vegetation (Telbisz et al., 2016).  

 

 

Figure 2 A simplified illustration of LOS, IMU and a GPS device required to determine the 

position of various objects (Shih et al., 2008). 
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The LiDAR-derived data is normally composed of  three-dimensional coordinates of points 

known as a point cloud which can have accuracy up to sub decimeter (Mora et al., 2018). By 

filtering and extracting ground points from the point cloud through different mathematical 

algorithms and interpolation steps, high resolution DTM (digital terrain model) of bare surface 

can be produced to construct a 3d-model (Razak et al., 2013; Yunfei et al., 2008). This includes 

steps such as classification of point into ground points and non-ground points (e.g. buildings 

and trees) which should be carried out by carefulness since extracted points have a direct impact 

on the quality of DTM.  It should however be considered that there can be some difficulties 

when generating a DTM. Examples such as dense forest, high surface roughness, preservation 

of sharp ridges can deteriorate the quality of the DTM (Razak et al., 2013).  There have been a 

lot of attempts over the past years to improve the quality of DTMs and in difficult terrain 

situation it can still be challenging to gain accurate data (Chen et al., 2017). it is therefore 

important to evaluate the generated output (Razak et al., 2013). 

 

 

Figure 3 Three-dimensional view of a LiDAR point cloud. The multicolor band represents the 

distribution of the elevation in the point cloud (Lantmäteriet, 2022). 

 

1.2.2 DoD Change Analysis 

DoD was first introduced 1994 trough multitemporal topographic surveys to compare DTM’s 

and detect surface deformation and change of elevation, hence,  reflecting the spatial and 

temporal processes of landslides (Mora et al., 2018). DoD allows also the identification of the 

depletion and accumulation zone of landslides that can identify the morphologic evolution of 

surface roughness, scarps and cracks, and estimate the volume  (Bossi et al., 2015a). This can 

be crucial information to experts such as engineers in order to prevent failure and build stable 
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structures (Chen et al., 2014). The survey from Pellicani et al. (2019) is an example of a recent 

study that used DoD analysis and stretched gray-scale images which highlighted clearly the 

appearance of the landslides different properties.   

 

Volume analysis in DoD methods has recently also been regarded as an important property and 

can be used in risk assessments, stability analysis and detection of secondary landslides. To 

calculate the volume can be challenging due to the geometric information concerning slope 

failure surface, irregular sub surface and the thickness and height of deposits (Chen et al., 

2014). DoD methods and the ability to calculate the elevation difference between pre- and post-

landslides DTMs have however improved analysis of volume and many surveys use this 

method today (Chen et al., 2014). Figure 4 shows an illustrative example of DoD (Lato et al., 

2016). 

 

Figure 4  DoD example of Landslide illustrating the positive change (accumulation zone) and  

negative change (depletion zone) with respect to a baseline (Lato et al., 2016).  

   

1.2.3 Airborne Vehicles  

Airborne vehicles are frequently integrated in landslide analysis and gives us possibility to 

study areas of different sizes and scales. Extensive use of UAVs have been noticeable in the 

past decade and is increasingly used in environmental applications (Fernández et al., 2016). 

Decreasing prices have also made UAVs affordable and due to the enhancement of new 

algorithms in computer visions, dense matching and structure from motion approaches, this 

method has become a very user-friendly and reliable approach in Earth Sciences (Fernández et 

al., 2016).  
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There are different types of UAV’s depending on type of survey but the most versatile is the 

quadcopter (Campbell, 2022). Quadcopters are powered by two pairs of rotors positioned on 

the outer parts of four arms. Quadcopters are extremely maneuverable and can operate in closed 

spaces which makes it very versatile compared to fixed wing drones. UAV’s systems have also 

normally inbuilt programs that can plan flights in detail and optimized coverage during the 

survey. This makes it very user-friendly and saves time (Campbell, 2022). 

 

Manned aerial aircrafts or fixed wings is one of the more traditional vehicles for airborne 

remote sensing and is still considered today when planning a survey. It can either be fixed wing 

(airplanes) or helicopters, having the advantages of long flight range and ability to carry various 

sensors and heavy loads. However, due to the cost and maintenance of manned aerial aircrafts, 

it has become more common to use remote-controlled platforms and UAV’s.	UAVs have 

historical roots in military action, but nowadays it has branched out more into civil applications 

and operations regarding environment (Campbell, 2022). 

 

1.2.4 Formation of Quick Clay  

Quick clay is a sensitive clay commonly found in Scandinavia, North America, and Russia. In 

Scandinavia, quick clay is mostly developed in glaciomarine sediments that was partly covered 

of marine or brackish water during the deglaciation of the Fennoscandian ice sheet 14000 to 

10 000 years ago (Salas-Romero et al., 2016). The ablation from the ice sheet released high 

amount clay and silt particles that flocculated in the marine environment and formed clay-rich 

sediments with high water content. These sediments were later deposited on crystalline 

metamorphic terrain (Andersson-Sköld et al., 2005; Salas-Romero et al., 2016). The high-water 

content is a typical condition to form quick clay (Salas-Romero et al., 2016).  

 

Uplift and isostatic rebound of the crust which resulted from the deglaciation, later caused 

coastal and low-lying areas with high amount saltwater-deposited clays to raise above sea level 

(Bäckström & Linder, 2021). This led to natural freshwater infiltration and circulation from 

rainwater and groundwater in the clay which caused leaching of salts and change in the ionic 

composition (Bäckström & Linder). The leaching of salts could either depend on percolation 

downwards trough the sediments due to surface-runoff. Or by artesian pressures which forces 
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groundwater to the surface and normally happens due to infiltration of water in a permeable 

sediment on the hillside. This infiltrated water is thereby transported down to the central and 

bottom part of the valley, where artesian pressures can start develop (L’heureux, 2012; Rankka 

et al., 2004).   

 

The leaching may cause the clay to become sensitive to external stresses and the chemical 

bounding could easily collapse, resulting in liquefaction and shear strength of the clay reduced 

to almost zero. It is also common for quick clay to have organic content, which also affects and 

lower the strength. (Rankka et al., 2004; Salas-Romero et al., 2016; With et al., 2022). There 

are various factors that can cause the quick clay to collapse, and it is usually a surprise when it 

happens. Longer periods of heavy rainfall, or human factors such as construction works and 

landfills are examples that could disrupt the quick clay (Torrance, 2012). 

 

1.2.5 Landslides Observed in Sensitive Clays 

The group of sensitive clays to which quick clay belong, can be observed in four main types of 

landslides: 1) Single rotational slides, 2) multiple retrogressive slides (sometimes mentioned 

as flows), 3) Translational progressive landslide and 4) spreads  (Locat et al., 2011). Rotational 

landslide is studied in earlier research to a lesser extent compared to the other three when it 

comes to sensitive clays. But in general it refers to landslides that occurs within the weathered 

crust along river valley slopes, in which none of the debris becomes liquid when remolded 

(Torrance, 2012). It is also characterized by scars of bowl-shaped forms (Hungr et al., 2014). 

The latter three occurs usually very suddenly and covers large areas (>1 ha) and is illustrated 

in figure 5. (L'Heureux, 2013). Observation of the four types can also be seen in one event 

(Locat et al., 2011). 
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Figure 5 Three Landslide types found in sensitive clays: a) Multiple retrogressive slides or 

flows, B)Translational progressive landslide and c ) spreads (Locat et al., 2011). 

 

Multiple retrogressive landslides or flows are well described and common in Scandinavia 

(L'Heureux, 2013). The description of these is well documented because of the Rissa landslide 

in Norway, one of few Quick Clay landslides that was video recorded. Retrogression is 

believed to be a result from a first initial landslide which leaves behind an unstable scarp that 

later is also initiated (Locat et al., 2011). The landslide thus continues up the slope in a series 

of remolded clay flows and slides until a stable morphology is reached (figure 6), which means 

that the shear stress in the slope becomes lower than the undrained shear strength of the clay 

(L’heureux, 2012; Locat et al., 2011). The initial landslide is seen as monolithic, retrogressive, 

or translational and is normally triggered by stream erosion, increase pore pressure or human 

activity. Pore pressure increase may also be due to human activity such as pile driving, 

placement of fill, and leakage from utility lines (L’heureux, 2012). It is also characterized by 

an empty crater and has scars that are either bottle necked or progressed in direction other than 

directly into the slope (L'Heureux, 2013; Locat et al., 2011).  
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The sediments that are part of this type of landslide have generally thick layers of quick clay, 

a high liquidity index, and a setting where the available gravitational potential energy is 

sufficient to remold most of the quick clay above the failure plane (Torrance, 2012). The 

liquification must be sufficient enough in order to transport overlying sediments out of the 

landslide scar and along the valley (Torrance, 2012).  Researchers in Canada have noted that 

the retrogression behavior may take up to several hours to develop from the initial landslide, 

but when earthflows starts to develop, it can happen over a short time frame (Torrance, 2012) 

 

 

Figure 6 A conceptual model of a multiple retrogressive landslide or flow (L’heureux, 2012).  

 

Translational progressive landslide is also common across Scandinavia and occurs from 

development of a shear surface to which material and soil masses are displaced downhill 

(L'Heureux, 2013). The result is a zone of depletion in the upper part of the slope and an 

extensive compressive heave zone down past the slope, on horizontal ground (figure 5.b)  

(Locat et al., 2011). The sediments are generally intact between these zones. Earlier studies 

have explained that the local failure in translational progressive landslides may depend on 

disturbances such as load filling and pilling up the slope (Locat et al., 2011). This leads to 

progression downhill which causes heave of a large portion of horizontal soil mass (Locat et 

al., 2011).  
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Spreads is in general more common in Canada (42 % of their large landslides) but has also 

been observed in Scandinavia. It happens due to extension and dislocation of the soil mass 

above the failure surface, in which solid-clayey horsts and grabens can start to form. These 

subside in the underlying remolded material forming the shear zone.  The Horst blocks have a 

wedge-shaped form pointing upward and the graben blocks are typically a flat, horizontal top 

surface (figure 5.c). These forms are key to distinguish spreads from retrogressive landslides 

(L'Heureux, 2013). 

 

1.3 Study Area 

 

Figure 7 Overview of the area of study (red) on top of an Orthomosaic constructed during this 

thesis. Most of the buildings and infrastructure is in the northwestern and lower part of the 

landslide area. The southeastern and upper part of the landslide is where the construction site 

is located.   
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Figure 8 Map of the sediments within and nearby the study area (transparent green). Within it 

consists mainly of postglacial fine sand (orange dotted) with smaller sections of landfills 

(striped pattern) and postglacial silt (barbed wire pattern) (Kartvisaren, n.d). The map was 

compiled in QGIS (QGIS, 2024).   

1.3.1 Land use 

The study area is located by “Stenungsundsmotet” (by exit 91 of Highway E6), east of 

municipality Stenungsund (Figure 7). Besides the Highway, the area is mainly used for 

commercial properties, a service station and smaller roads (Byggindustrin, n.d; SVT Nyheter, 

2024). A major construction site is also located in the area with a mission to build an industrial 

park (Sveriges Radio, 2023). The nature is made up of miner swathes of forest and a small river 

that is important for drainage (Svenskt Vatten, 2024). 

 

1.3.2 Geological Setting 

According to the Swedish geological survey’s (SGU’s) map service (Kartvisaren, n.d)  

(figure 8), the sediments in the study area consists of mainly postglacial sediments (sand and 

silt) that was carried away from ice river mouths during the deglaciation and gradually 

deposited on the seabed or lakebed. To the northwest and north outside the study area there is 
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also large amount of clay that belongs also to the postglacial sediments which represents a 

deeper marine depositional environment due to the finer grainsize. There are also sediments 

with till east outside the landslide that consists of unsorted material and was deposited from 

the glacier. The ice absorbed and processed older soil layers as well as material broken away 

from the bedrock which leads to the unsorted nature (Fredén, 1987).  Bedrock (red) is also 

present along the surface but is not within the study area and is mainly in the southern part of 

the map. The sediments are therefore also relatively deep to bedrock (Kartvisaren, n.d). The 

depth in the northwestern and lower part of the landslide is approximately between 15-20 m 

and in the southeastern and upper part of the landslide, the depth becomes shallower and is 

between 5–10 m.  

 

Landslide susceptibility mapping from SGU (Kartvisaren, n.d) which is based on a 

computational algorithm from Tryggvason (2014) indicates that the study area is an area that 

has the potential for landslides to occur (figure 9). The algorithm uses sediments, terrain models 

and critical slope (1:10=5.7 degrees) to calculate areas with susceptibility. These areas are 

referred to as “aktsamhetsområden”  

 

 

Figure 9 SGU’s Susceptibility map over the study area that indicate areas of potential risk for 

landslides to occur. These areas are marked in orange (“aktsamhetsområden”). 
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2 Materials and Methods 

2.1 Data Collection 

This thesis consisted of airborne LiDAR data from two different periods: one was produced 

before the landslide (called here the “pre-data”) in 2011 and the other after the landslide (called 

here the “post-data”) in October 2023. Detailed information about the LiDAR data is compiled 

in Table 1. The pre-data was produced from a manned airborne survey performed by the 

Swedish land survey Lantmäteriet who took LiDAR measurements with a point density of 1-2 

points/m2. It was downloaded as both a point-cloud (las-file) and a 1 m resolution DTM (tiff-

file) using their free extraction tool (Herkules, n.d). The post-data was obtained from an UAV 

survey performed by the drone company Swedron Sverige AB who gave the thesis permission 

to use it. It was provided as a point-format (pnts-file) with a point density of approximately 

100 points/m2.  

 

Orthophoto images from before and after the landslide were also retrieved to be certain that the 

LiDAR data represented the reality well. Orthomosaic (tiff-file) from before the landslide were 

also downloaded from Lantmäteriets free extraction tool (Herkules, n.d) and the images (JPG-

file) from after the Landslide was also provided from Swedron Sverige AB and taken at the 

same time as the UAV LiDAR data.  

 

Table 1 Summary of the Airborne LiDAR data information from the pre- and post-data.  

Technical features Pre-data (Lantmäteriet) Post-data (Swedron) 

Platform 
Fixed wing aircraft  DJI Matrice 350 RTK 

(Quadrocopter) 

Sensor (model) Leica ALS60 DJI Zenmuse L2 

Height of flight (m) 2200 100 

Point Density (per/m2) ~1.0-2.0 ~100 
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2.2 Pre-Processing 

In order to analyze and compare the LiDAR data, it was necessary to construct DTM’s. The 

pre-data already had a prepared 1m resolution DTM. But to change the spatial resolution of it, 

which was necessary to perform the data analysis, the open-source program CloudCompare 

(CloudCompare, 2024) and the tool LAStools (QGIS Plugins, n.d) in the GIS-program QGIS 

(QGIS, 2024) were used. This process involved converting the original LiDAR point cloud 

into a DTM with a different spatial resolution, which was 0.25 m and 2 m. Cloudcompare’s 

task was to subsample and minimize the number of points which allowed LAStools to handle 

large file size and convert the point cloud to a DTM.  To construct the post-data into a DTM, 

the producer of the UAV and sensor, DJI Enterprise, have created the software DJI Terra (DJI 

Terra, 2024) that can convert points to a point cloud and DTM in few steps. DJI Terra had 

different settings to optimize the data for the specific purpose and was considered during the 

construction.  The parameters were set to get as detailed output as possible, with settings such 

as steep slope to optimize the sharp elevation change of the landslide (see appendix A and B). 

Finally, a 0.25 m and 1m DTM’s were constructed from the post-data to be able to analyze the 

morphology (0.25 m) and to compare and do a DoD change analysis (1 m) of the pre- and post-

data. The orthophoto images from the post-data were needed to construct an orthomosaic and 

was also converted in DJI Terra (DJI Terra, 2024) (see appendix). Because of the large amount 

of data from both the pre- and post-data, a powerful computer with a dedicated graphics card 

was used for the processing to be carried out. 

 

2.3 Remote Sensing Tools and Data Analysis 

The data analysis consists of three main parts: (1) DoD change and volume analysis, (2) 

Mapping of the Landslides Morphology and Displacement and (3) Standard deviation analysis 

between DTMs. These three will be explained in detail in the following paragraphs. These parts 

were mainly performed in the GIS-software QGIS (QGIS, 2024), an open software platform 

with various important tools to investigate the spatial information of landslides. Before the data 

analysis was conducted, the area and size of the landslide was identified by analyzing 

orthomosaics and DTM-derived hillshades from the pre- and post-data. This step focused the 

analysis to the area of interest and removed data outside of the area of interest. It also provided 

information regarding the square surface area of the landslide.  
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2.3.1 DoD Change and Volume Analysis 

To determine the DoD between the pre- and post-data, the built-in function raster calculator 

tool in QGIS was used. It is a tool that allows to perform calculations based on existing raster 

pixel values. In this case, the pixel values in the DTM’s are in meters above sea-level (MASL) 

(QGIS Documentation, n.d). The resolution that was selected for this task was 1 m. This was 

due to the inaccuracy the pre-data had when using the higher resolution 0.25 m DTM due to 

the sparseness of the point cloud. The aim of this method is to derive a DTM with positive or 

negative change for each pixel depending on whether there has been depletion or accumulation 

on the surface. The calculation in the raster calculator was expressed in the following equation 

(EQ.2): 

 

“dtm_post_data” – “dtm_pre_data” = “elevation_change”                 (EQ.2)           

                                                

By gaining information regarding the depletion and accumulation, expressions could be used 

to calculate the amount of volume that had been removed or added to the surface. There are 

different methods to implement this. This thesis tested two methods to be able to compare and 

ensure that the value of the volume is reasonable. The first method was conducted manually by 

multiplying the number of pixels with the mean value for the positive values (accumulation) 

and for the negative values (depletion). To separate the positive and negative values from the 

DoD “elevation_change”, some new expressions were calculated in the Raster Calculator: 

 

•  “elevetation_change > 0” resulted in an output “depletion_zone” with the value 1 

indicating the pixels that corresponds with the expression.  

• “depletion_zone × elevation_change” resulted in an output “positive_values” that 

showed all the positive values in a DTM. Information about the mean value could 

thereby be accessed to calculate the total volume.   

The expression “value <0” was used instead to produce a DTM with negative values.  

 

The other method that was used was the built-in tool Raster Surface volume in QGIS (QGIS, 

2023). This tool is an algorithm that calculates volume under a raster grid surface and can be 

controlled whether the positive or negative pixels are calculated (Geodose, 2020). The DoD 

change expressions was first conducted to do this method. The resulting values came in a 
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HTML-file. To deepen the analyses, the profile tool (QGIS, n.d.b) was used to plot a profile of 

the terrain in the DTMs. This made it clearer of how the surface spatially changed throughout 

the landslide area, and to determine the type of landslide.  

 

2.3.2 Mapping of the Landslides Morphology and Displacement  

Mapping of the Landslides morphology and displacement was carried out by creating and 

digitizing shapefiles with lines, polygons and points. The different features were categorized 

as either scarps, cracks, ridges, vector displacements or infrastructure (buildings, roads. etc.). 

Before the mapping was conducted, different DTM-derived models were produced to 

determine which model or models gave the clearest indication of the morphology. finally, it 

was clearest to compare a slope model of the DTM from the post-data with the orthophoto 

images to map the morphology. The slope model gave insight to how the inclination of the 

surface drastically changed, and this simplified the detection. The displacement was 

determined by comparing orthophoto images from the pre- and post-data. Identifying known 

objects from the images made it possible to add reference points between the images. A vector 

between the points was produced by the points2one tool (QGIS Plugins, n.d.c). The vector 

could thereby be used to measure the length of the displacement and the direction of movement. 

 

2.3.3 Standard Deviation Analysis in QGIS 

To understand how the DTMs resolution and accuracy affects the survey, the pre- and post-

data’s DTMs were compared. To do this, the standard deviation of values within different pixel 

resolutions of DTM’s were calculated to understand how much a higher resolution deviates 

from a lower resolution. The test required the zonal statistics tool in QGIS which allowed 

calculation of statistics on the pixels within a determined polygon area (or “zones”) (QGIS 

Documentation, n.d.b). In this case the statistics were calculated on the pixels from the 0.25 m 

DTMs that fell within 1 and 2 m DTMs pixel area. This meant that the 1 and 2m DTMs pixels 

was converted to polygons (“zones”) via the Raster pixels to polygons tool (QGIS 

Documentation, n.d.c). The resulting standard deviation values were summarized in new 

shapefile outputs, at 1 m and 2 m spatial resolution.  
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2.4 Field Observations 

Field observations were carried out for half a day together with an assistant supervisor. Notes 

and photographs were done over the study area to compare and get a better understanding 

during the remote sensing analysis. Specifically in areas that had uncertainties regarding 

morphological features and height. 
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3 Results  

3.1 Change of DTM-Derived Models 

This section shows some of the DTM-derived models from the pre- and post-data that describes 

the change between different properties of the landslides surface: 

 

  

Figure 10 Degree of irregularity on the surface (roughness). a) pre-data. b) Post-data. The 

pre-data has overall higher values compared to the post-data, but the post-data has the 

highest max value. 

 

Figure 11 The geographical orientation of the slope (Aspect). a) pre-data with larger part of 

the area covered by red with a northern orientation b) Post-data with a large fluctuation of 

orientation. 
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There is no significant difference of the surface roughness between the pre- and post-data 

(figure 9) indicated by the surface roughness values. The pre-data (figure 10.a) has however 

values that fluctuate more compared to the post-data (figure 9.b), and in the northwestern part 

it has also significant higher values. The post-data has more even values, but it is still clear 

where the surface is either disturbed or intact, with yellow and red areas indicating higher 

surface roughness (figure 10.b)  

 

The aspect between the pre- and post-data is significant different due to that the pre-data have 

a slope orientation manly to the north (figure 11.a) compared to the post-data which has a more 

western to southern slope direction and has an orientation that fluctuate a lot more (figure 11.b). 

The aspect of the pre-data (figure 11.a) indicates also how the slope shallows to the northwest 

where the aspect begins to have several directions compared to southeast where the aspect is 

mostly red and has a northern direction. 
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Figure 12 DTM-derived 1m resolution hillshades. a) Pre-data that shows the intact highway 

and its direction. b) Post-data that shows the scar of the landslide and how it has 

dislocated the highway and effected the area  

 

a 

b Post-Data 

Pre-Data 
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The hillshades (figure 12) indicate how the landslides have massively changed the surface and 

have caused great damage, not only the highway in the center but also the small river that has 

been clogged from the accumulated material (figure 12.b). The scar also shows the extent of 

the landslide having a southeast to northwest direction. in the upper part of the slope (southeast) 

the landslide has a bottle shaped scar that widens out down the slope towards the northwest.  

 

3.2 Identified Morphological Features and Displacements  

 

Figure 13 Slope model (inclination) with the morphological features and vector displacements 

of the landslides from the post-data. The features were easiest to identify in areas with 

high inclination (yellow to red symbology).  

 

The morphological features of the landslide were manly based on the change of inclination in 

the study area from the post-data. The different features had a tendency to be identified in 

certain areas of the landslide (figure 13). The cracks are mostly located in the northwestern part 

where the landslide widens out and some of the buildings and infrastructure are still intact. The 
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ridges and ponds are instead located in the southeastern part where there is mostly debris and 

no intact surface (figure 13).  

 

The displacement vectors have similar tendency as the cracks and are found nearby the affected 

E6 Highway but also further northwest to the end of the landslide (figure 13). The displacement 

vectors were depended on objects located on both the pre- and post-data which meant that 

buildings and infrastructure played an important role. The direction of the displacement vectors 

fluctuated from west to north and it is two clear main directions, one that goes to the northwest 

and the other that goes to the north.  

 

 

Figure 14 Zoomed in representation of slope model and morphological features. a) A highlight 

of the vector displacements and the impact on the highway E6. Profile a is the location 

of figure 15.a. b) map over the upper part of the landslide with repeated ridges along 

the landslide. Profile b is the location of figure 15.b. 
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Figure 15 Graphs containing profiles from two sections. X-axis is distance (m) and y-axis is 

MASL a) Profile parallel to Highway which have great elevation change as a results from the 

cracks and dislocation of the highway. b) Profile of the upper part parallel to the landslide 

with two ridges that indicate a waveformed structure. 

 

Figure 14 and 15 highlights two areas of the landslides: figure 14.a that shows how the vector 

displacement and cracks are distributed along the highway; and figure 14.b that shows the 

perpendicular ridges in the upper part of the landslide, close to the main scarp. These figures 

have a profile a and b that is illustrated in figure 15.  

 

There is large number of cracks located on the highway and are parallel to the movement of 

the displacement (figure 14.a). As seen in profile a in figure 15.a, four cracks are significant 

bigger compared to the rest and there are the two main entrances where debris has dislocated 

and passed the highway. The cracks show elevation change of up to three meters (figure 15.a). 

As mentioned in figure 13, there is two main directions of the displacement indicated by the 

two vectors in the southern (figure 15.a). These directions correlate with the form of the scar 

which has a straight southern flank scarp but a bending northern flank scarp (figure 13).  

 

In figure 14.b, there are multiple ridges and ponds. There ridges are perpendicular to the 

movement of the landslide and repeats from the main scarp down towards the ponds that are 

clustered in an area between the cracks and ridges (figure 14.b). profile b (figure 14.b) crosses 

two ridges near the main scarp that has a wave-formed (figure 15.b).  
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3.3 DoD Change analysis  

 

Figure 16 DoD change model (in meters) of landslide area, placed on top of the hillshade from 

the post-data. 

 
Figure 17 The graphs represent profiles of DoD (m) between pre-data (blue) and post-data 

(red). a) Profile parallel to the landslide movement b) Profile perpendicular to the landslide 

movement and is located in the zone of decrease elevation, similar location to Figure 15.b. c) 

Profile perpendicular to the landslide movement and is located in the zone of increase 

elevation, similar location to figure 15.a. 

Heaving zone Heaving zone 
Blue zone 



   

 

   

 

30 

 

The results from the DOD analysis shows an elevation difference of up to 10 meters (figure 

16) and there is two main zones clearly noticeable. A zone with positive values in the 

northwestern part that indicate increase in elevation, and a zone with negative values in the 

southeastern part that indicate a decrease in elevation. In the zone with increase elevation there 

seems to be two areas with higher values (red zones) and has a ridge-shaped heaving form 

perpendicular to the landslide’s movement. These two heaving areas are highlighted in figure 

17.a and are located near the highway and the water stream.  The zone with decreased elevation 

have also an area with higher values (blue zone) and is also highlighted in figure 17.a. This 

zone is located near the main scarp. Figure 17.b-c is profiles that shows height difference 

between the pre- and post-data. The height difference can be up to 10 m in certain areas. Finally, 

it must be clarified that the red box in figure 16 is a building which could not be removed 

during the filtering and construction of the post-data’s DTM, and it is therefore high positive 

values in this area. 

 

3.4 Calculated Size and Volume  

Table 2 Summary of the size and volume from the decreased- and increased elevation. Values 

calculated from DoD and the raster surface volume tool. 

spatial features Negative zone Positive zone 

Average DoD (m) 1.7219 2.2212 

Area (m2) 53 396 63 452 

Volume (m3) 91 944 140 387 

Subtract false DoD   119 977 

  

Table 2 contains the values of area-size (m2) and the volume (m3) that has been added or 

removed from the two zones of positive and negative values. The row Subract false DoD is a 

step that was added to remove the building from the negative values to ensure that the volume 

is true for the negative values. The area size of the landslides was calculated to be 116 848 m2. 

The positive zone (accumulation) is larger in area compared to the negative zone (depletion) 

and this was also the case for the average DoD. Hence, the volume of the negative zone is also 

significantly larger than the depletion zone. 
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3.4 The Standard Deviation Between DTM’s 

 

Table 3 Standard Deviation between different DTM Resolutions. 

Zonal layers Standard Deviation (m)  

0.25 m UAV, 2m Lantmäteriet ±0.099  

0.25 m UAV, 1m Lantmäteriet  ±0.051  

0.25 m Lantmäteriet, 1m Lantmäteriet ±0.045  

0.25m Lantmäteriet, 2m Lantmäteriet ±0.089  

 

The standard Deviation between lower resolution with higher resolution data does not reach 

above 0.1 m for every DTM that is compared. The values are larger if the difference in 

resolution is larger. Same outcome is reached for both the pre- and post-data with different 

resolutions (table 2).  

 

3.5 Field Observations 

The study area had changed a lot since the post-data was taken in autumn 2023. The field 

observations were carried out 16th May 2024 by taking photographs from different position 

and angels that were useful for the thesis.  much of the surface and material has unfortunately 

been moved by trucks to be able to rebuild the highway but also due to safety concerns. This 

meant that the field observations did not have a large part in this study as it was not comparable 

with the Lidar data. There are however some areas that are relatively untouched, and these have 

been included in the survey (figure 18-20). 
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Figure 18 Photograph taken from the Northeastern part of the study area which provides a 

good overview. 

 

 
Figure 19 Photograph of the main scarp which shows that a large amount of material was 

removed when the landslide occurred. It also gives information about the influence that 

the bedrock had on the scars shape.  
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Figure 20 Photograph taken in the northwestern part of the landslide. This shows the impact 

that the landslide had on buildings and infrastructure. One of the heaving zones are 

also part of the image. 

Some of the features that were observed from the remote sensing studies were also identified 

in field. For example, Figure 18 which displays the two zones could be compared with the DoD 

change analysis (section 3.3). It is clearly visible that material has been added and compressed 

to the right in the upper part of the image (marked as accumulation zone). To the left of the 

image is a flat area that is at a lower level compared to the surrounding terrain and this is where 

material has been removed (marked as depletion zone) (figure 18). Figure 19 shows where the 

main scarp is placed but it is difficult to know if the appearance have changed since the post-

data was produced. It is bottle shaped similar as the LiDAR data and it consists of loose 

sediments. The bedrock is however highly linked to the scarps shape as seen in the top right 

corner. The field observations also show the clear impact that the landslide has had on 

buildings, infrastructure and the nature in the study area (figure 20). The right part (figure 20) 

indicates how trees have been displaced and moved from its original position. This is also the 

case for the buildings that have been displaced in an angle and some are even covered in debris. 

Heaving zones was identified and one of them is placed nearby the white-red building to the 

right in the image (figure 20). This heaving zone is perpendicular to the movement of the 

landslide as previously seen from the LiDAR data.  
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4 Discussion  
 The analysis of the LiDAR models that were produced from the pre- and post-data in QGIS 

clearly shows that there has been a large change in the surface between before and after the 

landslide. The values and surface in the post-data is in general more irregular compared to the 

pre-data. An example of this is the surface roughness (figure 10) and the aspect (figure 11) in 

section 3.1. However, when it comes to the values of the surface roughness, the post-data did 

not have significant higher values after the landslide as could be assumed due to the scar that 

the landslide leaves behind. What this may be due to is difficult to say but could be related to 

differences in how the pre and post data have been produced. The aspect that the post-data had 

has not as clear direction of the slope compared from the pre-data which may mean that the 

slope has partially been even out and sunk. 

 

When analysing the height differences, the DoD change analysis shows that there is up to 10 

meters differences in height between the pre- and post-data. This is clearly seen in the DoD 

change model and the comparing profiles (figure 16 and 18). Furthermore, the DoD shows that 

a large amount of the mass has moved from the southeastern to the northwestern part due to 

the negative values (decrease in elevation) in the southeastern part and the positive values 

(increase in elevation) in the northwestern part. This resulted in a displacement of large 

amounts of land mass as shown clearly when analysing the volume and thus it has been possible 

to divide the landslide into a depletion and accumulation zone. The values from the calculated 

volume shows that there is more volume added in the accumulation zone compared to the 

volume removed in the depletion zone. It is difficult to determine the reason for this. In part, 

this may be due to that the accumulation zone in the post-data had included the building in the 

point cloud and thus it is possible that there are several other points that are incorrect which 

have not been identified. But it could also be due to the dynamics of the landslide that has 

caused the removed volume in the depletion zone to push up the already existing surface in the 

accumulation zone. This has contributed to more volume being calculated than has been added 

in the reality.    
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4.1 Interpretation of Landslide Type and Kinematics 

By comparing the DoD change, profiles and the morphological features, the Stenungsund 

landslide is assumed to be a translational progressive landslide. The analysis suggests that most 

of the material from the surface is displaced downhill. In particular when analysing the DoD 

change model and profiles. It is also clear that the DoD change consists of a zone with extensive 

compressing heaving material further down the slope and a zone of depletion in the upper part 

of the slope which this type of landslide is characterized as (L'Heureux, 2013). 

 

Figure 21 Bowl-shaped forms similar to rotational landslides. Zoomed in image of the 

parallel profile to the landslide 

 

 

Figure 22 Extreme Heaving zones from the DoD analysis 

 

When comparing the profiles between the pre- and post-data (figure 17) with the types of 

sensitive clay landslides illustrated by L’heureux (2012) (figure 5), it was however not as clear 

to interpretate. This was due to the different characteristics that were found in the results. 
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Firstly, the upper part of the landslide (figure 21) consisted of two repeated bowl-shaped forms 

with ridges indicating the boundary between them. The bowl-shaped form is normally 

associated with rotational landslides, the type which is not as common to be found in sensitive 

clays (Hungr et al., 2014). The repeated characteristics could also be scars of multiple slides 

which could also be an indication of a multiple retrogressive behaviour (L’heureux, 2012; 

Locat et al., 2011; Torrance, 2012). The accumulation zone is not completely homogeneous 

and has two specific areas where the heaving is more intense (figure 22). These two zones 

could potentially be linked to the retrogressive behaviour with multiple flows compressing the 

accumulation zone thus, from the interpretation, there might have been two major flows during 

the landslide. It should however be considered that the landslide did not likely start in the lower 

part of the slope which usually occurs in retrogressive conditions. Most material is transported 

and accumulated further down and past the slope in the accumulation zone (L’heureux, 2012; 

Locat et al., 2011). The ponds that were mapped gave no clear indication of the type of landslide 

or how it moved. But it does indicate that many pits have been created from landslide scars 

where water has been filled. 

According to the displacements and direction of vectors, the landslide seems to have two areas 

along the highway where the southern vectors tend to have directions more to the west 

compared to the northern vectors that have a direction more to north (figure 14.a). The 

highway’s timing of cracks and dislocation can perhaps have contributed to this. It is also 

interesting to see a similar pattern of the vector’s direction and adjacent cracks. The fact that 

the slope levels out towards the centre of the landslide could also have had an impact, which 

means that the debris could have started taking different paths. However, it should be made 

clear that one part of the highway has been bent and has not separated completely from the 

original position. If instead the part of the highway had been separated directly, the bending of 

the highway may not have occurred, and the direction of the northern vectors would be 

different. 

The extent and movement of the landslides is towards north to northwest direction downhill 

according to the post-data and the landslide scar. The direction seems reasonable when 

compared to aspect (figure 11). The scar in the upper part of the slope is relatively narrow 

which may be due to the adjacent bedrock which is seen on the DTM-derived hillshades, 

Kartvisaren (n.d) and from the field observations. This may hinder lateral extension of the 

landslides. Further down the slope, however, the landslide begins to spread laterally but mainly 
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on the northern flank. The southern flank maintains its straight line all the way to the end of 

the landslide. This may be due to the direction of the aspect but also the continuation of the 

bedrock adjacent to the southern flank.  

 

4.3 Discussion of Materials and Methods  

The result of this study supports the high potential of the use of LiDAR-derived DTMs for 

landslide analysis that were mentioned in earlier studies (Bossi et al., 2015b; Chen et al., 2014; 

Mora et al., 2018; Pellicani et al., 2019). The methods were easy to understand and time-

efficient. The DoD change and volume analysis required short amount of processing time to 

derive a large amount of data. The volume was calculated both manually and by a QGIS tool, 

which had identical values meaning that these two methods probably calculated in the same 

way. The Identification of morphological features and displacement were firstly intended to be 

implemented by comparing the pre and post-data of the DTM’s and to use grey-stretched scale 

images as Pellicani et al. (2019) did. This method worked partly, and some features were very 

visible. However, other input data and tools were also tested and displayed more features. The 

slope model was the best model and was instead mainly used during the mapping. It is thereby 

of importance to use different images and tools to capture features but also determine model’s 

that are most suitable for the type of study (L’heureux, 2012; Locat et al., 2011). Ponds and 

cracks were difficult to identify which made orthomosaics a good compliment for the analysis. 

 

The pre- and post-data were produced by different survey as previously mentioned, which 

resulted in differences in the accuracy and resolution between them. The post-data from 

Swedron that was captured from an UAV have considerable higher resolution of LiDAR-points 

compared to the aircraft survey from Lantmäteriet. The UAV-derived data was hence much 

more efficient to analyze which simplified the identification of morphological features (Figure 

23 and 24) (Joon-Kyu et al., 2024; Zhuo et al., 2017). The DoD change analysis was first 

intended to use 0.25 m resolution, but due to the sparse density of the pre-data, it became 

distorted and less interpretable which meant that 1m resolution was used instead. From the 

Standard deviation between DTMs (table 3) there might however not be much of a difference 

in the values between the resolutions. Thus, the lower resolution has probably not affected the 

final result of the DoD change analysis.  
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Figure 23 Comparison of resolution in the slope-model. a) Pre-data. b) Post-data.  

 

 

 

Figure 24 Comparison of resolution in hillshade-model. a) pre-data. b) Post-data. 

 

4.5 Uncertainties and Further Research 

The thesis has proven that the conducted methods have worked to some extent but there are 

some steps that could have been taken more into account during implementation.  The DTM’s 

between the pre-and post-data were reconstructed by different tools which are unlikely to use 

the same algorithms. This was due to the difficulties in reconstructing the large amount of data 

from the post-data in CloudCompare. The processing time took extremely long and the 

resulting DTM had incorrect pixels compared to a DTM constructed by DJI Terra. The DJI 

reconstruction was also not perfect and failed to remove some points belonging to objects and 
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buildings. This caused difficulties in analyzing the volume. This error could be due to the type 

of camera sensor on the UAV or software issue. It is therefore important to learn and understand 

the characteristics of camera sensors and software’s before an investigation can begin. A future 

task could also be to identify a reliable program that can handle point clouds with varying 

density. 

 

Remote sensing has proven to be an effective tool in this thesis, but it has also shown that field 

observations should always be considered when dealing with landslides. Characteristics such 

as structure geology and geochemistry could further developed the interpretation of kinematics 

and would be interesting to investigate in field. The few field observations made in the form of 

pictures and notes were very helpful and provided valuable information for interpreting the 

landslide and the change in the pre- and post-data. But due to the change that had occurred in 

the study area since the post-data was taken, it limited the field observations. Another 

parameter that could have been considered and may be done in future research is to analyze the 

surrounding area with LiDAR to see what effect it could have had on the landslide. And also, 

to see if there are hints of ancient landslides nearby that can help understand why the 

Stenungsund landslide happened and how it behaved.  
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5 Conclusion 
The spatial change of the surface is that a large amount of landmass (≈ 90 000 m3) has been 

displaced and transported from the upper part of the slope to the lower part and passed the 

slope. It did not move completely uniformly and had two directions (northwest and north) based 

on the vector displacement. The landslide has left behind a significant large scar (> 100 000 

m2) which is bottle-shaped near the main scarp and spreads lateral further down the slope 

towards northwest. The surface in the scar is more irregular and uneven compared to the surface 

from before the landslide.  

 

Morphological features that were detected is ridges, scarps, ponds and cracks that were in 

specific areas depending on the type of feature: The cracks were located along buildings and 

infrastructure and explained how the landslide has dislocated the highway and pressed against 

the buildings. The scarps that were identified is the boundary for the landslides scar and 

simplified the analysis of the scar shape.  The ridges were mainly in the upper part and nearby 

the main scar. These were perpendicular to the landslide and explained where the landslide was 

first initiated. The ponds were located between the ridges and cracks and did not add much to 

understand the movement of the landslide, but it showed how uneven and irregular the surface 

is. 

 

Based on the change analysis, The landslide is interpreted to be a translational progressive 

landslide with a depletion zone and an accumulation zone. Thus, the movement has probably 

started in the upper part of the landslide. There are signs of retrogressive behavior based on the 

ridges, and by linking the ridges to the heaving zones there might have been two major flows 

during the landslide event. 

 

As a final conclusion, this study has proved that LiDAR is an important and useful tool for 

landslide investigation. Through the analysis, I have been able to understand and interpret how 

the landslide has moved and the extent of it. The minor field observation was yet valuable and 

if more time had been devoted to this in the thesis, even more information could have been 

obtained. Thus, future survey’s have great opportunity to experiment with LiDAR together 

with field observation, to be able to understand how landslides have occurred, but also to 

prevent future landslides in this region. 
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