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FOREWORD 

 
  

“In any moment of decision, the best thing you 
can do is the right thing, the next best thing is 
the wrong thing, and the worst thing you can 

do is nothing.” 

-  Theodore Roosevelt 
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SUMMARY IN SWEDISH 

Transportinfrastruktur utgör en av de viktigaste faktorerna för ett lands 
ekonomiska tillväxt. I Sverige börjar väg- och järnvägsplaneringen med ett 
erkännande av de brister som finns i nuvarande transportinfrastruktur. 
Planerarna måste därför inte bara utvärdera fördelar och nackdelar med ett 
projekt utan även projektets totala kostnader. En lösning föreslås därför enligt 
fyrstegsprincipen. Fyrstegsprincipen består dels av stegen omvärdering och 
optimering, dels av rekonstruktion eller nyinvestering. Om behovet av 
transporter inte kan minskas eller om andra åtgärder inte kan ha en inverkan på 
infrastrukturen måste man undersöka om en mindre ombyggnad av väg eller 
järnväg kan lösa den nuvarande situationen. Nyinvesteringar görs då ingen av 
de tidigare åtgärderna varit tillräckliga. Dock kan investeringar i ny 
transportinfrastruktur orsaka en potentiell miljöpåverkan. Har ett projekt flera 
alternativa väg- eller järnvägskorridorer öppna för förslag så kommer varje 
alternativ korridor påverka miljön på ett visst sätt.  
Europeiska kommissionen har fastslagit att naturresurser är viktiga för 
livskvaliteten. Därför är en effektiv resursanvändning viktig för framtida 
klimatförändringar samt minskning av växthusgaser. Detta innebär att 
resurseffektivitet samt valet av korridor blir ännu mer viktigt att tänka på, 
speciellt i ett ständigt växande samhälle.  
Syftet med följande forskningsprojekt var att utveckla metoder för och 
tillämpning av lättförståeliga geologiska kriterier och modeller för beslutsstöd i 
det tidiga skedet i planeringen av transportinfrastruktur. Dessutom var avsikten 
att bedöma hur geologisk information kan hanteras från existerande data källor 
samt hur denna data kan komma till användning. Därför har fyra metoder 
utvecklats och testats. Den första metoden visade hur järnvägssträckningar kan 
utvärderas med hjälp av information om jordmäktighet, jordart och berg i 
dagen, bergkvalitet samt marklutning i kombination med ekologisk 
information. Den andra metoden visade hur geologisk information om 
jordmäktighet och stratigrafi kan kombineras med livscykelanalyser för att 
bedöma utsläpp av växthusgaser och energianvändning för alternativa 
vägkorridorer. Expertkunskap används ofta inom olika projekt, därför 
genomfördes en studie för att undersöka om expertkunskap är användbart och 
tillförlitligt för bedömning av potentiellt känsliga områden för naturolyckor. I 
denna studie användes en multikriterieanalys där en analytisk-hierarkisk process 
(AHP) valdes som en beslutsregel. Denna beslutsregel jämfördes med en annan 
beslutsregel, viktad linjär kombination (WLC), med hjälp av två olika system 
för viktning. I alla de nämnda studierna är behovet av information om 
jordmäktighet viktigt.  
Därför genomfördes ett projekt där en ny metod utvecklades för att modellera 
jordmäktighet i områden där data är glest. En förenklad jorddjupsmodell 
(SRM) utvecklades för att kunna uppskatta jordmäktigheten i områden med en 
hög förekomst av berg i dagen. SRM baserades på en digital höjdmodell 
(DEM) och en optimerad sökalgoritm.  
De metoder som utvecklades för att koppla ihop geologisk information med 
andra beslutsområden av intresse är ett första steg mot att dessa 
beslutsområden tillsammans kan tas hänsyn till. Särskilt i den tidigare 
planeringsfasen av transportinfrastruktur då flera alternativa korridorer är 
öppna för förslag. Metoderna bör dock testas i andra områden med andra 
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geologiska förhållanden. Kombination av geologisk information i geografiska 
informationssystem (GIS) med multikriterieanalys (MCA) möjliggjorde 
samordning av kunskaper för beslutsfattande. Denna kombination gav också 
möjligheten att påverka betydelsen mellan geologisk information och andra 
intresseområden, såsom ekologi genom det valda viktningssystemet.  
Resultaten från första studien visar att det går att hitta alternativa 
järnvägskorridorer med en mindre påverkan på ekologin genom att kombinera 
geologisk information med ekologisk information. Den andra studien visade att 
information om jordmäktighet är mycket viktig för bedömning av utsläpp av 
växthusgaser och energianvändning, medan information om stratigrafi har en 
mindre effekt på resultatet. Svårigheten att få konsistenta bedömningar från 
experter påvisades i den fjärde studien, en viss enhetlighet kan dock uppnås om 
bedömningarna aggregeras i stället för att användas separat. Resultaten från 
den sista studien visade att den utvecklade jorddjupsmodellen (SRM) 
uppskattade jordmäktigheten relativt korrekt för glesa områden med få data. 
Resultaten visade även att denna modell skulle kunna användas i flera projekt 
där information om jordmäktighet är viktig men saknas.  
Denna avhandling har visat att geologisk information går med enkla medel att 
använda för att utvärdera väg- och järnvägsalternativ i ett tidigt skede vid 
planering av transportinfrastruktur. Genom att använda GIS och MCA är det 
möjligt att kombinera olika aspekter av geologisk information, både separat 
och med andra viktiga beslutsområden, för att förbättra beslutsfattandet och 
minska miljöpåverkan. 
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ABSTRACT 

Transport infrastructure constitutes one of the key factors to a country’s 
economic growth. Investment in new transport infrastructure might cause 
potential environmental impacts, and if a project has several alternative 
corridors open for suggestion then each alternative corridor will have a 
different impact on the environment. The European Commission has stated 
that the natural resources are important to the quality of life. Therefore, the 
efficient use of resources will be a key towards meeting future climate change 
and reduction in greenhouse gas (GHG) emissions. This implies that in an 
evergrowing global society the resource efficiency as well as the choice of 
transport infrastructure corridor becomes even more important to consider. 
The aim of this research project was to contribute to early transport 
infrastructure planning by the development of methods for and 
implementation of easy understandable geological criteria and models for 
decision support. Moreover, the intention was to assess how geological 
information can be developed and extracted from existing spatial data and 
coupled with other areas of interest, such as ecology and life cycle assessment. 
It has previously been established that geological information plays an 
important role in transport infrastructure planning, as the geological 
characteristics of the proposed area as well as the possibilities of material use 
influences the project. Therefore, in order to couple geological information for 
early transport infrastructure planning, four studies (Paper I-IV) were 
undertaken where methods were developed and tested for the inclusion of 
geological information. The first study (Paper I) demonstate how optional road 
corridors could be evaluated using geological information of soil thickness, soil 
type and rock outcrops, bedrock quality and slope in combination with 
ecological information. The second study (Paper II) shows how geological 
information of soil thickness and stratigraphy can be combined with life cycle 
assessments (LCA) to assess the corresponding greenhouse gas emission and 
energy use for the proposed road corridors. The difficulty of using expert 
knowledge for susceptibility assessment of natural hazards, i.e. flooding, 
landslide and debris flow, for early transport infrastructure planning was 
presented in the third study (Paper III). In this study the expert knowledge was 
used in a multi-criteria analysis where the analytic hierarchy process (AHP) was 
chosen as a decision rule. This decision rule was compared to the decision rule 
weighted linear combination (WLC) using two different schemes of weighting. 
In all the mentioned studies the importance of soil thickness information was 
highlighted. Therefore, the fourth and final study (Paper IV) presented a new 
methodology for modelling the soil thickness in areas where data is sparse. A 
simplified regolith model (SRM) was developed in order to estimate the 
regolith thickness, i.e. soil thickness, for previously glaciate terrain with a high 
frequency of rock outcrops. SRM was based on a digital elevation model 
(DEM) and an optimized search algorithm. The methods developed in order 
to couple geological information with other areas of interest is a tentative step 
towards an earlier geo-environmental planning process. However, the methods 
need to be tested in other areas with different geological conditions. The 
combination of geological information in GIS with MCA enabled the 
integration of knowledge for decision making; it also allowed influencing the 
importance between various aspects of geological information as well as the 
importance between geological information and other fields of interest, such as 
ecology, through the selected weighting schemes. The results showed that 
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synergies exist between ecology and geology, where important geological 
considerations could also have positive effects on ecological consideration. Soil 
thickness was very important for GHG emission and energy whereas 
stratigraphical knowledge had a minor influence. When using expert 
knowledge the consistency in the expert judgements also needs to be 
considered. It was shown that experts tended to be inconsistent in their 
judgements, and that some consistency could be reached if the judgements 
were aggregated instead of used separately. The results also showed that the 
developed SRM had relatively accurate results for data sparse areas, and that 
this model could be used in several projects where the knowledge of soil 
thickness is important but lacking. It was concluded that geological 
information should be considered. By using GIS and MCA it is possible to 
evaluate different aspects of geological information in order to improve 
decision making. 

Keywords: Roads; Railways; Geology; GIS; Decision support; Modelling.

1. INTRODUCTION 

Transport infrastructure, such as road and 
railway networks, constitutes one of the key 
factors to a country’s economic growth. 
However, the economic growth is marginal 
when transport investments are made in a 
high quality network system in an already 
developed country (Banister & Berechman, 
2001). In these cases other issues related to 
sustainable transport infrastructure need to 
be considered.  
The planning process differs between 
different countries (Therivel, 2010; Kluts & 
Miliutenko, 2012). In Sweden the road and 
railway planning process starts with the 
recognition of deficiencies in the 
transportation network system (STA, 2013a). 
The transport infrastructure planners have 
to evaluate not only the advantages and 
disadvantages of the development but also 
the overall cost and benefits (Bell, 2007). A 
solution is therefore suggested according to 
the Strategic Choice of Measures and the 
four-step principle (STA, 2013a). The 
Strategic Choice of Measures is used to 
identify if a new road or railway is necessary. 
The four-step principle, which is 
implemented during the Strategic Choice of 
Measures, consists firstly of the rethinking or 
optimising steps, and secondly of the 
reconstructing or investment steps. In the 
rethinking stage it is investigated if the need 
for transportation can be reduced or if other 

measures can have an effect on the transport 
demand and mode of transportation. The 
second stage is optimising, where the 
efficiency of the transportation network is 
investigated. If neither rethinking nor 
optimising the road or railway system can 
improve the current situation then the third 
and fourth steps in the four-step principle 
are investigated. The third step is used to 
investigate if minor reconstruction of the 
road and railway can solve the current 
situation, and if not then the fourth step will 
be implemented, i.e. investment in a new 
road or railway construction (ibid). If it is 
decided, according to the Strategic Choice of 
Measures, that a new road or railway is 
necessary then the planning will follow a 
process which is governed by legislation. 
The location and how the road or railway 
will be built will be discussed and 
investigated. The potential environmental 
impacts of the project will then be identified, 
and if it is decided that the project has 
alternative corridors or significant impacts 
then an environmental impact assessment 
(EIA) is needed (STA, 2013a).     
If a project has several alternative corridors 
open for suggestion, then each alternative 
corridor will have a different impact on the 
landscape and environment. This implies 
that the landscape, and as such also each 
alternative corridor, will have a particular 
distribution of resources that could be more 
or less suitable for construction of roads and 
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railways (Karlson et al, 2016). The European 
Commission (EC, 2011) stated that the 
natural resources underpin the functioning 
of the European and global economy and 
the quality of life; and the efficient use of 
resources will be a key towards meeting 
future climate change and reduction in 
greenhouse gas (GHG) emissions. 
According to the ECRPD (2010) an early 
evaluation of the road alignment and the 
following energy implications could have a 
substantial reduction in the overall energy 
use. This reduction could be as much as 
47% in construction, 20% in operation and 
30% in maintenance. A big part of the total 
energy use and GHG emissions comes from 
the infrastructure itself, as well as the 
earthworks and materials used for the 
construction of the infrastructure 
(Hammervold et al, 2009; Liljenström, 2013; 
Garbarino et al, 2014). The amount of 
earthworks and materials used are mainly 
determined by the geological characteristics 
of the construction site (Paper II). 
Therefore, for transport infrastructure 
planning and construction, geological 
knowledge is of importance (Biggs & 
Mahony, 2004). Since soil is the primary 
material used for construction and 
maintenance, the characteristics of the soil 
will not only influence the properties of the 
infrastructure but also the surrounding area 
(ibid). Soil thickness, slope, bedrock quality 
and soil type are some of the geological 
factors that need to be considered. These 
factors not only affect the amount of 
earthworks needed, but also the 
transportation of excavated material, the 
availability of building materials (Paper II) as 
well as the geotechnical design of the 
transport infrastructure and thus the total 
project cost (O’Flaherty, 2002; Loorents, 
2006). The soil type for instance affects the 
risk for frost actions, swelling and shrinkage 
(O’Flaherty, 2002), which in turn could 
affect the maintenance rate of the road and 
railway due to the resulting failures. Soil 
thickness on the other hand not only has a 
direct impact on the amount of material that 
will be generated at or imported to the 
construction site, but it also influences 

physical processes such as landslide and 
erosion (Paper III & IV) (Tarolli et al, 2008; 
Chartin et al, 2011; Shafique et al, 2011a; Ho 
et al, 2012; Yamakawa et al, 2012). 
Therefore the spatial implications of the 
land allocation for the transport 
infrastructure are important to consider 
while planning (Coutinho-Rodrigues et al, 
2011).  
The objective of sustainable land-use 
planning is to determine how to best allocate 
land for a specific purpose, given the project 
criteria, and at the same time protect the 
environment (Dai et al, 2001; Bell, 2007). 
Thus, land-use planning with a geological 
focus at an earlier stage can enable a better 
understanding of the land at hand, but also 
the interaction between the infrastructure 
itself and the surrounding environment. The 
selection of the data and relevant evaluation 
criteria used is important since the outcome 
of the evaluation results in several social, 
economic and environmental effects and 
influences (Bell, 2007; Coutinho-Rodrigues 
et al, 2011). The selection of important 
geological criteria could be seen as quite 
straightforward. However, the data with 
which the criterias will be built upon is not. 
Legget (1987) stated that the land, which all 
structures are built upon or through, is to a 
large extent a surface expression of the 
underlying geology. This in turn makes 
geological planning difficult, since geological 
materials such as soils and rock have highly 
variable physical and chemical properties 
and are irregularly located across the 
landscape due to the total geological history 
(i.e. stratigraphy, structure, 
geomorphological processes and climatic 
conditions) that affected the site (Fookes et 
al, 2001). This implies that a principal 
uncertainty in any engineering project that 
concerns the use of geological materials is 
the risk of limited geotechnical, 
geomechanical and geological information 
(Katzenbach and Bachmann, 2004), and to 
encounter unexpected geological conditions 
(Fookes et al, 2001) during construction. 
The risk in itself is the contexture of the 
likelihood that something will happen and 
the resulting consequence (i.e. value and 
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vulnerability) of that event (SGU, 1997). 
Geological risks can however be minimized 
with geotechnical investigations, although 
random, and technical modelling but never 
completely removed (Fookes et al, 2001; 
Katzenbach and Bachmann, 2004). Even 
though the information about the geological 
characteristics in an area, i.e. regional and 
local, is limited and coupled with 
uncertainty, it can still be useful for land-use 
planning.  
Geological information in combination with 
geographic information systems (GIS) can 
be used for many different purposes, e.g. 
mapping areas sensitive to natural hazards 
(Kourgialas & Karatzas, 2011; Anion et al, 
2012; Feizizadeh and Blaschke, 2013), but 
also in many different methodological ways 
(e.g. multi-criteria evaluations, or spatial 
numerical methods) (Shaban et al, 2001; 
Araújo & Macedo, 2002; Crouvi et al, 2013). 
GIS can as well be used to map different 
aspects of transport infrastructure planning, 
such as finding an optimal route 
(Collischonn & Pilar, 2000; Yu et al, 2003; 
Atkinson et al, 2005) or potential transport 
infrastructure corridors (Geneletti, 2005) 
using several other criterias of importance 
for transport infrastructure planning. These 
other criterias could for instance be of a 
social, ecological, and economical nature 
(Eriksson, 1991; Li et al, 1999; Keshkamat et 
al, 2009; Gülci & Akay, 2015).  
Transport infrastructure could also cause 
environmental impacts such as permanent 
alterations to the hydro-geological patterns 
in the landscape (Paper I), e.g. soil water 
content, surface-water flow and 
sedimentation, or create barrier effects 
(Spellerberg, 1998; Jones et al, 2000; 
Trombulak & Frissel, 2000; Coffin, 2007). 
Therefore, in an ever-growing global society 
the sustainable transport infrastructure 
development, resource efficiency as well as 
the choice of corridor (which affects further 
environmental impacts during construction, 
operation and maintenance) becomes even 
more important to consider (Paper II). 
Because of these impacts the knowledge 
about the geological characteristics is 
important to consider during early transport 

infrastructure planning. However, the 
subsurface characteristics are difficult to 
determine through surface investigations 
and maps at regional scales (Paper IV), even 
with the use of geophysical investigations 
and methods such as electrical resistivity (De 
Vita et al, 2006; Shafique et al, 2011a; 
Yamakawa et al, 2012). Generally, the costs 
of a project increases towards the 
finalisation stage, as opposed to data 
collection which decreases as the project 
moves forward (Paper IV). Therefore, 
according to Swedish National Road 
Administration (2002), available information 
from already existing documentation is used 
in early transport infrastructure planning for 
the location of alternative route corridors. 
This thesis was one of the studies conducted 
in a broader research project funded by the 
Swedish Research council Formas entitled 
Environmental assessment of road geology and 
ecology in a system perspective. Other theses 
presented, in full or partly, within this 
broader research project concerns road 
ecology (Karlson, 2015) and life cycle 
assessment (LCA) (Miliutenko, 2016). 
This thesis presents four studies on the 
integration of geological information in early 
road and railway planning. The first study 
presented a methodology for railway 
corridor planning, where ecological and 
geological criteria where used and combined 
in order to locate suitable corridors. The 
second study presented a GIS-based 
approach to mass-balance estimations in 
which geological data is combined with life 
cycle assessments (LCA) to assess 
greenhouse gas emissions and energy use. 
The third study presented an approach to 
using expert knowledge for susceptibility 
assessment of natural hazards, i.e. flooding, 
landslide and debris flow, for transport 
infrastructure planning. The fourth and final 
study presented a new methodology for 
modelling the soil thickness in areas where 
data is sparse. 

2. AIM AND OBJECTIVES 

Given the aforementioned importance of 
natural resources and geological information 
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in transport infrastructure planning there is a 
need for development of new 
methodologies with a geological focus. The 
overall aim of this research project and 
thesis was to contribute to early transport 
infrastructure planning by the development 
of methods for and implementation of easily 
understandable geological criteria and 
models for decision support. Moreover, the 
intention was to assess how geological 
information can be developed and extracted 
from existing spatial data, in order to be able 
to apply it to large areas relevant for early 
stages of transport infrastructure planning. 
Secondly, the intention was to evaluate how 
this geological information can be used in 
multi-criteria analysis along with other 
considerations such as ecological, 
hydrological, and material and energy use in 
a life cycle perspective, for planning as well 
as for the assessment of environmental 
impacts. 
The specific objectives were:  

 To describe previous use of 
geological information for 
sustainable transport infrastructure 
planning. 

 To describe the importance of 
geological information for transport 
infrastructure planning. 

 To develop a method for integration 
of geological factors with ecological 
factors for transport infrastructure 
planning.  

 To develop a method for integrating 
geological information in LCA. 

 To explore ways of integrating 
expert knowledge for the assessment 
of natural hazards. 

 To develop and test a regolith, i.e. 
soil, thickness model for use in areas 
where data is sparse. 

3. BASIC BACKGROUND AND 

CONTEXT 

In this section some key elements used 
throughout the thesis are described in more 
detail.  

3.1. Geology 
Geology is the study of the Earth (SGU, 
2016a). It comprises of the science in where 
exploration, investigation and description of 
how the Earth is composed and formed, and 
is divided into two broad areas, i.e. physical 
geology and historical geology (Lutgens & 
Tarbuck, 2006; SGU, 2016a). The area of 
physical geology examines the materials 
composing Earth and to understand the 
processes under and upon the surface, 
whereas historical geology aims at 
understanding the origin of Earth and the 
development through time (Lutgens & 
Tarbuck, 2006). This PhD project was 
focused on the aspects of physical geology 
in connection to transport infrastructure 
planning. 

3.1.1. Formation of  rocks – The rock cycle 
The most common material on Earth is rock 
(Lutgens & Tarbuck, 2006). Rock is 
composed of various minerals (i.e. chemical 
compounds or single elements, each with 
own composition and properties) that 
strongly affects their appearance and 
characteristics. Rocks are divided into three 
major groups depending on how they are 
formed: igneous, sedimentary and 
metamorphic (Lundqvist, 2001; Lutgens & 
Tarbuck, 2006). The igneous rocks are 
formed through the crystallization stage in 
the rock cycle. In this stage molten magma 
or lava cools down and solidifies. 
Weathering will take place when the igneous 
rocks are exposed to the surface. The 
weathered material consisting of particles 
and dissolved substances will be moved 
downslope by gravity, and transported to 
other places by external processes such as 
wind or water. Finally, the material, or 
sediment, will be deposited. When the 
sediment undergo lithification (conversion 
to rock) for instance through compaction of 
overlaying layers it will turn into sedimentary 
rock. The superficial sedimentary rock will 
be exposed to weathering in the same way 
igneous rocks are and result in formation of 
sediments. However if the sedimentary rock 
is buried deeper down and subjected to 
intense heat and great pressure it will turn 
into a metamorphic rock. If the 
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metamorphic rock is subjected to higher 
temperatures it will melt and turn into 
magma, and thus the rock cycle will start 
over (Lutgens & Tarbuck, 2006; Bell, 2007).  

3.1.2. The formation of  soils in Sweden 
The Earth’s surface is to a 75% extent 
covered by sedimentary bedrock (Boggs, 
2009). In Stockholm the basement rocks are 
however mainly composed of meta-
sedimentary rocks (sedimentary rock with 
signs of undergoing metamorphism) or 
meta-volcanic rocks (volcanic rock with 
signs of undergoing metamorphism) from 
the Svecokarelian Orogeny, 2.1 billion to 1.8 
million years old (Stålhös, 1969; SGU, 2004; 
SGU 2013a). The weathered zone of the 
rock is usually very thin due to a rather short 
period of exposure since the last glaciation 
episode. 
This region had multiple occurrences of 
glaciation periods which resulted in the 
formation of sediments. Quaternary 
unconsolidated glacial (glaciofluvium and 
till) and post glacial (clay, silt and organic) 
sediments are found overlaying the bedrock. 
Till is a poorly-sorted sediment that was 
deposited directly from glaciers. It has a 
grain-size distribution ranging from clay to 
boulders (Flint, 1971; Andersen & Borns, 
1997). Till is the most predominant 
Quaternary sediment in Sweden, and it 
covers approximately 75% of the Swedish 
surface (Lundqvist, 1983; SGU, 2016b). The 
thickness of the till in Sweden varies 
between tens of meters in some low laying 
areas to zero meters in the highest elevated 
areas. The latter is also the case for some 
south western areas and areas where the till 
has been removed by the later processes, 
such as wave actions (ibid). 
The glaciofluvial sediments that were 
deposited from the glacial rivers formed 
long ridges of sorted sand and gravel, called 
esker ridges, which were oriented roughly 
parallel to the ice flow direction (Flint, 1971; 
Andersen & Borns, 1997). When the glacier 
border retreated the land surface, which 
previously was submerged due to pressure 
of the ice cap, started to rapidly upheave. 
The acting waves from the melting water 
and seawater swept the sediments that were 

overlaying the highest peaks in the 
topography down towards the depressions 
in the terrain. When the sediments on the 
topographical peaks were washed away by 
the acting waves, the glacier polished 
surfaces of rock underneath the sediments, 
i.e. bedrock outcrops, were exposed.  
During the submergence thick sequences of 
post glacial sediments such as clay were 
deposited in the depressions in the 
landscape. These depressions were often 
formed from fracture zones which were 
deepened and widened through erosional 
processes (Swedish Museum of Natural 
History, 2012). In some valleys the clay can 
be up to 20 to 30 m thick. Lakes have 
commonly been filled with organic mud, i.e. 
gyttja, and peat. Sediments and bedrock 
outcrops cover about 85% and 15%, 
respectively, of the land surface in 
Stockholm County (SGU, 2013b).  

3.2. The Swedish road and railway 
network 
The road network in Sweden consists of 
both private and public roads and where the 
latter could be either governmental or 
municipal (STA, 2015). The road network 
consists of 98 500 km of governmental 
roads (where 19 300 km is dirt road), 41 600 
municipal roads and streets, and 76 300 km 
of private roads with governmental 
subvention. In addition to this there are 
several private roads without governmental 
subvention. The road network also consists 
of 16 018 bridges, around 20 tunnels and 37 
ferry routes (ibid). The Swedish railway 
network however consists of approximately 
16 500 km, 4124 railway bridges and 201 
railway tunnels (STA, 2016a-b).  
There are several large infrastructural 
projects going on in the Stockholm region at 
this date. One is the Stockholm Bypass 
(Förbifart Stockholm) which is a bypass to 
the large highway E4. The bypass will have a 
total length of 21 km where 18 km will 
consist of a tunnel. It is expected to open 
for traffic in year 2026 (STA, 2016c).  
Another large infrastructural project is the 
construction of a 150 km long highspeed 
railway, i.e. Ostlänken (STA, 2016d). It will 



Geo-environmental considerations in transport infrastructure planning 

 

7 

 

consist of approximately 30 tunnels and 200 
bridges (ibid).   

3.3. Environmental assessment 
Environmental assessment (EA) is used to 
ensure that environmental implications of 
decisions are taken into account before the 
decisions are made (EC, 2016a). There are 
two types of EA that are required by the 
European Union (EU) for all plans, 
programmes and projects that could have a 
significant impact on the environment. 
These two types of EA are the EIA and the 
Strategic Environmental Assessment (SEA). 
SEA is used for the assessment of certain 
plans and programmes on the environment; 
whereas EIA is used for the assessment of 
the effects of certain public and private 
projects, e.g. highways and railways, on the 
environment (Directive 2001/42/EC, 2001; 
EC, 2016a; EC, 2016b; Directive 
2014/52/EU, 2014). The SEA and EIA 
framework is defined in Directive 
2001/42/EC and the newly amended 
Directive 2014/52/EU, respectively (ibid). 
A directive, i.e. legislative act, states a goal 
that all countries in the EU must achieve 
and both the SEA and EIA directives are 
therefore considered crucial tools for 
sustainable development (EC, 2016a; 
European Union, 2016). The 
implementation of the EIA and SEA 
directives can however differ between 
different countries (Therivel, 2010; Kluts & 
Miliutenko, 2012). In Sweden the directives 
are also supported by the Swedish 
Environmental Code, where in Chapter 6 it 
is stated when an EIA is needed (Notisum, 
2016).  

3.4. Decision analysis 
Decision analysis is the discipline of 
designing or choosing the best alternative 
that fits the goals and preferences, such as 
desires, lifestyle, and economics, set by the 
decision maker (Zarghami & Szidarovszky; 
2011).  
 
Zarghami & Szidarovszky (2011) also stated 
the following: 
“...decision analysis is the science of choice.”  

 
Meaning that in order to make a decision the 
decision maker needs be presented with 
alternative choices to choose from. 

3.4.1. Multi-criteria decision analysis  
Multi-criteria decision analysis (MCDA) is a 
non-monetary evaluation method (Munda et 
al, 1994) which can be used for deriving the 
options so that the decision maker can make 
a choice. The main purpose of this method 
is to handle the difficulties decision makers 
have in handling complex information 
consistently (Department for Communities 
and Local Government (DCLG), 2009). 
There are several ways in which the 
information, i.e. data, could be combined in 
order to obtain for instance the most 
preferred alternative option, several options 
used for further studies, or options used for 
comparision of suitability (ibid). By 
combining multi-criteria analysis with 
geographical data a SMCA can be 
undertaken (Malczewski, 1999), in which the 
alternative options are spatially depicted and 
used for choice and analysis.  

3.4.2. Fuzzy set membership 
Fuzzy set is used to capture the 
impreciseness in our natural language, for 
instance with the use of terminology such as 
‘rather suitable’, ‘fairy acceptable’ or 
‘extremly susceptible’, rather than just 
suitable, acceptable or susceptible (DCLG, 
2009). By using arithmetic the impreciseness 
in our language is converted into fuzzy sets 
(classes) with soft boundaries, i.e. a 
continuum of grades of membership 
(Zadeh, 1965; DCLG, 2009). The 
membership ranges from 0.0 to 1.0, where a 
location closer to 0.0 indicates non-
membership. The membership on the other 
hand increases towards 1.0, where full 
membership is obtained (Zadeh, 1965; 
Munda et al, 1994; Feizizadeh & Blaschke, 
2013).   

3.4.3. Least cost path 
Least-cost path (LCP) analysis is the process 
of finding the path of lowest traversal cost 
between two locations in a raster or vector 
surface (Saha et al, 2005; Gonçalves; 2010). 
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LCP computation in a GIS environment is 
undertaken in four basic steps (Collischonn 
& Pilar, 2000; Atkinson et al, 2005): 

i) creation of friction surfaces 
ii) creation of a cost-of-passage 

surface 
iii) creation of an accumulated cost 

surface  
iv) cost line tracing 

A friction surface (i) consists of a raster 
surface where the values represent the 
suitability, e.g. suitability as a monetary cost 
or environmental suitability. The cost-of-
passage surface (ii) is the overall suitability 
surface, where each cell contains values 
which indicate the cost, i.e. suitability of 
traversing that particular cell. The cost-of-
passage surface is combined with two 
separate grid surfaces containing the termini 
(destination points) to create the 
accumulated cost surface (iii). Finally a LCP 
is computed through the accumulated cost 
surface from the termini (iv). The result is a 
long sequence of cells (Gonçalves, 2010) 
representing the path of highest suitability.  

3.5. Life cycle assessment 
LCA is one of the environmental 
management tools developed in order to 
increase and address the understanding of 
environmental protection, and the impacts 
associated with manufactured and consumed 
products (ISO 14044, 2006). LCA deals with 
the environmental aspects and potential 
impacts throughout a product’s whole life, 
i.e. life cycle. This life cycle includes all the 
stages starting from the acquisition and 
extraction of the raw material through 
production, use, end-of-life treatment, 
recycling and its final disposal (i.e. cradle-to-
grave) (ibid). 
LCA as an environmental management tool 
consists of four phases: 
Phase 1) the goal and scope definition phase. In 
this phase the scope, including system 
boundary and the level of detail of the study 
as well as the goal of the LCA is defined. 
Phase 2) the inventory analysis phase (LCI). In 
this phase an inventory of the input and 

output data is done. The data necessary in 
order to meet the goals with regards to the 
system that is being studied is collected. 
Phase 3) the impact assessment phase (LCIA). In 
this phase additional information is provided 
in order to enable an assessment of a 
products system’s LCI results and to 
understand the environmental significance.  
Phase 4) the interpretation phase. Phase four is 
the last phase of the LCA procedure. In this 
phase the results of an LCI and/or LCIA are 
summarized and discussed in order to 
provide a basis for conclusion, 
recommendations and decision-making 
depending on the initial goal and scope of 
the study.  

4. MATERIALS AND METHODS  

The methods developed in this thesis are 
related to different geological aspects of 
early road and railway infrastructure 
planning. Given the aforementioned 
importance of geological consideration in 
planning (section 1), different studies were 
conducted for four different areas in Sweden 
(Fig. 1). This was undertaken in order to 
broaden and understand the ways geological 
information can be incorporated with less 
expenditure. The studies concerned the 
development and analysis of a new soil 
thickness model, as well as the assessment of 
already existing infrastructural plans and 
tools for environmental management. The 
conceptual model of the entire research 
project can be seen in Fig. 2. In the 
following sub-chapters the different 
methodologies, data used and detailed study 
area descriptions are explained.  

4.1. Participatory perspective 
In order to understand the importance of 
geological information for transport 
infrastructure planning, interviews with 
geotechnical engineers and project managers 
working with transport infrastructure and 
planning was undertaken at the beginning of 
this research project in 2011. Six of those 
that were contacted to participate agreed to 
an interview. Of these six the areas of 
expertise covered by the participants were: 
head of section for streets and roads, geo-
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engineering or investment; consultant 
working with road development; technical 
manager for subsurface construction; and 
EIA issues related to transport infrastructure 
development. All the participants were sent 
the interview questions beforehand.  

4.2. Geological criteria for railway 
corridor planning (Paper I) 
In order to develop a method for integrating 
geological factors with ecological factors for 
transport infrastructure planning a railway 
planning proposition was analysed. This 
proposition concerns the connection 
between Sweden’s largest airport Arlanda to 

Arninge (an emerging area consisting of 
both commerce and industry) and was 
analysed using SMCA with respect to both 
ecological and geological factors. The study 
area is located in a relatively flat, i.e. mean 
height above sea level of 24 m, peri-urban 
area approximately 20 km to the north of 
Stockholm city (Fig. 3). The study area is 
confined by the major highway E4 to the 
west and by a railway used for commuting to 
the east. To the south suburban areas with 
higher density of infrastructure, residential 
and commercial areas can be found. The 
landscape north of the study area is relatively 
open with a mix of forest and agricultural 
land. The bedrock is predominantly meta-
sedimentary and meta-volcanic (Stålhös, 
1969). This area consists of approximately 
18.5% of bedrock outcrops. Silt and clay is 
the most predominant soil type throughout 
this area (approx. 36.2%), followed by till 
(approx. 26.6%), organic soil deposits 
(approx. 11.7%) and finally glaciofluvial sand 
and gravel deposits (approx. 7.1%). 

4.2.1. The geological factors 
In this study the geological factors were 
important to consider from a resource-
efficiency point of view. Each landscape has 
a particular distribution of resources that 
could be used for the construction of 
transport infrastructure. It also has a 
topography which delineates suitable and 
less suitable corridor locations from a 
constructional point of view. Therefore four 
geological factors important from a 
constructional point of view were selected 
for the study (Table 1): 
 

 Geological suitability for 
construction (i.e. stability): This 
factor represented the suitability of 
the landscape considering soil type 
and rock outcrops. Five categories 
were created through reclassification 
and suitability rated on a 1 – 10 
scale, where 10 was highest. The 
factor was standardized using an 
increasing J-shaped fuzzy operator.  

 Geological suitability for aggregates: 
This factor represented the potential 
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Fig. 1 Location of the four different studies 
(Paper I-IV) in Sweden. 
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access to aggregates for 
construction. It was created through 
the reclassification of the bedrock 
quality map received by SGU. 
Standardization was done by using a 
linear fuzzy operator with a gradual 
decrease between the quality classes.  

 Slope: This factor represented the 
difficulty in the terrain for railway 
allocation. It was created using a 
DEM and standardized using a j-
shaped fuzzy operator where the 
most suitable terrain would be up to 
1.5 degrees and then decreasing.  

 Soil thickness: This factor was based 
on an already developed soil 
thickness model received by SGU. It 
was used in this study in order to 
estimate the amount of material 

available at a location. Thicker soil 
coverage might increase material 
transport from the construction site 
if it cannot be re-used.  A shallower 
thickness was considered the most 
suitable. Therefore it was 
standardized using a decreasing 
linear fuzzy operator.  

4.2.2. The integrated analysis procedure 
The modelling framework for this study 
involved a design part and an evaluation part 
(Fig. 4), where the design part was 
undertaken in main two steps. The first step 
involved a SMCA, where the three 
ecological and four geological factors 
created for this study were standardized and 
aggregated from an ecological and a 
geological point of view (Objective 1, Table 
2). The aggregation was undertaken by using 

Fig. 3 Study area. Elevation is represented by 4 m contour lines. Spatial data 
©Lantmäteriet i2012/920. 
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weighted linear combination (WLC) in order 
to create one ecological railway suitability 
map and one geological railway suitability 
map. These maps indicated areas with high 
and low suitability for railway construction. 
After this the two railway suitability maps 
obtained in Objective 1 were aggregated into 
three suitability maps (Objective 2, Table 2), 
i.e. ecological perspective suitability map, 
geological perspective suitability map and 
one neutral perspective suitability map, to 
reflect the contrasting perspectives on the 
important criteria for the construction of 
railways. In order to identify the corridors 
with highest suitability, the suitability maps 
obtained in Objective 2 were processed 
through a LCP analysis. Two different 
locations of origin and one destination were 
chosen, and the resulting LCP analysis 
identified six suitable railway corridors.   
The evaluation of the study was undertaken 
in three steps. The first step was to evaluate 
each corridor based on mass-balance 

performance, length of corridor, ecological 
criteria habitat loss, broken links and 
accumulated connectivity loss. The results 
from the evaluation performance for each 
alternative railway corridor were provided as 
an input to a non-spatial MCA in order to 
select a preferred corridor. Three sets of 
weights (Table 3), i.e. one set each for the 
ecological, geological and neutral 
perspective, were used in the non-spatial 
MCA. Finally the robustness of the MCA 
results was tested using a sensitivity analysis. 

4.3. Mass-balance for LCA using 
assumptions of stratigraphy (Paper 
II) 
The importance of efficient resource use and 
reduction of GHG emissions was stated in 
section 1. Therefore, in order to analyse the 
GHG emission and energy use from the 
selected alternative road corridors a case 
study was undertaken. The case study 
selected for the mass-balance estimations 
using GIS was the reconstruction project of  

Table 1 Data, weights and operators used in creation of the ecological and geological factors. Factors were 
aggregated using weighted linear combination. 

Constraints and factors Standardization 
method 

Weights Input data 

Constraint Boolean n/a 
Natura 2000 areas, nature reserves, lakes 
and shorelines with a 100 m buffer. 

Ecological factors 

Valuable areas FUZZY, positive linear 0.2 
Land cover data, Swedish Green 
Infrastructure, Green Wedges of Stockholm. 

Movement pathways FUZZY, positive linear 0.35 

High suitability for a railway corridor in areas 
with high movement costs, low suitability in 
areas with low movement costs, which is 
where the movement pathways are located. 

Stepping stones FUZZY, negative linear 0.45 

Habitat patches which contribute the most to 
habitat availability in the area for all the four 
ecological profiles. Increasing corridor 
suitability with increasing distance from a 
patch.  

Geological factors 

Geological suitability for 
construction 

FUZZY, J-shaped 0.35 

Soil types and bedrock outcrops. A low value 
indicates a less suitable soil type for railway 
construction compared to a soil type with 
higher value.  

Geological suitability for 
aggregates 

FUZZY linear 0.3 
The quality of bedrock in three classes for 
aggregates used in road, railway and 
concrete. 

Slope FUZZY, J-shaped 0.1 Terrain slope in percentage. 

Soil thickness FUZZY linear 0.25 
Soil thickness. A low value indicates a larger 
thickness and thus less suitability for railway 
compared to a location with less thickness. 
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road object 55 located in the southeast of 
Sweden (between Yxtatorpet and 
Malmköping) (Fig. 5). This reconstruction 
project involved three road corridor 
alternatives, where one has been chosen and 
constructed. Therefore estimates of blasted 
rock and excavated soil were available for 
comparison of the ArcGIS® based mass-
balance. In this study the embankment 
height for the mass-balance estimation of 
both alternatives was assumed to be 
perfectly horizontal and was set as the 
average elevation of 37.27 m for the already 
constructed road object 55. Three geological 
factors, i.e. soil thickness, geology and rock 
type, important for mass-balance were 
chosen and combined with information 
about the elevation from the DEM along the 
alternative corridors. 
By combining the information along the 
alternatives the cut and fill depth could be 
calculated by subtracting the embankment 
height from the elevation. The volume of 
the cut and fill was then the cell size of 1 m2 
multiplied with the cut and fill depth in meters. In 
order to estimate the volumes of excavated, 
ripped and blasted material, seven different 
processes had to be considered (excavating 

only; ripping only; blasting only; excavating 
+ blasting; ripping + blasting; ripping + 
excavating; and ripping + excavating + 
blasting) together with two assumptions, 
Assumption 1 and Assumption 2. In 
Assumption 1 only the information 
regarding the cut and fill in combination 
with the surface soil type were of 
importance for the mass-balance estimation. 
The surface soil type was assumed to be 
continuous until the bedrock surface was 
reached. The information regarding the 
bedrock surface was directly retrieved by 
subtracting the soil thickness estimated by 
the SGU from the DEM. However, in 
Assumption 2 the geological stratigraphy 
was considered. In order to estimate the 
volumes of ripped and/or excavated 
material six typical patterns (Fig. 6) were 
assumed. This was done by using expert 
knowledge of the general stratigraphy based 
on the surface soil type as well as the 
patterns found in Jamali et al. (2013): 

 Rock: When the surface consisted of 
rock outcrops there was no soil 
coverage. Only blasting or filling 
could occur in this case. Thus the 

Table 2 Decision rules for the SMCA. 

Objective 1 Ecological railway suitability Geological railway suitability 

Constraints Water bodies with 100 m buffer zones and protected areas 

Factors 

Weights Weights 

Valuable areas 0.2 Geological suitability for 
construction 

0.35 

Movement pathways 0.35 Geological suitability for 
aggregates 

0.3 

Stepping stones 0.45 Slope 0.1 

Soil thickness 0.25 

Objective 2 Railway corridor suitability 

Constraints Water bodies with 100 m buffer zones and protected areas 

Factors Ecological railway suitability Geological railway suitability 

Perspectives Weights Weights 

Ecological 0.75 0.25 

Geological 0.25 0.75 

Neutral 0.5 0.5 
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volumes of blasted rock were the 
same as the volumes that were 
estimated in Assumption 1.  

 Coarse grained soils (sand and 
gravel): When the surface consisted 
of sand or gravel it was assumed that 
the coarse grained soils would be 
directly overlaying the bedrock. Thus 
the volumes of excavated material 
would be same as the volumes 
estimated in Assumption 1. 

 Clay: When the surface consisted of 
clay it was assumed till would be 
under the clay, and then followed by 
bedrock. The ratio between clay and 
till would be 70/30 where the till 
could maximum be 2 m thick. 

 Till: When the surface consisted of 
till it was assumed that the till would 
directly overlay the bedrock. Thus 
the volume of ripped material would 
be the same as the volumes 
estimated in Assumption 1. 

 Peat: When the surface consisted of 
peat it was assumed that clay would 
directly be under the peat, followed 
by till, and finally bedrock. The ratio 
between the soils would be 
35/35/30 and till could maximum 
be 2 m thick. 

 Silt: When the surface consisted of 

silt it was assumed that sand would 
directly be under the silt, followed by 
till and then bedrock. The ratio 
between the soils would be 
45/25/30 where sand could 
maximum be 1 m thick and till could 
maximum be 2 m thick. 

The mass-balance using GIS was estimated 
for both considered assumptions by 
combining the information regarding soil 
thickness, bedrock surface and total volumes 
(m3) in a spreadsheet using Boolean algebra. 
The GIS-based approach was finally 
compared to the estimates in the EIS and 
the estimates retrieved from one default 
LCA model, i.e Klimatkalkyl.  

4.4. The use of expert judgement in 
natural hazard assessments (Paper 
III) 
There have been several incidents where 
road or railway embankments have failed to 
natural incidents such as landslide or 
flooding (Eriksson, 2004; Magnusson et al, 
2009; Nickman, 2016). Therefore it could be 
useful to locate potential vulnerable areas 
already in the planning stage in order to 
realign the alternative corridors or find these 
potential vulnerable areas surrounding 
existing structures. This study was therefore 
undertaken with an objective of using expert 
judgement for location of such vulnerable 
areas.  
The study area selected was situated in the 
western part of Sweden, Värmland County 

Table 3 Decision rules used for the non-spatial MCA. The standardization method linear value function and 
the aggregation rule additive value function (weighted sum) was used for all factors.  

	

Objective	

	

Identification	of	the	most	sustainable	railway	corridor	

Factors	 Habitat	loss	
Broken	
links	

Accumulated	
connectivity	loss	

Mass‐balance	
performance	

Corridor	
length	

Weights	
(direct	
weighting)	

Ecological	
perspective	

37.5	 17.5	 20	 12.5	 12.5	

Geological	
perspective	

9	 8	 8	 25	 50	

Neutral	
perspective	

25	 12.5	 12.5	 25	 25	
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(Fig. 7). Värmland has had several problems 
related to flooding of roads and resulting 
embankment failures, causing infrastructural 
disruptions. In this area the most 
predominant soil type is till (approx. 54.3%). 

4.4.1. Selection of  factors for the analysis	
Based on previous studies (Saha et al, 2005; 
Kourgialas & Karatzas, 2011; Lepore et al, 
2012; Feizizadeh & Blaschke, 2013; 
Kalantari et al, 2014) and the characteristics 
of the study area, seven factors were selected 
for the analysis of susceptibility for the three 
natural hazards, i.e. the perspectives 
inundation, landslide and debris flow:  

 Land cover: 

 Geology 

 Soil thickness 

 Slope angle 

 TWI 

 Distance to streams 

 Distance to lakes 

The selected factors were ranked and 
standardized by reclassification and/or fuzzy 
set membership. This was based on previous 
research as well as characteristics of the 
study area (Table 4 - 5).  

4.4.2. The spatial multi-criteria analysis 
In order to locate the susceptible areas with 
respect to each perspective, a procedure 
consisting of nine steps was undertaken (Fig. 
8). Firstly, the factors were selected and 
prepared in ArcMap 10®. After this 
criterion maps were created. In order to 
derive the susceptibility maps weights for 
each factor had to be established. Therefore, 
two decision rules were employed using 
Idrisi Andes® (Eastman, 2006) which 
enabled different ways of establishing the 
weights. The first decision rule was the 
analytic hierarchy process (AHP). AHP is a 
multi-attribute weighting method where 
ratio scales can be derived from paired 
comparisons using the Saaty scale of 
intensity of importance (Table 6) (Saaty, 
2008). The Saaty scale was developed so that 

Fig. 5 a) Map of Sweden with its territorial county boarders, b) location of the study 
area, and c) the location of the different route alternatives assessed in the planning of 
the road (Swedish Road Administration, 2006). Spatial data ©Lantmäteriet i2015/920. 
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the expert judgements can be compared 
using an absolute scale that represents how 
much more important one element is to 
another, with respect to a given attribute 
(Saaty, 2008). AHP was selected for this 
study in order to analyse the effect of the 
expert judgements for natural hazard 
assessment. A survey was sent out to experts 
located in academia, the Swedish Transport 
Administration (STA), SGU, and the 
Swedish Meteorological and Hydrological 
Institute (SMHI). The experts were asked to 
pairwise rank the seven factors for each 
perspective using the Saaty scale. The 
individual scores from the ranking were used 
separately and later aggregated into three 
scoring sets: 25th percentile (Q1), 50th 
percentile (Q2) and 75th percentile (Q3). 
Based on the individual scores as well as the 
aggregated scoring sets the weights for each 
factor could be estimated. Once weights 
were estimated for the factors the 
susceptibility assessment could be 
undertaken by using the decision wizard in 
IDRISI Andes®. The second decision rule 
was the WLC. Two weighting sets were 
used: i) equal weighting and ii) factor 
interaction method (FIM) (Shaban et al, 
2001; Jamali et al, 2014). By using the equal 
weighting set each factor received the same 
weight compared to the other factors 
(14.29%). The second weighting set was 
based on the FIM. Through FIM the weight 

was based on the influence between the 
factors, where the more influence would 
result in more weight (Fig. 9). Once the 
weighting sets for WLC were established the 
IDRISI Andes® decision wizard was used 
for the susceptibility assessment.  
The resulting susceptibility maps from AHP 
and WLC were post-processed in ArcMap 
10®. The values of susceptibility for each 
model run were divided into two classes of 
susceptibility, i.e, Class 1 (lower) and Class 2 
(higher) based on the natural breaks (jenks) 
within the dataset. Natural breaks were 
selected as it is a manual data classification 
method where the data is partitioned into 
classes based on natural groups in the data 
distribution (ESRI, 2016a). Then based on 
the data within each class the percentage of 
susceptibility could be estimated.   

4.5. Regolith thickness modelling 
(Paper IV) 
The importance of soil thickness could be 
seen throught the previous studies as well as 
from literature. In most cases the 
information of soil thickness comes from in-
situ measurements or advanced modelling 
using pre-existing data. However, in many 
situations data might be lacking. Therefore 
this study presented a method for 
determining the soil thickness in a data 
sparse environment. The main idea behind 
this study was the geological processes that 

1 2 3 4 5 6

Stratigraphical patterns listed 
from top to bottom where;
1. Rock
2. Sand/Rock
3. Clay/Till/Rock
4. Till/Rock
5. Peat/Clay/Till/Rock
6. Silt/Sand/Till/Rock

Fig. 6 The six assumed typical stratigraphical patterns. 
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affected the bedrock surfaces and 
topography. Slow weathering and relocation 
of sediments were assumed to create a stable 
topographical environment where the visible 
parts can be considered to reflect the hidden 
parts.   
Four different regolith thickness models: 
Linear regression (LR), Inverse distance 
weighted (IDW), Trigonometric approach 
(TA) and Simplified regolith thickness 
model (SRM), were tested and compared 
using ArcGIS® (ESRI, 2010) in order to 
determine their accuracy for use in 
previously glaciated terrain.  

LR and IDW were selected as they are data 
driven models where input data comes from 
dependent variables. TA and SRM are on 
the other hand non-data driven and use 
topographical features for soil thickness 
estimations. 
Three study areas (Fig. 10) within Stockholm 
County (Tyresö, Vallentuna and Österåker) 
were used for the testing of the four regolith 
models. Information about the actual 
regolith thickness was received from the 
SGU well archive database. This database 
contains information such as well depth, soil 
thickness and groundwater levels for all 
wells installed in Sweden since 1976.  

Fig. 7 Map of Sweden with its territorial county boarders and the location of the study 
area between the two municipalities of Hagfors and Munkfors. Spatial data 
©Lantmäteriet [i2012/920] (National Land Survey of Sweden, 2013). 
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Table 4 Fuzzy membership function and threshold values. 

Factors 

Fuzzy Set Membership function 

M.I (Monotonically increasing)  

M.D (Monotonically decreasing) 

Threshold value 

Inundation Land sliding Debris flow Inundation Land sliding Debris flow 

TWI Linear M.D Linear M.D Linear M.D c=2; d=37 c=2; d=37 c=2; d=37 

Land cover User defined  J-shaped M.D J-shaped M.D c= 1; d=3 c=2; d=4 c=2; d=4 

Geology J-shaped M.D J-shaped M.D J-shaped M.D c=2; d=4 c=2; d=4 c=2; d=4  

Soil 
thickness 

Linear M.I Linear M.D Linear M.D 
a=0 m;  

b=103 m  

c=0 m;  

d=103 m 

c=0 m;  

d=103 m 

Slope angle Linear M.I User defined  User defined  a=0°; b=4° 

a=5°;  

b=10°;  

c=44°;  

d=50° 

a=10°;  

b=20°;  

c=45°;  

d= 55° 

Distance to 
streams 

Linear M.I Linear M.I Linear M.I 
a=0 m;  

b=200 m 

a=0 m;  

b=300 m 

a=0 m;  

b=200 m 

Distance to 
lakes 

Linear M.I Linear M.I Linear M.I 
a=0 m;  

b=200 m 

a=0 m;  

b=300 m 

a=0 m;  

b=200 m 

Table 5 Criteria for the perspectives and the ranking of the two criteria Land cover and Geology into 
suitability classes, where high susceptibility corresponds to low suitability for road construction and vice versa. 

Perspective 
Factors 

Land cover Geology 

Inundation 

Wetland and water bodies (5) 

Urban (4) 

Agriculture (3) 

Grassland (2) 

Forest (1) 

Clay and silt (6) 

Rock (5) 

Peat (4) 

Till (3) 

Sand (2) 

Gravel (1) 

Landslide 

Urban (5) 

Agriculture (4) 

Grassland (3) 

Forest (2) 

Wetland and water bodies (1) 

Clay and silt (6) 

Peat (5) 

Sand (4) 

Gravel (3) 

Till (2) 

Rock (1) 

Debris flow 

Grassland (5) 

Agriculture (4) 

Forest (3) 

Wetland and water bodies (2) 

Urban (1) 

Sand (6) 

Gravel (5) 

Till (4) 

Peat (3) 

Clay and silt (2) 

Rock (1) 
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The total number of wells for Tyresö, 
Vallentuna and Österåker were 103, 176 and 
310, respectively. The number of wells for 
each study area was divided into two groups 
(where one group was used for modelling 
and the other for validation), by using the 
subset feature tool in ArcMap 10®. By using 
the subset feature tool the data is divided by 

generating random values from a uniform 
[0,1] distribution (ESRI, 2016b).  
The modelling and validation groups for this 
study were selected to receive approximately 
50 % of the wells each.   

4.5.1. Linear regression 
LR is a statistical method where the 
prediction of one dependent variable is done 

Table 6 The Saaty scale of intensity of importance. 

	
Continuous	Rating	Scale	(Intensity	of	importance)	

	
1/9	 1/7	 1/5	 1/3	 1	 3	 5	 7	 9	

Extremely	
Very	

strongly	
Strongly	 Moderately	 Equally	 Moderately	 Strongly	

Very	
strongly	

Extremely	

Less	important	 	 More	important	

Fig. 8 The conceptual model. 
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from other independent variables. The 
dependent variable was the actual regolith 
thickness listed for the wells received from 
the well archive. The independent variables 
selected for LR were elevation, slope, aspect, 
curvature, plan curvature, profile curvature 
and distance to outcrops. The selection was 
undertaken based on common variables 
found in other studies undertaking soil 
thickness modelling. One LR equation was 
used for each study area (Table 7).  

4.5.2. Inverse distance weighted 
IDW is a deterministic interpolation 
method. The attribute values of the given 
interpolation points are related to each other 
and inversely related to the distance between 
them, see Eq. 1 (Bartier & Keller, 1996; Lu 
& Wong, 2008). This interpolation method 
is local and exact, meaning that it calculates 
the predictions from the measured points 
within neighborhoods. The predicted value 
is identical to the measured value at the 
input points (ESRI, 2007). The IDW in this 
study was undertaken by using the modelling 

group (the set of training wells) for each 
study area and the default settings for IDW.  

1
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,x yZ : Point to be estimated 

iz : Control value for the ith sample point 

iw : Weight that determines the relative 
importance of the individual control point zi 
in the interpolation procedure 

, ,ix yd  : Distance between zx,y and zi 

 : User defined exponent 

Fig. 9 Illustration of the factor interaction method (FIM). 
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4.5.3. Trigonometric approach 
The TA was the precursor to the simplified 
regolith model. This regolith model was 
based on the “focal statistics” ArcGIS® tool 
using outcrops slopes and distance to 
outcrops. The mean slope values were 
estimated for all the rock outcrop cells 
located within the defined search radius of 
250 m, 500 m and 1000 m.  

The regolith thickness was then estimated by 
multiplying the tangent value (α) with the 
distance between the rock outcrops (d) (Eq. 
2).  

tany d                       (2) 

4.5.4. Simplified regolith thickness model 
The TA considered all the outcrop slope 
values within a specified neighborhood 
regardless of the existence of outcrop ridges 

Table 7 Independent variables and their respective coefficients calculated for LR. 

Study	area	
β0	

(Constant)	

β1	
(Elevation)	

β2	
(Slope)	

β3	
(Aspect)	

β4	
(Curvature)	

β5	
(Plane	

curvature)	

β6	
(Profile	

curvature)	

β7	
(Distance	

to	
outcrops)	

Tyresö	 0.657	 0.023	 ‐	 ‐	 ‐	 ‐	 ‐	 0.060	

Vallentuna	 3.134	 ‐0.045	 ‐	 ‐	 ‐	 ‐	 ‐0.266	 0.035	

Österåker	 2.723	 ‐0.026	 ‐	 ‐0.030	 ‐	 ‐	 ‐	 0.036	

Fig. 10 The territorial boarders of Sweden and the location of the study areas as well as 
their elevation. Spatial data were obtained from the National Land Survey of Sweden, 
2012. ©Lantmäteriet [i2012/920]. 
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for regolith thickness estimation. Therefore 
the TA was further developed. The SRM 
(Fig. 11, Eq. 3) was programmed to only 
account for the cells that are on the 
proximal side of a ridge, and not on both 
proximal and distal side as the TA did. The 
SRM script was programmed to consider the 
distance to the closest outcrop cells and 
their slope values within three defined 
search radii ranges, i.e. 125  m – 250 m, 250 
m – 500 m, and 500 m – 1000 m, in eight 

directions. If less than three outcrop cells 
were detected, within the user defined 
search radii distance, the search radii would 
be doubled until three cells were detected. 
Once a cell was detected with a slope value 
the search would be continued in the same 
direction until the slope value of the present 
cell was less than the previous cell. This 
change in slope value would mark the 
location of the ridge. The extrapolation of 
the depth would then occur based on linear 

Fig. 11 The SRM approach to calculate the regolith thickness, where a) illustrates how 
outcrops that are located only within a certain set radius and distance (8 search 
directions) are included in the calculation. The inner circle (solid line) illustrates an 
insufficient search radius where no outcrops were detected. The dashed circle 
illustrates how the number of included outcrops increase as the radius increases (three 
search directions locate outcrops, i.e. white filled circles); and b) illustrates a generic 
idea of how the SRM calculates the regolith thickness within a certain radius. Red star 
marks the first outcrop cell detected. Green star marks the outcrop ridge where the 
search is terminated.  
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projection from the found slope. In case no 
inflection was found in the search direction 
a slope of 1% would be assigned (flat 
landscape). The distances to the outcrops in 
the determined directions were weighted 
using IDW (Eq. 4). The closer an outcrop 
would be to the search cell the more weight 
it retrieved. In case the relative elevation 
between the location of the search cell and 
outcrop elevation was more than 10 m, the 
difference between actual elevation and 
modelled elevation would be subtracted 
from the estimated regolith thickness.     

tan tani i i
i i

i i

z y x

d d
  

             (3) 

When ; 0i i iz y x  , then 

 tan tani i i i i i id y x y d x          

 
Introducing weighting 
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i

i

d d
w

d d

 
   

  

iy : The regolith thickness at a particular cell 

iz : Depth based on extrapolation from 
closest outcrop slope in orientation i (i.e. 
outcrop elevation)  

ix : The difference between outcrop 
elevation and search cell elevation 

i : Outcrop slope angle 

iw : Weight based on distance to closest 
outcrop in orientation i  

maxd : Distance to farthest outcrop in 
orientation i   

id : Distance to closest outcrop in 
orientation i   
 
The overall performance of the four models 
for regolith thickness modelling was 
evaluated based on the root mean square 
error (RMSE) or the percentage of error 

within 2 m (Eq. 5) using Boolean algebra in 
Excel®: 

 | T | 2;1;0
100

n

m ai

e

IF T
P

n

      
 


    (5) 

Where; 

eP : Percentage of error within ± 2 m 

mT : Modelled thickness at the ith cell 

aT : Actual thickness at the ith cell 

n : Number of wells used for validation 

5.  RESULTS AND DISCUSSIONS  

The results from the different studies carried 
out in this PhD research project are further 
described and discussed in the following 
sub-chapters.   

5.1. Participatory perspective 
The outcome from the interviews showed 
that the consideration of geological aspects 
in planning is important, and a common 
belief amongst the interviewees is that most 
benefit to a project would occur if the 
geological conditions are considered at the 
early planning stage when alternatives are 
still being studied. This is also the stage 
where planners and geo-engineers have the 
most freedom, meaning greater possibilities 
to influence the alignment and thus the 
ground foundation (Marxmeier, N & 
Runesson, C, personal communication, Nov 
2, 2011; Karlsson, M, personal 
communication, Nov 13, 2011). The project 
cost depends on how well the procurement 
is from the beginning. If there is a possibility 
to slightly relocate the alignment in order to 
make the foundation work easier, than those 
costs associated with the relocation can be 
considered reclaimed during the later 
construction stage (Marxmeier, N, & 
Runesson, C, personal communication, Nov 
2 2011). For instance, a relocation of the 
alignment so that the areas with deep layers 
of clay can be avoided and as such reduce 
the ground reinforcement costs. Another 
aspect to consider according to the 
interviewees is mass-balance. Since the 
export of excess material also increases the 
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project costs (Marxmeier, N, & Runesson, 
C, personal communication, Nov 2 2011). 
However, mass-balance is only considered 
during the later stages of planning when the 
alignment is almost finalized (Westlund, G, 
personal communication, Nov 24 2011).  
The aspect which usually causes problems at 
a later stage during construction of the road 
or railway is the geological variation (e.g. 
depth of bedrock surface and the surface 
itself as well as stratigraphy) and 
groundwater intrusion (Marxmeier, N, & 
Runesson, C, personal communication, Nov 
2 2011; Westlund, G, personal 
communication, Nov 24, 2011). The 
groundwater flow is difficult for a geo-
engineer to determine beforehand. 
Therefore the use of an active design in the 
construction stage is beneficial, where active 
design would enable a more hands on 
strategy depending on the at site 
circumstances. This active design strategy 
could for instance be used during the 
ground stabilization phase where the pre-
selected methods are inadequate due to 
unexpected ground conditions (Marxmeier, 
N, & Runesson, C, personal communication, 
Nov 2 2011). 

5.2. Design and evaluation of railway 
corridors (Paper I)  
A LCP analysis was undertaken in order to 
find the suitable railway corridors 
considering the geological and ecological 
aspects. Six corridors were generated and 
labelled: Eco_1, Eco_2, Equal_1, Equal_2, 
Geo_1 and Geo_2, and the difference in 
performance between these corridors were 
minor. The length of the corridors varied 
between 13.0 and 14.2 km, and the mass-
balance performance in terms of 
embankment height deviated between 2.3 
and 3.8 m from the mean m.a.s.l. 

 The performance of habitat loss, 
connectivity loss measured as relative 
connectivity and connectivity loss measured 
as “Accumulated connectivity loss” varied 
between 0.06 – 1.88 ha, 0.0% - 0.08%, and 
4727 – 6403 cost units, respectively. 
Comparing the performance of the corridors 
beginning at the two suggested origins 
(Origin 1 or Origin 2) showed even smaller 
variations. Corridors beginning at Origin 1 
were longer with poorer mass-balance 
performance compared to the corridors 
beginning at Origin 2. Corridors beginning 
at Origin 1 did not intersect a predicted 
movement pathway and the connectivity 
loss from this origin was negligible (< 0.1%).  
When analyzing the corridors through the 
non-spatial MCA three of the six corridors 
received the highest overall score depending 
on selected perspective (Table 8). With the 
“ecological perspective” set of weights the 
corridor Eco_2 received the highest overall 
score. The “geological perspective” set of 
weights resulted in the highest overall score 
for corridor Geo_2. Using a “neutral 
perspective” set of weights again Eco_2 
would be the most preferred corridor. The 
results also showed that in Eco_2 the 
predominant soil type was clay and silt 
(30%) followed by till (29%) and then rock 
(25%). However, for Geo_2 rock was the 
most predominant (33%) followed by equal 
percentage of till, sand and gravel, and clay 
and silt. 
From the sensitivity analysis it could be 
noted that the geologically preferred 
corridor Geo_2 was robust to changes in 
weights for the evaluation criterion “Mass-
balance performance”. Only by increasing 
the weights with 0.48 points would result in 
a change of preferred corridor, where 
Equal_2 would be the most preferred 
instead. However, Geo_2 was not as robust 

Table 8 Overall scores for the six alternative corridors, on a 0-1 scale. The top-performing corridors are colored 
in green.  

Corridor	 Eco_1	 Eco_2	 Equal_1	 Equal_2	 Geo_1	 Geo_2	

Perspective	

Ecological	 0.559	 0.619	 0.380	 0.426	 0.175	 0.343	

Geological	 0.369	 0.470	 0.251	 0.754	 0.080	 0.763	

Neutral	 0.495	 0.606	 0.329	 0.590	 0.125	 0.549	
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when changing the weights for the 
evaluation criterion “Corridor length”, 
where a change of 0.07 would result in 
Equal_2 to be the new preferred corridor.  

5.2.1. Discussion 
Based on the MCA a set of railway corridors 
were obtained. These corridors were 
designed and evaluated in order to find the 
corridor with the best environmental 
performance from different perspectives, i.e. 
ecological, geological and neutral. This was 
achieved by integrating available knowledge, 
existing data, models and set of decision 
rules. Because the weighting of the used 
evaluation criteria would affect the outcome 
of the analysis a sensitivity analysis was also 
undertaken. The geological criteria in this 
study were chosen with the aim to use 
geological sustainability considerations in the 
design of the potential railway corridors. 
They were also chosen with the aim to 
evaluate the performance of the suggested 
corridors using mass-balance and length as 
evaluation criteria. The two spatial factors 
“Geological suitability for construction”, i.e. 
soil type and bedrock outcrops, and 
“Geological suitability for aggregates” 
enabled the possibility to evaluate the 
availability, type and quality of the material 
in the study area. Given that there were no 
rock quarries around the study area that can 
be used as a source for aggregates, the 
availability and quality of the material in-situ 
became an even more important spatial 
factor to consider. The predominant soil 
type in the study area was clay and silt; two 
cohesive soil types with a predisposition 
towards settlement and deformation, and 
therefore considered least suitable for 
construction. When comparing the 
percentage of clay and silt underneath the 
resulting two main corridors Eco_2 and 
Geo_2 it was seen that Geo_2 had the least 
percentage of cohesive soils. This in turn 
may result in a reduction in the material use 
if less ‘appropriate’ materials need to be 
imported to compensate for the lack of 
‘appropriate’ materials in-situ. Thus, this 
could not only result in a decrease in the 
GHG emissions during the construction 
phase, environmental impacts as well as the 

overall project costs, but also the risk for 
accidents between animals and large vehicles 
as transportation decreases. There are many 
other positive synergies that might emerge 
considering ecological and geological 
suitability in a landscape. For instance, the 
construction of a tunnel, which shortens the 
railway corridor, might not only increase the 
amount of available aggregate material but 
also maintain the habitat connectivity above 
the tunnel for the non-flying animals. The 
use of a bridge would instead maintain the 
habitat connectivity below it and reduce the 
amount of filling needed underneath. In 
both of the latter mentioned examples the 
ecological and geological considerations 
might gain from the same solution and 
opens up for interesting opportunities to 
meet multiple sustainability objectives. 
Although the MCA framework 
demonstrated in this study enables the 
identification of possible synergistic effects 
in specific planning situations, in a real 
planning case other sustainability issues, e.g. 
recreational, cultural, and other ecosystem 
services, needs to be considered. By 
considering and integrating a wide range of 
sustainability issues (such as the ones 
mentioned) the demonstrated MCA 
framework would strengthen the potential 
use for planning and related environmental 
assessments.  

5.3. Mass-balance for LCA 
(Paper II) 
When using the GIS-based approach for 
mass-balance estimation the length of the 
road in Alternative West was slightly longer 
compared to the road length stated in the 
EIS (7.002 km compared to 6.6 km). The 
GIS-based approach underestimated the 
volumes of cut soils and filling compared to 
the actual volumes (Table 9). When 
comparing the volumes of cut rock the GIS-
based approach resulted in a large 
overestimation. The mass-balance (total cut 
– fill) for the GIS-based approach resulted 
in a 55% overestimation compared to the 
actual mass-balance.  The use of stratigraphy 
(Assumption 2) did not affect the total 
estimated volume of cut and fill. Only a 
redistribution of masses occurred, when 
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using Assumption 2, between the categories 
excavated soil and ripped soil, where the 
estimates of the latter would be increased. 
The estimated amount of ‘good’ quality rock 
resulted in a substantially lower quantity 
than the need for filling.  

5.3.1. Discussion 
Since the details of the road design are not 
known at an early stage in transportation 

infrastructure planning, it is necessary to 
make some assumptions based on 
simplification. In this study embankment 
height, location of the road stretches, the 
soil thickness, as well as the stratigraphy was 
assumed. The average embankment height 
was based on the already existing road 
object 55, and was used as a base for the 
mass-balance estimations of both alternative 
corridors. The embankment was also 

Table 9 Volumes of excavated soil, ripped till, blasted rock and filling needed, with and without considering 
stratigraphy, for the studied alternatives (as estimated from the GIS-based model, Klimatkalkyl and STA). 

Volumes for 
Alternatives 

GIS-based 
approach 

GIS-based 
approach 

Estimated 
in EIS* 

Klimatkalkyl 
** 

(Using EIS 
specified 

road length) 

Klimatkalkyl 
** 

(Using GIS 
specified 

road length) 

Actual 
values*** Not 

considering 
stratigraphy 

Considering 
stratigraphy 

Alternative improvement 

Cut soils 
(m3) 

93,500 93,500 184,000 127,057 n/a n/a 

Excavating 14,060 10,071 n/a n/a n/a n/a 

Ripping 17,090 21,080 n/a n/a n/a n/a 

Filling (m3) 102,865 102,865  194,000 113,294 n/a n/a 

Cut rock (m3) 62,349 62,349 50,000 117,913 n/a n/a 

Total 52,984 52,984 40,000 131,676 n/a n/a 

Alternative west 

Cut soils 
(m3) 

108,576 108,576 207,000 166,253 175,968 174,700 

Excavating 58,702 41,319 n/a n/a n/a n/a 

Ripping 49,874 67,257 n/a n/a n/a n/a 

Filling (m3) 110,103 110,103  145,000 142,860 151,236 121,000 

Cut rock (m3) 596,082 596,082 535,000 98,669 104,718 330,600 

Total 
(surplus of 
material) 

594,555 594,555 597,000 122,062 129,450 384,300 

* Estimated by AutoCad Novapoint  (STA 2006) 

**Klimatkalkyl 3.0 Excel model (STA 2015). Klimatkalkyl 3.0 was used for comparison in terms of estimating 
volumes of blasted rock and soil, as it was the latest developed version by the time this study was finalised. 
Unlike the previous version of Klimatkalkyl, it contained more data on average volumes for blasted rock and soil 
for the types of roads used in this study (i.e. Road 2+1 and widening of a 2-lane road (9 m) into 2+1 road (14 
m)). 

***From STA after construction (personal communication with Nyman from STA in 2014) 
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assumed to be perfectly horizontal in order 
to enable easier mass-balance estimation in 
GIS. Increasing or decreasing the 
embankment height would result in an 
increase or decrease in the amount of 
blasting and filling material required. This in 
turn could affect the transport to and from 
the construction site. An optimal 
embankment height could be obtained as 
such that the mass-balance would be zero. 
This implies that the amount of material that 
would be cut in the construction site would 
be equal to the amount needed for filling. 
However, if GHG emissions and energy use 
is to be considered for the project then a 
mass-balance of zero might not be the ideal. 
For GHG emission and energy use purposes 
the mass-balance also needs to consider the 
minimum cut and fill, as well as minimal 
transportation distance and fuel use. The 
consideration of the use of bridge and 
tunnel would also benefit the mass-balance 
estimation and estimation of GHG emission 
and energy use, since a bridge might reduce 
the need for blasting and filling. Another 
assumption that would have had an affect 
on the results of this study was the location 
of the road stretches and corridors. For 
Alternative Improvement it was assumed that 
the road would be extended on the same 
side, i.e. towards the north along the already 
existing road object 55. This was based on 
the comparison between the property data 
and the DEM. When comparing the 
property data with the proposed location of 
the corridors to the DEM, it was observed 
that the start section had larger deviations 
between the two data sets. If the initial route 
in the property data would be used, without 
alterations, larger sections in the beginning 
of road object 55 would be located in water. 
Therefore, it was assumed that the DEM 
would be more accurate and thus it was used 
for road and corridor tracing. After altering 
to fit the DEM it was observed that if 
sections would be located to the south the 
extentions would still be located in close 
vicinity to water bodies. An extention 
direction towards the north was then chosen 
as the only direction that would be analysed 
in the mass-balance estimation for Alternative 

Improvement. For Alternative West the 
proposed corridor was given in the property 
data, but the location of the new road within 
the corridor was not depicted. However, the 
mass-balance estimation required a 
suggested road path. When looking at the 
area through Google Maps the corridor for 
Alternative West was clear cutted. The 
assumption was then that the new road in 
Alternative West would follow along the 
middle of the clear cutted corridor. This 
assumption would have an overall impact on 
the estimates of masses for this alternative 
and in turn the mass-balance, since the 
location of the road determines what soil 
types and soil thickness the road has 
underneath it. However, with limitations 
such as the ones mentioned it was still 
possible to estimate the volume of excavated 
soils, blasted rock and filling needed for 
both alternatives. Even though the estimates 
on blasted rock had the largest deviation 
from the actual volumes for Alternative West, 
the GIS-based approach performed well 
with respect to the estimates on filling. 
Despite the uncertainties with the GIS-
based approach it is still a helpful tool for 
spatially allocating the environmental 
impacts such as GHG emission and energy 
use. However, if the GIS-based approach is 
to be used for early transport planning then 
decision makers and planners need to be 
aware of the uncertainties that come with 
each input factor; and the resulting impact 
on the estimations due to these inherent 
uncertainties. 

5.4. The use of SMCA for natural 
hazard susceptibility assessment and 
impact of expert judgement (Paper 
III)  
Results from the SMCA showed that the 
percentage of susceptibility differed between 
and within the two selected decision rules 
(Fig. 12 and Table 10). Regardless of the 
decision rule indundation was the 
perspective that received the highest (Class 
2) percentage of susceptibility. For AHP 
without aggregation the scores from five out 
of eight experts resulted in highest Class 2 
percentage (65.8% - 85%) (Paper III).   
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When aggregating the individual expert 
scores into the three scoring sets Q1 (25th 
percentile), Q2 (50th percentile) and Q3 (75th 
percentile), inundation was once again the 
perspective that received the highest 
percentage of susceptibility (76.1% - 81.3%). 
Using WLC with FIM resulted in 90.5% 
susceptibility for inundation. WLC with 
Equal weighting resulted in a slightly lower 
percentage compared to FIM (86.2%). There 
were small differences between the Class 2 
susceptibility for landslide and debris flow. 
The susceptibility along the three road 
objects and four failure points also showed 
that inundation was the perspective with 
highest Class 2 percentage.  

5.4.1. Discussion 
In this study a SMCA approach was used in 
order to analyse the impact of the selected 
decision rules, expert judgements and the 
aggregation of the expert judgements. Two 
decision rules, i.e. AHP and WLC, were 
tested and compared. When using the 
individual expert judgements for the natural 
hazard susceptibility assessment it was seen 
that most of the experts were inconsistent in 
their scoring. The perspective that had least 
inconsistency was debris flow, followed by 
landslide and then inundation. This result 

was surprising, since it was initially assumed 
that inundation would be the perspective 
most experts would be consistent with. One 
reason for this might be that the experts 
were asked to score debris flow the last, 
giving them time to re-evaluate their scores.  
Another reason might be that the experts 
had different backgrounds or general lack of 
expertise, i.e. same “basic” level of 
experience, resulting in about the same 
hedged scoring. When aggregating the 
individual scores into the three scoring sets 
Q1, Q2 and Q3, it was however possible to 
reach consistency for some of the scoring 
sets and perspectives. The susceptibility 
assessments not only varied for the scores 
but also for each perspective. 
Results showed that most of the experts 
located in academia tended to score in such 
a way that the percentage of Class 2 
susceptibility would be higher, than for 
instance the geo-engineers or planners. 
Because of the overall variation both 
between the individual experts but also 
between the aggregated scoring sets, the two 
other weighting schemes (Equal and FIM) 
were tested and compared. It was seen that 
FIM resulted in highest Class 2 percentage of 
all SMCA methods and perspectives. This 
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indicates that if FIM would be used in a 
decision support case then the resulting 
susceptibility assessment would be more 
“over-dimensioned” compared to using 
expert judgements. The results from the 
Equal weighting showed that this weighting 
scheme would generate susceptibility 
percentages between FIM and AHP. The 
difference in susceptibility between AHP 
and Equal weighting was however small, 
where AHP resulted in lowest percentage of 
susceptibility. This result implied that the 
use of expert judgements in a natural hazard 
SMCA would reduce the percentage of 
susceptibility, but only marginally compared 
to the objective weighting scheme Equal 
weighting. 

 

5.5. Modelling regolith thickness in 
previously glaciated terrain 
(Paper IV) 
The results from the modelling outcomes 
were evaluated based on the RMSE (Table 
11) or the percentage of error within ±2 m 
(Fig. 13). LR was the regolith model that 
resulted in least errors for all study areas 
given the RMSE. However, IDW, TA and 
SRM performed differently for the different 
study areas. For Tyresö, LR was followed by 
IDW, SRM, and lastly TA. For the study 
area Vallentuna, LR was the model with least 
error followed by TA, IDW then SRM, and 
finally Österåker where LR was followed by 

Table 10 Percentage of susceptibility scores in Class 1 and Class 2 for the three perspectives. 

Decision	rule	
Inundation	 Landslide	 Debris	flow	

Class	1	 Class	2	 Class	1	 Class	2	 Class	1	 Class	2	

General	susceptibility	in	%		(entire	study	area)	

AHP	Q1	(25th	percentile)	 23.9	 76.1	 38.8	 61.2	 40.0	 60.0	

AHP	Q2	(50th	percentile)	 18.7	 81.3	 34.1	 65.9	 35.0	 65.0	

AHP	Q3	(75th	percentile)	 20.3	 79.7	 33.3	 66.7	 27.6	 72.4	

WLC	(Equal	weighting)	 13.8	 86.2	 34.2	 65.8	 34.4	 65.6	

WLC	(FIM)	 9.5	 90.5	 30.5	 69.5	 21.0	 79.0	

Susceptibility	along	Road	object	240	in	%	

AHP	Q1	(25th	percentile)	 18.3	 81.7	 56.1	 43.9	 52.4	 47.6	

AHP	Q2	(50th	percentile)	 12.8	 87.2	 51.3	 48.7	 53.9	 46.1	

AHP	Q3	(75th	percentile)	 13.9	 86.1	 49.2	 50.8	 44.5	 55.5	

WLC	(Equal	weighting)	 7.2	 92.8	 55.4	 44.6	 45.7	 54.3	

WLC	(FIM)	 6.4	 93.6	 51.2	 48.8	 39.2	 60.8	

Susceptibility	along	Road	object	824	in	%	

AHP	Q1	(25th	percentile)	 5.0	 95.0	 51.7	 48.3	 78.1	 21.9	

AHP	Q2	(50th	percentile)	 2.2	 97.8	 51.2	 48.8	 75.0	 25.0	

AHP	Q3	(75th	percentile)	 3.5	 96.5	 50.0	 50.0	 74.6	 25.4	

WLC	(Equal	weighting)	 0.5	 99.5	 50.3	 49.7	 54.4	 45.6	

WLC	(FIM)	 0.7	 99.3	 49.7	 50.3	 47.9	 52.1	

Susceptibility	along	Road	object	62	in	%	

AHP	Q1	(25th	percentile)	 13.6	 86.4	 45.4	 54.6	 88.2	 11.8	

AHP	Q2	(50th	percentile)	 15.4	 84.6	 39.5	 60.5	 85.8	 14.2	

AHP	Q3	(75th	percentile)	 20.3	 79.7	 36.5	 63.5	 82.4	 17.6	

WLC	(Equal	weighting)	 2.3	 97.7	 45.9	 54.1	 75.9	 24.1	

WLC	(FIM)	 5.6	 94.4	 39.6	 60.4	 63.7	 36.3	

Susceptibility	along	the	failure	points	in	%	

AHP	Q1	(25th	percentile)	 77.1	 22.9	 87.2	 12.8	 82.8	 17.2	

AHP	Q2	(50th	percentile)	 5.1	 94.9	 73.4	 26.6	 79.5	 20.5	

AHP	Q3	(75th	percentile)	 5.7	 94.3	 71.3	 28.7	 73.6	 26.4	

WLC	(Equal	weighting)	 6.8	 93.2	 89.7	 10.3	 86.5	 13.5	

WLC	(FIM)	 0.3	 99.7	 73.4	 26.6	 75.1	 24.9	
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SRM, IDW then TA. When using the error 
within ±2 m as a performance evaluation 
criterion IDW was the best model for all 
three study areas. For Tyresö, SRM (250 – 
500 m) was the second best model followed 
by SRM (500 – 1000 m), LR, SRM (125 – 
250 m) and lastly TA. In Vallentuna IDW 
was followed by all three SRM models, LR 
and finally TA. Österåker on the other hand 
had almost similar performance between 
IDW and LR, followed by all three SRM 
models and lastly TA. Since SRM and LR 
were based on distance to outcrops and 
slope values, the models were evaluated in 
order to analyse the relationship between 
error and these two mentioned inputs. The 
results indicated that the error with both 
methods would increase as the distance to 
outcrops or the slope would increase. 
However, SRM showed to be better than 
TA.  

5.5.1. Discussion 

The regolith thickness models tested and 
compared in this study performed 
differently. LR was the best regolith 
thickness model for all study areas 
considering RMSE but not according to the 
error within ±2 m. For Tyresö the LR 
showed that the significant covariates were 
elevation and distance to outcrops. For 
Vallentuna the covariates were elevation, 
profile curvature and distance to outcrops, 
and for Österåker it was elevation, aspect 
and distance to outcrops. The least accurate 
regolith thickness model for all study areas 
was TA considering the error within ±2 m. 
All models tended to either overestimate or 
underestimate the thickness in all study 
areas. For IDW, which uses the points with 
actual regolith thickness for interpolation, 
the error is dependent on the location and 
distance between the training and validation 
wells. Wells are generally installed in 
populated areas; this means that both the 

Table 11 Root mean square error (RMSE). 

Study area LR IDW TA 250 TA 500 TA 1000 
SRM 
250 

SRM 500 SRM 1000 

Tyresö 2.89 3.15 5.29 5.70 5.46 3.94 3.56 3.96 

Vallentuna 2.55 3.23 3.00 3.00 2.92 3.59 3.38 3.82 

Österåker 3.43 4.16 4.52 4.55 4.35 4.35 3.61 4.16 

Fig. 13 The error within 2 m for all study areas and methods. 
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training and validation wells would be 
located in close vicinity to each other. This 
could be noticed for all study areas where 
the wells tended to be clustered. The 
modelling errors were largest for the areas 
with fewer wells. One of the important 
factors for TA, besides slope angles and 
distance to outcrops, was the search radii. 
An insufficient radius resulted in areas with 
no data meaning that the regolith thickness 
was not estimated. SRM was similarly to TA 
based on radii. One difference between 
these two models was that the SRM took 
only the slope values on the proximal side 
into account, meaning that this regolith 
model has a local influence on the regolith 
thickness estimation for a specific search 
radius. Simlarly to TA, SRM is also 
dependent on slope angle and distance to 
outcrops. Therefore the impact on the 
modelling error was analysed with regards to 
slope angles and the distance to outcrops. 
For both methods the error increased as the 
distance to outcrops increased. Most of the 
errors were clustered within 40 – 60 m to an 
outcrop. The errors resulting from slope 
values decreased for both TA and SRM as 
the slope values increased. Most of the 
errors were clustered within a 10° – 15° 
slope. Overall SRM had smaller regolith 
thickness errors compared to TA. Generally, 
TA tended to overestimate as the distance to 
outcrop increased. SRM on the other hand 
had a tendency to underestimate.   

5.6. Geo-environmental 
considerations in early transport 
infrastructure planning and decision 
support 
Transport infrastructure planning requires 
the participation of several stakeholders 
from various backgrounds. Each stakeholder 
has their own area of interest, and a positive 
effect for one stakeholder might be a 
negative effect for another. Therefore, as 
previously stated, the spatial implications are 
important to consider (Coutinho-Rodrigues 
et al, 2011).  
With the development of GIS the spatial 
implications have become easier to analyse 
beforehand; and in combination with high 

resolution data the possibilities of 
application is fairly open. This overall 
research project showed that geo-
environmental considerations can be 
undertaken using GIS for early transport 
infrastructure planning. The projects also 
demonstrated how geological data can be 
used.  
The selection of the geological data that 
were used throughout the studies was based 
on previous research, where some data 
where found common and considered in 
most cases regardless of objective of the 
study, e.g. hazard mapping or route 
planning. These most common factors 
include slope, soil thickness, soil type, and 
topography, and could be for instance seen 
in Atkinson et al. (2005), Kourgialas & 
Karatzas (2011), Shafique et al. (2011a), 
Lepore et al. (2012), Yamakawa et al. (2012), 
Feizizadeh & Blaschke (2013), Romanelli et 
al. (2013), and Kalantari et al. (2014). In 
Sweden the range and availability of digital 
data is quite extensive, where the data could 
either be ordered or downloaded online. The 
digital data used in the four studies (Paper I 
– IV) undertaken in this research project 
were therefore easily obtainable.  
However, as van Westen et al. (2008) stated, 
not much emphasis has been given to the 
data that are not easily obtainable and need 
field investigations. Although field 
investigations are a necessary must for many 
engineering projects, and transport 
infrastructure is not an exception, it is linked 
to project costs. Much of the projects costs 
originate from the areas of geo-engineering 
and material supplies (Loorents, 2006). This 
implies that these two areas also can have a 
positive or a negative effect on the overall 
project. This was also the conclusion from 
the interviews conducted at the beginning of 
this research study. Estimation of projects 
mass-balance is therefore of importance as 
import and export of material affects the 
costs as well as the surrounding 
environment (Paper I & II). According to 
the conducted interviews, mass-balance 
estimations are usually undertaken in the 
later stages of transport infrastructure 
planning. This was also stated in Loorents 
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(2006) as mass-balance estimations require a 
lot of information, which is provided in the 
later stages when more details are known. 
However, most benefit for transport 
infrastructure planners can come from 
earlier mass-balance estimations. As was 
stated by several of the interviewees, an 
earlier estimation can result in a change in 
allocation with a potential reduction in 
project costs. 
The mass-balance estimation relies to a large 
extent on two things: i) project baseline, i.e. 
from where cut and fill will be estimated and 
ii) soil thickness. During the early stages of 
transport infrastructure planning details 
about the construction design might not yet 
be known, therefore assumptions of baseline 
might be made. There are however many 
different ways of estimating the soil 
thickness for mass-balance purposes, as well 
as for other project purposes that rely on 
information about the thickness. For 
instance, Wilford & Thomas (2013) 
predicted the soil thickness through linear 
regression using covariates belonging to 
three main groups: i) geology, surface 
geochemistry, ii) terrain, landform and iii) 
climate. Shafique et al. (2011b) also used 
field investigations but combined it with 
satellite based imagery for estimating soil 
thickness. However the objective of the 
study conducted by Shafique et al. (2011b) 
was to develop a soil thickness model that 
could be used in data sparse areas. This was 
the same objective as for the SRM in Paper 
IV, where the applicability in data sparse 
areas would be the main focus. 
One difference between the soil thickness 
modelling approach in Paper IV and the one 
conducted by Wilford & Thomas (2013) is 
that the latter, similarly to Shafique et al. 
(2011b) used existing data, as well as 
conducted field studies to acquire more data. 
Another difference is that the main method 
SRM in Paper IV was based on only two 
main inputs, i.e. slope and distance to 
outcrops. The idea that rock outcrops could 
be a good input to a soil thickness model 
was also found in Kuriakose et al. (2009). 
They had concluded that rock outcrops were 
a major controlling factor for soil thickness.  

The covariates that were used for the LR in 
Paper IV were on the other hand found 
among the same covariates used by Wilford 
& Thomas (2013), i.e. geology, elevation, 
aspect, slope, plan curvature and profile 
curvature. They however used a total of 29 
covariates, where several others were related 
to surface geochemistry and precipitation. 
The linear regression model in Wilford & 
Thomas (2013) proved overall weakest at 
predicting shallow depths, whereas about 
50% of the soil thickness estimates from all 
tested models in Paper IV were within 2 m 
from the actual thickness. The resolution 
used for the SRM in Paper IV was found 
within the resolution range compared to 
other soil thickness modelling studies, e.g. 
Shafique et al. (2011) that combined two 
DEMs with a 30 m and 2.5 m horizontal 
resolution, Crouvi et al. (2013) that used a 1 
m DEM, or Wilford & Thomas (2013) that 
used a ground resolution of 10 m. Although 
the resolutions used were similar between 
the mentioned studies the results varied. 
This is not unexpected, since the studies 
were conducted for different terrain and 
geological conditions, and with different 
parameters, data sets and methodologies. 
However, the importance of a soil thickness 
model could be seen in several studies, as 
well as the general idea that a model should 
be developed for the area in which it will be 
used. All models are coupled with 
uncertainties. A soil thickness model is 
therefore no exception, and this is especially 
the case for areas where validation data is 
lacking. SGU even stated that their recent 
developed soil thickness model, which was 
used in Paper I-III, has large uncertainties 
for areas where initial soil thickness data was 
lacking. This model is however more 
beneficial for transport infrastructure 
planning at proposed sites where the initial 
amount of data was large. The SRM 
developed in Paper IV is on the other hand 
useful for projects located in areas where the 
data is sparse, and there is a relatively large 
amount of rock outcrops, as it relies on easy 
attainable data which do not require drilling.  
Information about the soil thickness was 
used in all four papers (Paper I – IV), and 
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combined with other considered geo-
environmental factors. In Paper II the soil 
thickness was combined with information of 
stratigraphy in order to estimate the GHG 
emission and energy use. Stratigraphical 
information is similarly to soil thickness 
difficult to retrieve without field 
investigations, but the assumed patterns 
would despite the uncertainties open up for 
the possibility to analyse the impact of the 
assumptions. In Paper II it was shown that 
in this case, stratigraphy itself did not 
influence the total volume estimated in the 
mass-balance calculation. Instead it 
influenced the GHG emission and energy 
use estimates. This was because a change in 
soil type, or assumed thickness of each soil 
type underneath the top soil, would 
influence the fuel consumption. The overall 
thickness used for mass-balance estimation 
would on the other hand be determined 
through the assumed project baseline and 
intital soil thickness model. 
Topography was another factor that 
determined the framework for the mass-
balance. A very flat topography would 
simplify the calculations for the mass-
balance as the baseline would already be 
quite straight, thus reducing the cut and fill 
height in order to reach a horizontal line. A 
highly undulating terrain would on the other 
hand require more cut and fill processes in 
order to reach a horizontal line, and 
therefore would also affect the mass-balance 
estimations as well as GHG emission and 
energy use (Paper II). Therefore, as 
Collischonn & Pilar (2000) stated,  
topography could be a significant constraint 
in many cases since extreme slopes, and 
slopes exceeding a certain limit, need to be 
avoided because of the difficulty of 
construction, maintenance and usage.  
Complex terrain surfaces would thus 
logically yield inconsistent slope angles in 
different directions (Yu et al, 2003).  
For transport infrastructure planning the 
directional differences are therefore 
important to consider since it affects 
construction and travelling costs (ibid). In 
Paper I the slope angles, and by proxy the 
directional differences, were considered for 

the location of the alternative railway 
corridors. By selecting a relatively flat 
topography, i.e. 1.5 degrees as suitable, 
extreme slopes as well as large directional 
differences were avoided. The standardized 
value for slopes for railways are 25 vertical 
meters per 1000 horizontal meters, i.e. 
approximately 1.43 degrees (STA, 2013b). 
However STA (2013b) also stated that 
slopes of up to 1.7 degrees have also 
occurred. In Paper I the used slope value 
was between the ranges specified by STA 
(2013b). A problem however with larger 
slope ranges such as the one specified by 
STA (2013b) is that it reduces the type of 
railway traffic that can use the railway line. 
The steeper the slopes the more powerful 
the railway engines have to be in order to 
move the train forward. Therefore, in the 
study in Paper I where the objective was to 
find suitable railway corridors for commuter 
trains and not for freight trains, the slopes 
were still kept in the lower end of the slope 
interval, but slightly above the standardized 
value. This was achieved by using fuzzy 
membership. Another option, instead of 
fuzzy membership, could have been to 
constraint the slope values so that slopes 
with larger gradients would be avoided. In 
both these case the result would be that the 
most suitable areas given the slope factor 
would be in areas with flatter terrain. A 
downside to these flatter areas are that they 
are generally found in valley bottoms where 
not only clay is thicker, but also where 
wildlife could encounter a movement 
hindrance; thus creating a barrier effect if a 
railway was located there (Paper I).  
De Luca et al. (2012) stated that the process 
of rail design is important from a social-
economic and environmental point of view, 
where the latter strongly influences the 
design choices. They proposed therefore a 
method for optimizing the choice of the 
corridors for a high speed rail line based on 
GIS and multi-criteria analysis, similarly to 
the objectives in Paper I. Some of the 
criteria used in both of the studies were 
similar. For instance, De Luca et al. (2012) 
used an ecological factor where an indicator 
was the degree of biodiversity, a geological 
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factor where one indicator was 
geolithological composition, and a geometric 
and functional factor where an indicator was 
length of track. However a difference 
between the methodology in De Luca et al. 
(2012) and the methodology proposed in 
Paper I is that the previous introduced risk 
analysis and Monte Carlo simulation to the 
weighting profile in the multi-criteria 
analysis part; whereas the latter took on the 
role of expert opinion and stakeholder 
preferences for criteria weighting.  
The objective of taking on the role of expert 
opinion in Paper I was because of the reason 
that large projects, which a new railway line 
is, generally tend to involve expert opinion 
and stakeholder preferences. These are two 
main aspects which can, if not included in a 
proper way during the planning phase, cause 
unnecessary delay and additional costs. In 
order to reach a more sustainable transport 
infrastructure, it is important to find ways 
for increasing the integration of both expert 
knowledge and stakeholder engagement. 
SGU, among other governmental 
authorities, shall according to their directive 
provide material for the application of the 
Swedish Planning and Building Act (Björlin 
& van Well, 2016). Björlin & van Well 
(2016) therefore conducted interviews with 
various municipalities in order to understand 
the geological data needs, and the current 
problems that the municipalities have.  
Three main geological challenges that the 
municipalities have according to that study 
are: i) how to handle questions regarding 
settlement, landslide and erosion, ii) 
questions regarding water and sewage, water 
supply, storm water management, and risk 
for flooding, iii) management of conflicting 
goals for sustainable development which 
benefits the environment and ecosystem 
(ibid). Municipalities as well need to consider 
other various aspects regarding the 
suitability of a land area to be built upon or 
through during the planning process (Björlin 
& van Well, 2016). Therefore the 
municipalities request support so these 
aspects can be handled through an 
integrated manner. The general opinion was 
that other forms of decision support are 

needed, and not just support in the form of 
data and maps. Other forms of support 
could be suitability and susceptibility maps, 
case studies, methods and models, decision 
support systems, as well as expert support.  
The combination of multi-criteria analysis 
and GIS is one of the several beneficial tools 
planners at the municipalities can use in 
order to integrate various aspects, as well as 
conflicting goals, for decision support. The 
objective of Paper III was therefore to 
evaluate the impact and usefulness of expert 
judgements for susceptibility assessments 
using an SMCA approach. Multi-criteria 
analysis for susceptibility, suitability and 
vulnerability assessments has previously 
been undertaken for various purposes; for 
instance by Fernández & Lutz (2010) that 
used SMCA for urban flood zoning, and 
Feizizadeh & Blaschke (2013) who used 
SMCA for landslide susceptibility mapping. 
Several of the criteria used in Paper III were 
therefore based on other similar studies 
conducted, Feizizadeh & Blaschke (2013) 
included, with the purpose of natural hazard 
susceptibility assessments. A common 
criterion was once again found to be soil 
thickness. This is not unexpected, since, as 
Yamakawa et al. (2012) stated, soil thickness 
and its distribution over a slope contributes 
directly to slope stability.  
The interviews conducted by Björlin & van 
Well (2016) also stated the importance of 
information of soil thickness, stratigraphy 
and presence of cohesive soils for natural 
hazard susceptibility assessments such as 
landslide or flood mapping. The results from 
Paper I and III demonstrated how some of 
the geo-environmental factors can for 
instance be included for planning purposes, 
and how decision rules can be applied using 
GIS and multi-criteria analysis in order to i) 
integrate various confliciting goals to find 
alternative transport infrastructure corridors, 
and ii) to derive a susceptibility map e.g. for 
landslide, inundation or debris flow 
purposes.  
As mentioned by the interviewees in the 
beginning of this research project the 
geological variations, e.g. bedrock surface, 
depth to bedrock surface and stratigraphy, 
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cause uncertainties in transport 
infrastructure planning and problems during 
construction. This uncertainty has resulted 
in problems in many engineering projects 
and it will continue to do so for many more. 
Some geological uncertainty can be reduced 
by field investigations, for instance by using 
geophysical methods, but never fully 
removed. Because of this there would be 
differences between various transport 
infrastructure planning projects. This is 
because the geological factors selected, initial 
data sources and data itself, as well as the 
standardization between the factors and 
evaluation criteria differ between the 
projects.  
Even though the selection of geological 
factors to be used for geo-environmental 
planning is difficult and may not completely 
cover the issues at stake; the inclusion of 
geological information at an earlier transport 
planning stage provides planners and 
decision makers with an earlier view of the 
geological conditions at the proposed sites. 
The inclusion of geological information 
during the early and preliminary desk study 
also opens up for the location of areas 
which are highlighted as uncertain at this 
stage in planning and could need more 
detailed investigation further on.  
However, as Glasson et al. (2012) stated, an 
incentive by the developers to audit the 
quality of the predictions might be lacking. 
This in turn would affect the monitoring of 
the impacts. The resulting impact of this is 
that useful information would be missing 
and input to better assessments in future 
projects absent. Eriksson (1990) stated 
already during the 1990’s that the earlier on 
in the planning process the environmental 
assessments are made, the more active and 
offensive the role of EIA can be. This 
statement is still valid at this date. Geo-
environmental considerations can thus be a 
good input to an early environmental 
assessment in order to develop positive 
impacts. Therefore with the combination of 
a GIS-based MCA approach using spatial 
and non-spatial geo-environmental data, as 
well as expert knowledge, a decision maker 
can be provided with versatile tools in order 

to make the decisions that will direct the 
early planning process towards a sustainable 
transport infrastructure.  

6. CONCLUSION 

The following conclusions can be drawn 
from this PhD project: 
 

 Geo-environmental considerations 
can be undertaken at low cost using 
available digital data for early stage of 
transport infrastructure planning.  

 A method using GIS and MCA can 
be undertaken in order to couple 
ecological considerations together 
with geological considerations for the 
location of alternative transport 
corridors. 

 Mass-balance estimations can be 
undertaken at an early stage in order 
to reasonably estimate the amount of 
filling needed and to select alternative 
transport corridors.  

 Mass-balance can also be coupled to 
LCA in order to analyse the GHG 
emission and energy use of alternative 
transport corridors.  

 The use of geological stratigraphy 
impacts the GHG and energy use 
estimates.  

 GIS and multi-criteria analysis can be 
used to find areas that can potentially 
affect the transport infrastructure due 
to man-made and natural hazards.  

 It was shown that when using experts 
for retrieving the weights for MCA 
the experts tended to be inconsistent 
in their judgments. However when 
aggregating the scores the 
inconsistency was reduced. With few 
experts participating for scoring an 
option of equal weighting would 
most likely function just as well.    
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 Soil thickness is an important 
geological factor as it can affect a 
projects mass-balance and influence 
natural hazards. Therefore a 
simplified regolith model (SRM) was 
developed for areas with sparse initial 
data, such as borehole data.  The 
SRM performed reasonably well for 
previously glaciated terrain.  

 A decision maker can be provided 
with the versatile tools needed for 
decision making through a GIS-based 
MCA approach using spatial and 
non-spatial geo-environmental data, 
as well as expert knowledge. These 
tools can direct the early planning 
process towards a sustainable 
transport infrastructure.  

7. FUTURE RESEARCH  

This research study showed different ways 
of how geo-environmental considerations 
can be included at an early stage of transport 
infrastructure planning. However there were 
several limitations, besides the limitations 
for each paper, in this research study. For 
future research several other aspects could 
be considered and included. The focus of 
the study has been on the application in 
previously glaciated terrain. Therefore, the 
methodologies developed during this PhD 
project are unknown for non-glaciated 
terrain. In a future study the application of 
the methodologies in non-glaciated terrain 
would thus be interesting to undertake. It is 
also recommended to analyse the effect of 
including bridges and tunnels at an earlier 
stage. Geology is very broad field and many 
more geological factors could be included 
for geo-environmental consideration, 
besides the ones selected in Paper I–IV, for 
early transport infrastructure planning. It 

would be very interesting to go further into 
the development of hydrogeological factors, 
such as groundwater level, flow and 
movement factors, or tools for 
incorporating them in the methodologies 
described throughout this research project. 
It would also be interesting to analyze the 
effect of an ecological-geological system 
perspective (such as the one in Paper II) for 
early stage LCA. More verification is needed 
on the impact of various soil thickness 
models as well as the uncertainties in the 
data used itself. 
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