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Abstract 

 
 
 
 
The main objectives of this work were to investigate Geographical Information 
Systems techniques for modelling a cross-country trafficability. To accomplished 
stated tasks, reciprocal relationships between the soil deposits, local hydrology, 
geology and geomorphology were studied in relation to the study area in South-
Eastern Sweden.  
 
Growing awareness of nowadays users of GIS in general is being concentrated on 
understanding an importance of soil conditions changed after cross-country 
trafficability. Therefore, in this thesis, constructing of the Soil Knowledge Database 
introduced to the genuine geological soil textural classes a new, modified 
geotechnical division with desirable for off-road ground reasoning measurable 
factors, like soil permeability, capillarity or Atterberg’s consistency limits.  
 
Digital Elevation Model, the driving force for landscape studies in the thesis, was 
carefully examined together with the complementary datasets of the investigated 
area. Testing of the elevation data was done in association to the hydrological 
modelling, which resulted with the Wetness Index map. The three distinguishable soil 
wetness conditions: dry, moist and wet, were obtained, and used consequently for 
creation of the static ground conditions map, a visible medium of soils susceptibility 
to for example compaction caused by the machines. 
 
The work resulted with a conceptual scheme for cross-country trafficability modelling, 
which was put into effect while modeling in GIS. As a final outcome, by combining all 
processed data together, derivatives were incorporated and draped over the 
rendered 3D animating scene. A visually aided simulation enabled to concretized 
theoretical, hypothetical and experimental outcomes into one coherent model of 
apprised under Multicriterial Evaluation techniques standardized factor maps for 
ground vehicle maneuverability. Also further steps of research were proposed. 
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Chapter 1. Introduction 

1.1 Background 

Having in mind some very first in-field research that has been made for US Army 
purposes (e.g. terrain trafficability studies by Wood and Snell, 1960) ; one can 
observe a strict military aspect of the trafficability issue, that was done for two general 
vehicle types: having tracks (tanks) and having wheels (trucks, jeeps etc). Later on, 
the idea was developed and nowadays the argument after the studies on trafficability 
stands stronger amongst the civil applications. In the case of armed conflicts, 
geohazard occurrences (e.g. flood, earthquake, tsunami, volcano eruption), 
unintentionally lit forest fires and ecological catastrophes or rescue services, the 
knowledge about the accessibility to the nature may save human life, reduce 
expenditure costs and also lessen the time needed to apply the remedy. The civil 
vehicles are mainly wheeled vehicles, and before going cross country, there must be 
recognition of as many details as possible regarding the route or corridor of 
movements map in the specific region. 
In forestry and agriculture, various set of machines and techniques exist, dealing in 
the present time more and more with the problem of the acceleration of soil erosion 
due to the extensive harvesting and particularly machine-soil interaction that takes 
place in different weather conditions and topographical locations. According to the 
directives for general practices on the sensitive sites, minimization of the erosion risk 
(and loss of production) is under investigation, and some initial proposals exist in 
which vehicle operators are guided in choosing an optimal route as well as 
appropriate assets e.g. proper tires pressure to prevent reluctant soil compaction, 
rutting.  One of the simplest equations for the incorporation of the factors regarding 
the path distance for a moving vehicle (DeMers, 2002): 
 

Fuel used1 = SD x F x HF x VF 

Where: 
SD – is the total slope distance 
F –     is the surface friction factor 
HF – is the horizontal factor  
VF –  is the vertical factor relating to down or up slope movement. 

1.2 Motivations 

It is assumed that a comprehensive list of possible terrain landforms and interaction 
processes may be obtained from Digital Elevation Model examination. Such analysis, 
performed by GIS software platforms, together with additional complimentary 
databases, relevant to the subject area, should result in the visible derivatives media 
that in this case is a cross-country trafficability map. Such approach is known as 
Map-Based Modelling. In parallel to the trafficability analysis techniques, a 
Geodatabase development of these surface structures within the studied area ought 
to be created as well. The cross country vehicle operator may have to refer to the 
map in order to gather all of the necessary information regarding possible 
                                                
1 The formula ‘Fuel used’ may be substituted with ‘Time’ or ‘Cost Surface’ needed to consider while 
driving through the specific terrain. 
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movements of the car and the costs (fuel usage, time, and safety, risk of root 
damage or immobility) of taking specific path through terrain area.   

Database development is crucial in GIS modelling – it allows every possible feature 
in the specific map area to be described and most importantly – to run some query 
languages for geospatial evaluation of the area.  A primary index of the landforms 
might be planed, taking into consideration five main terrain characteristics: 

Geomorphology (elevation, slope, natural landform obstacles) 
Hydrology (rivers, lakes, catchments areas, wetness index, hydrogeology) 
Land Use and Land Coverage (agriculture practices, forests, build-up areas etc) 
Soil types (soil geotechnical parameters) 
Man-made structures (roads, channels, bridges, restricted areas etc) 
In this thesis personal motivations were mostly focused on understanding the 
landscape complexity and their possible interactions with the ground vehicles. 
Parallel to this, studies of the Geographical Information System’s capability in 
simulating spatially distributed processes that unavoidably change and reshape the 
earth's surface, was also comprehended to be important. Interoperability of the GIS 
with the other programs and ability to test various theoretical ideas and models has 
been seen as the proper platform to start with the cross-country trafficability 
modelling. Another extremely interesting study area, when faced with a variety of 
landforms and land use practices, is geomorphologic and environmental studies. 
These can be applied over the designated fragment that results from the rectangular 
shape of the topographic map sheet boundaries.  
 

1.3 Problem formulation 

In this master thesis the main aim was to generate and analyze a map with the 
possible vehicles’ cost surface movements through the cross-country terrain using 
GIS software. By using the latest GIS software, the general path of assessing cross-
country trafficability was stated to be as follows. To conduct these interrelated, or one 
can say interconnected, scientific inferences and come out with constructive 
conclusions, the whole studies must have lead from the data acquisition and pre-
processing towards data quality examination and accuracy assessment and if 
needed, to the data processing and analysis. Lively dialogue with the outcome 
results was willing to direct to the new observed facts and events, when the principal 
intend was laying among the promotion and advance in general sense of the any 
further possible techniques and ideas that might contribute to the trafficability studies 
across open country. 

Because of the GIS ability for enabling various data sources to be merged into one 
working model, the primary investigation from the literature survey has focused upon 
these agencies or group of interests that have widely used terrain manoeuvrability 
reasoning. It was expected that some applied studies, whether with or without the 
GIS aid, have been done to test at least some of the parameters taken into 
consideration in existing trafficability models for the military purposes or civil needs.  
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From the conceptual model heavily supported by the literature survey, through the 
experimental modelling in GIS to assessing manoeuvrability in the chosen study 
area, it was believed that such off-road ground vehicle action may take place when 
the classes of rough surface cost together with ground condition states and obstacle 
objects in association with restriction places are be precisely mapped. Adding the 
importance of Human-Computer Interaction behavior, the presumption was stated 
that the vehicle operator would like to know beforehand which the most preferable 
path she/he may choose driving through the cross-country terrain. Here, the analysis 
of the processed data plays an important role, when the decision taken by the 
particular user/users may depend on the understanding of the terrain’s complexity.  

 

1.4 Limitations 

 

This study was conducted for creating a prototypal drivability classes map for a 
cross-country environment. In fact, the two are strongly connected to the main 
subject branches of interdisciplinary studies: Complex Soil Body Interaction 
Modelling and Hydrological Modelling both are associated with the Digital Elevation 
Model and have only been analyzed with some certain simplifications, while being 
strictly focused on the off-road mobility reasoning. Actually, this limitation was 
dictated by the availability of the GIS datasets. It would be possible to enhance the 
proposed model, when the other, more comprehensive datasets, preferably 
meteorological, hydrogeological, forest detailed maps, soil type maps together with 
the soil depth profiles and other relevant data, appear to be available. As a result, the 
thesis was oriented towards Relatively Static Environment Cross-Country 
Trafficability Modelling. Neither the vehicles performance tests, nor their interaction 
with the rough surface, were to undergo field analysis. Such post modelling 
assessment was seen as the next stage of the research, but rather for the 
terramechanics study discipline (e.g. tyre inflation studies). Although, GIS is believed 
to be flexible in terms of data up-to-datedness, after which, the modelling of the 
vehicle off-road performance would be more holistic and more useful.  



 4 



 5

 

Chapter 2. Theoretical background  

2.1 Geographical Information Systems (GIS) 

2.1.1 What is GIS?  

GIS can be considered as a set of tools and procedures that facilitate the data 
collection (input), data storage, data manipulation (e.g. retrieving at will, transforming, 
displaying) data analysis, and data output. The GIS software programs are designed 
to assist and support the decision making processes, using georeferenced datasets 
captured from the real world. The data collection can be performed by employing 
integrated technologies, for example: Remote Sensing, GPS measurements, CAD 
plans, and the results from the traditional field study observations. Moreover, there is 
a broad spectrum of statistical and analytical methods and programs that can 
cooperate with GIS, most preferably to utilize its advantages for visualizing the 
phenomena and for operations upon the geographical data within the desirable 
geographic coordinate system. GIS is capable of testing the ideas and scientific 
hypotheses as well as providing the tools for possible future development of some 
natural physical processes or living species behavior, in strong relation to the Earth 
surface processes.  

2.1.2 Raster data representation in GIS 

Raster tessellation, also known as a grid, describes one of the methods of data 
storage and phenomena representation in the software programs. Raster is build 
from the matrix of cells, which have the same dimension throughout their structure. 
There might be many different raster layers, consisting of different attributes (themes) 
that can be analyzed logically (e.g. overlaying), if only the resolution and the spatial 
accuracy of each of the cells fit among different raster datasets.  The favorable usage 
of the Raster data is when one is studying the natural phenomena and processes, 
especially characterized by the flexible borders of noticeably transition of continuous 
values. These properties, examined in detail, need to be organizing in a way that the 
main character of their pattern would, as closely as possible, reflect the merit of their 
state. Raster GIS is capable of doing this. The disadvantages of the raster data 
representation are they relatively great amount of file sizes, and low readability in 
terms of low geometric precision. 
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2.1.3 Vector data representation in GIS 

 

The Vector approach to GIS consists of three main possible sets of entities, 
configured by their spatial coordinates and often by their relation to the existing 
database. The entities are: points, lines and polygons, symbolizing the geographical 
objects converted to the graphical representation, which can be successfully 
topologically bonded among one another. It is generally better to have the vector 
data, from which one can either perform some process of generalization or perhaps 
switch to the raster with the desirable cell size resolution (a practically limitless small 
cell size can be rendered from the vector data) during the rasterization process. The 
virtue of the vector data is its graphically correct map visualization (smooth or sharp 
borders of the figures and lines, geometrically correct, in a great variety of shapes), 
and topological connection option, which allows fast and efficient network analysis. 
Moreover, the vector objects can be spatially joined with the external databases, thus 
providing an enhanced description of the object in relation to the genuine map. Some 
shortcomings of using the vector data are: inability to analyse the continuous 
surfaces, and some certain level of topological structure complexity. 

 

2.1.4 Raster to Vector, Vector to Raster transformations 

 

Mutual possibilities exist between those two different ways of data management in 
GIS. Very often, the main GIS software packages available on market enable the 
users to transform the available datasets from raster to vector (rasterization), or vice 
versa (vectorization). It is one of the most commonly used functions in GIS, since the 
users desire to render e.g. a generalization procedure, or switch between one media 
into the other for alternative modelling methods at will. To sum up, having in mind the 
advantages and disadvantages of both raster and vector data representations in GIS, 
the decision which method would be preferable for to conduct specific research, will 
definitely depend on the aim of the studies. In the end it is always a user choice. 

 

2.1.5 Geographical Information Systems for Transportation (GIS-T) 

 

‘’... GIS-T are interconnected hardware, software, data, people, organizations, and 
institutional arrangements for collecting, storing, analyzing, and communicating 
particular types of information about the Earth...” Furthermore, according to Fletcher, 
the types of information that are being analysed are the transportation systems and 
the geographical regions. Between these systems and the regions there exist a 
mutual interaction and each influence the other (Miller H.J. and Shaw S.-L., 2001). 
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The definitions above do not clarify extensively the merit of driving the vehicle in 
cross-country terrain. There exist no up-to-date statements in the studied literature 
that could connect cross-country trafficability with the GIS. If it is so, there must have 
been studies and previous works separate from GIS, regarding the off-road 
trafficability. Once again, it is believed that GIS can incorporate many stand alone 
models and ideas, and successfully cope with the extensive amount of data.  Below, 
in several subsections to the Chapter 2, there are some recent and past 
achievements in the field of ground maneuverability of vehicles, parameters of 
ground condition that must have been at an adequate level to sustain ground 
vehicles, and finally some of the very first consequences after going cross-country.  

 

2.2 Theory behind cross-country trafficability 

 

Among the many concepts related to the subject of this thesis, there are some basic 
definitions supported by the experimental studies that provide a desirable 
introduction into the subject. 

2.2.1 Trafficability 

 

‘’... Trafficability is a measure of the capability for vehicle movement through some 
region. It is a relationship between some entity (capable of movement) and the area 
through which it moves...’’ (Donlon J.J., et al, 1999) Sharply cited after the author, 
one must also refer more to the inner structure of Donlon’s report. He has observed a 
very important issue, that is there seemed to be no available commercial-off-the –
shelf programs or models that could automatically deal with more advanced and 
complex set of dynamic parameters (mentioned further in 2.2.5). The other important 
notice is provided to describe the common solution for to derive similar areas that are 
of interests of e.g. army. Producing diagrams from surveyed terrain superimposed on 
topographic map is done to distinguish puzzle-like areas from resembling cross-
country trafficability parameters (unification of the complex study area into more 
simplified conglomerate of surveyed polygons). The question that arises now leads to 
the one point - how the terrain interacts with the machine? 

2.2.2 Vehicle speed 

 

‘’… Vehicle speed is calculated for a given vehicle for each type of region based on       
a series of mathematical transformations…’’ (Donlon J.J., et al, 1999) As was 
mentioned in 2.2.1, complexity of terrain through which a vehicle has to drive is huge.  
Even not considering the snow, ice or shallow water surfaces in the studied area, the 
ground characteristics, next called soil or ground conditions, introduced into 
investigation; bring out a high complicate physical body into the scope of this study 
(analyzed in Chapter 8).  
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2.2.3 Ground carrying capacity 

 

It is known that soils have some level of vulnerability, called shearing resistance. Soil 
mechanics need to be accounted for cross-country vehicles, and there are works to 
predict vehicle vibration, traction performance or handling performance (Weidong P., 
and Lea-Der C., et al, 2005).  Water controls the most ground conditions. Additionally 
topography, vegetation coverage and bedrock on which soil is formed as well as 
several different parameters, are the second most important factors for genesis and 
development of the soils. Except for these, there are other elements connected to 
vehicle ground performance that interact with physical soil body. For example,      
tire-soil interaction (also truck-soil interaction) modelling is in progress, enabling the 
use of results from the tested areas of various ground conditions, conducted often 
during different periods of year (e.g. Saarilathi M., 2002; Abebe A.,T., et al, 2003). 
New situations are generated when there have been multiple vehicles allowed 
trespassing through particular area in specific weather and ground conditions     
(House M.,L., et al, 2001). When the critical layer of the soil that can sustain the 
weight of the ground vehicle is reached, there is a place for a negative from the 
maneuverability, but also from an agricultural point of view process – the soil 
compaction. 
 

2.2.4 Consequences of cross-country trafficability 

 

Generally, water content, organic matter, textural composition and structure of the 
soils determine their susceptibility for the compaction (Imhoff, Silvia Del Carmen, 
2002). Such compaction sensitivity is evidently not good for the plants, because the 
root system may be impeded from the proper development due to the lack of oxygen 
supply, and mechanical harm to the root structure. What is more, decrease of the 
hydraulic conductivity (permeability) of the soils, increases the risk of soil erosion and 
in the greater scale may initiate the changes of hydrologic conditions of the 
landscape (McNabb D.,H., et al, 2001). For instance Horn et al (2005) has been 
studying possibilities of prediction of mechanical strength of arable soils at various 
map scales. Following this author, considering universally, the drier the soil is, the 
stronger it gets against compaction, while the wetter the soil is, the more it became 
vulnerable. There exists the possibility that for example contingent of vehicles that 
drive at a trot formation can become immobile due to the cumulative compaction 
stress of the soils. Having in mind this overview about the cross-country trafficability 
and some of the undesirable results after exceeding certain soil states, the next 
section briefly describes main trafficability actors, one can say a generic parameters. 
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2.2.5 Trafficability parameters 

There does not exist only one standard set of factors that contribute to the 
trafficability aspects. Without reference to details, one can divide these parameters 
into: 

Trafficability parameters 

 

 

Terrain factors Vehicle factors* 

 

 

Relatively Static Dynamic 

Geology 

Soils 

Topography 

Hydrography, etc    

Weather conditions 

Human activities, etc 

Width, length, height, 

override diameter, 

 maximum gap to traverse, 

 ground clearance,  

maximum step, 

 maximum gradient, 

 maximum tilt, 

 specific ground pressure, 

 maximum straddle,  weight of the vehicle unit, 

etc 

Figure 2.1: General cross-country trafficability parameters 
* Stated briefly by Edlund S., (2004) 

 

In this thesis, the relatively static terrain factors are being investigated with the 
special interest. It is dictated mostly by the GIS datasets availability. Nevertheless, 
the next chapter is going to present up-to-date projects and results of in-field studies 
towards understanding what has been done previously and recently for theoretical 
and applied cross-country trafficability reasoning benefits. 
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Chapter 3. Literature Survey 

The complexity of the accessibility in the cross-country terrain by ground vehicles 
issue lead to narrowing of the reviewed literature to some crucial studies for author’s 
research questions: 

● To whom cross country trafficability modelling should be oriented               
     (military, fireguards brigade, forest  company)? 
● What databases structure exist that are able to connect all the landforms, soil  
    formations and other  ‘layers’ to build the final operable model? 
● Which algorithms are developed that can be implemented in the GIS model for 
    trafficability? 
● How to estimate data needed for such analysis? 
● Have there been previous efforts/studies/models for accessibility done in similar  
    topic?   
This very literature survey is based on the compilation of the past related studies, 
email correspondence with the companies and scientific staff working on in-depth 
studies and author’s synthesis and analysis supported by preliminary data acquisition 
and management in GIS software. 

Modelling trafficability is not an easy to perform. The more sophisticated the model, 
the harder to follow all the possible factor interactions. Various natural components 
affect each other in a more or less predictable way and additionally vehicles, that are 
involved sensu stricto in this relationship web, contribute to the complexity of this 
issue extensively. Three main sectors that are willing to conduct research towards 
better terrain elements drivability prediction for terrain parameters are military 
agencies, agriculture and forestry industries and environmental oriented institutions 
together with the rescue services. The security and safety, the profit and the ecology 
ideas sound out from these particular groups, but consciously or not all of them 
contribute a lot to the trafficability assessment. The main body of this chapter is by 
analogy divided in the same manner. The use of GIS and non-GIS approach is 
considered parallel to the discussion about the specific software development. After 
the literature survey analysis, the research approach is formulated, in which the steps 
of how to perform the cross-country trafficability modelling in GIS are shown, avail 
oneself of analyzed models and studies that have been carried out.  

 

3.1 Military approach 

Going back to the old date traditions for trafficability studies it is generally well known 
that they were performed and still they are one of the main scopes of military 
research. The tactic maps together with the scout reports were the analogue versions 
of the nowadays much more sophisticated digital maps available now, with different 
additional extension like 3D views over the specific terrain or automatic terrain 
drivability classes produced through the usage of advanced algorithms in  various 
computer programs, also in GIS software environment. The best available techniques 
for mapping and showing natural as well as man-made phenomenon are being 
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incorporated by the armies. It guides the author to look closer at them and evaluate 
the methods and equipment needed for precise and highly accurate data capture and 
recognition. Because of the rather not-public character of their capabilities and 
structure, this literature review is only an approximation of what is possible to do 
using those military models for trafficability.  

 

3.1.1 Military models for Trafficability 

 

The article that describes models for military analysis of vehicles cross-country 
trafficability, point out some major characteristic features and layers that have to be 
taken into consideration in the simulation.  Among the armies’ personnel, they might 
be perhaps well known, but to the general public they are not. It was not an author’s 
intention to describe them in detail, anyone interests should refer to Birkel’s (Birkel. 
P. A., 2003) report, where four military models were investigated: 

1. ModSAF/SIMNET Trafficability (Modular Semi-Automated Forces Environment) 

2. CCTT Trafficability (Close Combat Tactical Trainer) 

3. WARSIM Trafficability (Warfightering Simulation) 

4. NRMM II (NATO Reference Mobility Model II) 

 
The terrain factors are of greatest interest for the trafficability characteristics.  Further 
on in the Birkel’s report, the following terrain factors that contribute for performing a 
drivability weights /ranges/ evaluation are mentioned:  slope, obstacle description, 
surface material, soil type, soil strength, freeze/thaw depths, surface roughness, 
surface slipperiness/wetness/ice, snow, non-woody vegetation, woody vegetation, 
and hydrology. Similarly, The Canadian Space Agency hyper spectral satellite 
mission plans (1999) were to derive automatically specific information regarding the 
terrain parameters for every of each scanned pixel of the investigating terrain. Some 
of them are summarized in the Table 3.1. 

Table 3.1: Surface features of military interest 
Surface Feature Example 
Surface material Quarries, surface roughness, boulder fields, rock outcrops, soil 

types, disturbed soil 
Surface drainage Linear features (rivers, ditches, shorelines)  

Area features (lakes, flood areas)  
Point features (dams, locks) 

Vegetation Deciduous, coniferous, canopy closure, hedgerows, grasslands, 
swamps, marsh, bogs 

Transportation network Roads (type, bridges, tunnels), railways, airstrips, ports, ferry sites 
Obstacles Walls, fences, towers 
Near shore bathymetry   
Source: after Canadian Defence Department J2 Geomatics, (1999) 
 
It is not clear then how the model which is taking all mentioned above into 
consideration factors should be named. Probably another description should be 
used, like the Terramechanical Mobility Model? 
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In the other words, not only surface features are needed, from which one can 
respectively attach the weights. In addition, usually the division regarding trafficability 
through the terrain is provided as a terminology attached to the map description: 

• ‘Go’/ ‘NoGo’ or 
• ‘Go’, Restricted, Slow, Very Slow, and ‘NoGo’ or 
•  Restricted, Several Restricted, Unrestricted etc. 

 
What is more, the above military models are taking into cost different classes of 
ground vehicles. Various parameters of the mobile units performance were 
calculated, taking into consideration seasonal weather changes. Some of such 
general driveability parameters are: velocity, resistance force, acceleration, maximum 
speed, deceleration, turning rate, and climb angle, load class etc. Several army 
vehicles either on wheels or on tracks, have also been involved in terrain tests within 
the different landscapes and different weather conditions (e.g. Shoop S.,A., et al, 
2004). 

 

3.1.2 GIS-aided military cross-country trafficability models 

To make the non-GIS military models more versatile, there are some attempts to 
develop GIS applications based on the previous experiences with traditional models. 
This is mutual dependency or complementary advantage one can say. It resembles 
the soil erosion models (e.g. USLE -Universal Soil Loose Equation family models) 
and the attempt to use them with- or in- GIS software applications (DoeW., W., 
1999). There is also a combination of two platforms, a new hybrid with capabilities 
enhanced with spatial reasoning in term of finally georeferencing and coordinating 
the data in GIS. Many times, as a reply to the officially stated questions regarding off-
road accessibility, the ‘secret’ character of existing models blockade the information 
flow concerning this issue.   

Reading the military reports and imaging what is possible and what is perhaps not, 
often leads to the dead end. But sometimes it is possible to conduct a conversation 
with the people working nowadays on developing trafficability models. For example, 
the official and unofficial materials about one of the available trafficability complex 
models is considered. A letter from director of C41 Operations CHI Systems, Inc.,  
Mr. Ken Graves in few sentences describe the pros and cons of their terrain analysis 
model (Figure 3.1). A quotation from him should generally show the basic elements 
that were used in model development:  

 

“...Our models use raster and vector GIS data in analyzing terrain.  They also allow 
the user to input terrain that would not normally be contained in any digital terrain 
data source, such as contaminated areas, fuel spill areas, minefields and similar 
man-made obstacles.  These user-defined areas are then treated as terrain objects, 
which are considered in trafficability and mobility analysis calculations...” 
 



 14 

Except the terrain factors that affects ground drivability, in this GIS-based model (and 
others as well) there are, by repetition to the second chapter, strict armed forces 
parameters: individual vehicle mobility characteristics, mobility characteristics 
associated with military combat formations consisting of more than one vehicle or of 
mixed vehicle types, the case of dismounted soldiers on foot, and the case of low 
flying aircraft trying to avoid terrain and so on. 

 

 

Figure 3.1: C3CORE GIS-based Command and Control main factors, after (CHI Systems, Inc) 
 

After investigation of some of the GIS-aided military models, the layers that have 
been accounted for in terrain trafficability are also used effectively in the non-military 
applications too. What is used for C2 (Command and Control) terrain examination, 
might be used further on or even might originate from civilian knowledge acquisition. 

 

By performing an overlay function, one can depict the cost of movement by a vehicle 
from one point on the map to another. Recall once again from Birkel’s report that 
“...Cross-country movement speed is calculated based on the vehicle’s top speed, 
unconstrained, which then is degraded based on the cumulative effects of slope and 
surface configuration, vegetation , soil effects , and surface materials...’’. 
 

Nowadays, a greater awareness is perhaps arising about the consequences of heavy 
vehicles transport (Figure 3.2) throughout the earth’s surface (Sullivan P.,M., and 
Anderson A.,B., 2000). From the personal perspective it is spotted as a one of the 
most desirable and long awaited courses of actions from the army’s personnel.   
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Figure 3.2: Military wheeled vehicle on the soil carrying capacity testing area, 
      source: Sullivan and Anderson (2000) 
 
From military research institutions, some knowledge is being transferred already. 
Nowadays, especially during military ONZ and NATO missions, after successive 
(subjectively) peace settlement, there are many obstacles that employed for example 
Geographical Information Systems as the tools for different in nature operations. One 
can refer to minefield disarming long and dangerous process (Chamberlayne E.,P., 
2002) , supply delivery through demolished road structure and other humanitarian 
works. 

3.2 Agriculture, Soil Science and Forestry  

 

 “...The main purpose of forest management is to minimize man’s impact while 
maximizing the economic value of the forest...” 
     (Gold C., 1998)  
 
In the Forestry companies, where mainly the Off Road Vehicles (OFV) are being  
used to reach the remote places for wood cultivation and harvesting, there is also a 
place for environmental thinking about the tire and track erosive factor (e.g. Prudente 
J., A 2003). Studies about the soil compaction after frequent traversal by harvesting 
equipment in the cold northern climate area on the boreal soils shows that 
compaction occurred faster and would prevail for a longer time in the wetter soils 
(Startsev and McNabb , 2001). 

 

3.2.1 Optimal Off-Road Route Model 

The Suvinen’s (Suvinen A., et al 2002) Terrain Mobility Model for Optimal Off-Road 
Route deals with GIS based modelling in the Finnish environment. The terrain 
drivability is described as a dependency of the soil’s resistance force to wheel or 
track friction. The terrain factors taken into consideration were divided further into two 
main categories: 
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- Constant factors – like slope resistance down- and uphill calculated for the 
different slope angles; obstacle resistance objects like stones and rocks; other 
obstacles  e.g. power lines, water systems hindrance (in a summer time) etc. 
The ’other’ obstacles were treated as a cost surface multiplied by the 
coefficeincy of disadvantage. In simple words some obstacles might be 
trafficable but due to the dangerous circumstances they should be avoided. 
The given values were recognized to be diversified in dependency from the 
time of day.  

- Dynamic factors – actually seasonal factors like snow coverage, ice layers or 
frost action occurred within soil body. The soil terramechanic general 
parameters like cohesiveness and friction has been described for the mineral 
soils. Additionally the plasticity theory have been used for soil bearing capacity 
estimations combined with affecting it changes in soil moisture states. A depth 
of freezing in various types of grounds caused by frost action has been 
explained too.    

 

Parallel to the terrain conditions, the Suvinen’s GIS model takes into consideration: 

• the machine’s parameters (in this case forest tractors); 
• the tree stand objects (obtained from separate database); 

• an existing road object (obtained from Finnish National Road Administration 
database); 

• the weather objects (synthesis of the knowledge about finish weather 
conditions and mathematical formulas regarding the weather variables 
calculations). 

 

The results of Suvinen’s modelling are finalized in GIS-software on                                       
the Cost Distance [CD] for surface formula: 

 

[CD]= Surface distance * Vertical factor * ((Friction (a) * Horizontal factor (a) +   

+ Friction (b) * Horizontal factor (b)) / 2 

 

Where: 

Vertical factor   = slope resistance, kN 

Horizontal factor (a)  = lateral inclination, ‘Go’/’NoGo’ situation 

Horizontal factor (b)  = sum of resistance forces*, which affect on horizontal  

        direction and are not depending on moving direction, kN  

(a) and (b) in the equations are the raster’s cells, from which the movement is being 
calculated by the Cost Distance function in GIS software environment. 

*Author gives a detail account of resistance forces as obstacle resistance (kN); snow 
resistance (kN); rolling resistance (kN) and coefficient of disadvantage. 
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3.2.2 Remote Sensing for trafficability reasoning 

Of course the GIS is not alone in being a complex method for rugged terrain analysis. 
The mathematical models, statistical programs meteorological and hydrological data 
are involved in holistic examinations of the existing problems in the real world. In the 
similar, but different from the technical methods point of view, the LIDAR (Airborne 
Laser Scanning) and InSAR  (Interferometric Radar) techniques have been tested 
and compared in order to depict the forest canopy dimensions and terrain elevation 
models (Andersen H.-E., et al, 2002). To assess these relatively new techniques, 
later in this very report the results have been compared with the traditional 
photogrammetric measurements. For the concept of trafficability, the outcomes are of 
greatest importance in terms of accuracy improvement of the recorded earth surface 
features (Figure 3.3). 

 
Figure 3.3: A Comparison of Forest Canopy Models Derived From LIDAR and InSAR Data  
(in a Pacific Northwest Conifer Forest), after Andersen H.-E., et al, (2002) 

3.2.3 Trafficability Evaluation Systems using field-studies and GIS support 

The forest area is not a static place like might be seen from the maps and data 
collected during terrain operations. Following the Kokkila’s (Kokkila M., et al, 2001) 
article the site investigation (0,5ha area) were performed on the basis of 
geomorphological knowledge, contour lines, rock, soil type map, rock and peat lands 
datasets. Further more the contour-based DEM was constructed in a resolution of 
10m. The whole area was divided into a regular net of measurement points. The 
gravimetric soil moisture content and penetration resistance have stand behind the 
conducted studies before harvesting. Later, the harvester operator armed with the 
GPS and DGPS devices drove through the selected points. The aim was to analyze 
how to avoid the most sensitive places (Figure 3.4), from the forestry economy point 
of view. The highest wetness indexes of the terrain primary achieved from DEM 
modeling is an example of this.  
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Figure 3.4: Heavy machine impact on sensitive forest sites, source: Owende (2002) 
 

...’’A sensitive forest site is where alterations to normal mechanized harvesting 
practices are required in order to avoid adverse effects on the ecological, economic 
and social functions of the forest”...(Owende P. M. O., et al, 2002). 
 
The discussion should be raised here in respect to the GPS accuracy assessment 
that has not been done desirably. Especially in the forest area this issue might be 
extremely important since the errors of measurement are most likely to be expected 
due to the GPS signal interfering with the surrounding terrain features and 
vegetation.  

 
Trafficability Evaluation System (TES) developed by the Swiss scientist, Adrian 
Walter Eichrodt (Eichrodt A. W., 2003), reminds one of the Kokkila’s work in terms of 
similar methodological approach. The author used 50 sample points from generated 
Topoindex model (raster of surface water runoff) to study the two main soil 
parameters: the cone index (that points out soil strength) and the water content. 
Those variables have been monitored for over 68 days, the empirical models 
developed and later validated with the Topoindex where for the Water content the 
correlation was obtain in 70% (±5%) cases while for the soil strength it was 50% for 
the cone index  = ±100kPa, and 84% after increasing the interval to ±200kPa. The 
outcome of these studies becomes the basis for defining the three different 
scenarios. Not specifically, the tracked vehicles and wheeled vehicles were firstly 
compared in some terrain conditions. Secondly, the changes in tire inflation pressure 
(decrease) were observed as a significant factor for improving the mobility in the 
particular area. Thirdly, the beginning and end of the study period was compared in 
general terms to reveal the impact of the fluctuating weather conditions on the 
drivability. The last scenario stresses the author’s confidences that not only static but 
particularly dynamic conditions have to be developed in order to accurately perform 
such complex analysis. 
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3.2.4 Dynamic Terrain Trafficability Modelling 

 

The dynamic factors were analysed in the Saarilahti’s work (Saarilahti M., 2002) 
under ECOWOOD project. 

 

                              Figure 3.5: Saarilahti’s Dynamic Terrain Trafficability Model, after: Saarilahti, (2002) 
 

This model considers both the static and dynamic factors interacting in time. The 
author’s concept model incorporates and examines distinct sub-models for the 
summer, winter and spring time. The regional and local landscape variations 
simulated by separate constant and changeable models later on incorporated into 
GIS–platform are being reliable enough if the field studies that come out with the 
empirical knowledge from the investigated specific terrain support the whole rather 
than the simple forest accessibility issue. 
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3.3 Environmental hazards and HAZMAT transportation 

3.3.1 Environmental Hazards (Geohazards) 

 

People working with the occurrence of environmental hazards (Geohazards) are in 
desire for quick, efficient and accurate data retrieving, storage, analysis and 
interoperability across the electronic standards. The sense of understanding the need 
of employing GIS in the natural disaster catastrophe and especially during the 
‘aftermath’ can be read from the abstract by Drs. Natalia and Gennady Andrienko 
(Adrienko G., Adrienko N., 2003). As pointed out, the years 1997 and 2002 were 
uneasy for the Central Europe countries due to the devastating floods in Poland, 
Czech Republic, Hungary, Germany, and Austria (Figure 3.4). This work that was 
concentrating on re-evaluation of the available de facto military models for off-road 
trafficability, raised the weighted raster method as one possible solution to the 
question of how is one to proceed with the movement through the extremely 
saturated ground conditions? The factors that were finally taken as a main factors in 
such estimation are: slopes of terrain relief and micro-relief forms,  vegetation, 
hydrology (surface water features), soils conditions, road network and rest of 
communication lines, urban/built-up areas,  climate (meteorological) conditions and 
other natural and man-made features.  

 

   Figure 3.6: Flood in Poland, 1997, Brzeg Dolny surroundings 
Widely speaking, the discipline or profession of emergency management is dealing 
with the sudden impact of natural (but not only, see section 3.3.2) disasters. Risk 
assessment can be seen as comprehensive set of applying sciences, technologies 
and management techniques, with the constant orientation towards pre-,during- and 
after-geohazard occurrence (Cova T.,J., 1999). Furthermore, in Cova’s report, author 
has distinguished environmental hazards into: 

• Sudden, like floods and fires, and 

• Slow, like radon radiation, water pollution, and land erosion.  

Analysing author’s publication, a GIS-aided conceptualization is being promoted 
together with the lively discussion regarding the real recent use of GIS application in 
some recent examples. 
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However, nowadays consciousness of the man-made technological hazards that 
occur significantly in the industrialized but also virgin landscape, directed to the other 
set of problems that have to be dealt with. One of them is shortly described in the 
next section. 

3.3.2 Hazardous Material Transport (HAZMAT) 

 

GIS aid for HAZMAT (Hazardous Material) transportation helps to set the boundaries 
of the contamination areas after the vehicle accident and to not allow the off-road 
traffic (if has to pass through for many reasons) to proceed (Zhang J., et al, 2000). 
For example, in designed and constructed spatial decision support system named 
Hazmat Path, scenarios of shipping hazardous material have been studied and as 
the result, data management, interfaces development and optimization of the system 
with the visualization aid for decision making challenges have been developed   
(Frank W.,C., et al, 2000). Professional knowledge about the interactions between 
the landscape ecology and the possible activities of humankind deserves reward if 
achieved to some extent. Models of dispersion movement of the toxic substances 
that have been introduced to the nature may be employed by using the Digital 
Elevation Models within the testing virtual surface laboratories for the detection of, for 
example, possible contaminants leeching hotspots to prevent the local population 
from the harm, and to apply quick and sufficient remedy aftermath. 

 

3.4 Concluding the literature survey 

 

With respect to the surveyed works that have been done, in this thesis, the proposed 
methodology has been adapted, by taking the ideas, experiences and achievements 
in order to conduct a rather synergic research approach towards cross-country 
trafficability modelling. Extensively, like in the other works mentioned in this thesis, 
the cost of moving through the surface (time, shortest path) seems to be calculated, 
within the standard procedure, from the various layers that had been georeferenced 
and rectified beforehand in the GIS software. GIS commercial software packages are 
available in a various computer platforms (PC, MAC) and operational systems (e.g. 
MS Windows, Linux). Additionally to the literature survey, a short preliminary 
selection of some of the GIS functions in one of the widely used ESRI software 
platform package has been done for the thesis purpose, and whose capabilities were 
gathered in chapter 6. 
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Chapter 4. Research approach 

 

Literature Survey (chapter 3) indicated that traditional mapping of mobility is mostly 
based on the Raster GIS.  The main idea lies behind the similar theory to the 
topographic river flow movement. To simulate this, Tarboton (1991) formulated a 
model based on the Raster GIS, where ‘for each grid cell there are 8 possible flow 
directions’. The construction of those tiles is taking into consideration eight possible 
grid elements with elevation values refer to each of the cell. The flow is a function of 
the gravitation law in the surrounding environment. The idea of this modelling is not 
to recreate reality but to use simplifying assumptions to generalize more complex 
real-world systems. The model is taking into investigation and tests of its oneness 
and the results from these observations are used for validation and improvements. In 
accordance with hydrologic modelling surface water run-off idea, the shortest path 
algorithm (least-cost path) is executing the possible eight movement directions of the 
vehicle calculating the data from the prepared and coded cost-weighted raster 
surface map. This particular map may originate from diverse thematic datasets, 
carefully prepared for being finally overlaid in a programmed series of steps.  

 

4.1 Cross-country trafficability modelling plan 

 

Because of the complexity of the off-road trafficability, it has been decided that it is 
better create many sub models (thematic maps) and then successfully merge them 
together into one operational trafficability model. Those particular sub models should 
contain as few complex operations as possible and what is also important should be 
relatively small. This is crucial if one has to make changes and quickly operate the 
processes such as making an output in form of maps in the GIS environment.           
A conceptual trafficability model has been proposed (Figure 4.1), taking into 
consideration the complexity of the environmental modelling, with its base 
foundations originating from the incorporated major datasets: digital elevation model, 
topographic vector map and quaternary deposits map with the embedded 
constructed soil knowledge database. Throughout the whole research, a raster GIS 
approach is being applied. 
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Figure 4.1: Scheme of methodological approach for the cross-country trafficability modelling in GIS 

 

4.2 Overview of the applied research approach 

Firstly, the available datasets, both in raster and vector formats, were pre-processed 
(including the functions: merge, rasterize, overlaym, georereference, resample, etc).  
Secondly, the Digital Elevation Model (DEM) has been prepared for any further 
transformations. Thirdly, construction and testing of the hydrologicallly correct 
depressionless DEM was done. In parallel to the water surface run-off modelling, the 
soil knowledge database has been constructed, having its roots in the raster 
quaternary deposits map of the study area (Soil map) and several written sources 
concerning the mechanical parameters of the soils. Quaternary, derivatives from the 
hydrological modelling (flow accumulation, which represents up slope contributing 
areas) were used under the Compound Topographic Index formula (CTI), together 
with the generated slope function from the resampled genuine DEM. Next, the results 
from this operation were overlaid with the quaternary deposits map coded for the 
three moist soil conditions. 
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Dry, Moist and Wet (Saturated) areas where mapped, and appropriate soil 
consistency limits were assigned based on the modifications by the SGI geotechnical 
grain-size distribution. Next, embedded soil knowledge database helped to derive the 
Ground Condition Map, which was taking the Atterberg’s soil consistency limits as the 
derivative from the soil strength property parameters combined with the wetness 
map. Fifthly, the ground condition map and the slope map have been linked with the 
other thematic factor maps: the ground roughness map and the obstacles 
(constraints of both natural and man-made character) map, which were additionally 
derived from the topographic vector map of the study area. To compare all the factor 
maps that influence the vehicle performance, a Multicriteria Evaluation methodology 
was used, and the output - weighted overlaid compound cost surface map (the 
Cross-Country Trafficability Map) was prepared for the shortest path algorithm tests 
in ArcGIS® Desktop 9.0 platform. 
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Part I 
 

Study area and sources of GIS datasets 
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Chapter 5. Study area 

This chapter is principally based on the following eight sources: Gorbatschev E., et al 
(1974), From E., (1976), Müllern C.-F., and Pousette J., (1980),                       
Perhans K.-E., (1988), Länsstyrelsen i Östergötland (1992; 1993-4),                  
Fredén C., (1994) and Brunn Å, (1995). The entire study area has been analysed 
through intensive literature review, examination of analogue maps with attached 
descriptions, available datasets in digital form, digital map datasets from the Digital 
Map Library of Sweden (Digitala Kartbiblioteket, accessible on-line) /e.g. ortophoto 
and topographic maps analysis/ and author’s field excursions to the nearest area 
round Linköping city during the whole academic year 2004-2005. Later on the GIS 
analysis has been performed while generating the successive thematic layers from 
available digital data. More detailed characteristics of some landforms and existing 
relief as a result of the software implementations are outlined in the successive 
chapters. 

 

5.1 Localization 

The trafficability modelling studies have been performed in the Östergötland County 
(also known as a shorten form: E-län in Sweden), which is situated in the South 
Eastern Sweden (Figure 5.1). The county belongs to the following 
physiogeographical regions (Figure 5.2.) /the English text in the brackets will be used 
further on in this chapter/: 

Norra skogsbygden (The Northern Woodland), 

Slätten (The Plain), 

Södra skogsbygden (The Southern Woodland), and 

Skärgården (The Archipelago).Between the Southern Woodland and the Plain 
regions lays: 
 
Övergångsbygden (The Transitional Woodland Zone). 
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Figure 5.1: The map of Sweden 
 

 
 
 
 
Figure 5.2: Physiogeographical regions of   the  Östergötland 
                 County (E-län)  

The Study Area has been chosen to be contained totally within the map of area close 
to the Linköpings Municipality, and corresponds to the topographic map in scale 
1:50K, series 8F NO Linköping (dark rectangular on the Figure 5.2), that covers      
25 x 25km, which geographical coordinates (RT 90) are as follow: 

          1475000; 6500000        1500000; 6500000 

 

          1475000; 6475000         1500000; 6475000 
 
Three of the mentioned earlier five distinguished physiogeographical regions are 
present inside the map borders. This region shows also two main types of landscape 
(Bergqvist E., 1990), both developed on the Precambrian peneplain2: 
 
a) Plain – with extent sediment area, covered considerably by clay, and  

b) Joint-valley landscape – with dominance of numerous sediment-rich valleys,   with    

     gully occurrence. 

5.2 Physiogeographical regions within the study area 

A short character of each of the physiogeographical regions will be given and later 
the map 8F NO Linköping will be described in a detail, using some preliminary GIS 
analysis. 

                                                
2 Peneplain or Peneplane – land worn down by erosion almost to a level plain (Webster’s New World Dictionary) 
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5.2.1 The Northern Woodland 

Approximately 1/3 of the study area is enclosed within the Northern Woodland. The 
bedrock geology is controlled by granitoide and gneiss rocks, in some parts a 
limestone rock occurs. This region is characterised by the specific fault escarpment 
(Roxen massif in literature) extending along the line Braviken-Glan-Roxen to Vättern 
lakes. The relief varied greatly, from the Roxen Lake water level (34,6m a.s.l.) to 
Grönberget Mount (152,3m a.s.l.). Distinguishing geomorphic fractured valleys were 
developed on this concrete surface, where short but rapid tributary to the Motala 
River catchment area streams inflow to this water system. Additionally there are 
several smaller lakes often connected with the streams linkage. The rivers’ valleys 
are rounded and sediments have been cumulating since the deglaciation of the 
Continental Ice from the Pleistocene Epoch (ca. 10 700 years ago). The sandy loam 
(sandig-moig) soils grain-size fraction predominantly occurs in the morainic deposits.   
A coniferous forest dominates in this region. The Northern Woodland region has 
rather sulvicultute character. Additionally it is recreational place for the citizens, 
mostly from Linköping and Norrköping cities. The yearly precipitation is above the 
650 mm, and the average temperature + 5.5 ºC (1961-1990). 

5.2.2 The Plain 

Nearly half of the taken into examination area is within The Plain physiogeographical 
region. Smoothly bordering in the South with the Southern Woodland thanks to the 
existence of the Transitional Woodland Zone, in the North it is very sharply 
differentiate due to the mentioned earlier Northern Woodland3. The bedrock geology 
is characterised mainly by granitoides and gneisses, however there are also events 
of Cambrian sandstones West from Roxen Lake. The landscape is flat caused by 
considerable huge levelling of the sub Cambrian peneplena (continental ice 
abrasion). The brown soils (brunjordar) dominate with the reasonable high 
concentration of lime. There exist wild meadows and marshes. Generally The Plain 
region has agriculture character, the soil is cultivated extensively. An average yearly 
temperature is +6.0-6.5 ºC (1961-1990) and the precipitation is estimated to 500-
550mm during the year (30 years meteorological observations by SMHI). 

5.2.3 The Transitional Woodland Zone 

Only very small fragment falls into this zone in the Southern-East corner of the study 
map area. The geology is controlled by granitoides. Moraines are noticeable; the 
soils have versatile texture and genesis, for example glaciofluvial sands and gravels. 
The area has agriculture, or rather a pasture character (cattle and sheep farms) with 
the addition of recreational space on the vast meadows. A spruce forest dominates, 
but nevertheless there is also ancient woodland called Oak-landscape (characterised 
by old solitary trees). Precipitation is about 550-600mm per year and the average 
annually temperature is usually between 6.0 and 6.5 ºC (1961-1990). 

                                                
3 The Middle Swedish End Moraine Zone is a well-known geomorphological term in the literature,  
   and the bounded to the map 8F NO region passing MSEMZ parallel of latitude. 
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5.3 Local geology and tectonics  

One can say that the character of the geology controls the landform development 
significantly in this area. Gorbatchev has mentioned that ‘the entire area is situated 
between the orogenically folded and metamorphosed Svecofennian facies of the 
Svecokarelian and the sizable region of plutonic rocks in southern Sweden – the 
Småland granitoids, also known as ‘Gothian’ (Gorbatschev E., et al, 1974).             
The available map of geologic rocks shows evidently the distribution of the 
Precambrian rocks together with the younger inclinations of Cambrian and 
Ordovician sediments lying in the middle-west site of the bounded region. Some 
section profiles that have been done during mapping of this area reveal an extending 
eroded Precambrian rocks below these younger sediment formations. Figure 5.3 
shows the rocks with the geologic fashion of layers representation4. 

 
Figure 5.3: Bedrock Geology and Tectonic faults draped on TIN 
 
The permeability character of the bedrock (and soils) was obtained for this region 
after measurements of wells. The value result from the statistical averaging of 
samples and the outcome is presented as a median in the Table 5.1. 

Table 5.1: Permeability parameters of the bedrocks 
Bedrock type Permeability (m/s) K * 107 (m/s) Well capacity (l/h) 

Sandstone 1.3 x 10-5 130 3600 
Limestone 1.9 x 10-6 19 1800 
Massive granite 4.1 x 10-7 4 2500 
Greenstone 2.3 x 10-7 2 500 
Foliated granite 6.4 x 10-8 0.6 400 
Supracrustal gneiss 4.4 x 10-8 0.4 300 
Source: after Gorbatchev E., et al (1974) 

                                                
4 The main in Geology Science law concerning rocks sequencial position is saying that they should 
generaly represent superimposed layers (the older rock beneath the younger), like it can be observed 
in the Nature. However, only detail geophysic studies might confirm this rule since the earth tectonics 
movements can disturbed this rule. 
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Permeability parameter [k] of the bedrocks that was estimated for the study area by 
Gorbatschev (1974), results from the equation: 

   Q 

 [k] =     (m/s) 

        a * S
W * h

1 

where: 

a     - factor (0.85) 

Q    - capacity /pumped/              (m3/s) 

SW  - sinking in the well-boring    (m) 

h1  -  well’s water level section    (m) 

What is more, Müllern and Pousette (1980) have made closer studies of the 
sandstone formations. Their observations of the high capacity of the well suggested a 
huge accumulation zones for the pore water in sandstones characterized by fracture 
structure.  

The importance of the bedrock geology on the landscape genesis has to be 
emphasized. ‘‘...The element that is often speedup or initiate the movement of the 
regolith5 is water which increase the weight of regolith, decrease internal friction and 
create the slip plane between the contact of regolith and the bedrock...’’ (Dysarz R., 
1993) What is more, ‘…the slope angle determines the flow of the ground water in 
the regolith. If one wishes to calculate the speed of the sub water movement (run-off), 
there must be known the hydraulic conductivity (permeability) factor on the slope…’ 
(Allen P., A., 2000).  Figure 5.4. below shows some general rules of the groundwater 
transmittivity, and is supplementary to the Catena concept and Compound 
Topographic Index (Wetness index) equation, that are explained further on in   
chapter 10 – Hydrologic Modelling. On the picture, recharge (Inströmning) and 
discharge (Utströmning) areas of the groundwater are shown in relation to the local 
changes in the topography, and water permeability.  
  

 

  Figure 5.4: Groundwater transmittivity, after Knutsson and Morfeldt,(1993) 

                                                
5 Regolith - loose and unconsolidated material that rest on the lithosphere. 
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Character of this thesis is concentrate on trafficability, not on complicated surface or 
subsurface water transmission. Nevertheless some basic parameters are provided 
(by performing hydrologic modelling in the chapter 10) for further soil water and 
ground water development studies, because it is believed that such studies are 
needed to bring out some answers for more complex questions. 

5.4 Local hydrography 

The processes, which the most influence the Earth surface development in some 
regions, are their climate and geology character. Denudation6 of the area is a 
constant agent, the speed and ratio depend however on many factors such as the 
water run-off, the wind speed, vegetation, topography, soil types, weathering 
processes7 , land use practices and so on. The catchment area that can be divided 
further into subbasements is a fundamental physiographical unit. This landscape 
element, which has been studied for many years in order to be able to estimate the 
balance of the sediments (and other environmental important parameters) that were 
entering and passing through the river’s spine – valley, has been considered not only 
as a stand alone fragment. In fact the bordering to it other terrain units, from which 
there might be an additional delivery of the substances (and also from the rainfall 
effect), have sometimes more or less significant meaning in terms of interaction in the 
complex geosystem units. 

The particular study area belongs to the Motala River (Ström in Swedish) catchment 
(Figure 5.5), which occupies a vast area, especially when counted with the Vattern 
Lake domain. The total Motala Ström catchment area, including the Lake Vätten, has 
approximately 15 466 km2. 

 
                              Figure 5.5: Motala River catchment area together with the Vattern Lake 
       Source: scanned from Länsstyrelsen i Östergötland, (1992) 

                                                
6 The removal of a covering or surface layer 
7 Bio-chemical weathering, mechanical weathering 

Vattern Lake Roxen Lake 
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The study area could be regarded as a conglomerate of ecosystem units that partly 
or totally are contained within its border. Watershed delineation has started firstly with 
the mapped evidence of characteristic catchment area, and later on with GIS analysis 
of every each subcatchment parallel. The closer look on the Roxen/Glan system 
(Figure 5.6) leads to a focus upon the interactions of the local watersheds. 

 
            Figure 5.6: Map over the Roxen/Glan water system  
           Source: scanned from Länsstyrelsen i Östergötland, (1993-4) 

The lake Roxen is the main water body of the analysed map. It is also the main Pour 
Point for the contributing rivers, streams and creeks. Those watercourses are often 
linked on their way to the Roxen Lake by the smaller lakes, which occur in a 
considerable number in the northern part of the study region. 

Hydrology plays crucial part in trafficability modelling, and a special care was taken to 
delineate in GIS environment watersheds with proper flow direction and surface run-
off parameters further in the next chapters (Chapter 9 and Chapter 10). 

5.5 The Quaternary deposits 

Soil properties and soil parameters are the key factors for the development of the 
cross-country trafficability model in the investigated area. The preliminary step was to 
organize these deposits into two main genetic groups: glacial and postglacial using 
the SGU’s analogue map legend as a guide (Figures 5.7 and 5.8). The main purpose 
for this was to commence the geomorphologic landform classification that would be 
performed together with the topographic features analysis (e.g. Digital Elevation 
Model) in the next chapters. Additionally, on the proposed raster reclassified map 
there are other terrain features like water surfaces, Precambrian crystalline bedrock 
and other classes like landfills. A shortened form used on the maps description for 
Quaternary geology term is ‘Q’.  

Catchment (watershed) area 
Subcatchment area 
Municipality border 
Inflow transport to local area 
 
 
 
Symbology used in the map: 
 
NR – Northern Roxen 
SR – Southern Roxen 
MS –Motala River (Motala Ström) 
Sv – Svartån River 
St – Ståndån River 
Svi – Sviestadsån River 
K – Kumlaån River 
F – Finspångsån River 
Y – Ysundaån River 
G – Area round Glan Lake 
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Figure 5.7: Classification of the ‘Q’ deposits 

 
Figure 5.8: Genesis of the ‘Q’ deposits

To give a short overview on the Quaternary deposits of the studied area, from the 
map 5.7 two important notes has to be mentioned. First of all, clays and tills dominate 
in the entire map sheet. They will affect off-road mobility the most. Secondly, 
scattered organic deposits are concentrated in the northern part of the map, where 
the landscape formations are very diverse. Automatically, boggy areas would have 
been marked out as places that are extremely difficult or even impossible to drive 
through. Supplementary information originates from the map 5.8. An immense space 
is occupied by the glacial deposits, stressing the possibility of a rough surface 
condition, if one would recall geomorphologic processes that might have occurred 
here during and after the last Ice Age circa 10 000 years ago.   

From those two basic raster soil maps, the table 5.2 was derived, where values were 
categorized and reclassified into a main genetic division. 

Table 5.2: Quaternary deposits – Classification and Genesis 
No. Deposits Genesis Area (km2) Area (%) 

1. Clay 171.07 27,37 

2. Till Glacial 179.44 28,71 

3. Glacifluvial Glacifluvial 21.403 3,42 

4. Organic 38.479 6,15 

5. Silt 33.76 5,40 

6. Sand 23.16 3,70 

7. Gravel 

Postglacial 

6.0215 0,96 

8. Artificial fill Other 0.31353 0,05 

9. Crystalline bedrock Precambrian 55.695 8,91 

10. Lakes, rivers and channels Water 95.658 15,30 

                                              ∑ = 625.000  100 % 

Source: based on the Quaternary deposits map, SGU 
 

Quaternary deposits map has been studied in a bigger scale. Not to be getting ahead 
of the datasets description that is provided in the chapter 7, this map was available in 
a raster format characterized by 1x1m grid cell size. Only micro-studies in GIS 
software could show all soil classes in a desirable screen view. On the paper maps, 
and especially on the very limited page format available for this thesis work, some of 
the more detailed features are unfortunately invisible. 
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5.6 The Land Use 

In accordance with Barbro Gretener (Gretener B., 1994): “...The land use depends on 
geology and Quaternary deposits. Farming is usually concentrated to the sediments 
in valleys and on plains, whereas woodlands and forestry are found on till...”          
The topographic map dataset stands as the reference source regarding the land use 
and land coverage. The highly readable media for data presentation is the map 
(Figure 5.10), and together with the tabular data, it depicts the main categories and 
their percentage distribution in the investigated area. For the more complete 
overview, refer also to the Quaternary deposits maps attached earlier. 

 
Figure 5.9: Land use categories with the statistical distribution, based on the Topographic map 1:50K 
 
In this region both agriculture and silviculture practices dominate. Together they 
occupied about 70% of the total land use. While agriculture fields are more suitable 
for cross-country mobility, dense forests may successfully blockade actions requiring 
maneuverability. On the other hand, build up areas together with industrial zones 
would definitely exclude trafficability. Linköping city in the South and the town of 
Ljungsbro, located on the eastern lake side of the middle-East map area are the 
densest settlements here. The rest of the area consists of the water bodies that are 
pron to the water fluctuations areas of wet meadows along the Roxen Lake. They 
would be treated in the next chapters as the natural obstacles (constraints) for 
vehicle movement. 

5.7 Concluding the study area 

Summarizing the chapter 5, it is certain that the local topography plays a major role 
for detecting the possible cross-country corridor movements of the vehicles for the 
particular reasons. The whole area is characterized by the various landscape 
features and their interlinked formations, what was seen as a good testing ground for 
off-road modelling. Further chapters of this thesis will show the path for GIS-aided 
terrain reasoning, along with the appropriately taken actions whenever the soils, 
hydrography and elevation datasets are being analyzed. 
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Chapter 6. Hardware and Software 

 

6.1 Choosing the software for the analysis 

The landscape classification has been considered to be rather complex, and 
therefore the software should have been chosen on the basis of its capabilities to 
carry on division of the study area into regions and sub regions. To perform the 
necessary terrain modelling, one software platform has been chosen – ArcGIS® 
Desktop 9.0 (ESRI®), with various extensions embedded into it. The decision was 
made on the basis of the popularity and availability of this software at IDA GIS LAB, 
at Linköpings universitet. Moreover, a following hardware configuration has been 
used in the thesis work: 

 Central Unit 
 

Dell Computer Corporation  
System Model: Precision WorkStation 360  

Operating System  Microsoft Windows XP Professional  
Memory (RAM)  Capacity: 1 GB 
Processor (x2) Intel® Pentium® 4 CPU 2.80GHz  

Version: x86 Family 15 Model 2 Stepping 9  
Speed: 2792 MHz  

Local Disk  Total Capacity: 111.71 GB 
 

6.2 ArcGIS® Desktop 9.0  

ArcGIS® Desktop 9.0 consists of the three components within a common interface 
product: ArcView®, ArcEditor®, and ArcInfo®. For to task of creating and editing the 
maps, spatial analysis and other on screen operations, the ArcMap® has been 
developed. Simultaneously, in order to design the database and for the data 
management, the ArcCatalog® application has been embedded into the ArcGIS® 
Desktop 9.0. The system architecture includes also ArcPad® (Mobile GIS for the 
pocket computers), ArcIMS® (Internet Map Server for to build the Web sites), and 
ArcSDE® (Spatial Database Engine), which is interoperable with the common 
relational database management systems, like: Informix®, IBM DB2®, Microsoft SQL 
Server®, or Oracle® (Ormsby T., et al, 2004) 

 

6.3 Spatial Analyst and 3D Analyst Extensions for ArcGIS® Desktop 9.0 

The Spatial Analyst and 3D Analyst extensions for raster and vector datasets give a 
broad range of spatial modelling and features analysis. This extensions can generate 
a query map, analyze cell-based raster data, perform integrated vector/raster 
analysis, derive new information from existing data, query information across multiple 
data layers and integrate cell-based raster data with traditional vector data sources 
(ArcGIS Spatial Analyst, 2001) 
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ArcGIS Spatial Analysis extension to the ArcGIS® Desktop 9.0 is advertised as being 
efficient enough for providing the answers to the stated questions such like: 
• What is the fastest on-road route between the points? 
• What is the shortest cross-country route between the points? 
• What could be seen from an observation post sited somewhere? 
• What coverage does an air defence radar system situated on the specific hill have? 
• How is the enemy likely to approach the particular location? 
 
ArcGIS 3D Analyst extension was designed to visualize the data in the 3D scene. 
Following the 3D view goes also an analysis of what have been spotted from the map 
if one knows that one can zoom, rotate and animate the simulated movement ‘above 
the generated surface’. Furthermore, one can execute view shed and line-of-sight 
analysis. 

The corridor of possible movement (or corridors), marking on the map with different 
colours, usually appears from similar estimations, often jointly with the legend that 
represents different drivability values or ranges. ArcGIS family extensions consist of 
the sub-applications related to the de facto to the trafficability analyses. 

 

6.4 The Model Builder 

An interesting approach of showing the processes that leading to complete 
trafficability model from the raw data through the links and finally results is included in 
the ArcGis Spatial Analyst sub-program called the Model Builder.  

 

               Figure 6.1: A Model Builder scheme, source: A generic Cross Country Mobility model, (2004) 
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6.5 Electing the Raster GIS approach 

 

Raster GIS is mostly concerned with trafficability analysis are focused on the 
mapping the weighted distance functions from one cell to the others. Both horizontal 
and vertical costs may be taken into account as well as travel time and petrol usage 
price. By performing a weighted overlaying of particular raster layers (e.g. geology, 
hydrology, vegetation, soils etc), the summarized cost of terrain roughness drivability 
is achieved in a more or less precise form. Having the map of possible corridor 
movements calculated for the specific region in a specific conditions, one is obligated 
to use, for example, shortest path algorithms, available in a software packages which 
is in this case ArcGIS ESRI product. However, one must bear in mind, that the 
resolution of the analysed raster grids is of greatest importance since if one raster 
layer has widely poor quality in terms of the cell component, than the whole 
overlaying process might resulted with the resemble error or inaccuracy at the end. 
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Chapter 7. Geographical Information Datasets for 
Trafficability Modelling  

7.1 Available GIS datasets 

All the data that was used for this study were obtained from the Linköpings 
University, Department of Computer and Information Science (IDA). In the Table 7.1 
below, there is a list of all datasets and their origin used to perform trafficability 
analysis in the area corresponds to 625 km2.  
 
Table 7.1: Datasets used for the Cross-Country Trafficability study 
No. Datasets Format Scale / 

Resolution 
Symbology Source 

1 Topographic map Vector 1:50K 8F NO Linköping   GSD* 
2 Terrain Elevation Databank Binary file 50m x 50m -   GSD 
3 Quaternary Deposits Map Raster 1m x 1m 8F NO Linköping (B) Ae 19   SGU** 
4 General Map of  the 

Östergötland County 
Vector 1:250K Combined from the following map 

sheets: 
(13). Stockholm; (15). Norrköping; 
(16). Nynäshamn and (18). Oskarshamn 

  GSD 

5 Bedrock Geology Map of the 
Östergötland County 

Vector 1:250K Berggrundskarta över E-län Serie Ah   SGU 

6 Watersheds of the 
Östergötland County 

Vector minimum 200 
km2 area size 

Huvudavrinningsområden 67 SMHI*** 

7 Detailed Watersheds of the 
Östergötland County 

Vector average 35 km2  
area size 

Delavrinningsområden for the map 8F 
NO Linköping 

 

SMHI 

 
 
*    GSD is an acronym for Geographical Sweden Data produced by The National Land Survey of  
     Sweden (Lantmäteriet) 
**  SGU stands as an acronym for Geological Survey of Sweden (Sveriges Geologiska Undersökning)  
***SMHI is the Swedish Meteorological and Hydrological Institute ( Sveriges meteorologiska och   
    hydrologiska institute) 

 

7.2 RT 90 map projection system 

All of the maps were referenced in the RT 90 2,5 gon W meridian coordinate system 
(Table 7.2). Generally, Swedish maps are being made by applying Gauss-Krüger 
conformal transverse cylindrical projection. This projection, which has one right-angle 
and one of the central meridians (7,5 gon W, 5 gon W, 2,5 gon W, 0 gon, 2,5 gon E                
or 5 gon E), is very suitable for the long and narrow countries like Sweden (Lipcsey 
2000). RT 90 map projection is characterised by the folowing parametres: 
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Table 7.2: RT90 map projection system 
Parameter Value 

Datum RT 90 

Reference ellipsoid Bessel 1841 

Semi major axis 6377397.155 

Inverse flattening 299.1528128 

Map projection type Transverse Mercator Gauss-Krüger 

Central meridian 15,8082778 (15°48’29’’) East Greenwich 

Latitude of origin 00 

Scale of central meridian 1.0 

False Easting 1 500 000 m 

False Northing 0 m 

Source: after Lantmäteriet 

 

7.3 Datasets description used in the thesis 

7.3.1 Topographic map 

This dataset was available in the vector format in the scale 1:50K. Like for many 
different studies, a topographic map stands usually as the base map in terms of its 
high reliability and versatile usability. The main map layers that are contained in this 
database are i.e.: 

• Height curves and depth curves (equidistance of 5m) 

• Hydrography - streams and rivers network 

• Land use together with bodies of water and vegetation 

• Roads and railroads network, bridges etc 

• The Areas with High boulder (Blockig mark) occurrence 

The coverage area for each of the map sheets is 625 km2 (25 x 25km), and the maps 
are available for the whole of Sweden. Planimetric coordinate system is The National 
Reference Swedish System – RT90, and height system is RH70 (see section 7.2). 
Positional accuracy is set on 10m, but the data producer characterized it to be partly 
higher (Lantmäteriet 2005). 
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The Area with High Boulders Map dataset (Blockig mark) of the Topographic map 
originates from SGU’s de facto field studies8. In the original data one can 
distinguished two different classes into: 

1) Boulders that cover an open land , for example rubble-stones, cobblestones or the 
stones marking the Highest Coastline of the former sea (The Last Weichselian 
Glaciation). A selection criterion for mapping the first boulder class is that area has to 
be larger than 0.5 ha 

2) Boulders partly shown. The diameter of the boulders is bigger than 1 m. There are 
more than ca 5 boulders per 100m2. The area that consists of occurrence of 2nd 
class boulders has to have extent at least more than 2 ha. 

These two distinguishable classes mapped by SGU were merged into the one class 
on the Topographic map during generalization method made by GSD.  

7.3.2 Terrain Elevation Databank 

 
The National Land Survey of Sweden (Lantmäteriet) has produced a digital elevation 
database made from a 50 metre regular grid net (50m x 50m) using the 
photogrammetric instruments with an aid and revision from the topographic base 
map. Format of the dataset is a binary ASCII file (approximately 1,45Mb size), and 
the coverage area is 25km x 25km, that corresponds to topographic map sheet. The 
elevation database is available for the whole of Sweden, and following the supplied 
specifications, the height measurements were accomplished for land areas, water 
bodies and coastal areas. The Swedish Height coordinate system is RH 70      
(Rikets Höjdsystem), and stands for the elevation datum, while the planimetric 
coordinate system is the same as for the topographic dataset (RT 90). Accuracy 
(standard error) in height is described to be 2,5m. (General description of GSD, 
2002) 

7.3.3 Quaternary Deposits Map  

The available data is a rasterized map (the cell size of the received raster file is       
1m x 1m) made by the Geological Survey of Sweden (SGU). The set of Quaternary 
deposit maps covering the whole southern Sweden was published as the Serie Ae as 
the vector layer (the scale is 1:50K). Information derived from the map Ae Serie 
Linköping NO ‘Jordartskartor’ gives knowledge about the aerial distribution of the 
surficial deposits (soils) and the bedrock outcrops. Moreover, these maps were made 
jointly with the topographic maps and their thematic legend symbology is to some 
extent, enriched with topographic one respectively. Map series are available in RT90 
Swedish Coordinate System 2,5 gon V. Classification of the SGU’s Quaternary 
deposits maps is based on their genesis - the genetic origin - that is divided into two 
basic groups: glacial- and postglacial-deposits, and on the grain size -textural 
composition. Digital Map presenting the Quaternary deposits were derived after the 
field sampling from the 50cm depth (Olsson M., 1999). However there is no 
information about the soil types or soil depth.  

                                                
8 After the email consultation with Ms Inger Persson from the Lantmäteriet (The Geographical Land Survey of 
Sweden) 
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Additionally to the raster dataset, there is attached vector map showing the boulder 
frequency of the till surface map (Moränens blockhalt i ytan) in the studied area  
(SGU Quaternary Geology Database description). This supplementary vector map 
contains rather important information regarding the possible boulder obstacle 
occurrence in the study area. The derived map in the Chapter 5.6 uses the 
description given below from the Table 7.3, which shows the main SGU’s custom of 
maps generalization and the given classes of the boulders with their diameter size 
and frequency of occurrence in particular statistically measured areas. 

Table 7.3: The Boulder Frequency of the Till Surface 

Boulders occurrence specification  Boulder size Boulder frequency 

High Frequency of High Boulders * Boulder diameter > ca 1m More than ca 5 boulders per  
100m2 

High Boulder Frequency * Boulder diameter > 0,5m More than 35 a 40 per 100m2 ** 

Medium Boulder Frequency Small and medium size 
boulders Scattered 

Low Boulder Frequency All boulder sizes Few or one or two boulders only 

Source: after Minell and Pettersson, (1997) 

* The minimum size of the individual cartographic signs of these boulder classes is ca 1000 m2  
** It corresponds to the distribution of boulders in at least 1/3 of the area (in most mapped areas, by  
    citing SGU’s map description, it was denser) 

7.3.4 General Map  

This vector dataset (Översiktskartan, formerly known as Röda Kartan) was available 
for the whole Östergotland County (E-län). The information that can be derived for it, 
contains e.g.: administrative boundaries, watercourses, land use and land cover, 
communication networks, built-up areas, height curves, restricted areas and other. 
For the study purpose only the hydrography and administrative boundaries (an 
overview map) were used. In the dataset’s specification the watercourses are 
mapped if they are exceed 5km, and the catchment areas are embedded if they 
areas are greater than 1 km2. The smallest lakes that were taken into consideration 
(added to map) are at least bigger than 6ha (hectares). The scale of the map is 
1:250K, and the coordinate system is RT90. The compilation of data began in 1993-
1995, and there were some revisions works made annually (GSD – General Map 
description). 

7.3.5 Bedrock Geology Map  

This supplementary to the Hydrogeologic map data was made in 1993 by SGU 
(SGU, 1993), and is composed from two vector layers: 

• Bedrock geology map 
• Tectonic fault map 
 

The whole Östergötland County (Berggrundskarta över Östergötlands län, Serie     
Ah 14) is covered by the related data records, and the scale is 1:250K with the RT90 
coordinate system.  Although not used in the analysis part of the dissertations, it 
helped to depict the main relationships between the diverse landscape properties 
(topography, watercourses) and the geological structures (Bedrock databases 
description, 2005), like tectonic faults localization.   
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7.3.6 Watersheds map of the Östergötland 

The watersheds dataset in two scales were made by the SMHI’s, and they are stored 
in the dedicated database – Svenskt Vattenarkiv (SVAR). This data that originates 
from the year 1983 consists of the combined information about the lakes, 
watersheds, watercourses and coastal areas.  

Regarding the first dataset scale - Watersheds of the Östergötland County 
(Huvudavrinningsområden), the data producer made this delineation for the 
watersheds (for the whole Sweden) that have minimum area of 200 km2 and that end 
in the sea (Sveriges vatten sammanfattande rapport, 2005).  
The second dataset scale - Detailed Watersheds of Sweden (Delavrinningsområden) 
is a database that entirely consists of almost 12 000 watersheds. These watersheds 
can flow in- or out from the lakes, and following the SMHI’s description (Kartplan - 
SMHI Geografiska databaser och publicationer 2005), except for the fact that the 
smallest watershed areas have an area about 35 km2, there is also additional 
information about bifurcation, water level stations, power plants and dams.  
The available data for the thesis was the detailed watersheds for the Linköping area 
(correspond to the topographic map) in a vector format.  

7.4 Supplementary data sources information 

Working with the available datasets, sometimes the metadata was missing. In few 
such exceptions, the supplementary source of information has been used. Hereby, 
major on-line interactive services were described with their basic capabilities and 
data formats.  

7.4.1 SGU's Map Services 

The Geological Survey of Sweden provides a Web Map Service about the Mineral 
and Bedrock resources in Sweden (SGU Quaternary Geology Database description, 
2005). Among the datasets, there are thematic interactive scalable maps about 
ground physics, biogeochemistry, well archive, groundwater, quaternary deposits, 
aggregate and industrial material, and other.  This bilingual database (Swedish and 
English) is being continuously updated, and every available for the users deposit type 
is given RT 90 coordinates plus literature references description, what makes the 
whole service more complete.  

7.4.2 Markinfo 

Markinfo is an on-line dataset server about the Land and Vegetation Characteristics 
studies results in Sweden (Markinfo, 2005). It is mutual project between the Swedish 
National Forest Inventory (NFI) and The National Survey of Forest Soils and 
Vegetation (SK), carried on by two departments of the Swedish University of 
Agricultural Sciences, (SLU): the department of Forest Resource Management and 
Geomatics and the department of Forest Soils. The broad datasets about the soil 
depth, soil moisture, soil material type and profiles, chemical data of soil samples and 
other were mapped during the periods 1923-1982 and 1983-1987. Additionally from 
1993 to 2002 the quality assessment of the previously mapped 23 500 plots has 
taken place, in order to observe periodical changes in soil and vegetation conditions. 
Up to present, the only available language is Swedish. 



 46 

7.4.3 Digital Map Library 

 
Lantmäteriet has established this new service (Digitala kartbiblioteket) in the year 
2004 with the restriction that if the users would like to log in, they have to be 
connected to the universities network and they have to be either students or 
researchers in Sweden (Manual för Digitala Kartbiblioteket, 2004). The whole country 
can be visualized as the raster- or vector-maps, elevation databank or aerial photos 
(black & white ortophotos). There is possibility to zoom in/zoom out and retrieve (and 
store) some amount of data (monthly regulated amount of downloadable data) in 
various formats: Raster maps (TIFF, JPEG, GIFF, RIK), Vector maps (AI – Adobe 
Illustrator, ESRI shape files) and Height data (ASCII standard, ASCII, Arc/Info, GRID 
ASCII, Arc/Info table). Operative language – Swedish (so far) 
 

7.4.4 National Spatial Data Infrastructures document 

 
Additional information about the NSDI (National Spatial Data Infrastructures) of 
Sweden can be found in the merit report (Spatial Data Infrastructures in Sweden, 
2004). This publication contains not only a complete list of the main Geographical 
Information (GI) data distributors, but also legislative and institutional frameworks, 
clients’ accessibility to the services for reference data, core thematic data together 
with their metadata description, standards of data accuracy assessment being in 
force, and so on. 
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Chapter 8. Constructing the Soil Knowledge Database  

First of all the database regarding the soils texture has been created for the necessity 
of the GIS modelling. During the development of this database, three soil moisture 
trafficability conditions have been taken into consideration, such as: dry, moist and 
wet (saturated). The database has been successfully built in the MS Excel® 
spreadsheet and stored in a file. What was expected next was the status of drivability 
that would be provided in terms of thematic reclassified maps with the depicted 
relevant categories resulting from gathered knowledge database. It was expected 
also to draw of conclusion and propose ‘Go’ or ‘NoGo’ options for the vehicle’s 
permissible manoeuvrability. The first step of soil data analysis was done while 
quaternary deposits were classified into genetic groups in chapter 5 - area 
description. 

8.1 Soil complexity 

One of the main factors contributing directly to the trafficability subject is the soil. Soil 
types and textural characteristics seem to be the parameters that are having a great 
influence on the terrain trafficability conditions. Soil indexes are being widely used in 
environmental sciences, and truly the Pedology Science achievements have to be 
recalled   in   this   matter.  The complexity of the soil parameters needed to be 
organized in a logical way. Soil body formation (Figure 8.1) can be described as the 
complex geographical dynamic feature created and ever changing in time according 
to the factors: 

 
                            Figure 8.1: Soil body formation scheme, after Foth, (1990) modified 
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Generally there is an evident trend in the research institutions and universities to 
unify different soil indexes into one widely recognizable. The well known soils index 
system, recognized World-wide, are the products of intensive soil scientists and 
pedologists endeavour research conduct from over a period of 50 years (Glossary of 
Soil Science Terms, 1996): 

● FAO-Unesco Soil Classification System 

● IUSS World Reference Base for Soil Resources (WRB) 

● USDA Soil Taxonomy and Soil Classification 

The national-wide soil classifications and taxonomy nomenclature soil indexes are 
mostly based or correspond to the mentioned above systems. 

8.2 Soil Texture Classification 

The mineral particles of the soil are divided regarding their grain-size. This division, 
which will be explained further, is taking into consideration the proportional ratio in 
soil between the sand, silt and clay fractions. Those relations are called soil’s texture 
and there exists soil textural triangles to assist respectively in each of the mentioned 
previously soil taxonomies and classifications. The importance of the soil’s texture 
can be emphasis by the fact that it affects other physical and bio-chemical properties 
(Ashman M.R., et al, 2002). 

8.3 Soil Grain-Size Distribution Classification in Sweden 

In Sweden and as well in other countries there is a national scientist’s contribution to 
the texture grain-size nomenclature, just to recall Allbert Atterberg’s fundamental 
publication from 1903 year concerning the Swedish Soil Classification and 
Terminology (Table 8.1) and later Gunnar Ekström’s works from 1927 about the 
Classification of the Swedish Arable Soils (Karlsson R. et al 1989). SGU uses 
Atterberg’s Grain-Size scale classification, lately in the 90’s a little modified. 

Table 8.1: Atterberg’s Grain-Size distribution from 1903 year 
Name: 

Swedish            / English/ 
Subname:  

Swedish                      (English) 
Diameter  

(mm) 
Block               / Boulder/ - > 200 
Sten                 / Stone/ - 200-20 

 
Grus                / Gravel/ 

 

Grovgrus                   (Coarse gravel) 
 
Fingrus                      (Fine gravel) 

20-6 
 

6-2 
 

Sand                / Sand/ 
 

Grovsand                  (Coarse sand) 
 
Mellansand               (Medium sand) 

2-0.6 
 

0.6-0.2 
                       / Fine sand- 
Mo                        to 
                        -Coarse silt/ 

Grovmo                     (Fine sand) 
 
Finmo                        (Coarse silt) 

0.2-0.06 
 

0.06-0.02 
 

Mjäla              / Silt/ 
Grovmjäla                  (Medium silt) 
 
Finmjäla                     (Fine silt) 

0.02-0.006 
 

0.006-0.002 
Lera                / Clay/ - < 0.002 
Source: after Fromm, (1975) 
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The original soil taxonomy distribution was used to describe Quaternary deposits 
parameters in the available study map. This approach has been switched by the 
author of this thesis into the new Swedish Geotechnical Society (SGF) soil 
classification nomenclature and is used in the summarizing Table 8.2. The motive 
stands behind the fact that this approach has mutual meaning. To be able to classify 
Quaternary sediments and later to refer to the recent literature and scientific results 
of the measurements of these deposits, the new modified after Atterberg 
nomenclature has been adapted to the existing map of the investigation area. In 1981 
The Laboratory Committee of The Swedish Geotechnical Society (SGF) has 
published a new grain-size distribution chart. The main changes occurred in the 
texture classes former known as ‘’finmo (coarse silt)’’ and ‘’mjäla (medium and fine 
silt) and later on moved to the one class – ‘’mjäla (silt)’’. Observe that as a rule 
taxonomic units are named after the dominant fraction in their body. 

Table 8.2:  New modified classification of Quaternary deposits adapted to the international 
nomenclature by SGF 

 
     0.002     0.006          0.02          0.06       0.2             0.6             2             6              20              60              200            600           2000 mm 
              

Silt Sand Gravel Cobble Boulder Clay 
Fine 
silt 

Medium 
Silt 

Coarse 
Silt 

Fine 
sand 

Medium 
sand 

Coarse 
sand 

Fine 
gravel 

Coarse 
gravel 

Pebbles Cobbies Fine 
boulders 

Medium 
boulders 

Coarse 
boulders 

Source: after Freden, (1994) 
 
All the Quaternary deposits have been given textural values based on the modified 
Atterberg’s grain-size scale. These values became fundamental for the further 
general soil characteristics derivatives. 

8.4 Major Soil Categories 

There are three major soil categories that need to be mark off: 

1) Course-grained 

2) Fine-grained 

3) Organic 

This division is based on the Soil Classification and Identification Guide               
Book published by the SGF (Karlsson R. Et al 1989). The first category is conferring 
formally for sand and gravel soils. The content of fines is not exceeding 15% of 
material weight. The second category belongs to silt and clay soils. Here fines have 
foremost place in at least 40% of the weighted material. The last third category – 
organic soils – correspond to the soils in which organic matter determine their main 
body. 
The complex structure of the till (also known as moraine, morän in Swedish, which is 
recognized as the soil type in Sweden) has its origin in continental ice development, 
and subsequently, through the transport, deposition and re-deposition of eroded 
debris from the melting ice, this randomly sorted (one can say unstratified) glacial 
drift gives shape to the till. These very versatile and mixed soil bodies need to be 
categorized in some comprehensible way. For the purposes of the thesis, some 
simple division inspired by SGF has been proposed to align particular till layers into 
two distinct classes: 
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Class 1: Fine-grained tills. Regarding the first class, generally the boulder and cobble 
content is not exceeding 40% of the total till mass weight. The fines are counted to be 
> 40% of mass of both fine- and coarse-grained fractions. The remaining more or 
less 20% of enclosed mass of the fine sediments can be characterized by either 
greater or lesser content of silt or clay in the till. 
Class 2: Coarse-grained tills. In this class, the boulder and cobble content is usually 
bigger than 40% of the total till mass, (but it can be also less), and in this case the 
fines (clay and silt) fraction is <15% of mass of both fine- and coarse-grained (sand 
and gravel) fractions. 
The tills from the study area have been evaluated with respect to the above 
presented classification.  

8.5 Soil Strength and Permeability Properties 

For a more adequate description of the parameters needed for further trafficability 
class analysis, firstly there must be a soil strength property classified. This parameter 
is derived from the other elements including the friction between the particles, the soil 
moisture, sorption forces, capillarity etc., and in this paper was analyzed in 
accordance with the SGF’ s simplified geotechnical classification of mineral soils 
combined with the text and graph analysis (Figure 8.2) from the National Atlas of 
Sweden (Freden C., 1994). 

 

   Figure 8.2: Permeability linked together coherently with the grain-size  
         distribution of the Quaternary deposits, after Freden (1994) 
 

Investigated from available datasets soils were partitioned into three strength 
property groups: 

A) Non-cohesive soils (friction soils) 
B) Intermediate soils 
C) Cohesive soils 
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The Non-cohesive soils are those that are characterized by high and extreme 
coefficiency of the permeability [k] (ability either to retain or to percolate water 
through). 
Soils: coarse-grained soils (sand, gravel, cobble, boulder). 

Grain–size diameter: >0.2 mm 

Permeability: [k>10-5 m/s]. 

Between the non-cohesive and cohesive soils, the Intermediate soils are located 
Soils: silt and mixed-grained soils (fine sand) 

Grain-size diameter: >0.002mm to 0.2 mm 

Permeability: [k<10-5 m/s and k>10-9 m/s]. 

The Cohesive soils can be segregated from the rest by the fact of their very low 
permeability. 
Soils: clay, gyttja and peat 

Grain-size diameter: ≤0.002 mm 

Permeability: [k≤10-9 m/s]. 

Table 8.3 below shows (theoretically) close to the real world permeability parameters 
for different soil texture classes.  Theoretically, because in the Nature there exists no 
sharp borders between the elements but rather smooth transitional zones. For the 
purposes of modelling however, one has to make some simplifications of the natural 
phenomena. 
 
Table 8.3: Selected Permeability parameters for the different soil texture classes 
Soil Texture Type Permeability [k] (m/s) [k] x 107  Given class for [k] 
Fine gravel 10-3- 10-1 10 000 – 1 000 000 High 
Sand 10-5- 10-2 100 – 100 000 High 
Coarse silt 10-7- 10-5 1 – 100 Low 
Silt 10-9- 10-7 0.01 – 1 Low 
Clay 10-11- 10-9 0.0001 – 0.01 Very low 
Till, clayey to gravelly 10-11- 10-5 0.0001 – 100 Very low 
Till, gravelly 10-7- 10-5 1 - 100 Low 
Till, sandy 10-8- 10-6 0.1 – 10 Low 
Till, silty to fine sandy 10-9- 10-7 0.01 - 1 Low 
Till, clayey 10-10- 10-8 0.001 – 0.1 Very low 
Source: after Gorbatschev, (1974) and Fernlund, (2002) 
 
 
In a general, the fine-grained textural soils have lower soil strength quality than the 
coarse-grained. Permeability sometimes is replaced in Hydrogeology Science by the 
term - hydraulic conductivity (Brady N., C., 1990). 
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8.6 Soil Capillarity 

Similarly to the permeability parameter, soil capillarity is strongly related to the soil 
texture (grain-size distribution) and extent of compaction. Figure 8.3 presents the 
main, in this case linear, dependence between the ability of soils to absorb water 
upwards (in fact the physical forces in the soils caused by the contact of the gaseous, 
liquid and solid bodies enable the water to percolate in horizontal and vertical 
directions;  more in Brady N.C., 1990). 

 
     Figure 8.3: Soil capillarity basis diagram, after Freden (1994) 
 

In summary, the greater the capillarity, the lower the permeability. Recall that even if 
the clay soils are characterized by the very good conditions to absorb the water 
upwards, when they are compacted (e.g. after heavy traffic occurrence on the field, 
like the tractors or other off road capable to trespass vehicles), their ability decreases 
considerably and this can have the effect of lower crop collection for example (recall 
literature survey part of the thesis). 

The Table 8.4 shows only main soil class parameters used as a referent for 
determining other variables in this dissertation. 

  Table 8.4: Chosen Capillarity parameters for the different soil texture classes 
Soil Texture Type  Capillarity  (cm) Given class 
Fine gravel 1 – 3 Low 
Coarse sand  3 – 10 Low 
Medium (coarse) sand 10 – 30 Low 
Fine sand 30 – 100 Medium 
Coarse silt 100 – 300 Medium 
Medium (coarse) silt 300 – 1000 High 
Fine silt 1000 – 3000 High 
Clay more than 3000 High 

              Source: after Fernlund (2002) 
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8.7 Frost activity of the Soils 

The division is made regarding the permeability factor, the textural character of the 
soils within the freezing zone and the tempo of the frost extent of influence the soil 
body. The SGF’s proposal for three frost susceptibility groups is summarized in the 
Table 8.5. 

Table 8.5: Soils Frost susceptibility groups 
Group Group description Soils within the Group 

Group I Frost-insusceptible soils Coarse-grained mineral soils and  

the organic soils 

Group II Moderately frost-susceptible soils Mixed grained soils plus clays 

(except the silty  clays) 

Group III Strongly frost-susceptible soils Silt and silty clays 

Source: after Karlsson, (1981) 
 

8.8  Soil Consistence 

A good definition quoted after (Foth H., D., 1990)“...Soil consistence is the resistance 
of the soil to deformation or rupture” picture in words this parameter. Consistence 
arises from the soil strength character and from its adhesive and cohesive factors 
(soil consolidation). In another way, soil consistence is called Atterberg’s Consistency 
Limits (recall the soil texture classes for general comparison), where the most 
important to be counted are plastic, liquid and shrinkage limits (Karlsson R., 1974).  
After the literature study and analysis of the earlier described soil parameters, the 
consistence classes may be proposed for the three moisture levels: Dry, Moist and 
Wet. The nomenclature that is used to discern the consistence conditions was suited 
but also modified in comparison to the SGF’s list of terminology. Consequently, soil 
consistency classes were given following description: 

a) Wet soils – non-plastic, plastic, extra high plasticity, 
b) Moist soils – loose, semi-solid, firm 
c) Dry soils – very loose, loose, semi-solid, and solid; 

 

8.9 Soil Trafficability 

To sum up the importance of the soil texture on the physical parameters of the 
mineral soils, the grain-size distribution (mechanical parameter) is closely related to 
some of the following measurable factors: plasticity, water permeability, cohesion, 
capillarity, fertility, porosity (macro- mezzo- and micro-pores), ease of land cultivation, 
water adsorbing power, erodibility by wind or water, workability and the other. 
Moreover the soil texture (and soil structure) determining the soil moisture which is 
the final needed factor to develop soil trafficability maps; respectively in: (Foth H.D., 
1990; Zhu A.X., et al, .2001;  Horn R., et al, 2005; Earl R., 1997 and Earl R., 1996). 
However, in this thesis, some more complex parameters are not taken into 
consideration in terms of performed simulation due to the available data limitations.  
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Chapter 9. Working with the Digital Elevation Model  

 
The 50m x 50m Digital Elevation Model with the vertical mean height accuracy 2.5m 
(standard deviation) is not the best representation of surface if one would like to 
analyse cross-country mobility. In this chapter, the path for Modified DEM is 
presented, and respectively after short preliminary theoretical part, two attempts to 
improve it are described.  The third attempt uses TIN (Triangulated Irregular Network) 
as a backbone for topographic height curves skeleton, in what is believed to be the 
best solution for implementing it in a diverse terrain character of the study area. 
Finally, test of accuracy assessment based on the Slope map generation regarding 
the Modified DEM is performed, and the decision for further off-road modelling is 
made. 

9.1 DEM’s file structure basis  

 
DEM is a shortened form of a Digital Elevation Model, known as an Elevation Map, in 
which every grid has a unique height value, and those grids have the same shape 
and the size. Practically, DEMs are being stored as an ASCII text files, and the very 
first text command in such file looks like an example shows below in Table 9.1. 

Table 9.1: Structure of Digital Elevation Model as an ASCII text file 
ASCII to DEM 
( file structure) 

Description ASCII file for the study map area  
 (8F NO Linköping) 

NCOLS xxx*    Number of columns ncols 501 
NROWS xxx        Number of rows nrows 501 
XLLCENTER xxx 
 

xllcenter 1475000 

YLLCENTER xxx 
 

    
LLcenter uses the center of the lowest 
left cell to supply location for the raster yllcenter 6475000 

CELLSIZE xxx Cell resolution cellsize 50.00 
NODATA_value xxx Cells whose true value is unknown,  

and the default numerical quantity is set     
to -9999 

NODATA_value -9999 

Row no.1 Top sequence of height data 64.40 68.30 66.80 (first row no.) 
Row no.2 Sequence below the row no.1 64.10 69.50 69.20 (second no.) 
… … … 
Row no.n The last sequence of numbers in a row 82.50 81.70 81.70 (last row no.) 
* xxx – a number 
 

The output data type (ASCII to GRID) may be either Float or Integer raster. The 
ASCII file (for the study area) takes only a little space on the disc, it is approximately 
1,45 MB size file. The improved DEM should be also converted to the ASCII file to 
have a compacted version for any future works concerning Elevation Map model 
improvements. 
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9.2 Working on DEM improvements 

9.2.1 Deriving the DEM  

 
The DEM was created from the ASCII file in its original cell resolution 50m x 50m. 
Because the method of constructing such a model is based on the idea of assessing 
cetroid points for every each cell, the final extent shows that the study area is a little 
bit larger (exceeding the frame line for 25m in every direction)  than the geographical 
framework set for the study map 8F NO (Figure 9.1). 

 
  Figure 9.1: A fragment of the upper left map corner (X min, Y max coordinates) 
 
The black line on the Figure 9.1 is the geographical framework of the known 
geographical coordinates: 
X min   1475000m 
X max  1500000m 
Y min   6475000m  
Y max  6500000m 
 
DEM’s geographical coordinates are as follow: 
X min   1474975m 
X max  1500025m 
Y min   6474975m 
Y max  6500025m 
 
The centroid points are laying totally within the border of the geographical framework, 
and every DEM transformation preserves this extent if the original cell resolution is 
not changed from 50m x 50m to some new output one. 
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9.2.2 Conversion of the ASCII Grid file to the text file of X-, Y- and Z-values. 

 
This method creates the centre point of each of the Grid’s cell. The Spatial Analyst 
toolbar was used to perform Grid to Feature conversion, and the Points were chosen 
as an output of the process. The 50m x 50m resolution DEM for the study area 8F 
NO (625 sq km) consists of 251 001 grids. These maps below (Figure 9.2 and 9.3) 
show the central points of each of the DEM’s grid cell: 

  
Figure 9.2: Grid map fragment A     

 
Figure 9.3: Zoomed in on a Grid map fragment A 

9.2.3 Attempt to merge the DEM with the topographic curves. 

The topographic data available from Geographical Survey of Sweden (GSD) is in a 
vector format. However the 9942 curves have no height (Z) value, the only 
information is that either they are 5- or 25-m equidistance lines. Basically, all of the 
height curves were treated as 5m height curves, and below there is a Table 9.2 of 
hypsometric vector map layers that were analysed. 

Table 9.2: Topographic Vector Map 8F NO layers description  
Svensk namn English name Number 
Djupkurva  Depth curve 72 
Höjdkurva 25 m intervall Height curve 25m interval 1859 
Höjdkurva 5 m intervall Height curve 5m interval 7993 
Naturlig grop 25 m intervall Natural hole 25m interval 1 
Naturlig grop 5 m intervall Natural hole 5m interval 14 
Skärning Cutting /Intersection 3 
                                                                                                            Total:  9942 
 
 
The closer look on the vector dataset reveals more data incoherence, such as the 
fact that most height lines are disconnected along their shape. To the right on the 
Figure 9.4 there is an example of the encountered problem. 
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                             Figure 9.4: Fragment with the height curves dissection problem 

 
To analyse this dataset, firstly the New Personal Geodatabase (NPG) has been 
created in ArcCatalog. For the NPG a new Feature Dataset has been produced.  
Next the Feature (vector) Class – Vector height curves - has been imported.            
To perform the first analysis, a New Geometric Network has been established in the 
Feature Dataset using exported earlier features.  Note that the RT 90 Swedish 
coordinate system is used in this thesis and the exact coordinate parameters are 
described in the Chapter 7, section 7.2. During creation of a New Geometric Network, 
the snapping environment has been set using intuition to 5m having in mind that the 
line ends should match up for features to connect. Other snapping environment 
distances have been tested varied from 0,5m throughout every 0,5m up to 10m, but 
5m was fitting the best in diverse landscape of the study area. 

After processing the data an error report appeared, where the information shows that 
some features could not be added to the network, and that their feature ID are stored 
in an error table within the geodatabase. The total number of invalid features is 7427. 
Additionally a Feature Dataset Net Junctions point shape file was created, with the 
table showing the reported number of point records of 10 448. 

Below on the Figure 9.5, there is an example of geometric network analysis for 
snapping environment 5m for the topographic curves, where the black dots 
represents the geometric network junctions. 

      
Figure 9.5: Vector map fragment B                   

     
Figure 9.6: Zoomed out vector map fragment B 
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On the Figure 9.6 observe characteristic linear height curves dissection, perhaps due 
to the flaws within the plotter device or an uneven paper map surface. 

Repairing the height curves network was unsuccessful. Another idea later emerged, 
this time taking another approach – interpolation method based on the buffer function 
in Spatial Analyst extension environment. 

9.2.4 Attempt to align DEM’s centroid points with the height curves as a buffer 
function 

 

The map below shows a DEM grid together with the centroid points of every each cell 
and topographic curves of 5m equidistance height. The rectangular grids show 
difference between DEM’s height values chosen only for every 5m elevation. 
Observe some uncertainty for such synergic estimation of the heights values 
especially in comparison between the relatively flat terrain (Figure 9.7.) with the steep 
terrain   (Figure 9.8.), where the short distance between the curves shows a problem 
of their future alignment with centroid points: 

 
 Figure 9.7: Flat terrain centroid points map                

 

Figure 9.8: Steep terrain centroid points map 
      

 

The following procedure has been run both in ArcGIS Desktop 9.0 and ArcView 3.3 
programs alternatively.  

In ArcGIS, using selection by location, features from centroid points (X, Y and Z 
values) were chosen, within a distance of 5m from topographic curves (within an 
applied buffer to these lines). The centroid points that had fallen into this buffer were 
exported to the separate layer next. In ArcView, using a Geoprocessing tool, 
assignment by location of data from exported previously picked out centroid points 
has been performed to the topographic curves attribute table. New values in this 
table now indicate the height of the curve obtained from the centroid points from this 
point. It is however in several examples not the same height value as it should be 
(the heights should differ between each for equidistance value 5m, if one is 
acquaintance with the method for how the topographic map has been constructed).  
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There exist previous works dealing with similar problem that occurred for the same 
dataset type (Jiang M., 2004). But the solution has been proposed using MapInfo 
software. In this study, where ArcGIS desktop platform was available, height curves 
values have been rounded using find and replace command in the attribute table. 
Rounding the values between 5m intervals was as follow. Let one suppose that the 
height values varies between 40 and 45m. 41 and 42 values were rounded to 40m, 
and 43 and 44 values to 45m respectively. The whole spectrum of height equal 
intervals was rounded in this way. 

 

 

9.2.5 Raster to TIN transformation 

The difference in Raster grid cell resolution brings the differences in the study results. 
It is quite challenging to dare decide which resolution inasmuch corresponds to the 
real world features and the studied literature has little to say about this except it is 
rather arbitrary consensus. In reality, while changing the origin ‘coarse’ cell resolution 
to the ‘finer one’ the fact that no improvements are being added, do not stop 
experiments being made with the output cell resolution. The available transformation 
tool from Raster to TIN and vice versa is also worth a mention since every next 
analysis would have quite different results in terms of quantitative values of the 
studied terrain parameters. It sounds ‘accurately correct’ not to change the most 
coarse cell size into a finer one. An exception from this law may be proposed when 
one can enhance the original data with the new measurements of the respective 
landscape forms which could be successfully applied in this thesis too. 

The DEM 50m x 50m was resample without changing the grid size in the working 
map environment RT 90 set from the view’s data frame properties. After resampling 
the new raster DEM has been given automatically RT 90 coordinate system as a 
permanent spatial reference parameter. 

 
From the DEM the ‘grid-based detail’ TIN was generated (Raster to TIN function). 
The next step was to add the height curves into the TIN in order to bring a hard edge 
of detailed surveying elevation lines into a future terrain modelling. After executing 
Add Features to TIN function, two set of maps were obtained. 

One set of maps is the shape point format map, on which one can detect the 
accuracy of the performed transformation. Figures 9.9 and 9.10 display the quality of 
implementing such an approach within the DEM. The map (dark dot points) is shown 
together with the genuine backbone – the height curves (polylines) map (brighter 
lines). 
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Figure 9.9: Height curves map fragment    
                            (detail) 

 
   Figure 9.10: Height curves map fragment    
                         (overview) 

Recall that is not a completely accurate assessment result, and evidently on the map, 
one can see that there exists solitary points not laying on any height curve. However, 
by comparison with the previous attempts described in detail, this method works both 
for the flat like and hilly landscapes. Arbitrary and by comparison it is believed that for 
further analysis the trust for that author’s reasoning is granted. The idea is to 
minimalize the error of coarse DEM 50m x 50m, and on the other hand produce a 
Modified Raster (DEM) for further trafficability analysis. The second set of maps is 
TIN with aligned to its surface height curves (Figure 9.11). 

 
   Figure 9.11: TIN with the height curves (view on the Stjärnorpravinen) 
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9.2.6 TIN to Raster transformation 

Having an improved with the height curves TIN, the next step was to convert TIN to 
Raster using 3D Analyst Extension in ArcMap menu. Specification regarding the out 
coming grid cell size has been decided upon the following experimental results 
summarized in a Table 9.3. 

Table 9.3: Conversion TIN to Raster – Grid cell results 
No. Cell Size Left (X min) Top (Y max) Bottom (Y min) Right (X max) Comments 

1 5m x 5m 1474997,5 6500002,5 6474997,5 1500002,5 chosen one 

2 10m x 10m 1474995 6500005 6474995 1500005 not chosen 

3 25m x 25m 1474987,5 6500012,5 6474987,5 1500012,5 not chosen 

4 50m x 50m 1474975 6500025 6474975 1500025 not chosen 

5 100,4m x 100,4m 1474949,8 6500049,8 6474949,8 1500049,8 default by program 

6 1m x 1m** - - - - System failure 

7 2,5m x 2,5m** - - - - System failure 
Source: ArcGIS 9.x 3D Analyst processing* 
 
*    The operational system and hardware configuration that have been used for this thesis study are       
    summarized in the section 6. 
**  As it was observed, and later on supported from the ESRI technical articles, the large raster      
    datasets can cause the applications to fail.  
 

Recall the original extent coordinates of the TIN, for which: (Left [1475000],           
Top [6500000], Bottom [6500000], and Right [1500000]). Furthermore, the decision 
of which Raster cell size to choose emerged from the smallest possible map objects 
that need to be represented as tangible and visible entities in GIS. The derivation 
from DEM cell size has practically excluded some of the geographical objects that 
might have been used i.e. for micro-topography studies.  

The function Convert TIN to Raster is described inside the ArcGIS Desktop Help 
menu. By citation:  ‘Because interpolation of the input TIN surface occurs at regular 
intervals, some loss of information in the output raster should be expected. How well 
the raster represents the TIN is dependent on the resolution of the raster and the 
degree and interval of TIN surface variation. Generally, as the resolution is increased, 
the output raster more closely represents the TIN surface’. 
It was suspected thou that the smaller the grid size the better the extent accuracy in 
comparison with original TIN file properties.  The output cell resolution has been set 
to 5m x 5m, and it was the smallest available cell to be processed by software in this 
system configuration. The one disadvantage of having such densely generated grid is 
the amount of space it took on the hard disc, which is almost 100MB, and the other is 
the huge number of grids – 25010001. 

9.2.7 Testing the new Modified DEM 

In order to depict the greatest changes in height value (Z) between the bordering 
cells in a DEM, the Slope function from the 3D Analyst has been used. The zero (0) 
value means that the terrain is flat, the bigger the value the more steep is the 
landscape. Values can range from 0 to 90 degrees. This concept is relevant for the 
3x3 cell matrix, and the ESRI algorithm that was used to calculate slope based on the 
references after Burrough, P. A. and McDonell, R.A., (1998). The Slope map is 
somehow not easy to show, both the grey scale and the colour maps are shown 
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(Figure 9.12 and 9.13) in order to represent the phenomenon more clearly. The 
degree values were made with intuition, recall that in literature review part, the most 
cited were 0-5-10-15-20 -35 and above 35 degrees.  

 
 Figure 9.12: Slope Map (grey scale) 

 
Figure 9.13: Slope Map (color)

It has to be mentioned that the northern border of the Slope map shows unexpectedly 
a very steep terrain area, which might be misleading from the real landscape 
character in this region. Because of the fact that this problem occurred on the map 
border (Figure 9.14), this very area would have to be both explicit from the further 
analysis and based on it results or some solution would be proposed. The rest of the 
map borders are clear from such disadvantage.  

   
  Figure 9.14: An Error propagation in the northern part of the Slope map 
 
Observe that the black values in this case, after manually checking on the map, 
mostly represent the steepness close or above 40 degree. Not the whole northern 
border embankment is covered by this incorrect processing result, but still more than 
half of it. Black lines represent the height curves and were added to improve the 
readability of the map. 



 64 

9.2.8 Attempt to solve the ‘map border’ problem. 

For the given tasks regarding trafficability and because of the chosen map area     
(8F NO Linköping), the error caused by map border has been seen within the small 
mile stone to be solved. While constructing the TIN from Raster it was not totally 
possible to control all the parameters of the Triangulated Irregular Network model.  
By the fact  that the earlier preparation to improve the DEM has fruited with the ASCII 
Grid file to the text file of X-, Y- and Z-values, everything was ready to start with the 
TIN generation, also the geographical framework that would stand as a bordering 
‘soft’ rectangular of the study area. Following steps were executed: 
 

Step 1. Align for the Geographical 
framework rectangular SOFT CLIP 
function. Height source – <None>. 

 

Step 2. Choose an appropriate 
GRID_CODE height source (stored in 
the raster’s table) and set a triangulate 
method as mass points. 

 

Step 3. Use a Height curves layer 
without setting a height source (recall 
that these equidistance lines have no Z 
values), and set the Triangulate 
method as a hard line. 

 

After this process, a TIN with no border problem (and improved by the height lines) 
appeared. 
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9.2.9 Modified DEM 

Finally, the TIN to Raster function has been performed and Modified DEM with       
5m x 5m cell resolution was ready for any further studies analysis. 

Deriving the Slope function again (Figures 9.15 and 9.16), slope degree values have 
been changed fundamentally. Maximum slope degree is 30,1 now, and by 
comparison to the previous result (Figures 9.12, 9.13 and 9.14), it is lower by almost 
45%. 

 

 
 

  Figure 9.15: New slope map with the zoomed northern fragment of the map  
 
From this point now, the other maps are made from Modified DEM ‘base’ map. 

 
         Figure 9.16: Modified DEM  
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9.2.10 Revision of the Modified DEM 

 
The Digital Elevation Model derived from ASCII file had have relatively low accuracy 
(50m x 50m, 2,5m height precision), and was in detail analyzed in order to generate 
more precise Triangulated Irregular Network. The DEM disadvantages are connected 
with the problem of resolution quality. Mostly in usage in many countries                
50m x 50m resolution DEM’s are not sufficient to perform more advanced processing 
of data. What is more the usage of contours as a source for such 3D models shows 
that in the relatively flat landscape areas, they might propagate a big error in surface 
modelling. TIN enhanced with the topographic height curves has been seen as a 
plausible medium to obtain improved DEM (5m x 5m grid spacing). This Digital 
Elevation Model was determined to work as a main driving force for Hydrologic 
Modelling of the surface water movement through the study landscape. 
 

Below, on the Figure 9.18 there is a structural view on the TIN, which consists of 
topographic height curves and DEM’s centroid points. The height curves introduced 
denser pattern of triangles along their shapes in comparison with centroid points 
areas. 

 
                 
    Figure 9.17: Inner structure of the TIN 
 
 

The next Figure 9.19 presents a Modified DEM generated in ArcScene – program 
that is a component of ArcGIS Desktop. This convincible 3D model, except the 
attractive view, has revealed unfortunately some flawless. Topographic height curves 
that were used as hard lines during its creation mirrored the steps-like landscape on 
the generated view. Many artificial in shape futures have been introduced into the 
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model, some of them resemble for example volcanic calderas, others a serpent like 
ridges or digged out pits, deep and narrow. 

 

 
              Figure 9.18: A 3D perspective view on the TIN, (vertical exaggeration scale 3.0) 
 
At times working on a data of different thematic topic and that come out from the 
different methodological approaches, one have to assume involuntarily some logical 
hierarchy that should exist between those media. In the whole chapter 9 works, and 
especially while studying the description of the available databases in chapter 7, 
taken for granted was one principal assumption: the height topographic curves were 
made in a better spatial accuracy than the Digital Elevation Databank. Unfortunately, 
as it was realized almost at the end of the master thesis, while some doubts 
appeared during further landscape studies using GIS, this strong veracity was 
confronted with the truth that accords with the reality. The data producer – 
Lantmäteriet, has not estimated the horizontal accuracy for the height curves9.      
The only approximated height accuracy might be about 20m, which has not been 
scientifically measured. Moreover, the vertical accuracy is not known. 

There was no other way than just to skip the whole multi-process that led to, in fact, 
not Modified (enhanced) DEM, but contrary – enriched with unwanted spatial 
accuracy error model. Nevertheless, it was also thought to keep the trail of this 
attempt, perhaps for further studies concerning similar or the same datasets, for the 
sake of possible scientific outcome. Original DEM has been used in all further GIS 
analysis (resampled to 5m x 5m), without introducing height curves into its 
parameters. 

                                                
9 Email correspondence with Ms Inger Person from Lantmäteriet 
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Chapter 10. Hydrologic Modelling 

Watershed delineating was crucial for further soil wetness index classification.       
The laborious work was needed before the correct delineation could be achieved to 
construct a Hydrologic Model. Hereby, by step-by-step procedure, creation of 
preliminary hydrographical map was preformed in ArcGIS. Additionally, a discussion 
was provided along the whole Chapter 10, especially when there is a place for 
literature add-ons, for raster transformations, and the results that outcome after these 
procedures. If not mentioned exclusively, recall that all the hydrologic modelling was 
supported by the Spatial Analyst extension to ArcGIS, and its dedicated usage tips 
among the add-ons to Hydrology ArcToolbox Tools.  

10.1 Methodology for Hydrologic Modelling 

The character of the study area is diverse. It is believed that the best is to delineate 
firstly the watershed boundaries for the main watercourses on the map. Having done 
this, it is expected to focus directly on landforms, which are resulting from 
topography, weathering processes, water flow occurrence and soil development 
together with vegetation coverage. Additionally, some attention should be paid on the 
man-made structures, especially in The Plain region, where an extensive farming 
took place due to the prosperous terrain parameters and fertile soils. Besides, in this 
region, a big engineering construction has taken place – Göta Canal, which 
connecting West Coast with East Coast of Sweden. The preparation of Digital 
Elevation Model for further cross-country mobility should starts exactly with surface 
water run-off movement through the landscape. Just to mention in the beginning, by 
the fact of creating resampled DEM, the float raster has been created, with the cell 
resolution 5m x 5m.   

10.2 Study area watersheds aggregation 

The literature study for the Roxen Lake (the main catchments pour point in the study 
area) watershed area resulted with the primary facts summarized in the chapter 5 – 
area description. The physiographical delineation of the dataset was made by SMHI 
(vector data), and it was in author’s thoughts to use consequently this terminology 
after the data producer. However, the vector map that was available in the scale 
1:250 000 (the whole Östergötland area) on the one hand was lacking a description 
(metadata), and on the other hand was more detailed than the written sources 
(Figure 10.1., shows that on the map there is visible all sub-catchments delineation, 
not only the main rivers catchments) .  

Because of the plausibility of having such detailed map is not always of superior 
importance, to overcome the metadata problem an adaptation of the map legend was 
used after the two written sources: Göransson, (1991) and Roxen och Glan – 
Vattenmiljö, mål och åtgärder, (1992), originate from SMHI reports. The SMHI 
delineation stands as a reference for further Hydrologic GIS modelling. Decision 
regarding the process of combining watersheds into less detailed ones was 
supported by the fact of having relatively coarse DEM for water flow simulations.       
A flat area was very problematic to obtain satisfactory results, and further on in this 
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chapter, special preparation for the water modelling has been done to solve some of 
the difficulties.  

The result can be seen on the map from Figure 10.2.  The table 10.1summarized the 
aggregation procedure and stands as the reference source for both of the maps. 
 
 

 
Figure 10.1: Detailed watershed delineation 

 
Figure 10.2: Aggregated watersheds  

Table 10.1: Aggregating the watersheds source data 
ID Watersheds* Reference source adjusted to the 

Watersheds** 
New ID New aggregated 

Watershed*** 
 

Area 
(sq km) 

1 Finspångsån (F) Finspångsån 
2 Finspångsån (F) Finspångsån 1 Finspångsån 81.468050 
3 Finspångsån (F) Finspångsån 
4 Finspångsån (F) Finspångsån 2 Area round Glan Lake 51.317925 
5 Finspångsån (G) area round Glan Lake 
6 West Roxen (SR) South Roxen 3 North Roxen 35.756775 
7 North Roxen (NR) North Roxen 
8 Motala Ström (MS) Motala Ström 4 North Roxen 64.633075 
9 Motala Ström (MS) Motala Ström 
10 North Roxen (NR) North Roxen 5 North Roxen 16.371300 
11 Svartån (Sv) Svartån 
12 Svartån (Sv) Svartån 6 South Roxen 0.900975  
13 Sviestadån (Svi) Sviestadån 
14 Svartån (Sv) Svartån 7 Motala Ström 45.780625 
15 Stångån (St) Stångån 
16 Sviestadån (Svi) Sviestadån 8 South Roxen 12.219175 
17 Svartån (Sv) Svartån 
18 Svartån (Sv) Svartån 9 South Roxen 13.402100 
19 Sviestadån (Svi) Sviestadån 
20 Stångån (St) Stångån 10 South Roxen 30.245500 
21 Svartån (Sv) Svartån 
22 West Roxen (SR) South Roxen 11 South Roxen 24.346275 
23 South Roxen (SR) South Roxen 
24 South Roxen (SR) South Roxen 12 Svartån 85.096250 
25 South Roxen (SR) South Roxen 
26 North Roxen (NR) North Roxen 13 Stångån 44.514800 
27 South Roxen (St) Stångån 
28 Stångån (St) Stångån 14 Sviestadån 36.406925 

* digital sub-catchment data source (Figure 10.1) 
** Written reference source SMHI 
*** see the map (Figure 10.2) 
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10.3 Procedure of delineating the watersheds  

Firstly, watersheds of the Östergötland County were clipped to the quad rectangular 
study area. Next, using the function Feature to Polygon in ArcToolbox Data 
Management Tools, the polylines were aligned with the geographical framework and 
the separate watershed polygon areas were created. During the Feature to Polygon 
function, Sliver polygons10 occurred along the watersheds border. To deal with it,      
a snapping environment has been used for the vertexes, to eliminate this 
inconvenience manually. The primary visual terrain examination on the created map 
shows some incoherence of those delineated watersheds (SMHI map of the scale 
1:250K) with willing to be contained totally within it rivers network (Lantmäteriet 
topographic map of the scale 1:50K). The two different spatial resolution scales of the 
maps may have created this problem (refer to the Figure 10.3), so to speak manually 
the watersheds boundary areas in some parts of the map were reshaped to perform 
first of many data manual revision, to be sure that water would flow directly to the 
Roxen Lake and other pour points. 

 

     Figure 10.3: Dealing with hydrographical data incoherency 
 
In this point, there must be add some additional description of the data used for the 
analysis. SMHI’s watershed delineation was performed 40 years ago and since then, 
none or only exceptionally in some places, revision was made11. Two different data 
producents were using perhaps different methods for catchment area demarcation; 
so to speak those datasets are not comparable. The classic approach would be to 
study height curves from the topographic map as the most reliable reference source. 
At the end of chapter 9 it was excluded as a standard option (due to the lack of 
accuracy assessment), but still the river network from the topographic map and the 
lakes were used to perform correction of the watershed boundary lines. 

                                                
10 Sliver polygons can occur after overlaying of two or more polygons. Such small usually area might 
thus be erroneously created along the border of the polygons. 
11 Email consultation with Mr Jörgen Rosberg, SMHI’s-Research and Development, 4th of May 2005 
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Next, based on the Table 10.1, an aggregation of subcatchments was made and the 
final polygon map of Watershed Study Area has been created. From this watersheds 
polygon the raster (5m x 5m) was created. Additionally, by performing the Polygon to 
Line function, only the watershed boundaries lines were derived. Next, using function 
Features to Raster, these lines (borders) were converted to the 5m x 5m grid. They 
were next prepared (reclassified, see table 10.2.) to be burned into DEM as ‘raised 
up’ artificially borders to demarcate the real catchment areas. 

10.4 Preparing the river network layers 

 
While working on the river layers (the other term used in this thesis is watercourse),  
it was crucial to made some backup copies, since the two different layers of river 
networks have been analysed. The vector watercourses thematic maps originate 
from topographic map 8F NO Linköping and SMHI’s vector map 1:250K. Before the 
‘burning in’ on DEM procedure (that is described further on in this chapter), the map 
has been studied closer. The number of different layers (like airports, bridges, 
electrical cables etc.) originally contained in this topographic dataset, later on for 
building the hydrologic layer purpose were deleted expect the watercourses.  

 

Firstly, all the rivers were connected or merged (if they were not) using two vector 
layers: one form topographic map 1:50K and the other from E-län water map 1:250K 
(clipped to the study area). To clarify the specification of river network preparation, 
some major steps are described below. The small solitaire rivers were deleted 
especially on the flat plain area in order to obey probable errors in flow direction on 
the DEM. Moreover, if the rivers from those two different scale layers were 
overlapping, the topographic map ones were left by the fact of assuming of their 
better spatial resolution. Many times the rivers were dissected and the distance 
between the next parts was great. The only reference source which was available 
was topographic height curves (equidistance 5m) together with the land use layer, 
and DEM, both used to check the accurateness of river joining procedure.  

 

Because the rivers have been rasterized, there was no need to topologically join 
them. The most important fact was to be certain that the process of joining or one can 
say superimpositining the rivers separately from the two different sources are done in 
a proper geographical localization. Manually performed (snapping environment was 
chosen to align vertexes or edges of the particular layer), it took very long time and 
still there might be some loath error due to the human influence.  
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10.5 Preparing the lakes layers 

 
Regarding the lakes map (vector layer) made for the whole Östergötland County, the 
clipping tool was used to cut off from this map only the lakes that are contain within 
the respective study map sheet space. After processing there were some data 
incoherence with the lakes layer from the topographic map, a thematic error.         
The analogue map study shows that it would be better to follow the topographic map 
in terms of the spatial accuracy and it’s strongly interconnection with the soil map  
(the quaternary deposits map). Such approach was chosen, and the new lakes 
polygons were merged and clipped from the entire topographic map dataset.    

It has to be mentioned that for the next step – burning in the DEM, the following 
approach was chosen. Only the Roxen Lake was left and the other lakes were 
clipped of. Nevertheless, whenever at least two rivers were flowing into the formerly 
exist lake, to keep the water flow movement into the proper concave ex-lake location, 
those rivers were merged, and the special care were put to remain their connectivity 
as it would be a middle section of that lake. 

10.6 Preparing the Hydrologically Correct Raster (HCR) 

The idea of having Hydrologically Correct Raster is of the greatest importance if one 
has to use coarse DEM as a driving force for the surface water run-off modelling. 
However, it was intuitionally decided to use this manually changed raster upon the 
DEM only for the water flow simulations. It was expected that the final result should 
become important for mapping the wetness index needed for further terrain analysis 
when the enhanced hydrogeomorphologic terrain model is expected to be created 
(as similar as possible to the watershed one made by the experts from                    
the SMHI).The rest of the simulations should be run on unchanged DEM, neither 
artificially lowered down nor raised up (but see creating depresionless DEM), 
because cross-country trafficability is the main concern as a final outcome from this 
studies. The terrain surface analysis in GIS should thou mirror the real physical 
landforms, with unchanged artificially by software manipulation geomorphology. 

In the Table 10.2, there are summarized layers and operations that were performed 
to create and support surface analysis for the new environment of the going to create 
Hydrologically Correct and depresionless DEM. 
 
Table 10.2: Burning in and Rising up the DEM – operational files and operations 
No Layers Coding the raster* Reclassification 

1 
Rivers (Topo) 1:50K – 

polylines 
- 10m Reclasstopo 

2 
Rivers (SMHI) 1:250K – 

polylines 
-10m Reclasssmhi 

3 Roxen Lake – polygon -10m Reclassroxen 

4 Watersheds - polylines 

Rasterization 

+10m Reclasswtshd 

*Reclassification was made with NoData preservation. Recall that the NoData was given a value 0. 
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Below, Figure 10.4 depicts performed modelling toward Hydrologically Correst 
Raster. 

Processes  Burning in DEM    Rising up DEM 
 

Coding 
 
 
Derivatives 
 
 
 
Overlaying 
 

 
-10m 

 
 
River network raster  

 
-10m 

 
 

Lakes raster 
 
 
 

‘Testing’ the rasters 

 
              +10m 

 
 

Watersheds boundary raster 

 

Result         Hydrologically Correct Raster  

Figure 10.4 Processes behind creation of the Hydrologically Correct Raster 

During the modelling, the first test was performed executing the equation under 
Spatial Analyst extension using the Raster Calculator. Reclassified files were 
summarized (overlaid) together.  

Testing the rasters = [reclasstopo] + [reclasssmhi] + [reclassroxen] + [reclasswtshd]  

Some errors have been spotted after raster calculator. It was somehow 
unpredictable, but the reclassification of wrong values helps to keep the proper river 
burning in minus 10m and the rest of data as 0 not to influence the Depresionless 
DEM. The next errors were after summarizing all water bodies with the watershed 
boundaries (raised up by 10m). The cells were affected by the closeness to the 
Roxen Lake, and the same procedure was used to get rid off from the wrong values. 
Finally, the new ‘error-free’ Hydrologically Correct Raster (with the Lake Roxen, 
watercourses and watershed boundaries) was ready to be burned onto the 
depresionless DEM (Figure 10.5), which had have to be created in the next step for 
the proper water run-off modelling. 

 

 
Figure 10.5: A 3D view over the HCR modelling with the visible raised up watersheds 
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10.7 Creating the Depresionless DEM 

Following the ArcGIS directives regarding the working process needed to be able to 
create depresionless DEM, available elevation model has been analysed and 
prepared for accurate flow direction experimental testing.  Resampled Digital 
Elevation Model, from which the whole hydrologic modelling had been run, was 
characterized by the floating-point values (cells with decimal precision), with the        
4 digits after comma. Float to Integer function has been used to get rid of two 
numbers after comma. The integer raster was obtained, and due to some problems 
with obtaining flow direction function (after some preliminary simulations) from float 
one, this procedure was seen as a lesser evil and still adequate in the following 
hydrologic derivatives. 

10.8 Detecting and filling up the sinks in the DEM 

 
This process was performed preliminary to the other steps in DEM preparedness. 
The following functions were used one after the other, extensively inspired by the 
ESRI directives:   

 

 

                                Figure 10.6: Schematic flow chart of Depresionless DEM derivation 
 

To begin with, a Flow direction was created from the DEM (Figure 10.6). Second, by 
performing complex operation, identification of the sinks took place. Shortly speaking, 
after the Sink function was run, the next derived function – Watershed – used Sink 
function as the pour points to be demarcated in the DEM. Next, a Raster Calculator 
was used with the following formulas: 

    Sink min = zonalmin ([watershed], [DEM]) 

    Sink max= zonalfill ([watershed], [DEM]) 

    Sink depth= Sink max-Sink min12 

                                                
12 the max sink depth was 7,9m 

DEM 

Flow direction 

Detecting the sinks 

Filling the sinks 

Depresionless DEM 

Flow accumulation 
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At the end, the Fill function with the Z values set for derived Sink depth was run, and 
the Depresionless DEM was obtained. In fact, the whole system (hardware 
configuration is described in chapter 6), was used enormously during the Fill in 
running process for more than 20 minutes. 

10.9 Generating Hydrologically Correct Depresionless DEM (HCD-DEM) 

The automatic watershed delineation was one of the main GIS capabilities expected 
to work without any problems. However, this strong believe was soften by the fact 
that in one side very flat terrain and in the other significantly hilly caused a problem 
with water flow simulation and watersheds delineation. Some possible solutions have 
been taken into great consideration. The decision was made to choose another 
approach, supported by several weeks working with the traditional approach and then 
switched when the results were far away from the expected. The ‘Burning-in’ 
methodology is an interactive procedure of specific techniques. Presumptions are as 
follow - the coarse Digital Elevation Model is not the best media to refer to in water 
flow generation, so to speak having already watersheds boundary and additionally 
the river network plus lake layer (refer to section 10.6 - Preparing the Hydrologically 
Correct Raster), a convenient way to have a close to reality outcome is to use it with 
respect to the taken actions. While studying the literature: Burrough and McDonell, 
(1998); Fletcher, et al, (2004); Greffe, (2003), two methods of burning have been 
studied. One is based on the rising up all the terrain around the river network cells, 
the other is just opposite – lowering down the river network cells. The second 
approach has been chosen (Figure 10.5), with the attention paid on the lake 
occurrence in the study area. Next, Depresionless DEM was overlaid with the 
Hydrologically Correct Raster. The final result after all these transformations is 
Hydrologically Correct Depresionless DEM.  

10.10 Compound Topographic Index (CTI) 

Compound Topographic Index (CTI), also knows as Steady State Wetness Index, is 
an equation adjustable for computing the topographic moisture accumulation. The 
formula is defined as: 

              CTI = ln ( As / tanβ ) 

where: 

As-stands for the contributing catchment area per unit extent, orthogonal to the flow  
      direction, and 

tanβ -is the Slope measured in degrees (Burrough P.,A., and McDonell R.,A., 1998);  
        where β > 0 
 
Some studies have shown a strong correlation between the CTI and occurrence of 
specific soil parameters, such as: horizon depth, silt percentage, organic matter 
content, phosphorus and other (Evans J., 2004). After additional literature survey 
(Herron N., and Peterson P., 2003), the high calculated values for CTI should 
indicate the places with the large contributing areas, like wisely low slopes. These 
places are susceptibility to have high saturated soils. Contrary, steep slopes 
(together with the ridges) should point out the dry condition of the soil in the 
landscape due to the theoretically quick drainage after the rainfall events.  
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10.11 Catena concept and the CTI 

In fact CTI equation formula originates from the studies that were conducted in order 
to calculate the changes of the moisture character in soils, in relation to their catenal 
hillslope position. To better describe the plausibility of using the Topographic wetness 
index formula in this master thesis, it is also worth to describe shortly Catena 
concept. It is significantly related to the both Soil- and Hydrology Sciences. The soil 
and topography interrelations are significant especially when a spatial thinking is 
utilized during environmental analysis. The recalled role of topography in soil 
formations and soil genesis as a result of differences in relief is a well-known factor, 
however not isolated from the other factors. The catena concept originates from 
these studies.  
Catena may be define as a toposequence of the soil depicted on the basis of 
horizontal and vertical water movement in the local landscape drive thanks to the 
topographic relationship. In this concept it is emphasized that even if the soils 
originate from the same parent material, due to the topographic factor their 
parameters may differ significantly from each other (Figure 10.7).  

 

 

                  Figure 10.7: Soil Catena conceptual draft draped on DEM, (generated in ArcScene) 
 
The Catena concept is based after the author’s personal knowledge supported by 
synergic source: Pauw E.D. and Pertziger F., (2000); The University of Minnesota 
Web page, The American Society of Agronomy, Crop Science Society of America 
and Soil Science Society of America Web Page; Gessler P.E. et al, (2000), Brown 
D.J., et al, (2000a), Brown D.J., et al, (2000b) and others.  
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10.12 Deriving the CTI 

The CTI parameter that has been critical for soil wetness mapping was derived from 
previously prepared Enhanced DEM and HCD-DEM. The formula has been 
calculated in Raster Calculator for two raster files: The catchment’s upslope 
contributing area that is calculated Flow Accumulation and the Slope, calculated from 
the DEM. 

Before calculating the formula, a reclassification of the slope had been done to deal 
with the erroneous zero (0) value that for CTI were giving automatically NoData 
values for the vast area of study (cause by the logarithm function in the formula). 
Except this, the New Slope was given values 0.001 instead of 0 using the Raster 
Calculator formula:  

[New Slope] = con ([slopetingrid5] > 0, [slopetingrid5], 0.001) 

It was very important to add the number 1 to the equation too, since while having 
numbers in both of the files in range from 0 to some number, if one would not 
introduce this factor, some strange results have been observed (for example negative 
values of wetness index). Such prepared Modified Slope was calculated, using the 
fomula below…  

[CTI] = Log ([Flow Accumulation] + 1) / ([Slope] + 1) 

 

…and the map (Figure 10.8) of the Static Wetness Index was obtained. 

 

  
  Figure 10.8: Derived and classified Compound Topographic Index (CTI) 
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10.13 Division of the CTI 

Compound Topographic Index division into dry, moist and wet catenal segmentation 
of the relief has been made based on the comparison of the height curves map with 
the original DEM and generated CTI in the hilly region of the studied area.             
The ridges, slopes and rivers valley bottom and permanently saturated areas (lakes) 
were analysed, and the CTI’s index values were distributed (Figures 10.8 and 
especially 10.9). A significant support comes from 3D model of the landscape 
generated in ArcScene. Visual evaluation has influenced the final judgement of CTI 
values distribution into: 

  

• Dry areas :  0.0-2.0   (bright coloured areas on the maps) 
• Moist areas : 2.0-7.0  (medium dark coloured areas on the maps)  
• Wet areas:  7.0 -16,34  (dark coloured water bodies on the maps) 
 

 

         Figure 10.9: Perspective 3D view over the CTI draped on DEM 
 
On the picture above, lakes were given 3D textures of the water surface to improve 
raster pixel-build model of landscape. The localization of the captured view is on the 
northern east part of the Roxen Lake, next to the place called Stjärnorp. Orientation 
of the view is NE, and vertical exaggeration of the 3D relief was set to be 3.5 times. 
Horizon view was set to black, to be assure that it would not inferred with the 
obtained CTI classes and their characteristic color scale.  
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10.14 Testing Hydrologically Correct Depresionless DEM in accordance to CTI 

 

To answer this question: Does Hydrologically Correct Depresionless DEM is really 
correct? - the following Compound Topographic Indexes were derived and compared: 

1. CTI without any modification (from the original DEM) [CTI-O] 

2. CTI only with the rivers and the Roxen Lake burned-in [CTI-RL] 

3. CTI with the raised up watershed borders and burned-in watercourses [CTI-WRL] 

The correctness was checked only visually, however, by the fact of being quite 
acquainted with the studied terrain; one can say that supervised accuracy 
assessment has been performed. 

In general sense, in the hilly region, both CTI-RL and CTI-WRL preserve better the 
main Pour Point shape, which is burned-in Roxen Lake. Also the river network seems 
to correspond better to the topographic data, which is believed is the most accurate 
among the available datasets (but see chapter 9).  But the closer look into the rivers 
themselves shows rather bizarre result – along the burned-in for 10 metres down 
rivers there appeared a ‘flat’ areas parallel to the stream flows, depicting for the 
observer the dry conditions that exist in this space. It is not correct, and moreover 
nothing like this was noticed in the literature study. Unfortunately, digging artificially 
the proper river network did not improve the readability of the analysed Digital 
Elevation Model. CTI’s weak outcome in the glacially levelled plain terrain was 
expected from the others study. By introducing the sharp ridges (watershed boundary 
delineation), the whole flat area was dissected extensively, but it did not help to force 
the water to flow unbrokenly on the surface. The only recommendation that is 
resulting from the performed hydrological studies is to rather focus on constructing 
better digital elevation models - superior to the exist one in terms of vertical and 
horizontal accuracy.  

For the final decision which CTI to chose, none of three analysed were adequate to 
the trafficability studies. The forth one was proposed, that is the CTI without any 
modifications except the one – burned in Roxen Lake. The lake body will not affect 
the landscape anyhow, and additionally, the lake shore border would have closer to 
real conditions frontier. 
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10.15 Limitations of the CTI  

Like many other simple models widely being used for the environmental modelling 
needs, Compound Topographic Index represents considerable assumptions.  Some 
of the mentioned below CTI’s disadvantages reflecting directly from the studies to 
investigate DEM trafficability analysis conducted by (Kokkila M., 2002): 

• The water flow is at steady state everywhere 

• The groundwater recharge is uniform globally 

• Local differences in topography are omitted 

It has been observed also that the different cell size of the DEM has significant 
influence on the CTI values. In the study area the calculated results align to the flat 
Plain terrain has to be studied very carefully and perhaps the other techniques for soil 
moisture mapping have to be used to obtain more accurate wetness parameters. 
Vast areas in the southern part of the studied map had been given saturated classes 
of CTI’s catenal parameterization. Nevertheless, for example if one analyses the 
wetness map, there is strong correlation between the lakes occurrences on derived 
map with those existing in the topographic map. Also river network significantly has 
been reflected, and many new ‘hidden’ features like ridges and small possible 
surface run off tributaries have showed up. It would be very interesting to might have 
meteorological data, which would efficiently improve the readability and up-to-
dateness of the studied landscape.  

There are some more flawless results from the CTI automatic soil moisture 
distribution like it was noticed for the marsh area which is periodically flooded.      
This area has been given only semi-solid value that is moderate good to sustain the 
vehicles off-road movement. But such constraints had been overcome with the more 
descriptive datasets mainly from topographic map, where the bog and marsh areas 
were superimposed onto CTI derivatives, and later on, in the chapter 11, every 
available land formations were given the weighted value (including ‘NoGo’ situation 
like for the marshes). 

 

10.16 Deriving static soil moisture parameters from CTI 

 
Using Soil Knowledge Database (Appendix 1) as a reference and the SGU’s 
quaternary deposits map, three distinct moisture classes were derived after 
overlaying separately the Dry, Moist, and Wet conditions that originated from the 
Compound Topographic Index map (CTI). Beyond what has been stated, the soil 
consistency limits can also depict the exposure of the soil to be temporarily 
compacted (compactibility) either from the cross-country vehicles or harvesting 
machines (e.g. tractors, skidders). The possible crop loose might results if plants 
(whether in the forest or on the arable land) would have too little available plant 
water. Knowing the soil textural classes, it is possible to derive a map with the areas 
that might be especially exposed (susceptible) to the soil compaction. Such a 
representative map of the ground conditions that originates from the mentioned 
above derivatives is presented in the figure 11.3, chapter 11. 
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Chapter 11. The Compound Cost Surface 
Parameterization 

This chapter will present the processes from which estimated terrain roughness 
parameters would be used for trafficability reasoning. Strongly iterative process 
accompanies designing process of weights distribution. Multicriteria Evaluation 
Methods (MCE) like Boolean statements or Saaty’s pair wise comparison procedure 
sometimes are needed to give proper classes to the analysing phenomenon, that 
usually are not comparable to each other in terms of thematic and nominal 
differences. 

11.1 Multicriteria Evaluation Procedure 

For the received separate maps with different themes, two strategies of Multicriteria 
Evaluation (MCE) procedure allocation for the trafficability modelling were used. 

In the first method, based on the Boolean statements (Boolean overlay), the criteria13 
were taken from the following maps datasets (Table 11.1). Next, they were converted 
(reclassified) into 0 or 1 assertion, marking 0 as suitable (‘Go’) and 1 as not suitable 
(‘NoGo’) for off-road drivability: 
 
Table 11.1: List of factor maps used in Boolean overlaying method 

Pre-processing 
No. Factor map name Format 

1st 2nd 

Trafficability 
scale 

1. Land use map Area 
2. Area with large boulders map Area 
3. Bog map Area 
4. Man-made obstacles map Point 
5. Road network map Line 
6. Watercourses map* Line 

 
Rasterization 

 

 
Reclassification 

 

0 = ‘Go’ 
1 = ‘NoGo’ 

* River network with the lakes 

 

This very primary map below (Figure 11.1) shows the general pre-conditions for off-
road driveability. Vast area in the North is not accessible due to the silviculture 
practices and relative high concentration of lakes and watercourses. Contrary, in the 
South, there is a high concentration of the build-up areas, together with the both 
industrial and leisure time development. Simple in perception, delimitated great area 
from cross-country trafficability. Having the ‘Go’ areas on the map, the next set of 
steps was to detect the goodness for ground drivability on the rough landscape 
surface. 

                                                
13 A complete list of all objects from topographic map that were rasterized to 5m x 5m grid and reclassified, is attached as    

     an Appendix 2 
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         Figure 11.1: ‘Go’ and ‘NoGo’ Map 
 
As the second method, so called Saaty’s Analytical Hierarchy Process (AHP) has 
been chosen. AHP allows user to assign weights to a set of factors (maps),              
in created matrix of pair wise comparisons (ratios) between those factors               
(Jones B., 1997). This quantification of criteria is fully continuous and certain degree 
of suitability expresses the importance of each factor for decision makers               
(ed. Longley P., A., et al, 1999). The process of assigning the weights inside every 
each factor is called standardization. Three factor maps were analysed using AHP: 
 

Table 11.2: List of factor maps used in AHP method 
No. Factor map name The Slope The Ground Condition The Ground Roughness 

1. The Slope   

2. The Ground Condition 

3. The Ground Roughness 

 

Equal importance between the factors* 

* see section 11.5 for more information. 

Malczewski (1999) and also Voogd (1983) proposed three complementary 
techniques for selecting proper set of evaluation criteria: 

• Examination of relevant literature 

• Analytical Studies 

• Survey of Opinions (e.g. ‘Delphi method’ ) 
 

In this thesis, all of them have been somehow used, but truly, the decision of the 
taken into consideration criterions was limited by the available datasets. The main 
question for the cross-country trafficability to be taken under consideration was to 
answer on the question: How ‘good’ is it possible to go cross-country and ‘if ever’? 
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11.2 Standardizing the Slope Map 

Following again Shoop (2005) one of the major terrain parameter affecting cross-
country trafficability is the slope. In his research, slope classes were calculated taking 
into consideration soil types together with their wetness conditions (Figure 11.2) and 
next confronted with the vehicle capabilities (Appendix 3). In compliance with that 
research, in the proposed table 11.3 below, slope classes were divided into equal 
intervals, marking some possible affects on the vehicle speed. 

Table 11.3: Slope affecting the cross-country performance 
No. Slope (degree) [0] Percentage of the affected speed  

(of the car*) 
Given descriptive 

class 
Trafficability 

scale 
1. 0-5 0 0 % Gentle slope 0.00 
2. 5-15 0 10% Moderate slope  0.25 
3. 15-25 0 20% Strong slope 0.50 
4. 25-30 0 30% Steep slope 0.75 
5. >30 0 ‘NoGo’ (or very dangerous to go)** Very steep slope 1.00 

Source; after Shoop (2005) for HUMMV and SUSV vehicles 
 
* Incorporated after Shoop (2005) 
 
** For the wheeled vehicle it might be dangerous to attempt to go through such very 
steep slope, since the slippery surface will affect with low friction to the wheels. It is 
perhaps in some circumstances possible but not recommended. For the trucked 
vehicle it is believed that it can pass the ‘NoGo’ area rather easily, however in the 
Winter conditions this trust is soften by the fact of it’s lessen tractive force of the 
trucks on the icy surface. 
 

 
       Figure 11.2: Reclassified slope map for off-road reasoning 
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11.3 Standardizing the Ground Condition Map 

Soil strength is an index of suitability of the ground for the off-road mobility of vehicles 
(Mitchel C., 1991). The soil strength parameters have been prepared in the chapter 8 
- Constructing the Soil Knowledge Database; the summarized table is attached in 
Appendix 1. In the mentioned table the soil strength parameters were driving forces 
for discreteness the Atterberg’s Consistency Limits for the three different soil 
moisture levels (states): dry, moist and wet (saturated). These parameters have been 
coded in four descriptive classes on the quaternary deposits map and overlaid with 
derived after hydrologic modelling Compound Topographic Index (CTI)14. Below, in 
the summed up table 11.4 they represent the Ground Condition factor map (Figure 
11.3). 

Table 11.4: Consistence limits for the three soils moisture levels depicting trafficable ground conditions 

Atterberg’s Consistency Limits 
No. 

Additional 

Information Dry Moist Wet 

Given descriptive 

class* 

Trafficability 

scale 

Very loose - Extra high 
plasticity 

Very bad  
(Very poor) 1.0 

Loose Plastic Plastic Bad (Poor) 0.75 

Semi-solid Semi-Solid - Moderate 0.50 1.
 S

oi
ls

 

 
 

Solid Firm Non-plastic Good 0.25 

Bedrock ** Not 
affected 

Not 
affected 

Not  
affected Very Good 0.0 

Unknown*** - - - No Go 1.0 

2.
 O

th
er

 

Water**** - - - No Go 1.0 

* Given descriptive classes were next separate into numerical factor classes groups   
according to their probably influence on vehicle movement through rough terrain   
surface, contributing to creation of trafficability scale for this analyzed ground   
condition factor.  

**  Bedrock outcrops were decided to work as the best surface to drive through. But in     
the reality, only some detail micro topography studies can confirm this assumption.    
One can think about the slipperiness of the wet rock outcrops for example. 

*** Due to the unknown soil properties, these areas were excluded from the        
modelling. ‘NoGo’ for the vehicles.  

**** All the water bodies (as well as from the topographic map) were excluded,         
‘NoGo’ for the vehicles. 

                                                
14To the reader information, the raster soil map was originally obtained in 1m x 1m resolution. It was 
decided that the soil map would stand as the base map for CTI derivatives, because while resampling 
it to 5m x 5m, there were generating additionally 16 fake soil classes due to the generalization 
process. Instead, resampling of the CTI into 1m x 1m has been done, and of course some information 
was lost, but none new unwanted classes were observed.  
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                              Figure 11.3: The Ground Condition Map 

11.4 Standardizing the Boulder Frequency of the till Surface Map  

This supplementary vector map contains rather important information regarding the 
possible boulder obstacle occurrence in the study area. Derived map in the chapter 5 
– Area description, was described in detail in chapter 7 – Databases. On the basis of 
this table and the available map (Figure 11.4), the boulders occurrence specification 
table 11.5 has been constructed. 

Table 11.5: Cost surface factors of the Boulder Frequency of the till Surface Map  
No. Boulders occurrence specification  Φ (m)* Given descriptive class  Trafficability 

scale 

1. High frequency of high boulders >1 Very Rough 1.00 

2. High boulder frequency >0, 5 Rough 0.66 

3. Low boulder frequency Various Smooth 0.00 

4. High concentration of the boulders on 

other deposits than till 

Various Rough 0.66 

5. Medium concentration of the boulders 

on other deposits than till 

Various Moderate Rough 0.33 

6. Low concentration of the boulders on 

other deposits than till 

Various Smooth 0.00 

        Additional layers existing on the map 

7. Unknown** - Not affecting 0.00 

8. Water - ‘NoGo’ 1.00 

 *  Possible boulder diameter (in metres), in accordance to SGU. 
** Genuinely, it was set to be ‘NoGo’ situation (constraint). But later on, this data layer was compared 
with the other – The Ground Condition Map. On this second map, all of the unknown spaces are de 
facto a bedrock outcrops (that were given there a very good trafficability value; at least not affecting it). 
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Figure 11.4: The Boulder Frequency of the till Surface Map (raster 5x5m) 

 

11.5 Allocation of the weights between the standardized factor maps 

To sum up, the AHP factor maps were weighted (scored) arbitrary equally            
(ratio 1 to 1), since it was not known which ground parameter more affecting the 
vehicle performance.    In addition, in the shown Table 11.6, these factors have been 
standardized by applying equal intervals. Next, every factor map has been 
summarized (overlaid) with others. 
 

The Saaty’s weighting method inside every each factor (factor maps) is based on the 
general judgement that the weights ought to be standardized somewhere in between    
0.0 (zero) and 1.0 (one). Zero means the best (least cost) parameter for specific 
reason and 1.0 means the worst (not drivable – ‘NoGo’ situation). This process is 
shown in the Table 11.6. 

Table 11.6: Assignment of weights for the factor maps 
 

No. 

 

Factor map 

Scoring of the AHP’s factor maps* 

The Best                                                                          The Worst 

 

1. 

 

Slope  map 

 

  0.0           0.25           0.50              0.75          1.0 

 

2. 

 

Ground condition map 

 

  0.0           0.25           0.50              0.75          1.0 

 

3. 

 

Ground roughness map 

 

  0.0                      0.33           0.66                              1.0 

* Considering only for the cross-country trafficability. 
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11.6 Deriving the Cross-Country Trafficability Map 

Classical overlaying of the Boolean statements map with the standardized factor 
maps has taken place. Additionally, road network system has been implemented to 
the combined map, providing the least-cost surface for the ground vehicles to drive. 
This process is showed on the scheme of the Figure 11.5 below: 

 

   Figure 11.5: Scheme of deriving the Cross-Country Trafficability Map 
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The first prepared map is the cross-country trafficability map. It is a complete          
off-road cost surface map, but without coding the road network map yet. Twenty six 
(26) classes of cross-country trafficability are provided, from the lowest (0.0 - the 
best) to the highest (2.5 - the worst, but still possible). The black areas represent 
‘NoGo’ (in this case also NoData) terrain. NoData values of the impossible to drive to 
areas were obtained (reclassified) for the particular reason. The recommendations for 
simulation of the least-cost path require using it (having done this, it would be treated 
as a barrier; an obstacle) for hypothetical vehicles mobility while the algorithm is 
being processing a prepared cost surface map. 

 

 

     Figure 11.6: Cross-Country Trafficability Map 
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The second, final map, is the cross-country trafficability map with the road network, 
consists of surface cost cells together with the roads that have been rasterized from 
the topographic vector map of the studied area (white lines on the map). The existing 
road network depicts the lowest cost parameter, in comparison to the rest of the 
surface map. Because of this, the roads were being coded the lowest (0.01). It was 
dictated moreover by the fact that this map has been used in the cost-weighted 
distance functions for testing and studying performance of hypothetically chosen 
vehicle in the next chapter 12. As it would be explained further, zero (0.00) value was 
reserved by the source point on the map, to which the cost distance algorithm would 
calculate the least-cost path.  

  

  

  Figure 11.7:  Cross-Country Trafficability Map with the road network 
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Chapter 12. Cost-Weighted distance functions through 
the Raster surface 

The final stage of this thesis was to calculate the Path Distance function for the any 
possible distance between two or more points on the prepared study area map. 
Chapter 11 has shown the special care taken for parameterization steps, and the 
justification of distribution of the weights for the chosen factor maps. Here, the 
summarized compound cost surface raster map was taken under investigation, and 
the testing of the Cost Distance Algorithm together with more complex Path Distance 
function was done.  

 

12.1 Cost Distance Algorithm 

The Raster data consists of an equal cell grid mosaic of coded information in             
a 2D space. Considering only its geometrical connectivity, the Euclidean distance 
equation (straight-line of planimetrically movement through the constant geographical 
units) simply can not be used for trafficability modelling. Some more adequate 
formula needs to be run, where for every each grid cell an accumulated travel cost is 
being calculated. The Cost Distance Algorithm, which is based on the graph theory, 
was available in ArcGIS Spatial Analyst extension. 
 

Creation of the cost distance was characterized by sequence of steps. First of all, two 
requirements must have been fulfilled: a source raster (starting point) and a cost 
raster have to be created. While the source raster do not have to be additionally 
described (all cells, if only have the value, may take part as the source cells), the cost 
raster is a parameterized previously set of factors under the common weight 
assignation. In general, the cost distance resembles very much the vector approach. 
The net of connections between the centroid points of each grid in a raster, looks like 
the vector link-node approach. Indeed, an associated resistance (friction, impedance) 
is being generated at the ends of such links, and from the eight possible directions of 
movements (Figure 12.1, Figure 12.2). 
Following the ESRI’s ArcToolbox Cost Distance algorithm description, for the 
derivation of the entire Cost of Traveling [COT] through each of the cell, an overall 
formula is put into use: 

 

[COT] = weight assigned to the cell * the cell resolution 
 
 
The representation of movement trough the cells can be calculated by employing the 
Rook’s case (4 possible directions: up, down, left, right) or Queen’s case (8 possible 
directions; additionally the diagonal movement is allowed). ESRI’s Cost Distance 
algorithm uses Queen’s case method, and below, two figures display a possible 
direction of movements in a raster with the equations used by the program.  
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Figure 12.1: Vertical and horizontal movement in grid       
 

                      
Figure 12.2: Diagonal movement in grid 
 

Every next grid cells are being calculated alike, replacing the previous ones in the 
above equations. While the vertical and horizontal distance for the selected raster 
grid equals 5 m (all the analyzed map in this thesis have been rasterized to 5m x 5m 
rasters), the diagonal movement will show the distance to be ca 7.07 m. The minimal 
cumulative cost along the designated path distance, summarized as the list with the 
cells value, will show the shortest (least cost) way through rough surface (Miller H., 
and Shih-Lung S., 2001). Notwithstanding that, it is not allowed to travel through the 
NoData cells. Such places; if exist, are being encompassed by the operating 
algorithm. Because both source- and cost-rasters are identical to the required ones in 
the Path Distance function, the analysis have been run on the second one, more 
complex function.  

12.2 The Path Distance function 

From the chapter 11 (Multicriteria Evaluation), the compound cost surface raster map 
was ready for processing. However, all the least-cost values of the surface areas 
from this map dataset (values 0.0) must have been coded 0.05, to give the priority to 
the exist roads in the studied area. The road network map was coded 0.01 
consequently. Zero value would be always generated for the source point on the map 
by algorithm itself. Having done this, the roads would provide the fastest and the 
least-cost path, whenever the start and end points would be laying on the cross-
section with the roads. The presumption was as follow: it is rather reasonable to use 
an existing road network, whenever it is available, and only the parts of cross-country 
areas, when such road network is lacking, but still the accessibility to the specific 
place is necessary. 
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12.3 Establishing an experimental virtual field for the cross-country          
trafficability performance 

The selection of this experimental field was made to perform a primary ortophoto 
visual assessment, which, what was believed, should have point out the merit of the 
outcome results. From the Digital Map Library of Sweden, a small aerial photo was 
downloaded, demarcating the experimental field area. This field is located in the 
diverse landscape. The terrain has a fresh geomorphologic character, resembling the 
last Ice Age catastrophic, in terms of mass energy, processes. The Stjärnorpravinien, 
a gully, with rather deep, forested and narrow floor, is the most characteristic 
landform. Through the gully flows the Stjärnorpebäcken River, which entering the 
Roxen lake at its end, next to the place called Stjärnorp, [34,67 m a.s.l.], (x = 648964, 
y = 148693). Traveling across the gully was not possible, and the compound cost 
surface raster map has supported this divagation showing the outline borders of this 
landscape form as not trafficable (Figure 12.4). On the figure 12.3 below, Boolean 
overlaying method has excluded diagonaly-centre located gully, rivers, forest areas, 
houses and lakes (red areas). Recall that the linear objects on the maps represent 
the road network (light green color). 

 

Figure 12.3: Fragment of the Boolean overlaid map 
 

Figure 12.4: Fragment of the Compound Cost  
                    Surface map 
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12.3.1 Designating the Start and Destination point. 

Source (start) Point and Destination Point were incorporated from the topographic 
vector map (point data). Both of them were placed on the off-road fields, located on 
the two, divided by the river, randomly selected meadows, in reference to the 
ortophoto imagine. The geographical position of the destination point can be switch to 
any other place on the study map, except NoData areas. NoData areas (all of the 
obstacles, like water bodies, buildings, forests etc) are not calculated in the cost path, 
standing as a barrier for vehicle passage.  

12.3.2 Path Distance function throughout the experimental ground field 

 
The thing that differ the Path Distance function from the Cost Distance algorithm is 
that it is taking into account the real surface distance (from the Digital Elevation 
Model). There are set of parameters that are taken into consideration for the 
execution of the Path Distance equation (Path Distance: adding more cost 
complexity, ESRI). 

Inputs:  
[1]  The Source Raster  
[2]  The Cost Distance Raster (CDR) 
[3]  The Surface Distance Raster (SDR)  
[4]  The Vertical Factor Raster (VFR) 
 
Output: 
(1) An output Back-Link Raster 

 
The general equation for calculating the [Path Distance] formula from cell (a) to one 
of the possible to go, defined by the Queen’s case, cell (b) is: 

[Path Distance] = CDR * SDR/2 * VFR 

Inputs parameters [1] and [2] have been described in the paragraph 12.1. They must 
have been processed before the Path Distance function might have been employed. 

12.3.3 Surface distance Raster 

 
Digital Elevation Model has been used as the input Surface Raster [3].                      
A Pythagorean Theorem contributes for the computation of the actual surface 
distance. The Base (a) – a raster cell, has 5m length; the Height (b) is taken from the 
Elevation Databank; and the Hypotenuse (c) – the distance to drive through, come off 
from the equation: c= √ a2 + b2. If the vehicle goes through the diagonal movement in 
the raster, the Base (a) is multiplied by the √2 (Figure 12.5). 
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Figure 12.5: Surface distance graph, (ESRI’s ArcToolbox Path Distance function description) 

 

There exists additional parameter for the Path Distance function, which is called 
Horizontal Factor Raster. However it was excluded from the equation due to the lack 
of meteorological data (e.g. wind direction, wind speed parameters etc.). 

 

12.3.4 Vertical Factor Raster 

Simply, within the Slope function in Spatial Analyst Extension, this vertical factor [4] 
has been calculated via an extraction of the Z values (height values taken form the 
centroid points) of the bordering to each other grid cells. A Digital Elevation Model 
has been used as the VF. In addition, to assign the ‘barrier value’ of the traversing by 
terrain car (too steep slope), there was available option to determine the cut angle for 
both upslope and down slope travel situations (the slope vehicle performance was 
based on the Shoop’s studies for the military vehicles, see Appendix 3 for details). 

 

12.3.5 Output raster 

The Output back-link raster (1) has been derived as the result of the Path Distance 
formula. Eight possible values of the direction to the neighboring cells were being 
created plus additional zero value, which indicated the source point (start point).   
They represent the least-accumulative cost of travel calculated to the designated 
source cell. It has to be mentioned, that the time that has been needed to calculate 
the Path Distance outcome (output back-link raster) exceeded 30 minutes (the 
hardware and software used in this thesis were described in the chapter 6).  
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12.3.6 Obtaining the least-cost path 

The final step was to perform an experimental testing of the derived Compound Cost 
Surface map, using the Cost Path algorithm run on the output back-link raster 
generated during the works with the Path Distance function. The sample map   
(Figure 12.6), with the georeferenced ortophoto for the fragmental part of the study 
area has shown the least-cost accumulative path through the compound cost surface 
raster map. Additionally, the map was enriched with the incorporated road network. 
To the right, a zoomed fragment on the start point area and the road pointing out the 
least-cost path generated by the algorithm. The performance of the imaginative 
vehicle leads mostly along the existing road structure (the calculated path is 
represented by the white line on the map). Only in the start and at the destination 
points, the cost path is dealing with some of the 26 classes of cross-country 
trafficability ground conditions, choosing the optimal path in terms of surface least 
roughness and shortest distance to these points. 
 
 

      

Figure 12.6: An experimental field ground in the designated area next to the Stjärnorpravinen.  
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12.3.7 Generating the 3D surface model in ArcScene 

For the visualization advantage of the user that would study derived maps, an 
ArcScene project has been established.  The centroid point features of the Digital 
Elevation Model have been converted in 3D Analyst extension into the 3D points, 
from which a TIN has been generated. Having done this, every vector or raster 
datasets could have been draped over the generated surface in ArcScene. 
Additionally, an animation above the tracking path of the hypothetical vehicle 
performance in the fragmental study area has been recorded, using a model of the 
vehicle drawn in CAD program, and later on transformed into the ArcCatalog. On the 
Figure 12.7 below, the black line is showing the road calculated for the hypothetical 
vehicle by Cost Distance formula. 

 
Figure 12.7: 3D Scene of the experimental ground field  
 

The first general impression: the map of cross-country trafficability cost surface 
seems to be correct with the background ortophoto. But not everywhere, for example: 

1) The forest area might have been mapped far before the ortophoto has been 
captured, and those areas are considered as ‘NoGo’ (not trafficable); while on the 
ortophoto there are bold forest cuts. 

2) Thematic incoherence and spatial resolution error of the roads, houses, rivers and 
the lakes. During the process of generalization, some of the details might have been 
omitted; some of them were not taken under investigation (during selecting the 
objects and features in Boolean statements), and some of them were just moved into 
the other geographical position after many data transformations.  

Destination Point 

Roxen Lake 

 
Start Point 

Skiren Lake 
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Like during the correcting the watercourses connection links among the vector 
representation of river network lines, again, after a closer analysis of the derivatives 
from the topographic map, there were disconnected topology links in the road 
network. This error has been reflected on the derived compound cost surface map 
thou, and certainly, some parts of the study area surface became automatically 
inaccessible. It had happened on the areas, where there exist a vast ‘NoGo’ 
surfaces, especially on the Northern part of the map. These regions are only linked 
by the road structure. If there are consequently from place to place some breaks in 
the rasterized road lines, the cost path algorithm would not be able to link the 
cumulated cost to the remote cut off areas on the map. The other possible problem 
may arise after river network rasterization. If somewhere along the river flow the line 
would be having a diagonally directed trespass, the least-coast algorithm would 
calculate this space as at least good for trafficability. Fortunately, to the author 
knowledge, nothing like this was observed on the studied map so far.  

 

Not considering in this point the differences between the various data sources, there 
are some outcomes of the establishment the cross-country trafficability map over the 
3D model in ArcScene. It can be interactively explored, displaying various layers in 
elective sequence, simulating the movement over the created surfaces, and 
undoubtedly help to understand the landscape formations for the general public,     
not acquaintance for example with the reading or interpreting traditional flat (2D) 
maps. In fact, the whole previously processed applications throughout this thesis in 
GIS were given a new outlook. The improvement of the data visual analysis towards 
the detailed and systematic examinations of the landscape features, which enabling 
foremost the act of planning the future tasks and objectives, from now on can be run 
successfully, having established an advisable support from the fly-on flexible camera 
in the project view window perspective. Recall that for the better landscape 
morphology visualization, scenes have been exaggerated 3,5 times.  
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12.3.8 Secondary experimental ground field vehicle performance 

 
From the same start point as it was set in the section 12.3, a new, located further 
away destination point has been established.  Figure 12.8 depicts this time on the 2D 
map the path of the virtual vehicle throughout the cross-country cost surface raster 
trafficability map together with the road network on- and off-road map.  

 
Figure 12.8: Secondary randomly chosen destination path for the cross-country vehicle performance 
 
 

12.4 Concise review 

The path distance function has been tested on many directions, in the vast terrain 
surrounding the Linköping city and the other nearby communes (that were contained 
inside the studied map extent). Everywhere, where there was a road network, a 
privilege of the best surface on which a vehicle can manoeuvre, has been allocated 
by the algorithm. The processed maps end the simulation procedure stage of the 
modelling the cross-country trafficability in the GIS software environment. 
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Part III 
 

 Concluding discussion 
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Chapter 13. Conclusions 

The main stated aim to construct a map of different cross-country trafficability classes 
has been done. Parallel to the principal objectives, there were other, insomuch 
important scientific tasks that have imprinted the final shape of this thesis. To might 
have started with modelling the ground vehicle off-road performance, a holistic 
approach was needed. By constructing the Soil Knowledge Database, which had 
have to be switched from geological to geotechnical grain-size nomenclature, this 
very primary soil adaptation compendiums allowed to focus more on terramechanical 
parameters of the Earth surficial deposits. Next, their interactions with the versatile 
geomorphological landforms, which exist on the studied map area, were investigated 
to prepare the ground condition map. To support this approach, the catena concept 
showing the position of the soils in the landscape has been asset, allowing mapping 
de facto a possible moisture classes and relating it to the Atterberg’s consistency 
limits of the surface.  

It was very challenging to attempt to start with creating a synthesis of the existing 
classical Soil Science literature with the applied experimental work outcomes, which 
have been conducted in order to study closer foremost the soil moisture character in 
connection to the relief. Having been acquaintance with this issue, some more, 
environmental oriented issues appeared. One of them was the endangerment for the 
soil compaction after the heavy ground cross-country advance. The other, sometimes 
confusing problem was lack of one, consistent soil classification system that might 
have been used as the model. It has been observed that almost in every country, 
research groups are using not alike nomenclatures. It causes a disturbance for the 
any scientific results, especially if one is planning to publish results in one of the 
recognizable scientific journals. For that reason, the work has to be adapted into for 
example FAO-Unesco soil classification system, or other. Also in Sweden, there 
seems to be a little uncertain situation, especially among the geologist and people 
working with the ground mechanics research. Nevertheless, for the rugged terrain 
maneuverability, on account of constructing the Soil Knowledge Database, this work 
has fruitful with the combined table, from which, the successful soil parameters have 
been used throughout the whole thesis work (e.g. Soil Wetness Index map). 

The driving force for the main body of this work – DEM, has been prioritized and 
endeavored from the very beginning. This in detail interest on Digital Elevation Model 
had had its deeper meaning. The significance of this media, and the attempts to 
make it more accurate, was imposed by the future out coming derivatives, like 
Compound Topographic Index and Slope function. However, what was observed and 
commented, the quality and accuracy of the additional datasets, mainly topographic 
map layers, which have been seen as a capable factors for to improve a relatively 
coarse elevation model, at the very end did not met the basic requirements. The most 
commonly accepted quality assessment procedure is to return back the erroneous 
datasets to the data producer and wait for these data improvements. Despite 
anything to the contrary this alternative modified DEM has been kept for further 
studies. Additionally, topographic height curves (circa 10 000) has been given height 
values based on Triangulated Irregular Network interpolation analysis. 
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Hydrologic modelling has resulted with the tests upon the relatively rough DEM of the 
pre-prepared Hydrological Correct Raster. What was observed, the interference into 
the digital landscape was immensely unpredictable and perhaps too much. Although 
it is believed that with more accurate 3D terrain representation some of such 
methods would work better, but also some of them might have been omitted. 

The Boolean overlaying and Saaty’s Analytical Hierarchy Process (AHP) methods for 
the derivation of the factor weights, with additional source information from the 
existing road network, have depicted the compound surface cost in one combined 
weighted overlay procedure. A constraint cross-country trafficability map represents 
graphically two distinct possible courses of action: ‘Go’ and ‘NoGo’, unifying the 
Boolean statements reasoning. The other map, showing the 26 classes of going by 
vehicle in cross-country conditions, described from the least to the highest cost of 
driving through the open ground, and the plausibility of designating the particular 
path. Additionally, by adding the road network, many places that were separated after 
the Boolean true/false overlaying were given more realistic links over the study area. 

During the studies and before, while analyzing exist literature material, a 
Conceptual Model for cross-country trafficability has been proposed, with the main 
focus directed on the static landscape parameters.  

It is expected that by applying any vehicle type (variable) into the processed maps, 
not only the maximum speed, time of traveling from the chosen point A to point B, but 
also the safety of undertaken path would be shown clearly and with sufficient 
information for the vehicle operator. More certain, the construction of the ArcScene 
project, with the on-fly 3D animation over the analyzed terrain has entered the new 
possibilities for the construction of the virtual worlds, in which, the hypothetical 
scenarios may be tested.  

There must be taken some general respect to the resolution of the out coming 
results. It is mostly probable that on the off-road surfaces, there are a lot of natural or 
man-made obstacles, like fences, electrical cables, cottage houses, etc., which might 
have made the movement of the vehicle impossible or dangerous. Also the data, 
which was extensively processed during several operations, may have some error 
that was introduced unwarily.  

The entire thesis work has been performed on the map that corresponds to the area 
of 625 sq km. This map area agrees with the Swedish national topographic maps 
allotment in the scale 1:50 000, basis on which, the other maps like geological or 
quaternary deposits have been made. This thesis is perhaps characterized by an 
innovative approach, since there were not similar studies made according to the 
author’s knowledge. To stress more this importance of the prospective outcomes, it is 
believed that the thesis structure and performance might stand within the guidance 
for the other studies that will have to be performed on the complete map space, when 
the various static landscape parameters are being analyzed. By analogy, 
implementation of the proposed terrain trafficability modelling may take place on any 
other map sheet in Sweden.  
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Chapter 14. Future work 

14.1 Östergötland area studies 

 In regional studies, where the knowledge about the landscape is building over 
the time decades, the traditional and new, available at particular time moment 
techniques, contribute to the general research advance. The former measurements 
and used methods might have been inasmuch valid like the new ones. The most 
important is to follow the development of the processes that leads to the 
constructions of the knowledge databases, where synthesis and analysis of what has 
been done prior to the present time enable for the information share among the 
various groups of scientists. There were applied various approaches before, like the 
studies about the human influences on the character of the local hydrographic 
patterns of the landscape (Anderson L., and Sivertun Å., 1991). Nowadays there is a 
strong stress put on the micro topography studies, thanks to the advance in RS, GPS 
equipment and former classic aggregated knowledge studies (Pilesjö P., et al, 2005). 
Testing the hypothesis and providing the new solutions, with the connection to the 
previous achievements, create a new ground for more and more sophisticated GIS 
software platforms and supplementary dedicated applications. Like the Geography 
Science has been linking the traditional scientific disciplines before, right now there is 
a time for Geographical Information Systems and Science (GIS and GISc). 
Östergötland region is somehow in privilege in this subject area, when there are both 
strong traditions of landscape studies, and the institutional variety (Linköpings 
universitet, SMHI, Swedish Defense Research Agency, SGI, University Hospital, etc). 
The proposed modelling of the cross-country trafficability work has tried to combine in 
one the previous knowledge in new GIS environment. Several new projects may be 
connected to this thesis, as well as other works that exist can be incorporated to it at 
one wish. 

14.2 Initiation of the studies over the soil mechanical and bio-chemical 
parameters 

 Soils bearing capacity parameter would show how well the ground (soil body) 
can sustain a particle vehicle. It is very important parameter, especially when, to 
author’s knowledge, the weight of the ground vehicles can vary from 1-2 tones up to 
20-30 tones. There exist comparative tables with the mean bearing capacity values, 
but the real valuation of soil bearing capacity still must have been possessed from 
the ground measurements. It can be surveyed by usage of for example Cone 
penetrometers (device that enable for manually performed evaluation of the Cone 
Index of the soils) or for example by fleet of autonomous ground robots.  
 Looking forward on the soil science prospective, it is believed and supported 
by the literature survey that for example the sensor approach (robots with the 
sensors embedded or vehicles armed with such devices ) is capable of mapping 
mentioned above various soil parameters with the accurate precision (Ojeda L., et al, 
2005). Giving to the soils only possible ‘normalized’ values from the surveyed maps, 
in a longer time period perspective would be perhaps more than just a speculation. 
New soil mapping proposals are being on debate nowadays, where the old catena 
concept is being put on the new light by the inference techniques. Soil-landscape 
relationships are being widely mapped using GIS and RS, with the employment of 
artificial neural networks for computing the associative and comparative links 
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between the traditional field study results and the mapped by the new techniques 
soils (e.g. Zhu A.,X., et al, 2001; Böhner J., et al, 2001 ). Nevertheless, ground 
testing still needs to be asset, since the complexity of the Earth surface processes is 
enormous.  
 Having a data about the soil depths down to the bedrock surface, it is felt that 
it would be sufficient for estimation of the ground water infiltration rate (tempo) using 
e.g. Darcy’s Law in ArcGIS groundwater application. This would help with mapping 
the erosion susceptible areas that might be vulnerable to the landslides. Additionally, 
the ground condition map would be closer to the reality, and by introducing the 
dynamic factors (like weather condition) into the study area map, cross-country 
trafficability would be having a stronger fundaments. Some additional advantages 
may become available if one would know the weather forecast prognosis. Than, a 
possible classes for off-road trafficability could have been asset in advance, with 
bigger or lesser approximation. To point out one more fact of greater significance, soil 
complex properties studies can result with the construction of the attenuation map. 
This useful representation of the areas when groundwater reservoirs may become 
polluted by chemical or biological substances would definitely support the knowledge 
about the soil body behavior in connection to the moisture level, grain-size 
classification and catenal position in the landscape. Consequently, it would help with 
estimating the filtering rate, immobilization of the metals and other toxic materials. 
Soil body is able to lessen processes of contamination thanks to the specific physical 
structure and biological activity, mostly in topsoil level.     
 In the other hand, detail forest maps would give detail information about the 
tree steam spacing at given location. Also the diameter of the trunk together with the 
age of the trees will depict the plausibility of driving through some parts of the forest 
and start with for example extraction. For the forest machine driver one of the most 
important information vacillate between the shortest path, a good ground conditions 
for harvesting a timber and definitely consequences of taking actions. Having 
knowledge about it, and awareness of possible damage of the trees roots, driver 
would have gain a visible path or corridors of movement with most suitable (fastest, 
pro-ecological and beneficial for the company) passage. 

14.3 Building up the virtual environments 

 It would be highly interesting to might have prepared and performed a virtual 
role-playing simulations over the coded Earth surface of the studied area. There are 
many possibilities to provide realistic models of vehicles, plant vegetation, people, 
buildings etc, all of which can be scaled and the movements of the objects over the 
designated paths in the terrain simulated.  Ortophoto maps for the entire study area 
could be used as the reevaluation of the existing map datasets. What is more, they 
can efficiently aid the visualization of the terrain in 3D perspective (e.g. ArcScene). 
The complexity of the virtual world may be upgrading simultaneously to the new data 
availability, and GIS primary functions of data implementation and analysis.             
By incorporating the CAD drawings and LIDAR surface measurements, a vast kind of 
models can efficiently aid the visualization of the generated micro cosmos. It must be 
also allowed to put and change the variables of such created worlds, modifying the 
scenarios and environmental background (moisture of the soils, snow depth, 
vegetation density, man-made structures, etc). Interoperability of GIS programs in 
this matter, compatibility with the other systems makes these thoughts feasible for 
prospective implementations. 
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Appendix 1 Soil mechanical parameters forAppendix 1 Soil mechanical parameters forAppendix 1 Soil mechanical parameters forAppendix 1 Soil mechanical parameters for the the the the ground condition trafficability classes (part 1 of 3) ground condition trafficability classes (part 1 of 3) ground condition trafficability classes (part 1 of 3) ground condition trafficability classes (part 1 of 3)    
Pixel value Swedish name English name SGU's genetic division Texture mm Major soil categories 

65 Vatten Water water - - 

66 Urberg Bedrock precambrian - - 
67 Morän, sandig-moig Till, sandy to silty to fine sandy glacial 20.0-0.06 and >20.0 coarse-grained 

68 Postglacial finlera Postglacial clay post-glacial < 0.002 fine-grained 

69 Grovmo Fine sand post-glacial 0.2-0.06 coarse-grained 

70 Svämsediment, lera-finmo Alluvial deposit, clay-silt post-glacial 0.06-0.02 and < 0.002 fine-grained 
71 Mosse Bog post-glacial - organic 

72 Fattigkärr Poor  fen post-glacial - organic 

74 Svämsediment, grovmo-sand Alluvial deposit, fine sand to sand post-glacial 0.2-0.06 coarse-grained 

76 Älvgrus Fluvial gravel post-glacial 20.0-2.0 coarse-grained 
78 Grus Gravel post-glacial 20.0-2.0 coarse-grained 

80 Gyttja Gyttja post-glacial < 0.002 organic 

82 Kärr Fen post-glacial - organic 

83 Postglacial grovlera Postglacial silt clay post-glacial < 0.002 fine-grained 
85 Blockrik morän High boulder-frequency till  glacial 20.0-0.06 and >20.0 coarse-grained 

87 Finmo Coarse silt post-glacial 0.06-0.02 fine-grained 

88 Sand Sand post-glacial 0.2-0.06 coarse-grained 

90 Gyttjelera Gyttja clay post-glacial < 0.002 fine-grained 
92 Fyllning Artificial fill post-glacial unknown unknown 

94 Storblockig morän High frequency of large boulders till  glacial 20.0-0.06 and >20.0 coarse-grained 

96 Varvig lera Varved clay glacial < 0.002 fine-grained 

97 Varvig mo och mjäla med lerskik Varved silt with thin layers of clay glacial 0.06-0.006   mixed <0.002 fine-grained 
99 Isälvsavlagring i allmänhet Glaciofluvial deposit, unspecified glacio-fluvial unknown unknown 

100 Isälvsgrovmo Glaciofluvial fine sand glacio-fluvial 0.2-0.06 coarse-grained 

102 Isälvssand Glaciofluvial sand glacio-fluvial 0.2-0.06 coarse-grained 

104 Blockfattig morän Low boulder-frequency till glacial 20.0-0.06 and >20.0 coarse-grained 
106 Morän, moig Till, silty to fine sandy glacial 20.0-0.06 and >20.0 fine-grained 

107 Morän,moig blockfattig Till, silty to fine sandy with low boulder frequency glacial 20.0-0.06 and >20.0 fine-grained 

109 Morän, moig med svallat ytskik Till, silty to fine sandy with wave-washed surface layer glacial 20.0-0.06 and >20.0 fine-grained 

111 Morän med svallat ytskikt Till with wave-washed surface layer glacial 20.0-0.06 and >20.0 fine-grained 
113 Isälvsgrus Glaciofluvial gravel glacio-fluvial 20.0-2.0 coarse-grained 

115 Sank mark, tidvis vattenfylld Marsh periodically flooded post-glacial - organic 
(Pixel values were taken from the Quaternary deposits raster map) 
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AppAppAppAppendix 1 Soil mechanical parametendix 1 Soil mechanical parametendix 1 Soil mechanical parametendix 1 Soil mechanical parameters forers forers forers for the the the the ground condition trafficability classes (part 2 of 3) ground condition trafficability classes (part 2 of 3) ground condition trafficability classes (part 2 of 3) ground condition trafficability classes (part 2 of 3)    
Pixel value Permeability [k]  Capillarity  Frost activity 

  (m/s) Given class (cm) Given class   

65 - - - - - 
66 - - - - - 

67 10-9- 10-7 low 10-30-100; 300-1000 low to medium to high frost-insusceptible 

68 10-11- 10-9 very low > 3000 high moderately frost-susceptible 

69 10-5- 10-2 high 30-100 medium frost-insusceptible 
70 10-11-10-9-10-7 low to very low 1000-3000; > 3000 high strongly frost-susceptible 

71 - - - - frost-insusceptible 

72 - - - - frost-insusceptible 

74 10-5- 10-2 high 10-30; 30-100 low to medium  frost-insusceptible 
76 10-3- 10-1 high 1-3 low frost-insusceptible 

78 10-3- 10-1 high 1-3 low frost-insusceptible 

80 - - - - frost-insusceptible 

82 - - - - frost-insusceptible 
83 10-11-10-9-10-7 low to very low 1000-3000 high strongly frost-susceptible 

85 10-7- 10-5 low 1-3 low frost-insusceptible 

87 10-7- 10-5 low 100-300 medium strongly frost-susceptible 

88 10-5- 10-2 high 10-30  low frost-insusceptible 
90 10-11- 10-9 very low > 3000 high moderately frost-susceptible 

92 unknown unknown unknown unknown unknown 

94 10-7- 10-5 low 1-3 low frost-insusceptible 

96 10-11- 10-9 very low > 3000 high moderately frost-susceptible 
97 10-11-10-9-10-7 low to very low 1000 ≥ 3000 high strongly frost-susceptible 

99 unknown unknown unknown unknown unknown 

100 10-5- 10-2 high 30-100 medium frost-insusceptible 

102 10-5- 10-2 high 10-30 low frost-insusceptible 
104 10-7- 10-5 low 1-3 low frost-insusceptible 

106 10-9- 10-7 low 30-100; 300-1000 medium to high moderately frost-susceptible 

107 10-9- 10-7 low 30-100; 300-1000 medium to high moderately frost-susceptible 

109 10-9- 10-7 low 30-100; 300-1000 medium to high moderately frost-susceptible 
111 10-9- 10-7 low 30-100; 300-1000 medium to high moderately frost-susceptible 

113 10-3- 10-1 high 1-3 low frost-insusceptible 

115 - - - - frost-insusceptible 
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Appendix 1 Soil mechanical parameters forAppendix 1 Soil mechanical parameters forAppendix 1 Soil mechanical parameters forAppendix 1 Soil mechanical parameters for the the the the ground  ground  ground  ground conditionconditionconditioncondition trafficability classes (part 3 of 3) trafficability classes (part 3 of 3) trafficability classes (part 3 of 3) trafficability classes (part 3 of 3)    
Pixel value Soil strength properties groups Consistence for three moisture levels 

    Dry Moist Wet 

65 - water water water 
66 - bedrock bedrock bedrock 

67 intermediate loose firm non-plastic 

68 cohesive solid semi-solid plastic 

69 non-cohesive very loose firm non-plastic 
70 intermediate plus cohesive solid semi-solid plastic 

71 cohesive semi-solid plastic extra high plasticity 

72 cohesive semi-solid plastic extra high plasticity 

74 non-cohesive very loose firm non-plastic 
76 non-cohesive loose firm non-plastic 

78 non-cohesive loose firm non-plastic 

80 cohesive semi-solid plastic extra high plasticity 

82 cohesive semi-solid plastic extra high plasticity 
83 intermediate plus cohesive solid semi-solid plastic 

85 intermediate loose firm non-plastic 

87 intermediate solid semi-solid plastic 

88 non-cohesive loose firm non-plastic 
90 cohesive semi-solid plastic extra high plasticity 

92 unknown unknown unknown unknown 

94 intermediate loose firm non-plastic 

96 cohesive solid semi-solid plastic 
97 intermediate plus cohesive solid semi-solid plastic 

99 unknown unknown unknown unknown 

100 non-cohesive very loose firm non-plastic 

102 non-cohesive loose firm non-plastic 
104 intermediate loose firm non-plastic 

106 intermediate loose firm non-plastic 

107 intermediate loose firm non-plastic 

109 intermediate loose firm non-plastic 
111 non-cohesive loose firm non-plastic 

113 non-cohesive loose firm non-plastic 

115 cohesive semi-solid plastic extra high plasticity 
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Appendix 2 Topographic factor maps (Boolean statemeAppendix 2 Topographic factor maps (Boolean statemeAppendix 2 Topographic factor maps (Boolean statemeAppendix 2 Topographic factor maps (Boolean statements) nts) nts) nts) ----    tables (2.1) to (2.6)tables (2.1) to (2.6)tables (2.1) to (2.6)tables (2.1) to (2.6)    

    
Factor 0.0 = ‘Go’ (or no effect on cross-country trafficability) 
Factor 1.0 = ‘NoGo’ (this term was also used as an obstacle or constraint) 
 
(KKOD values were taken from the Topographic vector map, 1:50 000, GSD) 

 
(2.1) 

Theme: Hydrography map 

KKOD Description Status Factor class 

441 Watercourse, size classification 1 ‘NoGo’ 1.0 

455 Watercourse, size classification 2 ‘NoGo’ 1.0 

456 Watercourse, size classification 3 ‘NoGo’ 1.0 

458 Watercourse, uncertain alignment underground ‘NoGo’ 1.0 

 
(2.2) 

Theme: Road Network map 

KKOD Description Status Factor Class 

264 Footpath ‘Go’ 0.0 

266 Illuminated skiing/jogging track ‘Go’ 0.0 

271 Standard gauge, single track, not electrified ‘Go’ 0.0 

272 Standard gauge, single track, electrified ‘Go’ 0.0 

273 Standard gauge, double track, electrified ‘Go’ 0.0 

286 Underpass railway and tramway ‘Go’ 0.0 

5011 Motorway ‘Go’ 0.0 

5022 Road > 7 m wide ‘Go’ 0.0 

5025 Road 5 - 7 m wide ‘Go’ 0.0 

5029 Road < 5 m wide ‘Go’ 0.0 

5034 Street within closed group of buildings, Entry and exit roads (ramps) at junction, Class 3 ‘Go’ 0.0 

5044 Through traffic ‘Go’ 0.0 

5051 Major street ‘Go’ 0.0 

5056 Street ‘Go’ 0.0 

5058 Street within closed group of buildings, Entry and exit roads (ramps) at junction ‘Go’ 0.0 

5061 Better quality road ‘Go’ 0.0 

5071 Road ‘Go’ 0.0 

5082 Poorer quality road ‘Go’ 0.0 

5091 Approach road ‘Go’ 0.0 

5095 Tractor track ‘Go’ 0.0 

5098 Road in park, cycle path ‘Go’ 0.0 

5811 Motorway, underpass ‘Go’ 0.0 

5822 Road > 7 m wide, underpass ‘Go’ 0.0 

5825 Road 5 - 7 m wide, underpass ‘Go’ 0.0 

5834 
Street within group of buildings, underpass entry and exit roads (ramps) at interchange, Class 
3, underpass 

 
‘Go’ 0.0 

5844 Through road, underpass ‘Go’ 0.0 

5851 Major street, underpass ‘Go’ 0.0 

5856 Street, underpass ‘Go’ 0.0 

5871 Road, underpass ‘Go’ 0.0 

5882 Poorer quality, underpass ‘Go’ 0.0 

5899 Underpass, other roads and tracks ‘Go’ 0.0 
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(2.3) 
Theme : Objects (man-made obstacles) map 

KKOD Description Status Factor Class 

341 Milestone, symbol Obstacle 1.0 

345 Road barrier, symbol Obstacle 1.0 

365 Lighthouse, symbol Obstacle 1.0 

369 Lock gate, symbol Obstacle 1.0 

373 Mast, symbol Obstacle 1.0 

375 Transformer station, symbol Obstacle 1.0 

522 Shoal or rock awash, symbol Obstacle 1.0 

525 Small dam, symbol Obstacle 1.0 

526 Dam, symbol Obstacle 1.0 

731 Farm, symbol Obstacle 1.0 

732 Country house, symbol Obstacle 1.0 

733 House, size classification 3, symbol Obstacle 1.0 

735 House, size classification 1, symbol Obstacle 1.0 

736 House, size classification 2, symbol Obstacle 1.0 

737 Manor house, symbol Obstacle 1.0 

739 Tank outside area shown with screen as densely developed, symbol Obstacle 1.0 

741 Church, symbol Obstacle 1.0 

746 Ruin, symbol Obstacle 1.0 

747 Smaller church, chapel or church ruin, symbol Obstacle 1.0 

751 Open pit, symbol Obstacle 1.0 

754 Timber yard, symbol Obstacle 1.0 

755 Sawmill, symbol pointing right, symbol Obstacle 1.0 

756 Wind power station, symbol Obstacle 1.0 

757 Chimney detached, symbol Obstacle 1.0 

759 Tower, symbol Obstacle 1.0 

762 Cemetery, symbol Obstacle 1.0 

763 Sports ground, symbol Obstacle 1.0 

766 Football pitch, symbol Obstacle 1.0 

767 Shooting range, symbol Obstacle 1.0 

768 Smaller shooting range, symbol Obstacle 1.0 

773 Ancient monument, R symbol Obstacle 1.0 

774 Remains of building, symbol Obstacle 1.0 

777 Bathing, symbol Obstacle 1.0 

778 Camping site, symbol Obstacle 1.0 

781 Natural monument of biological interest, B symbol Obstacle 1.0 

783 Building of culture-historic value, K symbol Obstacle 1.0 

785 Point symbol for natural monument of biol. or geol. interest Obstacle 1.0 
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(2.4) 
Theme: Land use map 

KKOD Description Status Factor Class 

1 Water ‘NoGo’ 1.0 

2 Forest, coniferous and mixed ‘NoGo’ 1.0 

4 Arable land ‘Go’ 0.0 

5 Other open land ‘Go’ 0.0 

6 Clear cut ‘Go’ 0.0 

12 Group of buildings with courtyard ‘NoGo’ 1.0 

13 High-rise development ‘NoGo’ 1.0 

14 Low-rise development ‘NoGo’ 1.0 

15 Industrial area ‘NoGo’ 1.0 

16 Leisure homes development ‘NoGo’ 1.0 

17 Open area, diffuse transition from forest ‘Go’ 0.0 

18 Water with unclear shoreline ‘NoGo’ 1.0 

19 Deciduous forest ‘NoGo’ 1.0 

 
(2.5) 

Theme: Bog map 

KKOD Description Status Factor Class 

30 Background No effect 0.0 

31 Wet Bog ‘NoGo’ 1.0 

32 Dry Bog ‘NoGo’ 1.0 

33 Rock Outcrop ‘Go’ 1.0 

 
(2.6) 

Theme: Area with large boulders map 

KKOD  Description Status Factor Class 

30 Background No effect 0.0 

34 Area with large boulders ‘NoGo’ 1.0 
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Appendix Appendix Appendix Appendix 3333    Vehicle Vehicle Vehicle Vehicle parametersparametersparametersparameters for Slope standardization procedure for Slope standardization procedure for Slope standardization procedure for Slope standardization procedure    
 
Two vehicles that were chosen for the Compound Cost Surface Parameterization – 
the Slope standardization: 

• Jeep-like HMMWV 

• Forestry machine-like SUSV 

 

        
               Photo: Wheeled HMMWV            Photo: Tracked SUSV 
[High Mobility Multipurpose Wheeled Vehicle]                 [Small Unit Support Vehicle]  

Their basic parameters are summarized in the table below. 

 
 

Vehicle parameters HMMWV SUSV 
Width ( cm ) 216 185 
Length ( cm ) 457 689 
Weight ( kg ) 3402 3283 
Contact pressure ( kPa ) 72 13 
Tractive force ( N ),  Asphalt 24,120 46,560 
Tractive force ( N ) , Ice 3340 6440 
Ground clearance ( cm ) 29 35 
Frontal Slope performance ( % ) 60 60 
Side slope performance ( % ) 40 No data 
Cross-country tire pressure ( kPa) 159 - 
Max cross-country speed ( kph ) 64 50–55 
Off-road Vehicle parameters, table and photos after: Shoop (2005) 
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Abstract 
 
The main objectives of this work were to investigate Geographical Information Systems techniques for 
modelling a cross-country trafficability. To accomplished stated tasks, reciprocal relationships between 
the soil deposits, local hydrology, geology and geomorphology were studied in relation to the study 
area in South-Eastern Sweden.  
 
Growing awareness of nowadays users of GIS in general is being concentrated on understanding an 
importance of soil conditions changed after cross-country trafficability. Therefore, in this thesis, 
constructing of the Soil Knowledge Database introduced to the genuine geological soil textural classes 
a new, modified geotechnical division with desirable for off-road ground reasoning measurable factors, 
like soil permeability, capillarity or Atterberg’s consistency limits.  
 
Digital Elevation Model, the driving force for landscape studies in the thesis, was carefully examined 
together with the complementary datasets of the investigated area. Testing of the elevation data was 
done in association to the hydrological modelling, which resulted with the Wetness Index map. The 
three distinguishable soil wetness conditions: dry, moist and wet, were obtained, and used 
consequently for creation of the static ground conditions map, a visible medium of soils susceptibility 
to for example machine compaction. 
 
The work resulted with a conceptual scheme for cross-country trafficability modelling, which was put 
into effect while modeling in GIS. As a final outcome, by combining all processed data together, 
derivatives were incorporated and draped over the rendered 3D animating scene. A visually aided 
simulation enabled to concretized theoretical, hypothetical and experimental outcomes into one 
coherent model of apprised under Multicriterial Evaluation techniques standardized factor maps for 
ground vehicle maneuverability. Also further steps of research were proposed. 
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På svenska 
 
Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – 
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår. 

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, 
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för 
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten 
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av 
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten, 
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ 
art. 

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i 
den omfattning som god sed kräver vid användning av dokumentet på ovan 
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan 
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära 
eller konstnärliga anseende eller egenart. 

För ytterligare information om Linköping University Electronic Press se 
förlagets hemsida http://www.ep.liu.se/ 
 
In English 
 
The publishers will keep this document online on the Internet - or its possible 
replacement - for a considerable time from the date of publication barring 
exceptional circumstances. 

The online availability of the document implies a permanent permission for 
anyone to read, to download, to print out single copies for your own use and to 
use it unchanged for any non-commercial research and educational purpose. 
Subsequent transfers of copyright cannot revoke this permission. All other uses 
of the document are conditional on the consent of the copyright owner. The 
publisher has taken technical and administrative measures to assure authenticity, 
security and accessibility. 

According to intellectual property law the author has the right to be 
mentioned when his/her work is accessed as described above and to be protected 
against infringement. 

For additional information about the Linköping University Electronic Press 
and its procedures for publication and for assurance of document integrity, 
please refer to its WWW home page: http://www.ep.liu.se/ 
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