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Sammanfattning 
Den dominerande lösningen för skogsavverkning i nordeuropa är kortvirkesmetoden, som är en 

tvåmaskinslösning: en skördare som fäller och kapar träden till fördefinierade längder, och en 

skotare som transporterar stockarna till ett avägg för vidare transport till en 

bearbetningsanläggning. Framtida maskinlösningar måste vara mycket skonsammare mot 

marken än dagens maskiner. För att kunna utveckla en skogsmaskin som är skonsam emot 

terrängen krävs en god förståelse av samspelet mellan däck och mark. 

Målet med detta projekt var att bidra till den befintliga kunskapen om interaktionen mellan 

skogsmaskinsdäck och mark som möjliggör utveckling av en däck-markmodell för dynamiska 

simuleringar av beteendet hos skogsmaskiner verksamma i svår terräng. Modelleringsarbetet har 

fokuserat på samspelet mellan däck och mjuk mark. 

En jämförelse av beräknade spårdjup från olika WES-baserade terrängmodeller med testdata från 

ett fullskaligt fältprov presenteras. I fältdata ingår uppmätta markdata från konpenetrometerprov 

och spårdjup (både första överfarten och flera överfarter) för två olika skotare med och utan last 

för olika däckstryck. Marktrycket på olika markdjup under hjulen, och  markens fuktighet mättes 

också. MATLAB var det primära modellerings- och analysverktyget.  

Bidraget till ökad bärighet från rötter studerades genom en omfattande litteraturstudie och 

analytiska modeller formulerades utifrån befintliga teorier. Ökningen i bärighet uppskattades 

med hjälp av tillgängliga experimentella data. Tillämpbarheten för varje modell diskuterades 

också. Eftersom experimentella data inte finns tillgängliga för skogsterräng, användes så få 

parametrar som möjligt för att kunna öka användningen av modellerna. Ett MATLAB-baserat 

datorprogram, med ett grafiskt användargränssnitt,  för att beräkna bärigheten med hjälp av olika 

WES-baserade metoder skapades. En befintlig MBS-modell (Adams-modell) av en Valmet 

860,3 , som utvecklats i tidigare examensarbeten, modifierades för att möjliggöra simulering av 

effekter orsakade av mjuk mark. Adams mjuka markmodell användes för att utveckla 

maskinmodellen. Däcket som användes var Trelleborg Twin 428 710/45-26.5. Stabiliteten hos 

modellen vid körning i brant terräng med hinder undersöktes och bedömdes som 

tillfredsställande. Eftersom Adams väg för mjuk mark vägen bygger på Bekker-modeller har 

simuleringsresultaten jämförts med WES-baserade metoder. Möjligheten att utveckla en 

användarvänlig däckmodell baserad på WES-metoden utreddes också. 
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Abstract 
The most predominant method for forest harvesting in Sweden is the cut-to-length method based 

on two-machines, a harvester that fells trees and cut them in a predefined length, and a forwarder 

which transports logs to a landing area for further transport to a processing facility. New 

machine solutions have to be much gentler to the ground than today’s machines. To be able to 

develop a forestry machine that preserves the terrain requires a proper understanding of the 

interaction between tire and soil. 

The goal of the project is to contribute to the existing knowledge of forest machine tire-soil 

interaction and to develop a tire-soil model that enables dynamic simulations of forest machines 

operating in rough terrain. The modeling has especially been focused on the interaction between 

tires and soft ground. 

A comparison of theoretical data of different WES-based terrain interaction models and a 

comparison test data from a full scale field test is presented. Field test data included soil 

penetration and wheel rut depth (both first and multi-pass) data measured for two different 

forwarders with and without load for different tire pressures. Ground pressure at different depths 

below the wheel-soil interface and the soil moisture, were also measured. MATLAB was the 

primary modeling and analysis tool.  

Contribution from roots layers to bearing capacity has been analyzed through an extensive 

literature study and some analytical models were formulated using existing theories. Increase in 

bearing capacity has been estimated using available experimental data. Suitability of each model 

was also discussed. Because experimental data are not available in plenty, attention was paid to 

use as less parameters as possible, thus to increase use of the models. A program to estimate 

bearing capacity using different WES-based methods was created. The program is written in 

MATLAB and consists of a graphical user interface.  

The existing Valmet 860.3 Adams MBS model, developed through a series of degree project 

work, was modified to simulate effects from soft soil. Adams soft-soil model was used to 

develop the model. Tire properties were according to Trelleborg Twin 428 710/45-26.5. The 

stability of the model on a steep terrain with obstacles was examined and was found satisfactory. 

Since Adams soft soil road model is based on Bekker’s sink model, the results were compared 

with WES-based methods. The possibility of developing a user-written tire/road model based on 

WES-method was also presented.  
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NOMENCLATURE 

 Here are the abbreviations used in this thesis report 

 

 

Abbreviations 

ADAMS Automatic Dynamic Analysis of Mechanical Systems 

CAD Computer Aided Design 

CAE Computer Aided Engineering 

CATIA Computer Aided Three-dimensional Interactive Application 

FEM Finite Element Method/Finite Element Modelling 

MBS Multi Body Simulation  

MPC Multi-Pass Coefficient 

NGP Nominal Ground Pressure 

WES Waterways Experiment Station 

 



 8 

  



 9 

TABLE OF CONTENTS 

 

 

SAMMANFATTNING (SWEDISH)   1 

ABSTRACT   3 

FOREWORD   5 

NOMENCLATURE   7 

TABLE OF CONTENTS   9 

1 INTRODUCTION   13 

 1.1 Background   13 

 1.2 Purpose   13 

 1.3 Delimitations   14 

 1.4 Method   14 

2 FRAME OF REFERENCE   17 

 2.1 Tire soil interaction models   17 

 2.2 Terrain description   18 

 2.3 Multi-body dynamic simulation of forest machines  20 

3 RUT TESTING   21 

 3.1 Introduction   22 

 3.2 Data collection   21 

 3.3 Test data and basic observations  25 

 3.4 Rut depth analysis  28 

 3.5 Results   33 

 3.6 Discussion   39 



 10 

4 TREE ROOTS   41 

 4.1 Introduction   41 

 4.2 Root properties and behaviour   42 

 4.3 Bearing capacity models   44 

 4.4 Analytical results  51 

 4.5 Roots verification   55 

 4.6 Discussion   56 

5 TIRE-SOIL INTERACTION MODEL   57 

 5.1 Introduction   57 

 5.2 Method selection   57 

 5.3 Modifications to Valmet 860.3 simulation model   58 

 5.4 Behaviour of modified model   60 

 5.5 Comparison of soft soil model with WES-method  61 

 5.6 MATLAB program with graphical user interface   64 

 5.7 Discussion   65 

6 DISCUSSION AND CONCLUSIONS   67 

 6.1 Overall discussion   67 

 6.2 Overall conclusion   67 

7 RECOMMENDATIONS AND FUTURE WORK    69 

 7.1 Recommendations   69 

 7.2 Future work   70 

8 REFERENCES   71 

APPENDIX A: FIELD TEST ANALYSIS   73 

 A.1 Penetration resistance Velmet 860 (with wheels)   73 

 A.2 Rut depth data used in the analysis  73 

 A.3 Example MATLAB code for regression analysis   74 



 11 

 A.4 Contact pressure models   74 

APPENDIX B: THREE ROOTS AND SOIL PARAMETERS   77 

 B.1 Terrain values  77 

 B.2 Root properties  77 

APPENDIX C: TIRE SOIL INTERACTION MODEL   79 

 C.1 Torque function  79 

 C.2 Random terrain properties  79 

 C.3 Valmet 860.3 results  80 

 

  

 

 

 

 

 

  



 12 

 



 13 

1  INTRODUCTION 

This chapter describes the background to the topic, purpose, methodology and delimitations and 

introduces thesis overview.   

 

 

1.1 Background 

The most predominant solution for forest harvesting is the cut-to-length method based on two-

machines, a harvester that fells trees and cut them in predefined lengths, and a forwarder which 

transports logs to a landing area for further transport to a processing facility. The new machine 

solutions have to be much gentler to the ground than today’s machines (Owende, 2002).  

Until recent past, development of new forestry machines had mainly been based on trial –and-

error experiments (Wästerlund, 1989).  To be able to develop a forestry machine that preserves 

the terrain requires a proper understanding of the interaction between tire and soil. The 

interaction between a tire and soil is a complex process which is very difficult to model exactly. 

As a result, a large amount of models have been developed to tackle the problems ranging from 

pure empirical models through semi-empirical and theoretical ones (Löfgren, 1992). Emperical 

models, which can be considered as the simplest tire/soil models, have been developed from 

empirical data describing the wheel/soil interaction at given conditions (Saarilahti, 2002). These 

models are applicable to similar vehicles and soil conditions for which data have been collected, 

and cannot be extrapolated into another type of machines or conditions. Therefore more 

scientific models which permit more options are in need to analyse the behaviour of soil with 

great accuracy. Scientific models often require parameter values that need to be obtained through 

laboratory tests which demand more resources than empirical methods. This has made empirical 

methods more popular in forestry and other field applications. The most widely used empirical 

method in forest machine mobility applications is WES (Waterways Experimentation Station)-

method developed by US Army research group in 1960s for military vehicle mobility studies. 

Rut formation and soil compaction is a severe problem faced by the forest machines. 

Environmental damages caused by heavy forest machinery are often noticeable during and after 

mechanized forestry operations. The damage is mainly caused to remaining trees, growth surface 

covering and soil. These damages/disturbances caused to the soil may consist of soil compaction, 

displacement and puddling and is intensified by the forestry traffic (Cofie, 2001).   

Roots in forest soils are known to contribute to the bearing capacity of soils and hence tending to 

reduce soil deformation. They significantly reinforce soil as long as they do not break. In order 

the take the full benefit of this, it should be possible to predict the reinforcement effect by roots. 

Until now, soil-vehicle mechanics do not take this effect into account, which depends on the 

mechanical properties of the soil itself, the mechanical properties of the root material, soil-root 

interface properties, the morphology of the root system and loading characteristics (Cofie, 2001). 

The benefit from roots is expected to be higher in weak soils than in strong soils.  

1.2 Purpose 

The goal of the project was to contribute to the existing knowledge of forest machine tire-soil 

interaction and to develop a tire-soil model that enables dynamic simulations of forest machines 
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operating in rough terrain. The modelling should especially be focused on the interaction 

between tires and soft ground. The tasks set are; 

1) Make a comparison of theoretical data of different WES-based terrain interaction 

models and a comparison of test data from a full scale field test performed in Tierp, 

Sweden in September 2011. Field test data included soil penetration and wheel rut 

depth (both first and multi-pass) data measured for two different forwarders with and 

without loading for different tire pressures. Ground pressure at different depths 

below the wheel-soil interface and the soil moisture, were also measured. 

2) Develop an analytical model to reflect contribution from root layers to bearing 

capacity of soil. The benefit of analytical models is, they can be directly adapted in 

multi-body dynamic simulations (MBS), as well as in small-scale forest machine 

models.  

3) Develop a tire-soil interaction model in Adams that enables multi body simulations 

of forest machines operating in rough terrain. The model will be incorporated in 

vehicle models both existing and new designed, to predict the behaviour of vehicles 

and impact to the terrain. The forest ground is a complex bed due to presence of tree 

roots, other obstacles such as stones and unpredictable moisture contents.  Adding 

these effects into the tire-soil model would be beneficial in obtaining accurate results. 

The rut test data should be used to verify the Adams Tire model. 

1.3 Delimitations 

In this report, the following main requirements and delimitations have been defined.  

1) The test data needs to be compared with theoretical data of different models based on 

WES-method.  

2) A computer program should be developed to estimate rut depth using WES-based 

methods, and increase in bearing capacity when roots are present.  

3) The tire-soil interaction model should be reasonably consistent with available field 

test data, and should able to use on dynamic simulations of forestry vehicles.   

4) The tire-soil interaction model needs be adapted in Valmet 860.3 forwarder model 

developed through a series of past thesis projects. The model will include a random 

forestry terrain.  

5) An analytical model that estimates contribution from roots to bearing capacity should 

be developed. If feasible, the root models should be added to developed tire-soil 

interaction model.  

6) Since forest machines do not travel at larger speeds in rough terrain, dynamic effects 

due to high speeds and rapid speed changes will not be considered in the tire-soil 

interaction model. 

1.4 Method 

Firstly, a wide-ranging study was conducted on WES-based terrain interaction models. The test 

data was compared with WES-based models recommended by Saarilahti (2002). MATLAB and 

Maple were the primary modelling and analysis tools. The program to estimate rut depth was 

developed using MATLAB. It features a graphical user interface. Inputs are wheel load, tire, 

terrain and root properties.  

Adams soft soil road model was used to develop a tire-soil interaction model. The model uses 

knowledge about terra-mechanical tire-soil interaction as published by Bekker, Wong, Janosi, 

Ishigami and Schmid (Adams, 2010). Most of test data available for forestry machines are based 

on the WES-method; therefore the Adams model was compared with WES-based models for its 
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suitability to be used in forestry machine simulations. The model was adapted for the Valmet 

860.3 forwarder model and was used in simulations for both flat and random rough terrain.  

Several models were proposed to estimate bearing capacity from root layers. Existing knowledge 

of root behaviour and some solid mechanics models are the basis for new models. MATLAB and 

Maple were the tools used in all computations.  

The description made under this section presents only a summary. More description will be 

available in subsequent sections.  

The work was mainly carried out at KTH. Thus, a close contact was maintained with the 

supervisor at KTH and meetings were held frequently. Contact with the supervisor at Skogforsk 

has been good and was maintained through e-mails and pulse meetings where the work progress 

was discussed. 
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2  FRAME OF REFERENCE 

 

 

2.1 Tire-soil interaction models 

The vehicle-terrain interaction covers issues on tire-soil friction, rutting, soil compaction, 

traction and rolling resistance. The measurement and characterization of the mechanical 

properties of the soil in relation to vehicle mobility is complex, which is difficult to model 

exactly. Studies on tire-soil interaction are numerous ranging from pure empirical methods 

through semi empirical and theoretical ones. The choice of the model is very much determined 

by the objectives of the work, e.g. to optimize a design of machine or to determine if a machine 

is capable of negotiating a particular area of terrain. When selecting a model, it is a must to pay 

attention to the limitations of the different models (Löfgren, 1992).   

2.1.2 Empirical models 

The simplest definition of an empirical model is that it is applicable to similar vehicles and soil 

conditions for which data have been collected, and cannot be extrapolated into another type of 

machines or conditions. Due to the fact that empirical methods require few parameter values 

compared to mathematical models with similar complexity, they are quite popular among field 

applications. Due to the complex nature of the interaction between tire and soil, a number of 

empirical methods have therefore been developed to circumvent the problem. In empirical 

methods, a number of vehicles have been tested on a number of representative soils, identified by 

observation and measurement. Data gathered in this way are correlated empirically, thus to 

produce a scale of vehicle mobility over a given area of terrain. The most widely used empirical 

method in forest machine mobility applications is the WES-method.  

In 1960s, US Army research group developed the WES (Waterways Experimentation Station)-

method (Wong, 2010) which is widely used in mobility and trafficability studies. The original 

intention was to provide military intelligence personnel with a simple field device for assessing 

vehicle mobility and terrain trafficability on ‘go/no go’ basis. This method is based on the use of 

cone-penetrometer technique for measuring soil penetration resistance to describe soil 

mechanical properties and the wheel numeric. 

The cone penetrometer developed by WES has a 30-degree right circular cone with 3.23 cm
2
 

base area. With cone-penetrometer, a parameter called ‘cone index’ can be obtained. It 

represents the resistance to penetration into the terrain per unit cone base area. The index reflects 

combined shear and compressive characteristics of the terrain and friction on the cone terrain 

interface. However, the contribution of these factors cannot be clearly differentiated.  

The WES-method has not been developed for the evaluation of soil disturbance or other 

environmental effects of the terrain tractors, but it can be extended to evaluate wheel sinkage, rut 

formation and soil compaction (Saarilahti 2002). 

2.1.3 Semi-empirical models  

Semi-empirical models were pioneered by Bekker, (1956, 1960 and 1969) and his model is the 

basis for all semi-empirical models. The soil data used in his model are based on the data 

obtained using a Bevameter. It is based on the principle that terrain properties can be best 
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measured under loading conditions similar to those exerted by an off road vehicle. A vehicle 

exerts normal and shear loads on the terrain surface. To simulate this, the Bevameter technique 

comprises of two separate tests, one is a plate penetration test and the other is a shear test. In the 

penetration test, the pressure sinkage relationship of the terrain is measured using the plate which 

has equivalent size to the contact area of a vehicle’s running gear. Based on the measurements, 

vehicle sinkage and motion resistance may be predicted. In the shear test, the shear stress-shear 

displacement relationship and the shear strength of the terrain are measured. Based on them, 

tractive effort, slip characteristics and the maximum traction of vehicle may be estimated.  

Bekker’s studies were furthered by J.Y. Wong who has developed a number of new theories. 

However, his models have taken into account the normal and shear stresses occurring at the soil-

tire interface.  

Since forestry soil is not homogeneous, the Bevameter technique is comparatively less efficient 

in evaluating forestry terrain (Saarilahti, 2002). Obtaining accurate solutions for vehicle-terrain 

interaction will help understand how vehicle parameters and terrain conditions affect the vehicle 

mobility and traction performance. 

2.1.4 Mathematical Models 

A number of mathematical models have been developed by a number of researchers. Baladi, 

Corolla and Karafiath are some of the models which have been proven for satisfactory results 

(Löfgren, 1992). These methods are mathematically formulated based on solid mechanical 

properties such as stress-strain, plasticity theory, etc. The drawback with these theories is that 

they demand parameters which needs to be tested in laboratories. Therefore mathematical 

models are not widely used in forest machine mobility estimations.  

2.2 Terrain description 

A typical Swedish forest soil is podzolized and is covered with a 3-10 cm thick humus layer 

(Wästerlund, 1989). The soil is often a glacial deposit. A fine graded sandy loam (sandy- till soil) 

can be found in many places and boulders may be quite common. Because the climate is humid 

and rather cold, the soil is often quite wet. Sandy till soil with gravel and boulders, the humus 

layer, tree roots and ground vegetation roots are most likely to be the main components 

determining the strength of the forest ground. 

2.2.1 Soil damage 

The site damage is categorized into several main categories (Owende et al., 2002). 

Rut formation - When soil is loaded, the load will sink down into the soil until the reaction force 

from soil is equal to the load. The sinkage due to loads on tires of the machine is often referred to 

as rutting. Most of the soil rutting effect is incremental with each machine pass, but it is most 

pronounced in the first and second passes. Rutting is closely associated with soft soils. The 

wheel rut depth is one of the key factors to determine vehicle performance and energy 

consumption. It also causes damages to the ground and vegetation. 

Soil compaction - The development of ruts (as outlined above) is in effect an outward sign of soil 

compaction. The soil beneath the ruts become compacted, with the zone of maximum 

compaction extending to a depth equal to approximately half the rut width. This compaction will 

reduce water infiltration capability of the soil, thus making the rut an excellent channel for 

surface water flow.  
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Surface disturbance - Surface disturbance mainly occurs due to wheel slip. Damage due to slip 

includes smearing of the soil surface, mixing of components of upper soil layer and root damage. 

Loosening of soil surface can lead to significant erosion problems after rainfall. 

2.2.2 Roots 

A typical forest soil consists of a large amount roots that are buried in several relatively thin 

layers. According to Wästerlund (1989), roughly about 70% of roots in thinning stands (i.e. both 

tree and ground vegetation roots) are found in the humus layer. Most of the roots are found 

within the surface of 1m of the soils, with the majority of fine, non-woody roots in the upper 10 

cm of soil. There can be as many as 300-500 roots per square meter (Wästerlund). Root 

distribution and growth patterns seem to be exceedingly diverse both in the same species (e.g. 

under different environmental conditions) and between different species, with some exhibiting 

changing architecture as they develop.  

2.2.3 Root Mechanical properties  

Mechanical properties of roots in soil reinforcement were studied by many authors including 

Makarova et al. (1998); Liu et al. (1994); Terwilliger and Waldron (1991); Wästerlund (1986) 

(Cofie, 2001). Until recently, in many analysis of roots systems, the needed mechanical 

properties are assumed or extrapolated from previous studies, that may not be applicable to these 

systems. Thus, results produced with these systems may significantly deviate from the actual 

situation. The studies have mainly been focused on root tensile strength, modulus of elasticity 

and shear strength, as they play a major role in soil-root reinforced systems. Nevertheless, recent 

studies on soil informant systems have indicated that with regard to the root-soil interaction, 

pullout strength and bending force of the reinforcement must be studied as well (Cofie, 2001). 

Other properties which are often being discussed include soil strength, creep, fatigue failure and 

poisson’s ratio. Wästerlund (1989) have reported some important measurements of forestry 

roots, and they will be discussed in a subsequent chapter. 

2.2.4 Soil reinforcement by roots 

Roots in forest soils are known to contribute to the bearing capacity of soils and hence tending to 

reduce soil deformation. They significantly reinforce soil as long as they do not break. Some 

studies indicate that presence of roots increases the soil strength by 50-70% (Wästerlund, 1989). 

In order to the take the full benefit of this, it should be possible to predict the reinforcement 

effect by roots.  

Until now, soil-vehicle mechanics does not consider this effect, which depends on mechanical 

properties of the soil itself, mechanical properties of the root material, the soil-root interface 

properties, the morphology of the root system and the loading characteristics (Cofie, 2001). The 

benefit from roots is expected to be higher in weak soils than in strong soils.  

2.2.5 Root damage 

Root damage can be classified as damage to the existing roots system of a living tree due to 

mechanical forces and the reduction of root growth due to less favourable soil conditions after 

soil compaction (Owende et al., 2002). As vehicles move, the roots beneath the wheels may be 

crushed or torn off. The roots below the ground surface are damaged by rutting due to shear 

forces which can break the root or peel it, thus exposing the tree to fungal attack. Cutting off of a 

section of the root system may reduce the growth rate of the tree. But, generally the fungal attack 

is considered to be the main economically significant consequence. A research work carried out 
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at the Technical University of Munich has discovered that wheeled machines tend to cause less 

severe damage than tracked (Owende et al., 2002). As a result it is recommended that, tracked 

harvesters should only be used for sites where wheeled machines have mobility problems.  

2.3 Multi-body dynamic simulation of forest machines 

Multi-body dynamic simulation is an important aspect in mechanical design that determines the 

behaviour of a system with time. In such simulations, the position of each body is clearly defined 

along with their body masses, inertia and stiffness. Joints type (fix, revolute, translational and 

etc) between bodies, motion types (rotational or translational), associated forces and initial 

conditions need to be provided in the next step. In the solving stage, the software itself forms 

differential equations and finds solutions.  

The dynamic simulation software associated with this thesis is Adams which features a graphical 

user interface. Adams has facility to either create its own rigid bodies or import CAD models of 

the bodies from different software. In combination with an FEM program (Finite Element 

Method) Adams can take into account the bodies’ stiffness.  

2.3.2 Adams Valmet 860 simulation model  

An Adams multi-body simulation model of Komatsu Valmet 860.3 has been developed through 

a series of master thesis project work. The intension was to study vibrations the driver is exposed 

while driving, whereby to explore new design changes to minimize vibration levels. Karlsson & 

Nisserud (2010) have initiated the development of the latest model based on the design data 

provided by the manufacturer and a previous simulation model developed at Luleå University. 

That model did not match very well with the physical data obtained by test runs. In that model, 

the tire model employed was of a simple type, which has proven to be a critical point in 

simulating forwarder dynamics correctly. With accurate modelling and by using a more 

sophisticated tire model (FTire, Cosine Software), which takes tire shape, tire air volume and 

stiffness of the tire ring into account, the verification has been made successfully.  

Jonsson (2011), with his thesis work has improved and further verified the Valmet 860.3 model 

for accuracy of results. He has also developed a graphical user interface (GUI) to ease data input 

to the model. The GUI enables the user to select the tire size and the pressure level, and then the 

tire property file needed by Adams is created automatically.  
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3  RUT TESTING 

Since this thesis comprises of several tasks, a single chapter is dedicated for each task. This 

chapter provides analysis of test data obtained from a full scale field test performed by Skogforsk 

in September 2011, in Tierp, Sweden.  

 

 

3.1 Introduction 

Mobility is not an acute problem in today’s logging in Nordic countries, but environmental 

impacts are of great interest (Saarilahti and Anttila, 1999). Saarilahti et al., in 1997 showed with 

their studies that WES-method is useful in predicting rut formation in peatlands. But one 

problem encountered in Nordic Moraine forest soil is the large variation in the penetration 

profile due to stones and a dense root mat (Olsen and Wästerlund, 1989). Most of the mobility 

studies carried out elsewhere involved homogenous deep soils such as agricultural soils, typical 

friction or cohesive soils, which have more perfect elastic or plastic behaviour.  

There are several Nordic studies on rut formation (Scholander 1973, Hallonborg 1983, Sondell 

1986, Ericson et al 1987, Sirén et al. 1987, Karsson & Myhrman 1990a, 1990b, Myhrman 1990, 

Wästerlund 1990a, 1990b, 1992, Löfgren 1991, Keränen 1993, Högnäs 1997) (Saarilahti, 2002), 

which show that the rut depth depends on soil properties, mass of the tractor or wheel load, 

characteristics of wheels, chains and tracks, but none of them uses the WES-method as the frame 

of reference.   

A full scale field test was performed in Tierp, Sweden in September 2011 in order to find out 

impact from forest machines on Swedish forest soils using WES-method as the frame or 

reference. The aim of the test was make use of data for future development of forestry machines 

making them much gentler to the soil. The results needed to be compared with existing WES-

based terrain interaction models.  

Field test data included soil penetration and wheel rut depth (both first and multi-pass) data 

measured for two different forwarders with and without loading for different tire pressures. 

Ground pressure at different depths below the wheel-soil interface and the soil moisture were 

also measured.  

Saarilahti and Anttila (1999) presented a series of tests in Finland to develop a rut depth model 

for timber transport on moraine soils. The same methodology and assumptions have been used in 

this analysis.  

3.2 Data collection 

The typical soil on the test ground consisted of three layers. The uppermost was a layer of peaty 

soil while the middle and the bottom were sand and clay respectively, see figure 1. The thickness 

of peaty soil layer on the top varied between 10 cm - 15 cm. The top layer consisted of non-

homogeneous vegetation, especially grasses.  
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Figure 1. Soil distribution on the test terrain 

3.2.1 Test machines 

 

Figure 2.Tested forwarders (a) Rottne F13s, (b) Valmet 860 

The data were measured for two forwarder machines i.e. Rottne F13S and Valmet 860 (figure 2) 

with both 75% loaded and unloaded conditions. Valmet 860 was also tested for three different 

band track types.   

3.2.2 Test tracks 

The forwarders drove both straight and S-curve. The purpose of driving curved was to determine 

effects from shear in rut formation. Not all configurations are included in the analysis, for 

example Valmet 860 with band tracks. A description of configurations is included in the results 

section.   

The test data received seemed to be incomplete or test have not been performed on all the tracks. 

The track descriptions available on test data sheets were not consecutive.  
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3.2.3 Wheel loads and ground pressure 

 

Figure 3. Measuring (a) weight and (b) & (c) pressure 

 

Prior to tests on tracks, empty and loaded weights were measured for both vehicles by placing a 

scale under each wheel (figure 3a). To measure earth pressure, three pressure sensors were 

installed at 15cm intervals below the ground surface and were directly connected to PCs that 

stores the measured pressure time-histories (figure 3b & 3c).  

 

Figure 4. Measured contact pressure values, first 10 bars from left for Valmet 860, two on the right for Rottne F13s. 

Figure 4 shows some of the measured contact pressures. At 30 cm below the ground, a large 

increase in pressure was noticed. 

3.2.4 Soil moisture 

The moisture content differed between different tracks, but did not change quite substantially 

along the same track. They remained same on the first day and last day of testing. Soil moisture 

content indicates the amount of water present in soil. It is commonly expressed as the amount of 

water (in mm of water depth) present in a depth of 1m of soil.   
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3.2.5 Soil penetration test 

 

 

Figure 5. Testing soil penetration 

Soil penetration test was performed to obtain cone index at each track. An electron-penetrometer 

was used to measure the soil before and after each run, see figure 5. In each specific test, the 

forwarder travelled 10 times at 3km/h in the same trail.  

3.2.6 Rut depth  

 

Figure 6. Measuring rut depth 

Rut depths were measured for each forwarder configuration driving straight and S-curve. After 

every passage in each test, the rut depth was measured at 2 m intervals in the direction of 

driving, see figure 6.  
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3.3 Test data and basic observations 

Following sub-sections provide test data and some of the basic observations from the tests.  

3.3.1 Running gear  

Both of the vehicles equipped Trelleborg 710/45-26.5 T428 163A8 forestry tire. The Valmet 860 

was tested with three different pressure levels while the Rottne F13s with only one pressure 

level. For this study, only Valmet 860 with no band track was considered.  

 

Table 1. Forwarder parameters 

Symbol Unit Description Value 

h m Tire section height 0.333  

Pi kPa Tire inflation pressure Rottne  F13s – 450  

Valmet 860 – 270, 540, 600 

rc m Tire transversal radius 0.625  

rl m Tire loaded radius 0.625  

m N/A Number of axles 2 bogie axles 

b m Tire width 0.71  

d m Wheel diameter 1.34  

PR N/A Ply rating 14-16 

3.3.2 Soil moisture content 

 

Figure 7. Soil moisture content 

Figure 7 shows soil moisture contents measured on 26
th

 and 29
th

 September on selected tracks. 

On average, there was no difference in moisture content between start and ending of experiment, 

but a trend with increased moisture content from track 1 until 17. The average value on the 

starting day was 52.7% and on the last day 51.9%. 
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3.3.3 Wheel load  

Table 2. Wheel Loads 

 Valmet 860 (KN) Rottne F13 (KN) 

Unloaded Loaded Unloaded Loaded 

L R L R L R L R 

1
st
 wheel 26.3 26.9 24.3 24.9 28.8 29.8 27.5 27.8 

2
nd

 wheel 26.3 27.1 24.5 24.7 28.1 29.1 27.7 27.7 

3
rd

 wheel 21.1 22.0 49.8 49.6 19.0 19.4 40.8 44.8 

4
th

 wheel 20.4 21.6 49.0 50.0 20.1 20.9 42.8 46.6 

Total Weight 191.7 296.8 195.2 285.7 

Payload NA 105.1 NA 84.2 

Table 2 shows measured wheel loads for forwarders both loaded and unloaded conditions.  

For loaded condition, both machines were loaded with 75% of the load capacity. From measured 

wheel loads it can be observed that front frame had more load in unloaded condition.  

3.3.4 Rut depth  

 

Figure 8. Rut depths - Rottne F13s 

Figure 8 & figure 9 show rut depth values of two machines on different tracks after each pass. 

For Rottne F13s rut depth values were obtained only for 450 kPa inflation pressure while Valmet 

860 for 270, 450 and 600 kPa.  It can be observed that ruts get deeper with number of passes, 

increasing wheel load and increasing inflation pressure. To observe these effects, two plots in 

which the parameter in question varies while the rest remain the same need be compared. For 

example, in figure 9, Valmet 860 on straight track loaded with 270 kPa inflation pressure 

condition has experienced less rut depth than that of straight track loaded and with 600 kPa 

inflation pressure conditions.  

 Another general observation is that rut depths in S-curves (slalom) had larger variations than 

that of straight tracks.  
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Figure 9.  Rut depths - Valmet 860 

3.3.5 Soil penetration measurements (cone index) 

 

Figure 10. Cone index variation after travel 1 of loaded Rottne F18s 

Cone penetration measurements were obtained for selected tracks before the first pass and after 

certain passes. Figure 10 shows penetration data after the first pass of loaded Rottne F18s.  

For Rottne F18s, penetration resistance data were obtained for straight tracks only. For Valmet 

860, data were also obtained for curved track, but with band tracks (Magnum) installed. At each 

measuring point, penetration resistance was measured from 0 cm to 30 cm below the ground at 

1cm intervals. The bearing capacity was as low as 300 kPa at 1 cm due to the presence of peaty 

soils. Anttila (1998) noticed that the penetration resistance measured at 15cm depth had the 

highest predictive power. The same fact was used to determine the depth at which cone index 

values to be used for analysis. After about 5cm depth, the cone index value became steady 

averaging approximately to 1200 kPa and continued until 15 cm -18cm.  

After the first pass a slight increase in penetration resistance can be noticed, see figure 11. Data 

for Valmet 860 are given in appendix A.  
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Figure 11. Penetration resistance after pass 1, 3, 5 and 10 Rottne F13s (unloaded) 

3.3.6 Tire contact area 

Tire/ground contact area was measured for two configurations.  For Valmet 860, loaded aft with 

270 kPa inflation pressure on soft soil, the contact area was 66 cm width x 67 cm length. Rottne 

F13s with 450 kPa inflation pressure, loaded aft on the hard surface gave 60 cm width and 55 cm 

length.   

3.4 Rut depth analysis 

Rut depth analysis can be done in many ways. Firstly, the test data was compared with existing 

models. The coefficients in each model are specific to the vehicles used to develop them; 

therefore a perfect match with current test data cannot be expected. To find coefficients pertain 

to current test data, non-linear/linear regression analysis technique was used.  

3.4.1 Basic assumptions  

Saarilahti & Antilla (1999), for their rut depth modelling, assumed that rut depth is correlated 

with sinkage. Basically sinkage at a point is measured when wheel is on the measuring point 

whereas the rut depth is measured after wheel has passed the measuring point. Based on the rigid 

wheel theory, the rolling resistance coefficient (µR) depends on the wheel sinkage (z) and wheel 

diameter (d) (Kaje 1968, Gee-Glough 1979, Saarilahti 1991): 

   √
 

 
 (3.1) 

If the rut depth is equal to or linearly correlated with sinkage one can write the following model 

for rut depth (zRUT), where x is an empirical factor scale factor.  

            (3.2) 

A large number of mobility studies have been based on WES-method (Saarilahti, 1997a), but in 

the simplest model the rolling resistance coefficient can be estimated based on wheel numeric 

(CN or NCI) and empirical constants ‘a’ and ‘b’ Eq. (3.3) (Wismer and Luth 1973, Maclaurin 

1990). Component a represents the component of the rolling resistance due to tire deformation, 

and factor b/NCI depends on resistance due to soil deformation.   
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 (3.3) 

By substituting Eq. (3.3) in Eq. (3.2), the following rut depth model Eq. (3.4) can be obtained, 

this means that rut depth can be predicted using WES-method.  

       (  
 

      
) (3.4) 

 3.4.2 Wheel Numeric 

In WES-method, vehicle parameters are defined as dimensionless quantities called wheel 

numerics, calculated from wheel dimensions and slip (S) based on simple models and theories.  

Different wheel numerics have been developed by different institutions, (see Eq. (3.5)), based on 

empirical observations on the wheel soil interaction. 
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] (3.5) 

Where, 

b tire width, m 

CI penetration resistance, (cone index), kPa 

d tire diameter, m 

h tire section height, m 

P  pull, N 

Q wheel torque, Nm 

rR rolling radius, m 

RR rolling resistance, N 

S slip, percentage 

W wheel load, kN 

δ deflection of tire, m 

NC (Freitag 1965), NCI (Turnage 1972a), CN (Wismer and Luth 1972), NCS (Turnage 1972b), NR 

(Rowland 1975), NB (Brixius 1987) and Nβ (Li et al. 1990) are some of the developed wheel 

numerics. Only NCI and CN are associated with this analysis.  

Wismer and Luth (1972) developed the following model. It does not consider tire deflection and 

section height, but is one of rut depth models recommended by Saarilahti (2002) for the simple 

forwarder model.  

   
      

 
 (3.6) 

Turnage (1972) developed the following model based on the tests performed on sandy and clay 

soils.  
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 (3.7) 
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3.4.3 Tire deflection 

Tire deflection depends on (1) tire carcass stiffness, (2) structure (cross ply or radial), (3) ply 

rating/ number of structure layers and (4) tire inflation pressure. Of which, tire inflation pressure 

is the dominant determining factor for forestry tires. The best estimate for forwarder tire 

deflection becomes,  

             (      
   

  
)  (3.8) 

Where, Pi is the inflation pressure in kPa. 

3.4.4 Single pass rut depth models  

Saarilahti (2002) with his simple forwarder model has suggested several first wheel pass/ vehicle 

pass models suitable for forest machines.  

      (      
     

  
) (3.9) 

      (
     

   
) (3.10) 

Eq. (3.9) and Eq. (3.10) were developed by Anttila (1997) for first cycle pass. The term cycle 

pass basically refers to different load cases in each passes (e.g. Vehicle enters the terrain empty 

and leaves  loaded) also rut depth values after the entire vehicle has passed a certain point. 

Therefore the constant used in Anttila’s models are quite specific to the vehicle used to develop 

the models and the load cases.  

      (
     

   
    ) (3.11) 

Maclaurin’s (1990) rut depth model (Eq. (3.11)) is based on first wheel pass rut depth. To find 

first vehicle pass, a multi-pass rut depth model should be used (if the vehicle has 4 wheels each 

side, 4
th

 wheel pass is equal to vehicle pass). 

3.4.5 Scholander /After Abebe multi-pass models 

When a wheel passes over a certain point it compresses the soil and creates the first rut. The 

following wheel going on the same line travels over the compressed soil where bearing capacity 

is larger forming a less deep rut than the previous. This effect will continue until the entire 

vehicle passes the measuring point. A number of papers are dealing with first pass rut depth (or 

sinkage), but a very few authors have published papers on multi-pass behaviour (Saarilahti 

2002).  

Multi-pass behaviour has mainly been studied with single wheel testers. In the full scale field test 

under discussion, rut depths were measured after the entire vehicle has passed the measuring 

point, thus equal to fourth wheel pass (forwarders have four wheels at each side). Almost all the 

multi-pass rut depth models assume that wheel load remains constant for each wheel pass. 

However, in tested forwarders, wheel loads on the front and rear bogies differed from each other 

with a large difference in loaded case. Therefore the average values of wheel loads were used for 

calculations.     
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Scholander (1974) used terramechanical frame of reference for his studies on forest tractor 

mobility, and carried out repetitive plate loading tests on different Swedish forest soil types. The 

following is the general equation he found for the settlement during load test.  

       
 
  (3.12) 

Where, 

a repeatedness coefficient, depending on soil properties and land 

n number of cycles 

S1 settlement after the 1
st
 loading cycle (m) 

Sn settlement after the n loading cycle (m) 

 

His studies showed that repeatedness coefficient is low (2-5) for slit soils and grows and higher 

for dryer and coarser soils. After Abebe (1989) introduced a multi-pass sinkage model, which is 

in fact similar to Scholander’s model, but terms settlement and repeatedness have been replaced 

with “sinkage” and “multi-pass”.  

       
 
  (3.13) 

Where, 

a multi-pass coefficient, depending on soil properties and land 

n number of passes 

z1 settlement after the 1
st
 loading cycle (m) 

zn settlement after the n loading cycle (m) 

He recommends multi-pass coefficients between 2 to 3 for loose soils.  

If the form of a multi-pass function is expected to follow the Abebe’s model, the following 

model can be written.  

       
  (3.14) 

       
  (3.15) 

Where, 

 i,j ordinary number of passes 

 m inverse of multi-pass coefficient, m=1/a 

 z1  first pass rut depth (m) 

 zn n
th

 pass rut depth (m) (n=i,j,….) 

Solving pair of equations, the coefficient m can be calculated from empirical data matrix, as 

shown in Eq. (3.16). 

  
  (  )    (  )

  ( )     ( )
 (3.16) 
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3.4.6 Multi-pass coefficient based on Dwyer et al. (1977) model 

The following equations has been constructed using Dwyer et al.’s (1977) second pass rolling 

resistance model  (
   

   
   

     

   
 ) and basing on the assumption that rut depth is rolling 

resistance coefficient to a certain power α , and letting it into Eq. (3.16), the following multi-pass 

coefficient model can be constructed.  

Where α is the rolling resistance to rut depth conversion coefficient. In this calculation α=1.25 

(Maclaurin’s data) is used. 
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)    (  )
 

(3.17) 

3.4.7 Other single pass rut depth models  

Some of other sinkage and rut depth models were also compared against test data. Gee-Glough 

(1985) has developed a rolling resistance model for rigid tire as a function of sinkage. Based to 

his model the following sinkage is model is developed,  

        
 

(          
 
 
)
  

(3.18) 

Where µR is rolling coefficient, 

   
     

   
  

Antilla (1998) developed another couple of rut depth models using WES-method as frame of 

reference. They are for different wheel numerics and z and z/d variations. Two wheel numerics 

i.e. NCI and CN, so the coefficients were selected accordingly.  

       
 

 
 (3.19) 

Coefficients of a and b are, 

 for N= NCI a=0.0, b=0.328 

 for N= CN a=0.005, b=1.212 

The second is based on dimensionless zR/d,  

   (  
 

 
)    (3.20) 

 N= NCI  a=-0.001, b=0.248 

Rantala (2001) with his studies developed the following model for soft soil based of wheel 

numeric NCI. 

  
     

   
     (3.21) 

3.4.8 Contact pressure analysis 

The contact pressure, also known as ground pressure is difficult to determine exactly because of 

the complex nature in tire soil interaction. The contact area depends upon tire and soil 
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deformation characteristics. For a pneumatic tire contact area depends on tire deflection, 

influenced by tire inflation pressure and wheel load, but it also depends on elasticity of the soil. 

There is a critical inflation pressure above which the tire behaved like a rigid wheel, while at low 

pressures deflection governs the contact area. Under constant inflation pressure the foot print 

area depends on soil bearing capacity (Wong, 2008).  

There is a great number of empirical studies on tire contact area / tire contact pressure and some 

of them have been compared with actual results (formulas from Saarilahti (2002), Appendix No. 

5). Many researchers have studied tire-ground contact area from which average ground pressure 

can be estimated from dividing wheel load by the ground contact area. The ground contact area 

depends on soil type. Only for some models, ground condition is clearly defined. 

3.5 Results 

This section describes comparison of rut depth and contact pressure values with WES-method. 

3.5.1 Multi-pass coefficient (MPC) 

The multi-pass coefficient which provides the best fitting curve with After Abebe model was 

estimated from MATLAB nonlinear regression analysis. The used test rut data are given in 

appendix A. For vehicle passes n=1, 2, 3, the same results to be used as wheel passes n will 

become multiples of 4 (4, 8, 12…). However it was noticed from the analysis that, if wheel 

passes are considered as multiples of 4, the curve does not follow After Abebe model, see figure 

12a .Table 3 presents vehicle pass multi-pass coefficients which make test data best fit with 

After Abebe model, for an example see figure 12.b. Example code of regression analysis is given 

in appendix A.  

Table 3. Multi-pass coefficient values of vehicle passes that make test data fit with After Abebe model 

Track Description MPC 

1 Rottne F13s , Straight track unloaded, pressure  450 kPa 2.75 

2 Rottne F13s loaded on straight track,  pressure 450 kPa 2.24 

3 Rottne F13s loaded bogie swing on straight track, pressure 450 kPa 1.96 

4 Rottne F13s loaded bogie swing on curved track, pressure, 450 kPa 2.06 
5 Rottne F13s unloaded on curved track, pressure ,450 kPa 1.93 

6 Rottne F13s loaded on curved track, pressure 450 kPa 2.54 

7 Valmet 860 loaded on straight track, pressure 270 kPa 2.32 

8 Valmet 860 loaded on straight track, pressure 450 kPa 2.13 

9 Valmet 860 loaded on straight track, pressure 450 kPa 1.81 

10 Valmet 860 unloaded on straight track, pressure 600 kPa 2.61 

11 Valmet loaded on curved track, pressure 600 kPa 2.29 

12 Valmet 860 unloaded on curved track, pressure 600 kPa 2.48 
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Figure 12. Best fitting curves of multi-pass rut depths for Rottne F13s – straight track unloaded, 450 kPa tire 

pressure, best fitting curve according to After Abebe model (a) wheel pass (b) vehicle pass 

After Abebe with his studies concluded that multi-pass coefficient of soft soil varies from 2-3. 

Results from table 3 have a close a similarity to After Abebe’s findings. 

3.5.2 Multi-pass coefficients from Abebe’s formula 

Section 3.4.5 described that, if the form of a multi-pass function is expected to follow the 

Abebe’s model the models in Eq. (3.13) and Eq. (3.14) can be written. They calculate n
th

 pass rut 

depths values depending on first pass rut depth value and multi-pass coefficient. Because the 

multi-pass coefficient should be same in both of the situations (described that multi-pass 

coefficient depends on soil type and load), by solving two equations simultaneously, the multi-

pass coefficient can be determined. For this analysis, equations were solved for consecutive rut 

depths i.e. for example 2nd the 3rd rut depths, then 3rd and 4th rut depths and so on. 

The data have been presented in figure 13. Track numbers are according to table 3. For Rottne 

F13s, most of the multi-pass coefficients were within the range of 2 and 3 regardless of track 

type (straight or curve) and the load. For Valmet 860 more variations than on Rottne F13s can be 

noticed especially an impossible deviation at fifth pass on track 10.  

  

Figure 13. Multi-pass coefficients by solving After Abebe formulas simultaneously, After Abebe’s margin for soft 

soil i.e. .2-3 is in blue 
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3.5.3 First wheel pass/vehicles pass rut depth models 

Figure 15 shows first vehicle pass rut depth values estimated from various first wheel 

pass/vehicle pass formulas. For formulas of Maclaurin’s, Gee-Glough’s and Rantala (Eq. (3.10), 

Eq. (3.17), Eq. (3.20)), the fist vehicle pass (4
th

 wheel pass) was estimated by After Abebe 

formula. To find multi-pass coefficient, curves were plotted with initial values from Eq. (3.10), 

Eq. (3.17), Eq. (3.20) and manually changing multi-pass coefficient values to fit with test results. 

For example, figure 14 describes rut depth curves of unloaded Rottne F13s on straight track with 

medium tire inflation pressure (450 kPa). For all calculations, average cone index of 1200 kPa 

was used.  

 Black – plot of test data 

 Blue – plot with measured first vehicle pass rut depth and MPC that makes the plot 

best fit with test data. MPC from table 3. 

 Red- plot with first wheel pass rut depth estimated from Maclaurin’s formula and 

best fitted MPC with test data 

 Magenta – first vehicle pass rut depth from test data, MPC from Dwyer  

  

Figure 14. Rut depth curves for unloaded Rottne F13S on straight track with medium tire inflation pressure (450 

kPa). 
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Figure 15. First vehicle pass rut depth models 

According to figure 15, the values estimated using existing formulas did not match perfectly with 

test data. Constants used in the formulas are specific to the test conditions (vehicle and soil 

conditions) used to develop them and cannot be extrapolated into conditions. 

Therefore coefficients at the best fitting curve were obtained from nonlinear from regression 

analysis technique. Scatters were made from wheel numerics and their corresponding rut depth 

value, see figure 16, for example.   To increase number of data, rut depth values of vehicle left 

and right hand side were separately considered, making a total of 24 test cases (from 12 tracks). 

The following table provides modified constants of some of the discussed WES-models. The 

scatters are quite diverse so that estimated parameters are different from original values. 

 

Figure 16. Best fitting curves (a) Antilla (1997) with NCI (b) Maclaurin (1990) with NCI 
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Table 4. Comparison of values of constants of original formulas with estimated values from rut depth data 

Source Model Original Estimated EVR* 

a b a b  

Anttila (1997) 
    (  

 

  
) 

0.003 0.910 0.0185 0.2247 1.52E-4 

Anttila (1997) 
   (

 

   
) 

0.248 NA 0.203 NA 1.44E-4 

Macluarin 

(1990)    (
 

   
 ) 

0.224 1.25 0.0946 0.6315 1.48E-4 

Gee-Glough 

(1995) 
     

 

(    
 
 
)
  

   
     

   
 

0.63 0.34 0.8196 0.6978 1.5E-4 

Anttila (1998) 
     

 

 
 

 

CN 

0.005 

NCI 

0.00 

CN 

1.212 

NCI 

0.328 

CN 

0.0248 

NCI 

0.0127 

CN 

0.3011 

NCI 

0.1707 

CN 

1.52E-4 

NCI 

1.48E-4 

*EVR estimated variance of error 

In the analysis Maclaurin (1990) and Gee-Glough (1995) were modified in terms of first vehicle 

pass, hence they cannot be used to estimate first wheel pass.  

3.5.4 Contact pressure  

The ground pressure values were compared with available ground pressure models. Table 7 of 

appendix A comprises ground pressure models used in the analysis. They all were quoted from 

Saarilahti’s (2002) publication on tire-soil interaction models. Some of the models provide only 

contact area, thus the ground pressure was calculated by simply dividing wheel load by contact 

area. Only the models in which all the parameters are known were used in the analysis. However 

no models were distinguished in terms of ground type.  

Figure 17a presents comparison of ground pressure calculated from measured contact area of 

Valmet 860, loaded, with 270 kPa tire pressure on soft soil and predicted values from WES-

based models. The wheel load was assumed to be the average in the rear i.e. 49.6 kN.  

The nominal ground pressure (NGP) provides the closest value to the pressure obtained from 

measured ground area i.e. 104 kPa, but is slightly less. The immediate larger value is given by 

Schwanghart (1990) a model for estimating ground pressure of agricultural tires. It is a very 

simple estimation which takes only tire pressure into account. The model from Ziesak and 

Matthies (2001) and Febo (1987) are based on forestry tire measured on hard surface, therefore 

can be neglected.  

Figure 17b shows the comparison for Rottne F13 with 450 kPa inflation pressure, loaded aft on 

the hard surface. The closest value (137 kPa) is given by the model developed by Rowland 

(1972) basing modern cross county tires on coarse grained soils. But Febo (1987) has developed 

his model using modern agricultural tires on hard surface contact area which provides a slightly 

higher value i.e. 139 kPa but with similar test conditions as the previous case.  

When compared with actual measured pressure values, a clear increase with respect to contact 

area based pressure can be observed. Figure 18a shows the comparison with Valmet 860, 4 bar 

and loaded. The average wheel load from the rear measurements was used in the models. Many 
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studies have shown that ground pressure distribution underneath a wheel is not even. The load 

cell may have read the maximum pressure value when the wheel is running over it instead of the 

average. For Rottne F13s (figure 18b) no model gave a better estimation, but Grecenko (1995) 

model with soft ground and flexible tire provided somewhat closer value i.e. 213 kPa.  

  

Figure 17. Ground pressure comparison with measured contact area (a) Valmet 860 (b) Rottne F13s 

  

Figure 18. Ground pressure comparison with measured ground pressure (a) Valmet 860 (b) Rottne F13s 

Obtained results postulate that a universally acceptable model is impossible for predicting 

ground pressure values.  Also some models require a set of parameter values specific to them. 

For example, mean maximum pressure models developed by Rowland (1972) require entire 
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vehicle weight which is in reality not evenly distributed among all the wheels, and also number 

of axles. The forwarders, when unloaded, have higher wheel loads in the front, but when loaded, 

the more weight is at the back.  None of the models directly depend on the cone index. A few 

consider tire sinkage which was estimated using cone index (with wheel numeric NCI and 

Maclaurin’s model) i.e. Ziani and Biarez (1990), Keen and Craddock (1997) and Söhne (1969).  

The estimated ground pressures using measured contact area would only provide an average 

ground pressure. In reality, the ground pressure is not evenly distributed along the contact patch. 

Due the variations in estimated pressure from different models, most of the applications use 

NGP. However, Saarilahti (2002) states that NGP provides unrealistically low pressure values. 

Those values can be used only in rough comparison of some rather similar machines, but cannot 

be used for selecting environmentally better machine solutions. Further he recommends that 

models based on maximum ground pressure, for example Rowland (1972), evaluation are more 

appropriate in evaluating such damages to the soil. Also contact area models seem to be more 

reliable in predicting the mobility of vehicle.  

Many models are originally based on rigid plate theories, which are applicable for foundations. 

Also all the models assumes stationary position of the wheel which may not be the same in 

dynamic loadings. 

The test data were not sufficient to find out the influence from different factors on contact 

pressure. Saarilahti, with his studies, identified several parameters which has a great influence on 

contact pressure for example, cone index, tire sinkage, inflation pressure, wheel load, tire width, 

tire diameter and tire structure (ply rating). Tests need to be conducted by changing one 

parameter at a time to find out influence from each and then to combine data to develop an 

advance model which takes more parameters into account.   

3.6 Discussion 

After Abebe model can be used to make better estimates of multi pass rut depths. Estimated 

multi-pass coefficients (table 3) are within the range After Abebe proposed for soft soil (i.e. 2-3). 

Maclaurin (1990) provided the best estimation (figure 15) for the first wheel pass rut depth 

values. In that estimation, the multi-pass coefficient values used to find 4
th

 wheel pass were 

within the range of 2-3.5, close to the range After Abebe (2-3) discovered in his studies.   

Scatters in section 3.5.3 produced different constants values than the originals. In Forestry tires, 

Lug heights are larger (2-3cm), so that influence from them on rut depth may be greater, 

resulting in a large variation (> 1 cm).  

A more complete analysis would have been made if more data of some parameters were 

available. For example, cone index was averaged because values were not available for all the 

tracks. The soil type was same, but a minor variation (about 50 kPa) was noticed.  

Attempt was made to obtain single constant values for both straight driven and curved driven 

conditions by including both of them in the same scatter. However, when drove curve, larger rut 

depths were noticed due to shear effects on the ground. 

Most of the models gave somewhat unrealistic values, especially the ones which underestimated 

the actual value. The measured data may have not represented the actual condition as load cells 

were buried 15 cm below the ground. To have more sensible results, they would have been 

installed closer to the tire-soil interface. Then the load cells would be more susceptible to 

damage. For every model, the applicable ground condition (including soil content and moisture 

condition) needs to be provided. Provision of cone index value seems to be very advantageous in 

selecting the right model.  
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4 TREE ROOTS 

This chapter provides details about the study of tree roots as soil reinforcement. It also consists 

of some proposed models to analyse contribution from roots to bearing capacity.  

 

 

4.1 Introduction 

The behaviour of tree roots in the soil is complex due to root types, soil types and growth 

patterns of roots in the soil. A typical Nordic forest soil consists of large amount of roots that are 

buried in several thin layers. The roots from different trees basically have twisted together in a 

random pattern to form a mesh type layer. Mechanical properties of each root types are quite 

different from each other and also have different diameters ranging from fibre-size to as large as 

several centimetres.  

Many studies have shown that roots in forest soils contribute to the bearing capacity of soils 

reducing rut depths caused by forestry machinery traffic (Cofie, 2001).  Earlier investigations 

conducted by Willat and Sulistyaningsih (1990) on loamy soil showed an increase in bearing 

capacity and shear vane resistance by the presence of the three roots. Wästerlund (1989) 

discovered that the presence of roots may cause about 50-70% increase in soil’s strength. 

However studies on root behaviour beneath the soil are not abundant. A main hindrance for such 

experiments is that, it may require a complex test apparatus because of the behaviour of roots 

which cannot be clearly examined while buried in the soil. Also the growth pattern of soil is 

difficult to be replicated in such an apparatus. However several studies have been conducted to 

determine root’s mechanical behaviour under the soil assuming a regular distribution pattern.  

A study of analytical models on behaviour of roots under a pressure exerted from the ground 

surface would be helpful in identifying factors to be considered in conducting a physical test. So 

that, in this thesis, attention was paid to propose a set of such models using existing knowledge 

about roots. Cofie (2001) reported of three basic criteria that must be generally satisfied by 

models: (1) they should have as few parameters as possible (2) parameters should be well 

defined and accessible (i.e. either measured and estimated) and (3) should adequately be 

documented.  

There can be several advantages anticipated from a simple analytical model. Advanced 

simulations models (such as FEM) may provide results with better accuracy, but they demand 

high modelling skills as well as mechanical parameters which probably need to be tested in 

laboratories. Those tests may be expensive and time consuming. On the other hand, results from 

both advanced simulations and from analytical models can be mutually verified against each 

other for their accuracy. Another advantage is that analytical models can directly be adapted in 

multi body simulation software for estimations of bearing capacity and vehicle mobility.  

As the layout of this chapter, firstly mechanical properties and the distribution of roots in soil are 

briefly discussed. Each proposed models along with some background study are presented in 

subsequent sections. The latter will consist of results from the proposed models, verification 

methods as well as a general discussion about the work carried out.  
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4.2 Root properties and behaviour 

Generally, root systems are classified into two main groups in terms of characteristics i.e. (1) 

monocotyledonous plants (monocots) and (2) dicotyledonous plants (dicots) (Cofie, 2001). In 

monocot the main root i.e. tap root usually lives a relatively a short time and the roots system is 

then further formed by adventitious roots arising in the shoot. This kind of root systems is 

referred to as the fibrous root system. Common examples for plants with fibrous roots are cereals 

and grasses. In dicots plants, the entire root systems are usually subtended by a single tap root. 

Fibrous roots systems penetrates less deeply in the soil, but bind the superficial layers more 

firmly than dicots roots systems.  

In Nordic forests, pine and spruce are the predominant tree species. The secondary pine tree 

roots are more prone to grow horizontally from the tap root resembling a structure of monocots 

plants, see figure 19. Most of the roots are found within the surface of 1m of the soils, with the 

majority of fine, non-woody roots in the upper 10 cm of soil. According to Wästerlund, in a 

thinning stand root density can be 300-500 roots per square meter. 

 

Figure 19. Roots patterns for common pine trees, source Cofie (2001), originally from köstler et al. (1968) 

To develop models, pine tree has been used as the specimen, so that, this study has mainly 

concerned mechanical properties of pine trees unless specific data from actual tests are used.  

4.2.2 Root properties  

Investigations on root mechanical properties have mainly been focused on the study of tensile 

strength, modulus of elasticity, and shear strength because of the paramount role they play in 

soil-root reinforced systems (Cofie, 2001). But the recent studies however indicate that, with 

regard to soil interaction,   pull out strength and bending force of the reinforcement must also be 

studied. Other properties which affect the strength and stability of root-soil systems are identified 

as creep, fatigue failure and Poisson’s ratio.   

Wästerlund has reported some roots strength properties of Nordic forests. According to him, 

those roots may be highly elastic with very little strength (total strength of roots in 10 cm
2
 

approximates to 20 kN, i.e. 20 MPa). Pine and spruce could have 1.8-2 kN tensile strength and 

10-20% elastic tension, while heather has 3 kN with 5%. The soil mainly consists of a peat layer 

which has a very low strength; plate tests have found it to be 200 kPa on top of soil. Also the 

friction coefficient at root soil interface is nearly about 0.6.  

A very important property about modulus of elasticity of roots was discovered by Commandeur 

and Pyles (1991), (Cofie, 2001).The test was based on roots of 20-year-old, where root diameter 

ranged between 0.25-2.00 cm. In the curve two different types of behaviours were observed 

namely, (1) sigmoid type behaviour and (2) hyperbolic behaviour, see figure 20. In sigmoid 

portion, tortuous roots were straightened up and then continued with hyperbolic behaviour. In the 

two regions, two different modulus values were observed namely material modulus (EM) and 

form modulus (FM). The ratio between them was found to be 2.5 times (i.e.  EM = 604 MPa, Ef = 

240 MPa), while average tensile strength was found to be 17 MPa. 
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Figure 20. Stress Vs strain of roots, source Cofie (2001), originally from Commandeur Pyles (1991) 

Waldron and Dakessian (1981) measured modulus of elasticity and maximum tensile strength of 

barley and pine  roots and observed two linear parts in the strain i.e. first part extending from 3 - 

5% and the second part 5 - 6% to failure. Their relationships with root diameter are presented in 

below.  

       (4.1) 

        
  (4.2) 

Where D=diameter of roots (cm) and a,b,c and f are constants for the root species. E and σmax 

were measured in in gcm-
2
.  

Table 5. Roots constants for barley and pine, source Cofie (2001)  

Type of root a b c f 

Barley 8.32E3 -1.210 7.85E3 -0.944 

Pine 5.88E5 -0.389 6.89E4 -0.116 

 

Makarova et al. (1983) have also studied tensile strength of different tree roots (Cofie, 2001). 

Roots taken from a distance of about 80 cm from the base of the stem were used their 

experiments. For pine roots (Pinus ponderosa) tensile stress in proportionality limit is 4300 kPa 

at strain rate and 4% at failure 9000 kPa at strain 20%.  

Shear strength of the root is often calculated as the difference between shear strength of root 

permeated soil and the corresponding volume corrected root-free shear strength of the soil 

(Terwillinger and Waldron, 1991). This is usually estimated from root-in-situ shear test, soil-

root-in-situ pullout tests or simulation conducted from soil-root interaction models (Cofie, 2001). 

Waldron in 1977 conducted a series of tests to find out shear strength properties of different 

roots. In one of the tests, shear strength of pine buried at 30 cm below the ground was found to 

be 23 g/cm
2
. This shear strength value may greatly depend on the friction between soil and root; 

therefore shear strength of roots will have a great influence from soil type. 
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4.3 Bearing capacity models 

Almost all of the soil reinforcement models developed so far are associated with shear failure of 

soils for example, failure of soil due to shearing effect from tracked vehicles, role of roots in 

increasing capacity of soils to withstand for soil erosion etc. As a main part of this thesis work, 

in this section, some of the proposals have been introduced to estimate decrease in rut depths due 

to presence of root layer. Developing a completely new model is always associated with data 

from a physical test. Therefore attempt was made to understand the nature of the problem and to 

develop models using existing empirical and mathematical theories.   

4.3.1 Root with shearing effect 

The concept of shearing adapted in this model is based on the studies carried out to find function 

of forests in preventing landslides. Several techniques have been adopted by researchers in 

analyzing  root shear for example, statistical studies in land slide frequency (Namba et al., 1975), 

slope stability using root tensile strength ( Burroughs and Thomas, 1977), force required to pull 

the roots from soil (Tsukamato 1987) etc. Importantly, Waldron (1977) and Wu (1976) presented 

similar models that describe shear strength of rooted soils. Their studies were based on the 

concept that root reinforced soils can be analysed as composite materials in which fibres of 

relatively high tensile strength are embedded in a matrix of lower tensile strength. This model is 

based on combination of coulomb equation in which soil shearing resistance developed by 

cohesive and frictional forces and contribution from roots.  

               (4.3) 

Where, 

 Sr shear resistance of rooted soil (Pa) 

 AS contribution of roots to soil shear resistance (Pa) 

 c soil cohesion (Pa ) 

 σ normal stress (Pa) 

 θ angle of internal friction of the soil (degrees) 

        (              ) (4.4) 

   (           
 

 
)

 
 
 (4.5) 

Where, 

 ar cross-sectional area of the root (m
2
) 

 D  diameter of the roots (m) 

 Eroots  young’s modulus of roots (Pa) 

 Tn maximum tensile stress in the root (Pa) 

 Z shear zone width (m) 

 β angle of root deformation (degrees) 

 τ maximum tangential friction between root and soil (Pa) 

In this model, horizontal element of the tensile stress directly enhances the shear stress, and 

vertical element contributes to the normal stress, see figure 21.  
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Figure 21. Root reinforce model made by Waldren (1977). Flexible, elastic root extends vertically across a 

horizontal shear zone, (a) Undisturbed soil, (b) Upper mass of soil displaced, d. Tangential friction, τ , is generated 

with extension of the root. (c) Horizontal and vertical factor of maximum tensile stress, Tn, in the root reinforces the 

shear resistance of the rooted soil, source Kazutoki and Ziemer (1990) 

Using this as frame of reference many researchers developed models to include many other 

aspects (Kazutoki and Ziemer, 1991), such as initial orientation of fibres (Gray and Ohashi, 

1983), effects of root stretching, slipping and breaking by Waldron and Dakessian (1981) and 

many more. The most recent study in this regard is by Kazutoki and Ziemer (1991) which is a 

fairly simple model but takes many parameters into account. The equation basically consists of 

two factors, as shown in Eq. (4.6). 

           (4.6) 

Where,  

 ASt reinforced strength caused by tensile stress of a root 

 ASp reinforced strength caused by shear strength of a root 

The complete equation for AS for a single root is as follows,  

   {[(               )
   
  ]         }  (              )            

    (4.7) 

Where, 

 a half length of root   

 B  one-half of shear displacement (m) 

 b parameter modified to improve the fit (m
-1

)  

 I second moment of area of roots (m
4
) 

Notations of rest are as same as in Eq. (4.3), Eq. (4.4) and Eq. (4.5). This model may be an 

important frame of reference for further research studies.  

The models so far described deal with horizontal shear effect of soil where the top root layer 

slides with respect to the bottom deforming the root. The shear failure of soil has a close 

similarity to the action of sinkage. Bekker (1969) proposed failure mechanism of muskeg mat 

(Wong et al., 1979) see figure 22. He assumed that failure of surface mat was due to shearing 

along the area delineated by the circumference of the loading area. Properties of muskeg have a 

close similarity to peaty soil, where so much of the roots are present.  
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Figure 22. Failure mechanism of surface mat proposed by Bekker (1969) source Wong (2002), 2b length of plate, pp 

punching pressure, t0 thickness of the surface mat, zp punching sinkage, p'' reaction of sub-layer and τr  shear 

strength of the mat  

Bekker’s sinkage model (Eq. (4.8)) has been tested on many sandy loam soils which may be 

fairly homogenous but a peaty layer is present many often. Although parameters are different 

from normal shear resistance, parameters of Bekker’s model seem to have both shear and 

compaction effects of soil. Therefore it was assumed that contribution of roots to soil shear 

resistance (AS) can also be incorporated into Bekker’s sinkage model in decreasing sinkage due 

to an applied load.  

 

Figure 23. Static stress from soil at the equilibrium source (ADAMS Tire 2012), in the derivation term h is replaced 

with z for consistence. P(h) denotes that pressure is a function of sinkage h (or z) 

Bekker’s sinkage model is given by following equation, see figure 23 for reference 

  (
  
 
   )   

  (4.8) 

Where, 

 b shorter length of loading area, width of tire in this regard (m) 

 Kc cohesive moduli (N/m
n+1

) 

 Kθ  friction moduli (N/m
n+2

)  

 n sinkage exponent  

 P static stress from soil at equilibrium (Pa) 

Then the equilibrium of wheel load can be written as follows, 

 

                         
      

           
 (

  

     
   )   

                 (4.9) 
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Where, 

 ctire contact length of wheel assumed to be equal to radius (m) (as in NGP)  

 btire width of tire (m) 

 nroots number of roots present underneath of tire 

A constant 2 in Eq. (4.9) before term nroots was added because the same root is shear deformed at 

two locations, see figure 24. AS is from Eq. (4.7). 

 

Figure 24.  Schematic of root layer beneath the ground – roots with shear effects added, diagram is symmetrical 

about the centre of tire 

Many authors, e.g. (Cofie, 2001), have stated that contribution from roots to bearing capacity 

decreases with increasing distance to the root layer from the ground. Thus the shear displacement 

experienced by roots is not as same as the actual wheel sinkage. Soil compaction should also be 

incorporated in the model. Soil compaction models, as presented by Saarilahti (2002), do not 

present a clear relationship between densities of soil before and after a wheel has passed. 

Therefore, as a suggestion, assuming homogeneity, modulus of elasticity of soil was used to 

estimate compaction. This assumption is valid only for the condition that distance from ground 

surface to root layer is larger than the maximum sinkage.  

From definition of modulus of elasticity,  

   
            

                 
 (4.10) 

Where, 

 ΔL  reduction in thickness of soil layer due to compaction  

 hroot distance to root layer from ground 

Then the deflection experienced by root is,  

               (4.11) 

4.3.1.1 Slippage and breaking of roots 

In this model, the soil causes root tension by tangential stress, τ, at the soil root interface, and 

this stress has a maximum value τʹ at incipient slippage. Eq. (4.12) shows the maximum tension 

Tns, just before the incipient slippage (Waldron and Dakessian 1981): 
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 (4.12) 

Where, 

 D diameter of root (m) 

 L length of root (m) 

 τ  maximum tensile stress of tangential friction (Pa) 

When the tension of the root exceeds the rupture stress of the root, Tnf, the root will break, 

expressed by Eq. (4.13),  

        
  

 
 (4.13) 

Where, 

 lf length of root required for producing Tnf (m) 

Accordingly, the root will be broken under the following condition: 

{(       )     }                    (4.14) 

And it will slip when, 

{(       )     }                    (4.15) 

The same model can be incorporated in several sinkage models. Another two models, i.e. 

Maclaurin (WES-model) (Eq. (3.11)) and sinkage model of Muskeg soil (Wong et al., 1979) Eq. 

(4.16) were also used for comparison.  

                 (            ) (4.16) 

Where, 

 k,m two parameters which determine the load sinkage relationship. 

4.3.2 Roots as a wire with zero bending stiffness 

 

Figure 25. Schematic of roots layer beneath the ground – roots as wire with zero bending stiffness, diagram is 

symmetrical about the centre axis 
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Another simple model with a few parameters was also tried. The reason is, a complex model 

with several parameters described in the previous section requires numerous parameters which 

may have not been determined for required root type. This model also considers effects from 

each single root, assuming as a wire type structure with zero bending stiffness (figure 25). Then 

the following model can be formulated, 

For equilibrium,  

                    (4.17) 

Wheel load should to be in equilibrium with the load retained by roots and soil.   

Elongation of root in each side,  

         
       
      

 
       

 
 (4.18) 

Tension force on each side,  

  (
         

  
)     

         
       

 

 (
       
      

 
       

 
) (4.19) 

                      (
           
       

 

 (
       
      

 
       

 
))       (4.20) 

       
  
     

 (4.21) 

Where, 

 A0 cross section of roots (m
2
) 

 S length of root exposed to elongation (m) 

 n number of roots  

Combining Eq. (4.20) with Bekker’s tire model the following can be obtained,  

                   (
  
     

   )   
         (4.22) 

The horizontal component of Tension force (Tsinβ) of each roots needs to be sustained by 

friction force between soil and root.  

4.3.3 Root layer as an isotropic plate  

Due to presence of large amount of roots (about 300-500 roots per square meter) twisted with 

each other forming a mesh, the root layer can be regarded as a plate type layer. Since roots are 

not oriented in a particular direction, the plate can be further assumed as an isotropic material. 

Isotropic in material science means having identical values of property in all directions 

(Wikipedia). Although the root layer can be regarded as a plate, general plate theories cannot be 

used to formulate a model, because the root layer may experience large deflections. In general, 

plate theories assume a deflection of half of the plate thickness; therefore membrane theory 

should be applied. Two simple formulas available from reference materials were used as frame 

of reference. The first is based on cylindrical bending plate on elastic foundation (proposed by 
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Tomoshenko et al (1959)). It assumes a long uniformly loaded rectangular plate support over the 

entire surface by an elastic foundation and rigidly supported along the edges. 

 

Figure 26. Schematic of roots layer beneath the ground - root layer as an isotropic plate 

Maximum deflection (at the middle of plate) is considered as the new rut depth value. For 

simplicity, the root layer was assumed to be on the top of the ground. If buried, load retained by 

the shear strength of soil and effects due to compaction should be included in the model. The 

simplified equation for maximum deflection is as follows. 

The thickness of the plate was assumed to be same as the diameter of roots. Also mechanical 

properties of the plate were assumed to be as same as those of the selected root species. Figure 

26 shows the reference diagram for this model. 
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(            )
) (4.23) 

  
 

 
 √

 

   

 

 (4.24) 

  
        

 

  (    )
 (4.25) 

Where, 

 Eroots modulus of elasticity of roots (Pa) 

 h thickness of plate 

 k stiffness of soil per unit area (N/m/m
2
)  

 L width of the plate (m) 

 q uniformly distributed load along the plate (N/m) 

 t thickness of root layer (m) 

 wc maximum deflection (m) assumed equal to rut depth 

 γ Poisson’s ratio of roots  

This equation assumes a rigid plate where bending stiffness is taken into consideration. The 

behaviour of a root layer is clearly not known, whether it experiences some bending stiffness 

(rigid behaviour) or not. Since this equation assumes a long plate, the uniformly loaded force 

along the width need be carefully determined. For estimation, length of plate was assumed as 1 

m.  
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 The second assumes the plate as a membrane (Source – MichiganTech course code 

MEEM4405), where fixed supports exhibits ‘string’ action axial forces, see figure 27 for the 

schematic.  

 

Figure 27. Membrane action of beam source  

The figure illustrates an upward force which needs to be upside down in the actual case. N is the 

membrane axial load. The formula is, 
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)] (4.26) 

The notation is same as in Eq. (4.23), Eq. (4.24) and Eq. (4.25). The force from soil is 

proportional to the deflection of the plate at each point. For simplicity, this force from soil is 

approximated as a concentrated upward force acting underneath of the plate. Then the 

corresponding deflection is assumed to be half of the maximum deflection. Then the following 

can be written.    
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     (4.27) 

Where, 

 b length of membrane (m)   

By solving the equation, wc the rut depth can be estimated. 

4.4 Analytical results 

Several plots were created for proposed models. All the calculations were done using MATLAB 

and Maple. The models combined with Bekker’s sinkage model involve lengthy expressions 

where isolating for sinkage (z) was difficult. Because of that, solutions were sought through an 

iterative process. MATLA B function “Fzero” was used to find all the solutions. 

Reinforcement effect from roots were analysed for two different soil types (a) for sandy loam -

Hanamoto, (b) for upland sandy loam- Wong, see Figure 28. Soil properties were obtained from 

one of the renowned publication by Wong (2008). Root properties used were for pine tree and 

were obtained from table 3 (for modulus of elasticity) and from the publication of Kazutoki & 

Ziemer (1990). Roots used in their test have been collected from shore pine (Pinus contorta 

Dougl. Var. contorta) a species, that is commonly found along the west coast of North America. 

Species of pine listed in table 3 was not known therefore modulus of elasticity may be slightly 

different from Pinus contorta). A few testing have so far been performed to determine properties 

required by Kazutoki & Ziemer (1990) model, therefore test data are scarce. Chosen root 

diameter size was 8.9 mm and its corresponding coefficient-b was used. Soil modulus of 

elasticity was not available specifically for chosen two soil types, thus a common value available 

i.e. Wageningen Silty clay loam (Cofie, 2001) was used. All the used parameter values are listed 

in Appendix. B. Number of roots present beneath the tire was approximated to five, just for the 

purpose of estimation.  
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4.4.1 Roots with shearing effects 

 

Figure 28. Bekker sinkage + Kazutoki & Ziemer (a) sandy loam (Hanamoto), (b) upland sandy loam (Wong) 

According to figure 28, soil type has a large influence in reducing sinkage. With sandy loam 

(Janoshi) almost 50% reduction can be expected, while with upland sandy loam approximately 5 

to 10% reduction. With sandy loam (Janoshi), the load penetrates more deeply into the soil than 

upland sandy loam. The softer the soil the more load will be sustained by the roots thus a lesser 

sinkage. Number of roots present beneath the load has the largest influence in changing sinkage 

reduction. The root length had no great influence.  

 

Figure 29. Muskeg (Wong) + Kazutoki & Ziemer  

For muskeg a rather liner curve was obtained, see Figure 29. k and m values were randomly 

chosen from Wong (2010). In Muskeg, a wheel may experience a relatively high sinkage. 
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Figure 30. Maclaurin (WES) + Kazutoki & Ziemer (a) cone index 400 kPa, (b) cone index 1000 kPa 

For Maclaurin’s model, two different cone index values i.e. (a) 400 kPa and (b) 1000 kPa were 

compared, see Figure 30. A large reduction in sinkage was noticed in weaker soil (400 KPa). 

Root free soil follows nonlinear curve while the combined effect is more linear. Change of other 

parameters such as roots properties and etc resulted in same effects as the case with Bekker’s 

sinkage model.  

4.4.2 Root as a wire (Zero bending stiffness) 

 

 

Figure 31. Bekker sinkage + Roots – Elastic wire (a) sandy loam (Hanamoto), (b) upland sandy loam (Wong) 

Same root and soil properties as in section 4.4.1 were used in this model. A less decrease in 

sinkage was noticed with upland sandy loam (Wong), see figure 31. In this calculation effects 

due to soil compaction was not considered in order to keep as minimum parameters as possible.  
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4.4.3 Root as an isotropic plate/membrane 

 

Figure 32. Roots – isotropic plate, (a) k =530 kN/m
3
 (Muskeg) (b) k=278 kN/m

3
 (Muskeg) 

Root layer as an isotropic plate was analysed for different soil stiffness values while keeping root 

properties same as in the other cases. Studies on soil stiffness values on forestry soils are not 

extensive, thus coefficient of stiffness (k) from Wong’s studies on Muskeg was used in the 

analysis (Wong, 2010). k is stiffness of the peat; chosen numbers are (a) 530 kN/m
3
 and (b) 278 

kN/m
3
. These values were dependant on dimensions and shape of the penetration plate, but not 

greatly with the terrain properties. The intention here was to study the penetration with varying 

soil stiffness values. From the plots, it can be noticed that penetration is directly proportional to 

soil stiffness, see figure 32. However use of plate theory in this application seems to be 

unrealistic as the plate undergoes higher deflections i.e. much greater than thickness of root 

layer. To have more realistic results, root layer was analysed as a membrane and some of the 

observations are shown in Figure 33.  

 

Figure 33. Roots – isotropic membrane, (a) k =530 kN/m
3
 (Muskeg) (b) k=278 kN/m

3
 (Muskeg) 

There was no significant change in sinkage with changing soil stiffness was noticed. Effects 

from soil may to be more accurately incorporated in the model than the method assumed, i.e. the 

pressure from soil must be spread all over the plate rather than a concentrated load.  

 

Roots  - Iisotropic plate with elastic foundation 

Roots  - isotropic membrane with elastic foundation Roots  - isotropic membrane with elastic foundation 

Roots  -  isotropic plate with elastic foundation 
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4.5 Roots verification 

Because the proposed soil-root models for bearing capacity are based on several assumptions and 

previous studies on somewhat similar applications, verification is required to substantiate the 

accuracy. The verification can be from physical test data or from a computer simulation. Due to 

the fact that root layer is formed as a mesh under soil, testing of  shear strength of single root or a 

bunch roots oriented in a particular direction will not be helpful in obtaining realistic results.  

4.5.1 FEM analysis of roots 

Cofie (2001) has performed a FEM (finite element analysis) for the same problem (Figure 34a) 

using PLAXIS finite element code. PLAXIS stands for plasticity axisymmetric and was initially 

developed by Delft University of Technology as an easy-to-use finite element code for soil 

plasticity calculations. The constructive model used cam-clay model which a typical example of 

elastic-plastic model and may be used in predicting volumetric strain under tri-axial 

compression. The problem was simplified to a 2D model, i.e. considering a cross section 

assuming that behaviour of system remains same along the length; see Figure 33b.  

 

Figure 34. FEM analysis by Cofie (2001) on root-soil reinforcement (a) Problem schematic (b) FEM result 

The soil was modelled with triangular (15-noded and 6-noded) elements while the soil 

reinforcement was with beam elements. Interaction between the reinforcement and soil was 

made using interface elements which were deduced from the soil properties using a reduction 

factor. He has studied several cases and has concluded that about 10% reduction in bearing 

capacity in general would be anticipated.  Figure 34b shows the deformed pattern of soil due to 

pressure form wheels; compaction in the area where the load was applied above the root layer 

can be clearly seen.  

Verification with finite element method was not set as an objective of the project, but an attempt 

was made to perform the analysis using ANSYS. However due to limited time of the thesis, the 

simulation was not accomplished satisfactorily, yet more modelling techniques need to be 

implemented. ANSYS has provision for elements types (type RINF265/RINF264) especially 

dedicated for composite analysis. Using Drucker-Prager model (ANSYS, 2012) is possible with 

ANSYS for soil analysis. Drucker-Prager model has been in use for soil reinforcement analysis 

in many civil engineering applications (Cofie 2001) and Frevers (2004) used the same for an 

improved FEM simulation model for tire soil interaction and obtained satisfactory results.  
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4.6 Discussion 

Contribution from roots to soil bearing capacity seems a challenging problem due to complex 

nature of root layer. Contribution from individual root element can be effectively used in soil 

longitudinal shear analysis such as shear damage to the terrain by vehicles and landslide analysis. 

For bearing capacity, the behaviour of roots is unpredictable because they form a mesh type 

layer in the soil. Analytical models, as described throughout the chapter can be applied, but the 

accuracy may be debatable. Results show that number of roots underneath the tire, length of 

affected area of roots and soil types have great influence on the bearing capacity.  

Root breaking is associated with tangential friction and root slippage, where experimental data 

are scarce, so that it was not able to successfully analyse the root failure.  
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5 ADAMS TIRE-SOIL INTERACTION MODEL 

This chapter describes the soft soil Adams simulation model which was the main objective set in 

the project. Also a MATLAB graphical user interface to analyse rut depth values.  

 

 

5.1 Introduction 

The aim of this task was develop a tire-soft soil interaction model in Adams that enables multi 

body simulations (MBS) of forest machines operating in the rough terrain. The model should 

especially be focused on the interaction between tires and soft soil. The developed model needs 

to be adapted in vehicle models both existing and new designed, to examine the behaviour of the 

vehicle, especially rut formation and soil damage. 

The existing Valmet 860 multi-body simulation model was not made to work with soft soil, thus 

the model had to be equipped with a soft soil model. Any other modification to the model for any 

improvements was out of the scope of the project. However, to be able to make the model run, 

some modifications were made in terms of applied torque and etc. The full scale field test data 

were used to compare some of the parameters. 

5.1.1 Tire simulation models 

To simulate tire/ground interface, a number of commercial tools are available. These models 

often use one of the analytical models, or combinations thereof. Most these models are 

programmed as separate modules to be able to use in many simulation software. Adams Tire 

handling can work with number of tire models namely, Fiala, 521-Tire, Pakejca 89-94, UA-Tire, 

PAC several versions, SWIFT for use in vehicle dynamics (Adams Tire, 2012). In addition, 

Adams-Tire consists of some specific tire models i.e. Pakejca motor cycle tire model, Soft soil 

tire model, aircraft tire models and Adams/Tire -FTire. Each tire model is valid in a specific area. 

Using a tire model outside this area can result in non-realistic analysis results (Adams Tire, 

2012).  

Past work on the dynamic simulations of Valmet 860 has concluded that FTire provides more 

realistic results than the other tire models (Karlsson & Nisserud (2010)) in terms of vibration and 

ride comfort analysis.  

5.2 Method selection 

The modelling method was an open option in the project. Several approaches were examined 

including existing tire models and new methods. 

5.2.1 Adams soft soil model   

Since version 2010, Adams/Tire offers a new tire model that predicts the interaction forces 

between a tire and a soft soil ground. The tire model uses knowledge about terra-mechanical tire-

soil interaction as published by Bekker, Wong, Janosi, Ishigami and Schmid (Adams, 2010). The 
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application range covers the basic driving manoeuvres with ‘one-point’ of contact tire-road 

methods in which no excessive camber occurs. Either an elastic-plastic approach or an elastic-

viscous approach can be chosen for the soil modelling. Also the effect of changing soil 

properties by previous passed tires (multi-pass) is taken into account by storing the travelled path 

of each tire during the simulation.  

The soft soil model does not use WES-method. Provision of such an option is advantageous, 

because WES-method requires less soil/wheel parameters compared to other empirical and 

mathematical models.  

5.2.2 User defined tire models 

Adams consists of a separate module called Adams/Tire which enables user to add tires into their 

mechanical systems. Adams/Tire provides users the option to create their own tire and road 

model.  The models can be created by writing subroutines that Adams/Tire calls to calculate tire 

forces and moments. Subroutine is a set of instructions compiled in a programming language 

separately and linked to the main program by means of a linker. The linking architecture can be 

different among different programming languages. For Adams/Tire, the subroutine needs to be 

compiled in FORTRAN (a high level programming language) and to be linked to Adams Solver 

(i.e. the Adams module which handles the computation) using a FOTRAN linker. Adams Solver 

calls Adams/Tire for information from tire and road models. Tire and road models separately call 

for two separate text based files called “property files” for additional road and tire specific data 

such as tire dimensions, road coordinates, road friction etc. The created subroutine files need to 

be located in a specific folder under Adams solver library.   Literature about user written 

subroutines is abundant, but they do not clearly explain the architecture of how the subroutine 

files need to be linked with Adams.  

Adams/Tire calls tire model many times during the simulation, passing the wheel states 

(displacement, orientation, and velocity). The tire model calls the road model, which returns the 

tire-road contact point, local road normal, and coefficient of friction. Based on the information 

from the road, the tire model calculates the tire forces and moments and returns them to 

Adams/Tire.  

WES-methods can be included in a road subroutine and thus, to pass information about contact 

point, local road normal and coefficient of friction to tire model. A separate subroutine needs to 

be created to invoke data from the text based road property file. Existing soft road model in 

Adams does not support all the tire models, but a dedicated soft soil tire model. Therefore a 

separate subroutine for tire model may have also to be provided.  

To be able use FTire efficiently with soft soil, a more advanced subroutine needs to be created. 

FTire does not work efficiently with Adams soft soil model, because Adams provides a point 

contact model (Gipser, 2012).  FTire has recently introduced its own tire model which 

implements Bekker’s tire model efficiently; also a program interface to connect user written, 

more sophisticated models. This interface is somewhat simper than creating Adam’s user written 

subroutine, by which WES-methods can efficiently be used with FTire.  

5.3 Modifications to Valmet 860.3 simulation model 

Following sections describe modifications made to the simulation model.  
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5.3.1 Terrain CAD model 

Two soft soil terrains were tested with the model, (1) flat ground (2) steep terrain. CAD files of 

the terrain were modelled in CATIA V5 and were imported to Adams as sub systems. No 

modification was done to the original position of the vehicle in the Adams model. Instead the 

terrains were modelled in CAD software with correct positioning and then imported to Adams. 

Care was taken to maintain a zero relative position between ground’s un-deformed surface and 

bottom of un-deformed tire.  Original track and its all references were removed from the model.  

5.3.2 Propulsion and moment function 

A different torque function was employed in the analysis. (see Appendix C). In order to simulate 

a more realistic drive, the original model used a torque function instead of setting a constant 

angular velocity. The reason is, with a torque function, the torque can be changed to match with 

characteristics of hydraulic system of the vehicle. Also it was noticed that simulation time 

increases quite substantially when using a constant angular velocity.  

For flat soil ground, the set speed was 3 km/h (0.833 m/s), i.e. the same speed used in rut testing. 

For steep terrain a continuous torque was applied without controlling the speed until the top of 

the hill to reduce simulation time. Then on the downhill the machine begins maintain 4 km/h 

(1.11 km/s) and continues until the end. The maximum torque set was 2900 Nm.  

5.3.3 Tire parameters  

The selected tire was Trelleborg 710/45-26.5 T428 163A8 forestry tire. The tire property file 

requests a few parameters compared to FTire model. Tire stiffness values were chosen from 

Load deflection curve provided by the manufacturer. The tire property file does not demand 

inflation pressure thus, tire stiffness estimated as a function of inflation pressure needs to be 

provided.  

There were no reliable data available for damping coefficient. Therefore a rough value (0.8 

kN.s/m) was obtained from general damping coefficients given by Wong (2008) for forestry 

tires. The damping coefficient used in the existing model seems to be much higher (200000 

Nms/mm) compared to values provided by Wong. .  

5.3.4 Soft soil parameters 

Road models requests soil parameters according to Bekker’s tire model and additionally some 

elastic plastic and viscoelastic properties. The soft-soil terrain exhibits an elastic-plastic 

behaviour, thus viscoelastic properties (rubber like roads) were left with the default, since they 

are not counted in the analysis. For Bekker’s model, properties from Rubican (Wong) were used, 

because its behaviour is closer to Nordic terrain. Soil stiffness value was left with the default 

because any test data were not available. The default value (8.14E-3 N/mm
3
) is close to Muskeg 

(5.02E-3 N/mm
3
), thus, it was presumed to have a close similarity to soft soil. Chosen 

longitudinal and lateral soil deformation modulus (kx & ky) were 1.75 cm (1 cm – 2.5 cm for 

sandy loam). In Adams, longitudinal/lateral shear deformation modulus is determined by the 

following equations (Adams, 2012),   

            (5.1) 

            (5.2) 

Where,  
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 Kxo, kyo , kx1,ky1 shear deformation modulus in x and y directions 

 α   slip angle (degrees)  

kx0/ky0 are not known for any sandy loam other than the defaults given in Adams, therefore  

made zero assuming that kx and ky do not depend on slip angle.  

5.3.5 Terrain modelling in Adams 

The terrain was randomly modelled with a steep and single obstacle after downhill, see 

Appendix C for schematic. The gradient is approximately 1:5 and lateral slant at peek is 6 

degrees. A three – dimensional path was created using Adams operation Arc904. Path was 

defined by nodal points and triangular shell type elements. Three nodal points form a triangular 

shell. Coordinates at left and right edges of the path at constant intervals in longitudinal direction 

were used as nodal points, see figure 35. 

 

Figure 35. Nodal points and shells, Adams operation Arc94  

The ground friction data of soft soils were not found from any referenced materials. Therefore 

the friction was left as the default. When reducing soil friction wheels experienced some 

slipping. However amount of slipping did not affect results of other important parameters, for 

example sinkage in Adams is not defined as a function of wheel slip.   

5.4 Behaviour of modified model 

 

Figure 36. Adams simulation - Valmet 860.3 climbs up the soft soil steep terrain  

The original model was amended to run on two terrains i.e. soft flat terrain and steep rough 

terrain forming two new models. The purpose of model with steep terrain was to ensure if 

Adams soft soil model can be successfully adapted in a large scale simulation. Because both of 
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the models were modified with the same methodology, this discussion is based on model on 

steep terrain, which had little more work than the flat road.  

In steep terrain, for lower speeds, the model could withstand a lateral slant angle of 6 degrees 

while maintaining the steep (1:5 gradient) in longitudinal direction. At the start, the behaviour of 

Valmet 860 for both terrains was unstable because tires are sinking down in the soil to find the 

equilibrium position, causing the model to bounce several times. Several trails were made to 

avoid this issue. In seeking a solution, tires were placed slightly below the ground level, and then 

the model never found tire-soil contact point and lead to crash. Adams command to start the 

model at equilibrium was implemented but no satisfactory result gained. One solution can be to 

provide high damping value to both tire and soil at the beginning. But soft soil road model does 

not deal with damping calculations for the road. Also with general Adams commands, only a 

single damping value can be provided to the tire model. After the equilibrium, the model 

behaved quite stable (see figure 36, the Valmet 860.3 climbs up the gradient).  

In each bogie, first pass sinkage at wheels on the same side were different while left and right 

values at each position were identical. Vertical force from ground on wheel (which is equal to 

wheel load + tire load) at each position were measured and found to be different from the 

measured values during rut test. This cannot be clearly visualised from steep terrain model as rut 

depth values continuously change with time. The difference in rut depth/calculated wheel load 

values at each wheel of left side of vehicle on flat terrain and variation of rut depth at a wheel 

(aft bogies aft wheel on left side) of the machine on steep terrain are shown in appendix C.3.  

Vertical acceleration on front frame were also found to be stable when flat run on flat terrain, see 

figure in Appendix C.3 

Several attempts were made to simulate the multi-pass effect but were not a success as the model 

crashed every time. The model ran successfully only with a few soil types other than the default 

values. Adams 2010 release guide states that its newly launched soft soil model is still under 

experimental level. The results obtained in terms of bearing capacity were accurate, but crashing 

was a serious issue. 

5.5 Comparison of soft soil model with WES-method 

Soil deformation, tire deflection and vertical ground pressure levels were obtained by creating 

special requests to Adams.  

5.5.1 Rut depth  

For comparison, results from several simulations had to be compared, thus, use of Valmet 860.3 

model was not feasible. The complete model did not run successfully with some soil types.  

Verified parameters were dependant on soil and tire parameters and wheel load on each tire. 

Therefore verification was achieved through a single wheel test (figure 37), without deviating 

too much from the actual conditions.  

A time dependant incremental vertical load was applied to the centre of the tire ranging from 0 - 

30 kN. Due to the action of sinking, the tire flipped over after reaching the equilibrium position. 

To avoid toppling, the wheel was locked in all degrees of freedom apart from vertical translation. 
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Figure 37. Single wheel   test in Adams 

Adams model considers rut depth as plastic deformation of soil. Plastic deformation is the 

difference between sinkage (h) (from bekker’s tire model) and exit (he) penetration, see figure 

38. The rest of parameters in the figure are not associated with the discussion here, therefore a 

description is not provided herewith.   

 

Figure 38. Plastic deformation of soil (h-he), source Adams Tire (2012) 

Exit penetration is function of soil stiffness. Therefore soil stiffness has a great influence in rut 

depth. Figure 39 shows the difference between elastic and plastic deformation of soil (1) elastic 

deformation = exit penetration and (2) plastic deformation = sinkage – exit penetration. The plot 

is for soil deformation from front left wheel of Valmet 860.3 on flat road. The model is bouncing 

at the start in searching the equilibrium position after sinkage.  
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Figure 39. Soil deformation (1) Red – elastic deformation (2) Blue  - plastic deformation 

For single wheel test, the model was tested with several soil type s given by Wong ( 2008) 

namely, Strong Buchele, Sandy Loam (Hanamoto) , Rubican (Wong), Sandy loam (15% 

moisture), Upland sandy loam (Wong) and Grenville. For WES-method, two formulas were 

used. The first is Maclaurin’s (1990) model as recommended by Saarilahti (2002) and the other 

is the Maclaurin’s formula with changed constant values for best fitting curve for rut test data, 

see table 4. Note that modified Maclaurin’s formula gives first vehicle pass rut depth. Figure 40 

& figure 41 represent a comparison of rut depth values of (1) at 400 kPa and (2) at 600 kPa 

inflation pressures. It can be seen that the values change with tire stiffness provided as per two 

inflation pressures. Rubican (Wong) soil had somewhat closer values with rut test results as well 

as Maclaurin’s method.  

  

 

Figure 40. Comparison of Adams calculated rut depth values of different soils with Maclaurin’s original and 

Maclaurin’s modified – 400 kPa inflation pressure 
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Figure 41. Comparison of Adams calculated rut depth values of different soils with Maclaurin’s original and 

Maclaurin’s modified – 600 kPa inflation pressure 

5.5.2 Tire deflection 

Adams calculates tire deflection in soft soil through an iterative process (More information is 

given in Adams Tire 2012). However through the requests provided to Adams, the tire deflection 

estimated from wheel load divided by tire stiffness can only be obtained, so that deflection 

remains same for each tire pressure levels regardless of the soil type, see figure 42. According to 

Adams Tire 2012, Adams does calculate tire deflection as a function of soil type, but may not be 

available as an output value. A larger deflection can be seen for low inflation pressure. WES-

method inflation pressure is according to Eq.(3.8). 

  

Figure 42. Adams calculated tire deflection at (a) 400 kPa inflation pressure, (b) 600 kPa inflation pressure   
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5.6 MATLAB program with Graphical user interface  

A MATLAB program to estimate rut depth using WES-based models was created, see figure 43. 

One objective of this was to compare rut depth values obtained by Adams with WES-methods. 

Also to initiate a program for a complete forwarder model based on WES-method. Anttila’s and 

Rantala’s models estimate first cycle pass rut depths while Maclaurin’s model estimates the first 

wheel pass rut depth. Effects from roots were incorporated using Maclaurin + Kazutoki & 

Ziemer model whereby percentage in reduction of rut depth can be roughly estimated.  

The root analysis is associated with an iterative process, thus a best guess value around which the 

function needs to be minimized should be provided. The best guess value is the guessed rut depth 

value when roots are present. 

The example values show in figure 43 are for wheel load of 2000 kg, soil cone index 1000 kPa, 

tire dimensions of Trelleborg T428, some general root properties and assuming that 3 roots are 

present beneath the tire.  

Due to scarcity of roots data, root properties such as modulus of elasticity have a single value in 

the drop-down menu. More properties need to be added in the model if test data are found. 

 

Figure 43. MATLAB program with Graphical user interface 

5.7 Discussion 

In terms of rut depth, the verification of Adams tire-soil interaction model was found to be 

somewhat consistent with WES-method and physical test data. Simulation of existing Valmet 
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860.3 model with soft soil tire model was successfully done, all though it sometimes crashed 

with some soil properties.   

By the time the project was initiated, Adams built-in soil road model was remained as the most 

feasible option. Self-studies on FORTRAN programming, without a prior knowledge, found to 

be very much time consuming. Literature on linking the sub-routine was not helpful in 

understanding the methods. Furthermore, developing will involve extensive debugging which 

may be infeasible during the allocated time. Even if done, it would be more of an experimental 

level and will be difficult to verify.  Information on using FTire soft-soil model was not 

extensive, and also it demands a separate license.  

Availability of reference data of actual terrain would have been an asset in verifying the 

behaviour of the model, whereby the model can be further fine-tuned to achieve optimal results. 

Other than those verified, the model is capable of computing several other factors related to 

terrain trafficability.  

Lack of data of soil parameters was another issue to be addressed. Most of the widely available 

data were for North American soils, while Nordic forestry soils have been mostly tested with 

WES-method. In that case, compiling a subroutine for WES-method would be the best 

alternative.      

As per the objective set at the beginning, the main purpose of developing a soft soil model was to 

predict terrain trafficability and soil damage. Adams soft soil road model can fulfil that need. 

Several large scale projects including planetary-rover analysis (Yoshida et al., 2011), have 

utilized subroutines created with widely accepted terramechanical models including Bekker’s 

tire model and have achieved successful results. However its suitability for ride comfort analysis 

is doubtful due to the fact that only FTire provided realistic results.  
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6  DISCUSSION AND CONCLUSIONS 

 

 

6.1 Overall Discussion 

At the end of each chapter, the task specific discussion was made. Therefore, in this section, a 

brief overall discussion on work practices, the choices made and results is presented. 

Comparison of rut test data with WES-based models was helpful in obtaining necessary 

knowledge to proceed with the project. The full scale test was conducted some time before the 

thesis work began, so that the knowledge about the test was entirely based on the available test 

data. Some of the test data (ground pressure at 30 cm depth) appeared to be unrealistic, thus 

further studies need to be done to identify the actual behaviour. The number of test cases was 

adequate for a comparison, whereas to formulate new model/constants, more test cases need to 

be performed. To obtain best fitting curves, only MATLAB nonlinear regression analysis was 

used but more advanced statistical methods may be available for better estimates.  

Contribution of roots layers to bearing capacity was studied through an extensive literature 

research. Literature about root mechanisms was not available in plenty. One author (Cofie, 2001) 

suggests an FEM simulation because the root layer behaviour under soil is too complex to model 

analytically.  

At the inception, tire-soil interaction model for multi-body simulation was intended to be 

developed through a separate sub-routine to Adams for WES-method. Related study on it took 

the most of the time of the project. Without a prior knowledge on FORTRAN programming and 

its related architecture, developing a subroutine appeared to be infeasible during the allocated 

time. Instead, Adams built-in soil road model was used and compared with WES-method. 

Although the Adams soil road model is suitable to predict the mobility of vehicle and 

trafficability of soil, appropriateness for vibration and ride comfort analysis is doubtful. This 

provides a clue that, a subroutine for WES-method may also not be best suited for ride comfort 

analysis unless it is associated with a very complex tire model like FTire. FTire cannot be 

incorporated to Adams subroutines, but Cosin software has their own provision to develop user 

written road models.  

6.2 Overall Conclusion 

The following presents the conclusions drawn from the project.  

The rut test data can be related to WES-based terrain interaction models.  

Chapter 3 is dedicated to this task. The test data did not match very well with existing models for 

reasons such as; developed models are vehicle specific and soil condition specific. However the 

data did not deviate too much from the existing WES models. Multi-pass coefficients values 

were within the range After Abebe recommended for soft soil. Existing models can be made 

consistent with test data by changing constants, however for better accuracy more test data are in 

demand.  

The models with modified parameters (table 4) can better estimate rut depth values associated 

with similar types of machines (Rottne F13s and Valmet 860 with no load) and the soil. From the 
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original models, estimated values using Maclaurin’s method have close similarity to first wheel 

pass rut depth data. After Abebe’s model can be used to estimate multi-pass rut depths.  

Different contact pressure models gave different pressure levels proving a clue that a large sum 

of test data is needed to conclude with useful models for forestry applications.  

Increase in bearing capacity can be better estimated from the analytical models 

Chapter 4 deals with this task. The proposed models show that estimation of bearing capacity 

increase is possible with analytical models. Selection of parameter values has a great influence 

on results. The models need to be verified either with test data or simulation for accuracy. Root 

failure mechanism under wheel load should be further studied.  

Adams tire-soil interaction model better estimates vehicle performance, ride comfort and 

terrain damage 

Chapter 5 is associated with this task. A few parameters (i.e. Rut depth (soil plastic deformation), 

tire deflection and ground pressure were compared with WES-method and test results. The 

model can estimate vehicle performance and terrain damage with a better accuracy and its 

suitability for ride comfort analysis needs to be verified.  
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7  RECOMMENDATIONS AND FUTURE WORK 

 

 

7.1 Recommendations 

Comparison of test data 

The number of test cases seemed to be inadequate to conclude with better results. Testing with 

physical machines is very expensive and time consuming thus need to be confined to a minimum 

as possible. The tread pattern and lug/groove depth might have greatly influenced rut depth 

values. Therefore it will be beneficial to test effects from lugs. A single wheel tester can be used 

in this regard. 

For any future work in comparison with WES based models, it is strongly recommended to use 

all the recommended models. Each model has been formulated basing on large sum of data, thus 

they cannot be considered worthless. However care needs to be taken to select models which 

have similar test conditions with test data. Especially to analyse contact pressure, it is advisable 

to obtain as many data as possible while changing all the parameters which could have an 

influence on pressure. As mentioned in section 3.5.3, regression analysis can be used to change 

constants in existing models to make them consistent with test data.  

Tree roots analysis  

A numerical/simulation model that describes the problem is strongly recommended. Also 

physical test data of behaviour of root layer must also be obtained. To obtain root property data, 

an appropriate test method needs be established. However, prediction of root layer behaviour 

through behaviour of individual roots may not be accurate. The roots layer has a complex 

behaviour under soil. Although how precise the used model is, the bearing capacity can only be 

roughly estimated due to the fact the roots distribution is extremely diverse under soil. Therefore 

a model which accounts for few parameters is suitable for such predictions. An empirical 

method, based on root density, average root diameter or thickness of root layer, distance below 

the ground and etc., would an ideal solution in this regard.  

Adams tire-soil interaction model  

Dr. Michael Gipser, the founder of Cosin Scientific Software recently confirmed that, FTire is 

now equipped with efficient soft soil model based on Bekker’s tire model and several widely 

used terramechanical models. Also a program interface to connect user written tire models. Use 

of this package would be the best solution to obtain accurate results. Whereby, WES-based 

models can be incorporated into FTire. This model needs to be purchased separately from Cosin 

Software. Furthermore, FTire has another alternative soft soil model with similar complexity to 

Bekker’s equation based model. However it is a mathematical model which demands soil 

mechanical properties such as stiffness and E modulus. Finding accurate values for such 

parameters may be difficult.    
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7.2 Future work 

The future work described here are based on the recommendations made in the previous section 

and are briefly described as follows, 

Verification of rut test data  

The cause for large increase in ground pressure at 30 cm below the ground level needs to be 

studied. The rut depths were analysed on for wheel equipped machine travels, so the test data of 

band track equipped vehicles need to be compared using corresponding WES-based methods. 

The test data used in the analysis seems to be incomplete, so that the same work to be carried out 

on missing sections if found.  

Tree root analysis 

The models can be further developed for better accuracy either by comparing with existing 

theories or using test data. To obtain root property data, an appropriate test method needs be 

defined. A development of a simulation model will also be beneficial. Also, as explained in the 

previous section, an empirical model with easily measurable parameters can be developed for 

wide use.   

Adams tire-soil interaction model  

The developed model needs to be verified against physical data for model’s accuracy on rough 

terrain and also for its suitability for ride comfort analysis. Parameters of Nordic soils, required 

for Bekker’s tire model were not found in referenced literature, so that model needs to run with 

those parameters values for better results. If the model finds unsuitable for ride comfort analysis, 

use of FTire with FTire-soft soil model based on either Bekker’s equations or user developed 

WES-based model is strongly recommended.  
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APPENDIX A: FIELD TEST ANALYSIS   

A.1 Penetration resistance – Valmet 860 (with wheels) 

  

  

Figure 44. Penetration resistance - Valmet 860 with different tire pressure and load cases 

A.2 Rut depth data used in the analysis 

Table 6. Rut depth (cm) values used in the analysis, track descriptions are according to table 3.  

Track Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 8 Pass 10 

1 2.38 3.41 3.72 4.13 4.44 4.97 5.28 

2 3.31 4.5 5.34 5.97 6.66 8.31 9.41 

3 1.88 2.44 2.84 3.47 4.41 5.44 6.25 

4 4.95 6.80 8.40 9.75 10.75 13.15 15.51 

5 2.85 4.35 5.35 6.35 7.00 8.15 9.00 

6 5.43 6.73 7.98 9.18 9.88 12.43 13.83 

7 2.78 3.69 4.25 5.03 5.44 6.78 7.63 

8 3.00 4.94 5.28 5.84 6.38 7.69 8.84 

9 3.63 5.56 6.44 7.41 8.34 11.25 13.5 

10 2.22 2.81 3.81 4.22 4.19 4.84 5.06 

11 5.10 6.75 8.55 9.40 10.5 9.15 15.13 

12 3.05 3.90 4.20 5.05 5.40 7.05 8.22 
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A.3 Example MATLAB code for regression analysis 
 

r_1=[2.38 3.41 3.72 4.13 4.44 4.97 5.28]./100; % straight unloaded (450 kPa) 
A1=[1 2 3 4 5 8 10]; % vehicle passes 

  
mdl_1 = @(a,n)(r_1(1).*n.^(1/a(1))); 

  
a1 = 2; 
[ahat_1,r,J,cov,mse] = nlinfit(A1,r_1,mdl_1,a1); 

  
disp(ahat_1); 
xrange = min(A1):.01:max(A1); 

  
figure (1) 
hold on 
scatter(A1,r_1) 
plot(xrange,mdl_1(ahat_1,xrange),'r') 
hold off 
title('Rottne F13 - straight unloaded, 450 kPa') 
xlabel('Number of vehicle passes') 
ylabel('Rut depth (m)' 

A.4 Contact pressure models 
 

Table 7. Contact pressure models used in section 3.5.4 (from Saarilahti 2002, Appendix Report 5), the notation is as 

same in section 3.  

Reference Equation Remarks  
NA W

P
A

  
Actual contact pressure 

based on measured 

contact area 

A = contact area 

Nominal Ground 

pressure 
.

W
NGP

b r
  

- 

Combined Swedish 

formula 
1.235

1.02

c

c

c c

l r

b b

W
P

l b

 

 




 

- 

Ground pressure index 

0.8 0.8 0.4

W
P

b d 


 
 

GPI based on Maclaurin’s 

limiting cone index 

method.  

Schwanghart (1990) 45 0.32 iP P     

Komandi 

(1990) 
0.7

0.45

i

b
c W

d
A

P

 

  

Constant c=0.31 for rather 

bearing soil. When use 

value for sandy field i.e. 

0.37 the value gets closer 

to the actual.  

 1.11 iP P   N/A 

Grecenko (1995) A c d b    Constant c=0.245 for 

flexible tire (20% 

deformation), soft ground 
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Godbole et al. (1993) 

0.79

0.54 i

A d h

P d h
h

W

 





   

  
   

 

 

In the model, h=b;  

Dwyer’s (1984) ground 

pressure index 1
2

W h b
G

b d d

 
  

  
 

G is ground pressure 

index, which is basically 

the ground pressure 

Ziani and Biarez 

(1990) 
4

2 (2 )

2. .(2 )

c c

c

c b

A b l

l z r z

b z r z


  

    

  

 

r is longitudinal tire radius 

while rb is tire transversal 

radius (m).  

Febo (1987) 

 

4

2

1 exp

c c

j

c

k

c w

A l b

l d

b b 





 

  

 

  

 

j for forestry tire 0.44 

k for forestry tire 33 

k for high inflation 

pressure forestry tire 36 

δ from equation 4.3 

Steiner (1979) 

Cross ply tire 
112.8 0.665

0.88 40.0

m iP P

W d

  

   
 

Pm average contact 

pressure kPa 

Keen and Craddock 

(1997) 
2.9cl

W
P

b





 




 

δ from equation 4.3 

Keen and Craddock 

(1997) 
 

0.78

(2 ) 29. )

rutA b

z r z  

  

     
 

brut assumed to be same as 

contact width b.  

Zeisak and Metthies 

(2001) 

 

 

 

 

2

2

2
2

. .
3947 0.000452.

4239
29.4 ln 253.3

9.81

1149.5
2911.8 ln 1000

1.295
1807 0.009

7117.3 1144.4
440.6 ln

2.26
3845 ln 1000

1000

1000
500 1000

2

i
c

i

W PR P
P

b d

W
d

P

b
b

W
b d W

b d

PR
PR h

b
h

d
d h

  


 
     

 

   


     



   


   

  
     
 


 
 

 

PR ply rating not known 

The equation implies that 

soil pressure under 

deformable tire is not 

uniform so it cannot be 

calculated simply by 

dividing the wheel load 

by the observed contact 

area. 

Boling (1985) 40c ip P   Contact pressure based on 

inflation pressure 

Söhne (1969) 2A b d z    Tire sinkage from 

Maclaurin’s equation.  

Rowland (1972) 

For conventional tire in 

moist clay soils. 

3.3

2

TWW
MMP

m b d
h






  

 
- 
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Rowland (1972) 

Cross-country tires 
0.5

2

TWW
MMP

m b d 


  
 

- 

Rowland (1972) 

Wheels on fine-grained 

cohesive vehicles 

1

0.85 1.152

TWK W
MMP

m b d
h






  

 
 

K1  4.1 for 4 axle all 

wheel drive vehicle 

Rowland (1972) 

Wheeled vehicle on 

coarse grained soils 

(sands, frictional soils) 

1.3

1.5 1.52

TWS T W
MMP

m b d
d



 


   

 
Constant S for all wheel 

drive 0.31 

Constant T, Tire tread 

factor for earth mover 

tread 3.3 

Silversides and 

Sunberg (1989) and 

Kemp (1990) 

0.9

i

W
A

P


  

- 

Krick (1969) 8A h    - 

Krick (1969) 0.8

25.3 ip
A h d b

W

 

      
 

 

- 
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APPENDIX B: TREE ROOTS & SOIL PARAMETERS 

B.1 Terrain Values 

Table 8. Soil parameters 

Soil Type Soil parameters Source 

Wageningen Slity 

clay loam 

E-modulus, Esoil 

2.2 MPa 

Cofie (2001), originally 

Koolen and Van den 

Akker (2000) 

Table 9. Terrain values, source Wong (2008), values associated with section 5.5 are in bold 

 

Moisture 

Content 

(%) 

Friction 

Angle  

(ϕ)(rad) 

Cohesion 

Stress (c) 

(Nm
-2

) 

Pressure 

Sinkage 

(KC) 

N/m
(n+1)

 

Pressure 

Sinkage 

(Kϕ) 

N/m
(n+2)

 

Sinkage 

Exponent 

(n) 

Default in 

Adams 
 0.649 800 1.37E+03 8.14E+05 1 

Sandy Loam 
15 29 1.72E+03 5.27E+03 1.52E+06 0.7 

22 38 1.38E+03 2.56E+03 4.31E+04 0.2 

(Strong 

Buchele) 

11 20 4.83E+03 5.25E+04 1.13E+06 0.9 

23 35 9.65E+03 1.14E+04 8.09E+05 0.4 

Sandy Loam 

(Hanamoto) 

26 22 1.38E+04 2.79E+03 1.41E+05 0.3 

32 11 5.17E+03 7.70E+02 5.19E+04 0.5 

Upland 

Sandy Loam 

(Wong) 
51 33.7 3.30E+03 7.46E+04 2.08E+06 1.1 

Rubicon 

Sandy Loam 

(Wong) 
43 29.8 3.70E+03 6.90E+03 7.52E+05 0.66 

North 

Glower 

clayey loam 

46 26.6 6.10E+03 4.16E+04 2.47E+06 0.73 

Grenville 

loam 
24 29.8 3.10E+03 6.00E+01 5.88E+06 1.01 

B.2 Root Properties 

Table 10. Root mechanical properties used in analysis 

Property Value Source 

Young’s Modulus 

(Eroots) 

2.76 x 10
8
 Nm

-2 

3.523 x 10
8
 Nm

-2
 

Kazutoki & Ziemer 1991 

Cofie 2001 

Root diameter 8.7 mm - 

Coefficient b 0.126 cm
-1

 Kazutoki & Ziemer 1991 

Distance from ground 

to root layer 

0.1m-0.2m - 
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APPENDIX C: TIRE-SOIL INTERACTION MODEL  

C.1 Torque function 

If  XD < 60 m (longitudinal displacement) 

 T=2900 Nm 

Else 

 If  XV < target speed  

  T=2000 Nm 

 Else 

  T=-1000 Nm 

End 

Target speed = 1.11ms
-1

 

C.2 Random terrain properties  

 

 Figure 45. Random terrain dimensions  
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C.3 Valmet 860.3 results 

 

Figure 46. Vertical forces on wheels which are equal to wheel loads (on flat terrain), force on wheel on left side 

 

Figure 47. Rut depths of each wheel on left side (on flat terrain) 

 

Figure 48. Rut depth of aft bogie-aft wheel on left side (on steep terrain) 
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Figure 49. Vertical acceleration on front wagon (on flat terrain) 


