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Sammanfattning 
Tunga skogsmaskiner har stor omedelbar effekt på markens egenskaper. Detta ökar intresset för 

att utveckla strategier som underlättar förståelsen av samverkan mellan skogsmaskiner och 

terrängen och därmed utveckla framdrivning av dessa maskiner som är skonsam mot miljön. 

De dominerande indikationerna på markstörningar orsakade av hjulbaserade skogsmaskiner är 

främst spårbildning och jordkompaktering. Det är viktigt att förstå och utvärdera dessa skador 

för att kunna skydda de kvarvarande träden och förbättra deras tillväxt. 

Att förstå markens bärighet och samspelet mellan däck och mark är de viktigaste frågorna för att 

utveckla skogsmaskiner som skonar terrängen. Det första steget för att uppnå detta mål är att 

jämföra spårdjup vilka är framtagna med empiriska modeller med data för spårdjup från ett 

fullskaligt fälttest, där de modeller som lämpar sig för att förutsäga spårdjup är beskrivna. 

Trädrötter förstärker skogsmarken och ökar avsevärt jordens bärighet. Bidraget från rotlagret till 

jordens bärförmåga beror på antalet rötter, deras diameter samt rötternas orientering och deras 

mekaniska egenskaper. 

För att förbättra modellen för rötternas mekaniska egenskaper har rotböjning och rottöjning 

studerats i ett laboratorietest och vidare jämförts med FEM-baserade resultat. Den befintliga 

MBS modellen av skotaren Valmet 860.3 har slutligen används för att studera lämpligheten av 

modellen för att förutsäga spårdjup. En jämförelse mellan flera olika metoder för att förutsäga 

spårdjup visas också. 

 

Nyckelord: Bärkraft, rotförstärkning, skjuvtest, COMSOL Multiphysics, Bekker 
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Abstract 
Heavy forestry machines have great immediate effect on soil properties. This increases the 

interest to develop approaches that help understanding better the interaction between the forest 

machines and the terrain and consequently develop the forwarders to be gentle to the 

environment.  

The most predominant indications of soil disturbances caused by harvesting are mainly rutting 

and soil compaction. It is critical to understand and evaluate these damages to be able to protect 

the remaining trees and improve their tree growth rate.  

Comprehending the bearing capacity of the soil and the interaction between tire and soil are the 

key issues to develop forest machines that preserve the terrain. The first step to accomplish this 

goal is to compare the rut depth theoretical data from empirical models with the rut depth data 

from a full scale field test, the models suitable to predict rut depth is descripted. 

Tree roots reinforce the forest floor and significantly increase the bearing capacity of the soil. 

The contribution from root layer to the soil bearing capacity depends on the number, diameter, 

orientation of the roots and their mechanical properties.  

To improve the root tensile strength model, a root bending and stretching laboratory test has 

been carry out and compared with FEM-based results. The existing Valmet 860.3 Adams MBS 

model is finally used to study the suitability of the model to predict rut depth. A comparison 

between several existing methods to predict rut depth is also shown. 

Keywords: Bearing capacity, root reinforcement, shear test, COMSOL Multiphysics, Bekker 
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NOMENCLATURE 

The abbreviations used during this report are mentioned here.  

Notations 

Symbol   Description 

A Contact Area 

a Repeatedness coefficient 

b Tire width 

c Cohesion 

d Wheel diameter 

h Section height 

kc Pressure sinkage parameter 

kφ Pressure sinkage parameter 

m Number of axles 

n Pressure sinkage parameter 

N Wheel numerics 

p Contact pressure 

Pi Tire inflation pressure 

rc Tire transversal radius 

rl Tire loaded radius 

W Wheel load 

z Sinkage 

 

Abbreviations 

ADAMS Automatic Dynamic Analysis of Mechanical Systems 

CI Cone Index 

DEM Discrete Element Method 

FEM Finite Element Method/ Finite Element Modelling 

MBS Multi Body Simulation 

MI Mobility Index 

MPC Multi-Pass Coefficient 

NGP Nominal Ground Pressure 

WES Waterways Experiment Station 

… … 
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1 INTRODUCTION 

This chapter describes the background and the purpose to the project. It also contains the 

delimitations that were made and the methods that were used to accomplish the work. 

1.1 Background 

Forests and forestry plays a vital importance for the Swedish economy. Forestry model is based 

on a sustainable development in which forest productions and environmental protection are of 

equal importance (Barklund, 2009). 

Social and economic changes has now an important role in harvesting operations, productivity 

and technology advancement in which new machine solutions have less negative impact on the 

environment are the key of the harvesting industry (Owende 2002). The environmental damages 

caused by harvesting to remaining trees, regrowth, surface covering and the soil is increasing the 

interest in developing forest management approaches gentler to the environment and better 

understanding of the interaction between the forestry machines and the terrain in the harvesting 

process. 

About 50% of the world’s wood is harvested mechanically, two mechanized methods are 

predominant; the tree-length method and the cut-to length method, CTL. The predominant 

Nordic harvesting technique is cut-to length method. CTL method is based on a two-machine 

solution; a harvester that folds branches and cut trees, and a forwarder transporting logs to a 

loading area for further transport to a processing facility. Comparing to tree-length method, the 

CTL method is more environmentally friendly, versatile and safe, however mobility using this 

method is a big constrain (Tuomo Nurminen, 2006). 

The interaction between an off-road vehicle and the terrain is difficult to model precisely, 

different empirical methods for predicting vehicle mobility has been developed to overcome this 

difficulty (Wong, 2001). In this methods the vehicle is tested at given conditions; the results are 

thereafter empirical correlated with the terrain characteristics. The most widely used empirical 

method is based on the Cone Index (a vehicle mobility index), developed by the Army 

Waterways Experiment Station (WES). 

Parametric analysis is also used to characterize the response of vehicle-terrain interaction. A 

popular technique used was developed by Bekker (Bekker, 1969). In this technique a Bevameter 

is used to measure the normal pressure distribution and shear. 

Forest floor bearing capacity is reinforced by roots. Mechanical properties of tree roots, 

morphology and distribution improve this reinforcement effects including decrease of wheel rut 

depth and rolling resistance among others (Cofie, 2001). However, this extra reinforcement 

decreases with the number of vehicle passes. Predicting the reinforcement provided by roots play 

an important role to evaluate the negative impact that forestry machines has on the environment. 

The Finite Element Method (FEM) has been used in recent years to simulate overturning 

processes in trees (Fourcaud, Ji, Zhang, & Stokes, 2007). It has the capability of modelling 

machine-terrain interaction in a very detailed manner without introducing many simplifying 

assumptions. Approaches to model the terrain behaviour under vehicular load diverse from 

elastic theory (usually used in road engineering) to plasticity theory (generally devoted for 

construction engineering). Theory of plasticity is widely used in FEM-modelling of wheel-soil 

iteration. To have a good representation of soil behaviour, it is important to formulate and 

implement the soil model using large constrains, therefore soil model using FEM programs will 

provide accurate results. (C. H. Liu, 1997)  
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Multibody Dynamics simulation software, MSC Adams can be used to describe tire-soil iteration 

forces. An advantageous using Adams comes when various models of forwarders machines need 

to be analysed against their potential damage to the soil. To predict the rut depth due to a wheel 

or vehicle pass, Adams calculations are based on Bekker’s theory. Soft soil and tire models are 

available and can be adjust to meet the purposes. 

1.2 Purpose 

The main objective of this thesis work is to contribute to the development of off-road tire-soil 

iteration by developing a model to predict root reinforcement effects on soil bearing capacity of 

forestry machines. 

The following tasks are set; 

 Analyze the results from previous calculations of rut depth and ground pressure using 

WES models of forwarder tires. 

 Compute rut depth and ground pressure using field data from penetrometer (CPT) and 
bevameter test. 

 Correlate WES and based models to find a transformation of one model into the other. 

 Measure mechanical properties of typical Nordic tree roots and how they influence soil 
reinforcement using a small scale testing device. 

 Study the shear stress reinforcement of roots using FEM. 

 Study a proper analytical solution that estimates the contribution from roots to bearing 

capacity in Swedish soil. 

 Use MSC Adams multi body simulation to implement and verify the rooted soil model. 

1.3 Delimitations 

Delimitation has been defined for this project; 

 The model will be based on soft terrain and the analysis will be limited to tires. 

 Dynamic effects have been neglected due to the low speed forest machines travel. 

 Due to the complexity of forest soil structure and shape of root the model has been 

simplify. An average number of roots per m
2
 and uniform shape has been considered. 

 The analytical model derived that estimates the reinforcement produced by roots needs to 

be coherent with the field data available and should be able to use on dynamic simulation 

of forestry vehicles. 

1.4 Method 

The method used to address this project is described as follow; the first thing was to refine the 

problem, set objectives and consider the limitations. A time chart was prepared to ensure time 

planning was followed. Beforehand an extensive literature review was conducted on different 

topics; terramechanics, soil interaction model (WES models and Becker model), tire-soil 

interaction through Finite Elements Methods, etc. 

Thereafter, comparisons between the field test data and calculations WES-based models 

conducted in previous works were analysed and rut depth and ground pressure was computed 

using field data from penetrometer (CPT) and Bevameter test. Thenceforth, WES and Becker 

models have been related; a correlation between both methods have following been evaluated. 

 



 12 

Mechanical properties of roots and the reinforcement of soil by roots were studied with the help 

of available small scale testing device. Finite element method has been used to verify the 

reinforcement of soil by roots and to evaluate the shear stress reinforcement appearing when 

roots are tested in the small scale device. The results obtained with FEM have been used to study 

the analytical equations that better suits the extra reinforcement provided by roots in the soil. 

Lastly, MSC Adams multi body simulation has been used to implement and verify the model. 

This report is the result of a master thesis work carried out at KTH (Royal Institute of 

Technology). The project was done at the department of Machine Design for KTH in 

collaboration with Skogforsk (the Forestry Research Institute of Sweden). Contact with the 

supervisor has been regularly held through meeting and emails. 
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2 FRAME OF REFERENCE 

The frame of reference contains the information needed to be able to implement the work. It 

describes all the different areas that will affect the work with bearing capacity of a forestry 

machine. 

2.1 Terramechanics 

The study of soil properties and in particular the iteration of wheels and track vehicle on various 

surfaces has grown concern to develop off-road machinery energy efficient with lower impact to 

the environment. 

Terramecanics is, in broad sense, the study of overall performance of a machine in relation to its 

operating environment, the terrain (Wong, 2010). It has two main focuses; terrain-vehicle 

mechanics and terrain-implement mechanics.  

Terrain-vehicle mechanics deals with the tractive performance of a vehicle over unprepared 

terrain while Terrain-implement mechanics is associated with the performance of terrain-

working machinery like improving the condition of soil and earthmoving equipment (Wong, 

2010). 

Terramechanics concepts can be applied to the development of vehicle concepts and 

configurations, running gears, steering and suspension system, power transmission and 

distribution and the handling the vehicle performance (Wong, 2010).  

2.2 Soil Characterization  

Forest in Sweden  

Swedish forests are primarily boreal and covered 

with a 3-10 cm thick humus layer (Wästerlund, 

1989). The total standing volume is about 3 000 

million m
3
, of which 41% is spruce/whitewood 

(Picea abies), and 40% pine/redwood (Pinus 

sylvestris). 

A sandy soil, often wet, with a low bulk density prevails. The strength of the forest floor is 

provided by the gravel and boulders, a humus layer, tree roots and ground vegetation. 

Roots reinforcement 

Tree roots have been proven to contribute to the ground bearing capacity, among its properties is 

stabilize the soil, increasing the load bearing capacity and shear resistance. 

Research has indicated that their contribution to soil reinforcement may be in the range of 50 to 

70% of the ground bearing capacity (Wästerlund, 1989). However, soil reinforcement by root 

networks diminishes with increasing number of vehicle passes (Cofie, 2001). 

Despite the fact that research work has proven roots of Picea abies and Pinus syvestries 

contribution to soil reinforcement (Wästerlund, 1989), very little seems to be known about roots 

of other types of forest ground vegetation.  

Soil damage 

The bearing capacity of soil is identified by its soil productivity, establishing and minimizing 

impacts to the soil has become an essential part to manage the sustainability of forestry 

operations. (Martin, 2011). 

Figure 1.Picea abies Figure 2.Pinus sylvestris 
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Intensive harvesting operation can diverse on impacts; root damaging, soil compaction, rutting or 

puddling are some of the negative impacts which can, in turn, affect long-term productivity. 

Root damage impedes the root growth and therefore limits the amount of soil explored by roots 

due to less favorable soil conditions (Owende, 2002). 

2.3 Tire-soil iteration models 

From the last century different methods have been develop to predict and develop the 

performance of tracked and wheeled vehicles, lots of effort has been focus to extend the 

knowledge of the mechanical properties of the interaction between the tire and the road with soil. 

There are a vast amount of studies on tire-soil interaction ranging from pure empirical through 

semi empirical till theoretical methods. When selecting a model important aspects are the 

objectives of the work and to pay attention to the limitations of the different models (Löfgren, 

1992). 

 

2.3.1 Empirical models 

Empirical models have been develop in the past to predict vehicle mobility, and circumvent the 

complexity of the interaction between tire and soil. These methods are still being used nowadays; 

the general approach is to conduct tests of a select groups of vehicles in terrains that best 

describes the operating environment (Wong, 2001).  

 

Empirical methods based on Cone Index 

The Cone penetrometer technique is a semi-empirical method developed during World War II by 

the U.S. Army Waterways experiment Station (WES) to provide the assessment of the soil 

traficcability and the vehicle mobility. 

In this method, a standard cone measures the soil penetration resistance to describe the soil 

properties. A cone penetrometer consists of a 30º circular cone with 3.23 cm
2
 base area. 

The results are identified as Cone Index (CI), parameter used as input which represents the force 

resistance into terrain penetration per unit cone base area. This method also measures the wheel 

numeric based on some tire variables to describe the wheel characteristics.  

The WES method can be extended to evaluate wheel sinkage, rut formation and soil compaction 

(Saarilahti, 2002). It is concluded that the soil strengths including shear, compression and tension 

strength vary with penetration velocity, water content, bulk density, root density, soil structure, 

and soil type (Li, 2013). 

Parametric analysis 

In 1960 Bekker (Bekker, 1960) developed a model for parametric analysis, the bevameter 

technique, to measure the normal and shear strengths of the soil to predict the vehicle mobility. 

 

Parametric analyses are based on the terrain response under loading condition and the analysis of 

the mechanics of vehicle-terrain interaction. To simulate the tire-soil interaction in the normal 

and shear direction, the bevameter is used to carry out two sets of tests: a plate penetration test 

for measuring the pressure-sinkage relationship and a shear test (Wong, 2001). 

 

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

in evaluating forestry terrain (Saarilahti, 2002). 
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2.3.4 Numerical simulation models 

The long term established empirical methods and parametric analysis may not be capable of 

giving the insights into the stress distribution in the tire-soil interface and the soil deformation at 

different depths and soil layers. Hence, computational methods based on Finite Element Method 

(FEM) and Discrete Element Method (DEM) has been widely applied to investigate tire-soil 

interaction in more detail (Li, 2013). 

Approaches to model the terrain behaviour under vehicular load diverse from elastic theory, 

usually used in road engineering, to plasticity theory, generally devoted for construction 

engineering. The theory of plasticity is widely used in FEM-modelling of wheel-soil iteration. To 

have a good representation of soil behaviour, it is important to formulate and implement the soil 

model using large constrains, therefore soil model using FEM programs will provide accurate 

results. 

Multibody simulations is a useful tool to study the dynamics of moving parts and how loads and 

forces are distributed through a system. Adams is used in this thesis to analyse the effects the 

forwarder has on the forest soil, mainly rut depth values  
MSC Adams can evaluate the dynamics of moving parts as well as finding how loads and forces are 

distributed in a body, various modules are available in Adams that helps to study more about 

vibrations, fatigue etc. (MSC Software, 2014). 
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3 DATA COLLECTION 

In this chapter is presented an analysis of the test data obtained from a full scale field test 

performed by Skogforsk in September 2011, in Tierp, Sweden. 

3.1 Introduction 

North European forest soil is very complicated with different layers, 

diverging from typical agricultural soil. 

Field tests were carried out by The Forestry Research 

Institute of Sweden, Skogforsk, and the Swedish 

University of Agricultural Sciences, SLU, Department of 

Forest Resource Management, on the last days of 

September 2011.The aim of the test was to measure the 

impact on soil by forwarders and to analyse how different 

tracks affect the results. 

In Tierp, where the test was performed, the soil consists of three 

layers. From the top to the bottom, there is peaty, sand and clay soils respectively. On top of the 

three layers the soil consisted of non-homogeneous vegetation, in particular herbs. This 

particular soil, similar to other forest soil has elastic properties.  

3.2 The forwarders 

The test was conducted to two forwarder machines Rottne F13s and Komatsu 860. They were 

tested in load and unload conditions with different tire pressure and different shaped paths 

(straight and “S” curve shaped). The main reason for testing the forwarders while driving curved 

was to estimate effects from shear in rut formations. The different configurations are mentioned 

in Table 2 below. 

Both forwarders were equipped with forestry tire Trelleborg 710/45-26.5 T428 163A8. Valmet 

860 was tested with three different pressure levels; low (270 KPa), medium (450 KPa), and a high 

(600 KPa) while Rottne only with one pressure level (450 KPa). An expert from Trelleborg 

regulated the tire pressure. 

Table 1. Forwarder parameters. 

Symbol     Unit     Description     Value     

h m Tire section height 0.333 

Pi kPa Tire inflation pressure  

rc m Tire transversal radius 0.625 

r1 m Tire loaded radius  0.625 

m N/A Number of axles 2 bogies axles 

b m Tire width 0.71 

d m Wheel diameter 1.34 

PR N/A Play rating 14-16 

 

To proceed with the experiment the first phase was to take measurements. The empty and loaded 

weights of the forwarder were measured separately by putting a scale under each wheel, the total 

weight was then obtained by compiling the weights on each wheel. A total weight of 19170 kg 

was obtained for Valmet 860 and the load used in test (75% of full loading capacity) was 10500 

kg. 

Figure 3 Soil composition of the test 

terrain 

          Peaty soil  

 
         Sandy soil 

 
           Clay soil 
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3.3 The experiments 

Different machine configurations were tested during the experiment, Table 2 below present the 

different conditions. 

Table 2. Different forwarders configurations 

Rottne 

Track Condition 

1   Rottne Straight Unloaded, 450 KPa 

2 Rottne Straight Loaded, 450 KPa  
 

3 Rottne S track Loaded Bogie, 450 KPa  
 

4 Rottne S track unloaded, 450KPa 
 

5   Rottne S track loaded, 450 KPa 

6 Rottne Straight loaded(stövare), 450 KPa  
 

Komatsu, Valmet 860 

Track Condition 

1 Komatsu Straight loaded, 450 KPa  
 

2 Komatsu Straight unloaded, 600 KPa  
 

3 Komatsu Straight loaded, 600KPa  
 

4 Komatsu Straight loaded, 270 KPa  
 

5 Komatsu S track unloaded, 600 KPa  
 

6 Komatsu S track loaded, 600 KPa  
 

 

Ground pressure measurements 

Pressure was measured by installing probes into the soil horizontally from an excavated pit with 

three sensors placed at an interval of 15cm under the ground connected directly to a PC that 

stored the measured pressure time-histories for each passage, see Figure 4. 

 

Figure 4. Pressure measurement configuration. 

In order to analyse how tire inflation pressure affects the rut depths, the Valmet 860 (unloaded 

and loaded) was tested with different pressures. 

  



 18 

 

Figure 5. Measured contact pressure values for different forwarders configurations 

From Figure 5 an increase in pressure at 30 cm below the ground can be noticed. 

Soil moisture 

The availability of water on the soil is indicated by the soil moisture and is expressed in mm of 

water depth. During the experiment, the moisture content of the soil was measured at different 

places to investigate its physical properties. From Figure 6 can be concluded that the average soil 

moisture content remains consistent between the first and last day of testing. It needs to be 

considered that the soil moisture content differed between the different test tracks. 

 

Figure 6. Soil moisture content 

The average value of moisture content was 52.7% on the first day and 51.9% on the last day. 

Soil Penetration Test 

Penetration resistance is an essential property when modelling tire-

soil iteration using WES based approach. The purpose of Soil 

Penetration Test is to find out mechanical properties of the terrain. 

During the experiment the different configurations of forwarders 

went ten times at a speed of 3km/h in the same trail. An electronic 

cone penetrometer was used to measure the cone index of each 

track before, during, and after each vehicle run, see Figure 7. 

The result obtained were cone penetration resistance before the 

first pass and after every second pass. The measurements were 
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taken from 0cm to 30cm below the surface every centimeter interval. Due to the presence of 

peaty soil at a depth of 1 cm the bearing capacity had a lowest value approximately 250 KPa. 

Recommended by Anttila in 1998 and Saarilahti in 2002 the penetration resistance measured at 

15cm has the highest predictive power, therefore this depth was used to determine the value of 

cone index taken in the following analysis. Analysing the results, see Figure 8, the cone index 

value between 5 and 15cm became quite constant obtaining nearly 1200 KPa. 

 

 

 

 

 

 

 

 

 

 

 

Rut depth measurements 

Rut depth was measured after each vehicle pass at ten points using a set of vertical metal rods as 

it can be seen in Figure 9. It was measured for both straight and along “S” curved tracks every 2 

m along 16 m in the driving direction. 

  

Figure 9. Rut depth measurements 

The rut depth values obtained during the experiment on different tracks after each pass are 

shown in Figure 10 below. 

  

Figure 10. Rut depth values 

The measured values have been obtained only for 450 and 600 KPa inflation pressure. It can be 

noted that rut depth increases when the following factors increase; the number of passes, the 

wheel load and the inflation pressure. When the measurements are taken along an “S” curved 

track there is also a significant increase of the rut depth in comparison with a straight track. 
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4 RUT DEPTH CALCULATIONS 

Ruth depth has been calculated and detailed analysed in this chapter, new models to predict rut 

depth has also been estimated here. 

4.1Introduction 

The destruction of the soil structure caused by its deformation is known as rutting. Saarilahti 

(2002) suggested, for practical purposes, similarity between sinkage and rutting; while sinkage is 

measured when the wheel in a static position loading the soil, rutting is measured at a fixed point 

in the soil after a certain pass. 

Soil/tire sinkage or rut depth models have been slightly studied in the past. Only a few authors 

have presented rut depth models based on WES-method; Rowland in 1972 was the first one 

presenting a model, others; Anttila, Rantala, Saarilahti, Gee-Glough or Maclaurin have also 

presented rut depth models (Saarilahti, Soil Interaction model, 2002). 

It is important to differentiate between single and multipass wheel models; both are used for 

forest tractors with fairly similar wheel load and size in front and rear wheels.  

4.2 WES based rut depths models 

WES based rut depths models can be find in a small amount, furthermore the majority of this 

models are based on single wheel pass. 

To find first vehicle pass, a multi pass rut depth model should be used, the forwarders on study 

have 4 wheel on each side, and hence a 4
th

 wheel pass is equal to a vehicle pass. 

Different WES models listed in Appendix A4 have been studied during this master’s thesis work. 

In order to calculate the rut depth the models need different parameters. The wheel mobility 

parameter is a dimensionless parameter used to simplify the wheel-soil interaction. 

A model to define the tire deflection has also been used, the best models for these parameters are 

also defined in Appendix A. 

For the different forwarders configurations in Table 2, a fourth wheel pass rut depth has been 

calculated for the different WES models. Figure 11 presents rut depth calculation for the 

different forwarder configurations of Valmet 860 and in Figure 12 rut depth has been plotted for 

Rottne. 
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WES based empirical models can only be applied to the specific conditions were they were 

derived. As it can be seen from the results only few models had similar conditions to Tierp. 

Saarilahti, Antilla 2, Antilla 3, Antilla 4, Antilla 6, Antilla 7 and Rantala 2 provide with the 

closest results to the rut depth closest result to the rut depth measured during the field test. 

Figure 11. Fourth wheel pass (first vehicle pass) rut depth for Valmet 480 

Figure 12. Fourth wheel pass (first vehicle pass) rut depth for Rottne 
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4.3 Adjustments of WES based rut depth models 

The WES based models evaluated in last section attempt a large potential to establish solutions 

for particular conditions. However, only some of them provided with similar rut depth results 

from the field test but not for all the forwarder configurations. Therefore, they are not suitable to 

predict Nordic rut depth values; the equation constants are specific for the condition the model 

was derived and cannot be extrapolated. 

By using non-linear least squares in the form of least squares analysis, new equation constants 

have been obtained making possible to redefine the existing models for rut depth prediction after 

the first vehicle pass in Tierp conditions. Rut depth values from of vehicle left and right side 

have been separately considered to increase the number of samples.  

 

Figure 13. Best fitting curves (a) Maclaurin 2 (b) Saarilahti 

Different models with the shape of Equation (4.1) have been redefined. The new coefficients 

obtained are presented in Table 3. 

  
b

*(a )
c

z d
N

    (4.1) 

Where, 

z is the rut depth 

a, b, c are constants 

N is the wheel numeric 

d is the wheel diameter 

Table 3. Estimated model constants 

Reference d 

Original 

 

Estimated 

 Norm of residuals 

a b c a b c 

Anttila 1 1.34 0.003 0.91 NA 0.0185 0.2401 NA 0.0037 

Anttila 2 1.34 NA 0.248 NA NA 0.21920 NA 0.0052 

Anttila 3 1 0.003 0.38 NA 0.0645 -0.319 NA 0.0035 

Anttila 4 1 0.000 0.328 NA 0.0645 -0.2522 NA 0.0035 

Anttila 5 1 0.005 1.212 NA 0.0054 0.3011 NA 0.0037 

Anttila 6 1.34 0.001 0.287 NA 0.0481 -0.238 NA 0.0033 

Anttila 7 1.34 -0.001 0.247 NA 0.0481 -0.1882 NA 0.0034 

Rantala 1 0.001 0.61 NA 0.0645 -0.2522 NA 0.0034 

Rantala 2 1 NA 0.87 1.36 NA 0.007 -0.743 0.0035 

Rantala 3 1 0.059 0.49 NA 0.0645 -0.2522 NA 0.0034 
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Rantala 4 1 NA 0.989 1.23 NA 0.007 -0.743 0.0035 

Gee-Glough
1
 1.34 0.63 0.34 NA -4 9.7274 NA 0.0048 

Saarilahti 1.34 NA 0.142 0.83 NA 0.0053 -0.7431 0.0035 

Maclaurin 1.34 NA 0.432 0.79 NA 0.0053 -0.7431 0.0035 

Maclaurin 2 1.34 NA 0.108 1.25 NA 0.0032 -0.584 0.0033 

Maclaurin 3 1.34 NA 0.224 0.76 NA 0.0053 -0.7431 0.0035 

 

For the adjusted models, rut depth have been plotted and compared with the test data. Figure 14 

and Figure 15 present a comparison between the new rut depth results and the test data. 

An example of the Matlab code used for the adjustment can be found in Appendix A6. 

 

 

Figure 14. Rut depth comparison after non-linear least squares adjustment for Valmet  

 

                                                 
1
 Gee Glough does not present the shape of Equation (4.1). 
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Figure 15. Rut depth comparison after non-linear least squares adjustment for Rottne 

Analysing the results need to be remarked that the rut depth from different forwarder 

configurations change significantly. Nevertheless, after the non-linear least squares adjustment, 

the new model predict the rut depth with higher accuracy.  

4.4 Multipass rut depth models 

Rutting is developed in the terrain as a function of the number of passes depending on the 

vehicle configuration. Most of the WES models have been developed for a single vehicle pass 

but it is questionable how these models fit rut depth created in forestry transportation when a 

forwarder travels unloaded and returns loaded. On multipass models the bearing capacity of the 

soil has to be considered, when a wheel passes the bearing capacity increases and as a 

consequence the rut depth increase will be smaller. 

Hardly any authors have published models based on multi-pass behaviour (Saarilahti, Mulari, & 

Rantala). 

Scholander (1974) was one of the pioneers publishing multi-pass models. Tearing strength 

measures of several forest soils was used on his studies to find a general equation for the 

settlement during the load test. 

 
1

1
a

nS S n    (4.2) 

Where, 

 a is the repeatedness coefficient and depends on soil properties 

 n is the number of cycles 

 S1 is the settlement after the 1
st
 loading cycle, [m] 

 Sn is the settlement after the n loading cycle, [m] 

Afterwards Abebe (1989) introduced a multi-pass model for sinkage, related to Scholander’s 

model but replacing the terms settlement and repeatedness wit “sinkage” and “multipass”. 

 
1

1
a

Nz z n    (4.3) 
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Where, 

 a is multi-pass coefficient and depends on soil properties and terrain. 

 n is the ordinary number of passes 

 z1 is the sinkage after first pass, [m] 

 zn is the sinkage after pass N, [m] 

The coefficient a is recommended to be between 2 to 3 for loose soil and it can be calculated 

from empirical data matrix  

 
j i

ln(j) ln(i)

ln(z ) ln(z )
a





  (4.4) 

Freitag (1965) concluded the following model established for soft soil  

  
0.5

2 2

1 2z z z    (4.5) 

Based on Dwyer et al.’s (1977) second pass rolling resistance model and in the assumption that 

rut depth is rolling resistance coefficient to a certain power, α, the following multipass model 

was constructed (Dwyer, Comely, & Evernden, 1975) 
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  (4.6) 

Where, 

 a is the multipass coefficient 

 z1 is the rut depth after 1
st
 pass, [m] 

 α is the rolling resistance to rut depth conversion coefficient (α=1.25 from McLaurin’s 

data) 

 NCI is the wheel numeric 

Multicycle rut depth 

In forestry transportation, forwarders travel unloaded and return loaded; multiclycle models has 

to be considered. 

Different authors have studied multiclycle coefficient, measuring rut depth after different 

forwarders cycles a coefficient obtaining a coefficient based on a wheel numeric. Table 4 below 

presents different multicycle coefficients. 

Table 4. Multicycle coefficients 

Author Model 

Anttila (1998) 0.71.5 CIa N   

Rummukainen &Ala-Ilomäki (1988) 0.332 CIa N    

Rummukainen &Ala-Ilomäki (1988) 0.3 Na C    

Testing different multipass/multicycle models 

In the field test in Tierp, rut depth was measured in a point after the entire vehicle had passed, 

the measurements were taken every forwarder pass and for 10 forwarder passes. 

Figure 16 below presents rut depth data obtained in Tierp 2011 field test for different forwarders 

configurations, both for Rottne and Valmet at different number of passes. 
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The legend, on the left of the page shows the different curves on Figure 16 

belong to different forwarder configurations stated in Table 2. 

Multi-pass models assume that wheel loads remain constant for each wheel pass, 

therefore an average value of wheel loads have been used for our tested 

forwarders. 

Abebe multi pass model for sinkage has been applied and the results have been 

compared with the field data to test the validity of the model to predict rut depth. Different 

multipass and multicycle coefficients has also been tested and compared with the field data.  

Rut depth for different passes has been calculated using different coefficients; Table 5 presents 

the results obtained for the coefficient of different forwarder configurations. 

Table 5. Multipass and multicycle coefficients 

Author Coefficent Value  

Valmet Rottne 

Forw. Config. 1 2 3 4 5 6 1 2 3 4 5 6 

Abebe(1989) 2.5 1.6 -3.2 0 2.5 2.4 2.7 1.9 1.7 1.7 2.2 1.6 

Dwyer (1975) -1.3 -2 -1.5 -1.7 -1.5 -2 -1.5 -1.8 -1.8 -1.5 -1.8 -1.8 

Anttila (1998) 8.6 6.1 7.5 6.9 7.5 6.1 7.7 6.5 6.5 7.7 6.5 6.5 

Rummukainen   

&Ala-I.  

4.6 3.9 4.3 4.1 4.3 3.9 4.3 4 4 4.3 4 4 

Rummukainen   

&Ala-I.  

7.1 6.2 6.2 6.2 6.2 6.2 7.1 6.3 6.3 7.1 6.3 6.3 

The results after plotting different coefficients show that the best prediction is given by Abebe 

multipass coefficient. In 

Figure 16. Field test data for different configurations 
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Figure 17, the field data curves have been plotted and compared with the sinkage results for 

Abebe´s model using Abebe´s coefficient (scattered data in the plots). 

Figure 17. Ruth depth from Abebe multipass model 

The legend, on the left shows the different forwarder configuration stated in Table 2 

used for the comparison in Figure 17. 

Rut depth calculations using Abebe multipass coefficient shows a correlation with 

certain dispersion between the model and the field data; this model predicts fairly 

accurate results for the Rottne different forwarder configurations. In the case of 

Valme, the model resulted in less precise results and incoherent for the third 

configuration (S track Loaded Bogie). 

Abebe multi pass model for sinkage was also plotted using other coefficients; for 

Dwyer coefficient the outcome was incoherent. For Anttila and Rummukainen &Ala-Ilomäki 

coefficients the results were inaccurate for the lasts forwarder passes. 

MATLAB nonlinear regression analysis has been performed to analyse if improved coefficients 

can be calculated to find a more precise fitted curve for our field data with Abebe multipass 

model for sinkage. Table 6 present the estimated coefficients. 

Table 6. Estimated parameters from MATLAB non liner regression 

 Rottne Valmet 

Configuration 1 2 3 4 5 6 1 2 3 4 5 6 

Coefficient, a 2.8 1.6 1.2 1.6 1.2 2.6 1.7 1.3 2.9 2 1.9 1.2 
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In Figure 18 below, the field data has been plotted for all forwarders configuration (scattered 

points) together with the fitted curves obtained from Abebe multipass model using the estimated 

parameters. 

From the results, it can be perceived that estimated coefficients produces a better fitted curve for 

Valmet configurations, in case of Rottne both Abebe and estimated parameter give good results 

for most of the configuration; the estimated parameters give lower dispersion and improve 

results for the third configuration (Rottne S track Loaded Bogie). 

 

 

4.5 Changes on Cone Index after different number of passes 

For the different rut depth models studied until now, an average value of Cone Index from a 

Cone Penetrometer field test performed in Tierp 2011 has been taken into account, but 

cumulative rut depth and soil properties are affected by multiple passes. Cone Index increases 

with an increase of bulk density and greater soil depth, therefore it should be revised after each 

wheel passage (Akay, 2006). 

Brixius in (Brixius, 1988) developed an equation that considers the difference in cone index after 

each tire pass, applicable only for compacted soils where water does not decrease the soil 

strength. 
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Where, 

 ACI is the Cone Index after pass 

 BCI is the Cone Index before pass 

 Bn in the mobility number 

 δ is the tire deflection 

 h is the tire section height 

 d is the tire diameter 

This method was tried for Rottne and Kotmatsu considering only configuration with straight 

tracks as it cannot be applied for S tracks. Rut depth was calculated by modifying the cone Index 

after each pass; the ration of Cone Index before and after tire pass was applied to the calculations 

Figure 18.Scattered plot field rut depth data &fitted curve from Abebe’s model using estimated parameters 
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considering that during the field the rut depth was measured after the fourth wheel pass. 

Adjusted WES based rut depth models were compared to see in which methods the changed soil 

conditions can be taken in account. 

The results from the models that can consider this difference in cone index for the first 

configuration of forwarders can be found in Appendix B2. Figure 19 shows the model which 

give the best fitting with the test data. 

 

 

Figure 19.Rut depth comparisons with the field test data. 

Closest results to the test rut depth date have been accomplished for the following modified WES 

based methods; Antilla 3, Antilla 4, Antilla 6. 

4.6 Rut depth from semi empirical method 

According to (Löfgren, Spårdjupsprov Tierp, 1990) different tests were carried out in Tierp in 

1989 among them a Bevameter test. 

The bevameter test was accomplished according to Bevameter method; it consists of two 

separate cylinders and a Bevameter tests. The method consist of two separate tests: the first one 

is a test for measuring the pressure-sinkage relationship, and the second is a simulated shear test. 

Table 7 present results for Bekker’s soil parameter obtained during the Bevameter test. 

Table 7. Bekker's soil parameters 

Number of samples kc kφ n 

10 372.686 1671.502 1.04 

37 23.3 314.2 0.16 
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47 33.7 433.6 0.38 

Total average values 162.73 577.32 0.53 

Average 1 values 232.46 708.9 0.72 

 

The total average values was calculated using the results obtained for three different number of 

samples. An average 1 vale was calculated using only the results obtained for 10 and 47 number 

of samples. 

Over the years, the ground parameters change insignificantly; remaining the same in the same 

field test. Thereby, Bekker’s soil parameters (cohesive modulus of deformation; kc, friction modulus 

of deformation; kφ, and sinkage exponent; n) will be taken from the field test from 1989 and will be 

used to calculate rut depth for Valmet 860 and Rottne forwarders used on the field test from 2011. 

 

 nck
p k z

b


 
   
 

  (4.9) 

Where, 

p is the contact pressure 

kc, kφ and n are the soil parameter  

b is the wheel width 

z is the sinkage 

In order to calculate the rut depth from Equation (4.9) it was necessary to calculate tire-soil contact 

pressure different forwarder configurations of Rottne and Valmet 860. 

Contact pressure 

Ground pressure models were collected from Saarilahti´s (2002) publication on tire-soil iteration 

models and compared with values obtained in the field test at a depth of 15 cm. For contact pressure 

calculations only straight track forwarders configuration were considered, Table 8 shows the 

configurations examined. 

Table 8. Different forwarder configurations used on contact pressures calculations 

Track Condition 

1   Rottne Straight Unloaded, 450 KPa 

2 Rottne Straight Loaded, 450 KPa  
 

3 Komatsu Straight loaded, 450 KPa  
 

4 Komatsu Straight loaded, 600 KPa  
 

5 Komatsu Straight unloaded, 600KPa  
 

6 Komatsu Straight loaded, 270 KPa  
 

 

For those models in which only contact area is formulated, the contact pressure has been obtained 

dividing wheel load by the contact area. Being consistent with results obtained on previous master 

thesis on soil-wheel iteration (Wijekoon (2012) and Prakash (2014)), only those models providing 

results near to the measured pressure have been evaluated. Table in appendix A5 comprises these 

ground pressure models. 

The contact pressure was also obtained from contact area measured on the field test 2011 divided by 

wheel load (average of each forwarder’s wheel load measured on the field test).Afterwards it was 

compared with the models and contact pressures measured on the field test.  
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Figure 20. Contact pressure comparison between measured values and different models 

From Figure 20 can be appreciated that ground pressures calculations using measured or computed 

contact areas provide an estimated average ground pressure. The reality shows that ground pressure 

is not evenly distributed along the contact patch. Rowland’s (1972) methods to obtained ground 

pressure are the most appropriated to evaluate damages on the soil as can be seen on Figure 20. 

Saarilahti (2002) also suggested Rowland’s (1972) methods as the most suited ones. 

Rut depth results 

For different number of samples Bekker’s soil parameter were obtained (Table 7), using 

Equation(4.9), the contact pressures have been plot as function of rut depth. 

 

Figure 21. Contact pressure for different rut depth using different Bekker's soil parameters.  

In Figure 22, the total average parameters were used to calculate rut depth using different contact 

pressure calculation results for the different forwarder configuration in Table 8 and compared 

with the field rut depth data.  
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Figure 22. Rut depth from Bekker's equation using different contact pressure using total average  Bekker’s soil 

parameters 

Rut depth has also calculated for average 1 Bekker’s soil parameters (Table 7) as this soil 

parameters are closest to the parameter for soft soil by different authors.  

 

Figure 23. Rut depth from Bekker's equation using different contact pressure using average 1 Bekker’s soil 

parameters 

Figure 23 shows good accuracy for the rut depth calculated using Bekker equation when the 

pressure contact is calculated from measured contact area. Similar values to the field test data 

has also been obtained using Nominal Ground Pressure and Ground pressure index methods to 

calculate the pressure. 

4.7 Correlation between WES and Bevameter model 

A good estimation of one forwarder pass rut depth have been obtained using (Raymond, Ezzat, 

& Nicolas, 1984) model, equation(4.10). 
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A comparison has been plotted below in Figure 24 between the field test rut depth and the values 

obtained using this model. 

 

Figure 24. One forwarder pass rut depth comparison between the test data and Raymond, Ezzat and Nicolas model. 

The results show a good estimation of rut depth in most of the forwarder configurations for one 

wheel pass. This method to correlate WES and Bevameter model should be further study to 

incorporate a multipass model. 
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5 ROOT ANALYSIS 

This chapter presents a study performed to predict tree contribution to the soil bearing capacity 

from roots and to analyse the soil shear stress for wheeled ground vehicles on soft rooted soil. 

5.1 Introduction 

Different soil disturbances are caused by harvesting, reducing tree growth rate through their 

influence on soil physical, chemical and biological properties; soil compaction, removal and 

rutting are only some of them (Miller, Colbert, & Morris, 2004). Heavy equipment produces 

immediate effects on soil properties such as an increase of soil resistance, penetration or a 

reduction of soil porosity. Furthermore harvesting is followed by long term effects on soil 

processes; changes on moisture and aeration that influence the strength properties of roots and 

reduce tree growth rate. Up to a growth reduction of 30% during the following 5 years appears in 

trees standing near the rut formation, especially Norway spruce trees with their shallow root 

system (Wästerlund I. , 1983). 

Roots play a vital role on plants and soil mechanical properties. Studies have shown that roots 

contribute to the bearing capacity of soils, decreasing rut depth caused by harvesting operations 

(Cofie, 2001); however very little is available root behaviour. Despite the belief that plants 

respond to mechanical stimulation, studies on the effects of such stimulation on root growth are 

not abundant (Di Iorio, Lasserre, Scippa, & Chiatante, 2004). 

5.2 Root properties 

Tree roots are complex due to different root types, soil and site conditions. A typical Swedish 

forest soil is podzolised; often wet sandy soil covered with humus layer (Wästerlund I. , 1989). 

Tree roots are classified into three system groups depending on their morphological character; 

heart, plate and tap systems. Plate systems have large lateral roots, heard system has many 

horizontal, oblique and vertical roots and tap system have one central long root. Most Nordic 

roots are found in the heard and plate system where the total number of tree roots may be 60-120 

roots m
-2

. Around 70% of these roots are found in the humus layer and less than 7% of them are 

larger than 10 mm in diameter (Wästerlund I. , 1989). 

The reinforcement provided by roots on forest soils is crucial to model the bearing capacity. 

Root tensile strength as well as the quantity and distribution of roots have a large importance on 

shear resistance of root-permeated soil. Tensile strength of roots has a vast variation reported 

from thousands to millions of MPa; this wide range is connected to factors like local 

environment, species, season, orientation and root diameter (Abdi, o.a., 2010). Lindström & 

Rune (1999) have found that the resistance to tensile failure of roots depends on the mode of 

planting, also many authors have found that the tensile strength of the plant root decreases with 

the increase in root diameter, following a power law equation (Bischetti G. , o.a., 2005). 

Theories and empirical models 

To better understand the root reinforcement of soils and the contributions of roots to slope 

stability, necessary investigations have been carry out during lasts decades including modelling 

of root-fiber soil interaction, laboratory testing of fiber/soil composites, and in-situ shear test of 

root-permeated soils (Gray & Barket, 2004). 

Root shear stress have been measured by a number of different researchers; Burroughs and 

Thomas 1977; Ziemer and Swantson 1977 analysed slope stability using root tensile strength or 

the force required to pull roots from the soil, Tsukamoto 1987 (Abe & Ziemer, 1991).Particularly 

Wu (Wu, 1976) and Waldron (Waldron, 1977) based their studies on the idea that the 
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reinforcement of soil can be modelled as a composite material with high tensile strength fibers 

embedded in a matrix of lower tensile strength. This model established the capability of Mohr-

Coulomb failure criterion to evaluated mechanical properties of a soil. 

 tanc      (5.1) 

Mohr-Coulomb failure criterion (equation(5.1)) was developed into equation(5.2) introducing the 

contributions from roots as cohesive and frictional forces. 

 tanrS c S       (5.2) 

Where, 

Sr is the shear resistance of rooted soil (Pa) 

ΔS is the contribution of roots to soil shear resistance (Pa) 

c is the soil cohesion coefficient (Pa) 

σ is the normal stress (Pa) 

  is the angle of internal friction of the soil (degrees) 

 

In their model, the simulations were based on an idealized situation with a vertical root crossing 

a potential sliding surface in a sloped terrain (shown in Figure 25). 

 

Figure 25.Root reinforcement model by Waldron (1977) 

When an extension x appears, a tangential friction τ is generated.  

The average tensile stress in the model, Tn is composed of an horizontal component τr that 

increases the shear stress and a normal component σr that contributes to the normal stress. 

The average tensile stress is determined by equation(5.3), multiplying the average tensile stress 

of root by the root area ratio, RAR. 
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Moreover, assuming that the angle of root deformation is given by θ, the contribution from roots 

to the shear strength is given by equation(5.4). 

 

 
 tan sin cos tanr r nS T

S T RAR

     



       

   
  (5.4) 

Where, 

RAR is the relative area fraction of shear surface occupied by roots 

T is the average tensile stress 

Ar is the area occupied by roots 

A is the total area 

To estimate the shear reinforcement provided by roots, is important to determine the actual root 

failure mode; breaking, stretching and slipping. 
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When the root breaks the shear stress increases to its maximum the maximum root losing the 

reinforcement effect. The deformation δ is this case nondependent of the root deformation angle 

and reaches and value near to 1.2 according to (Wu, 1976) ; 

 1.2 nS T     (5.5) 

If the root is stretched in shearing and does not pull out, the extra reinforcement provided by 

roots to the shear strength of soil is given by equation(5.6) 
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Where, 

D is the diameter of the root (m) 

E is the young modulus of the root (Pa) 

Z is the shear zone width (m) 

τ is the maximum tangential friction between root and soil (Pa) 

For Swedish wheel-root permeated soil interaction, the shearing occurs in two vertical planes, 

parallels to the wheel load and perpendicular to the root layer as illustrated in Figure 26. 

Applying symmetry there is two shear planes in which the root-soil interaction can be addressed 

analogue to the slope sliding model with vertical roots described before. 

 

 

Figure 26. Wheel-root permeated soil interaction by (Pirnazarov & Sellgren) 

Hence, applying Wu and Waldrom model to estimate the shear reinforcement provided by roots 

to this two shear plane, the root reinforcement should be increased with a factor of two as 

predicted in (Pirnazarov & Sellgren): 

 tan 2S c S        (5.7) 

Additional assumptions such as the location of the roots is on a surface layer parallel to the soil 

surface and a shear displacement less than 0.1m need to be considered for the usage of this 

model. 

5.3. Test specimen and data collection 

In situ shear tests can be used to study the contribution of roots to shear strength. During the test, 

the shear resistance of rooted soil system, the tensile force in selected roots, and the soil 

properties have been measured. Empirically-based analytical models have then been used to 

evaluate the reinforcement provided by roots on the different configurations models.  
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The test samples were collected on March 2015 from a mixed tree forest located in Stockholm 

near to the Machine Design department at KTH Royal Institute of Technology; the soil sample 

was taken by hand from the upper layer of the forest floor, coarse particles with a diameter larger 

than the tested roots (7 mm) were removed. The Norway spruce roots were carefully dug out 

from a 150 thick top soil; roots with a diameter of 2-10 mm and a minimum length of 32 mm, 

including bark were selected. Figure 27 presents the roots that were tested during the experiment. 

 

 

Figure 27. Rut samples used during the experiment. 

5.4 Laboratory test 

A small-scale laboratory test machine designed by Pirnazarov, et al., (2013) shown in Figure 28 

and Figure 29 has been used to measure soil properties and shear force-deflection characteristics 

of several configurations of rooted soil by applying compression and shear strength on the test 

ring. 

 

Figure 28.Test rig designed by Pirnazarov, et al., (2013) and the possible arrangement of roots (bottom) 
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Figure 29. Small-scale laboratory test machine designed by Pirnazarov, et al., (2013). 

The test device has two shearing planes as the box is divided in three rectangular parts; fixed 

upper and bottom parts, and a middle moveable part that slides between the bottom and upper 

parts making possible to measure the displacement as a function of the shear force for root-free 

soil as well as different root-soil configurations. The middle moveable part is capable of a 

maximum displacement of 50 mm. The shear force, provided by a hand operated screw-jack, is 

measured with a force transducer that is fastened to the moveable part and connected to a data 

logger; a wire displacement sensor measures the shear displacement of the movable part. Unlike 

previous test performed by (Pirnazarov & Sellgren), this time a lateral plate have been inserted in 

this middle box to fix the soil; simulating the soil compaction when a wheel is passing. 

Before testing the different root arrangements, the frictions force in the apparatus was estimated 

by testing without specimens. The average friction force obtained was subtracted from the 

recorded force in further calculations. The soil density was determined by weighting the total soil 

volume contained in the shear box. The mechanical properties of the soil (cohesion and the angle 

of internal friction) were obtained with the following steps: 

1. For each particular configuration, tests were carry out 3 times at different levels of pre-

stress (1.2, 2.4 and 3.6 kPa).After each test the soil was removed from the shear box to 

avoid compaction. 

2. The maximum soil shear stress was calculated by dividing the maximum shear force 

recorded by the total area of the two shear planes. 

3. With the use of a standard regression analysis soil cohesion and the angle of internal 

friction were determined. 

To obtain soil cohesion and angle of internal friction, first the soft soil was tested without roots, 

from the data obtained and applying a standard regression analysis the coefficients were 

determined. 



 39 

 

Figure 30. Shear stress versus the normal pre-stress for soft soil without roots. 

From Figure 30, the soil characteristic parameters of soft soil have been determined; a cohesion 

of 3.5 kPa and an internal friction angle, ϕ of 59° have been obtained. 

Thenceforth, the soft soil was tested with the different root configurations, starting with a root 

specimen place in the middle of the shear box, the box was filled with and the shear force was 

provided manually obtaining the root permeated soil properties and the reinforcement effect 

from the tree roots. Following this routine, the number of roots were increased placing them as 

shown in the bottom part of Figure 28; testing all configuration three times to decrease 

dispersion on measurements.  

Different studies have proof a power law relationship between root strength and diameter (Genet 

et al. 2005, Genet et al. 2006, Bischetti et al. 2005, Burroughs and Thomas 1997, Nilaweera and 

Natulaya 1999, Operstein and Frydman 2000). The location on the ground also influences the 

strength of the root; a decrease in root diameter from 5 to 2 mm can result in a doubling or even 

tripling of tensile strength (Gray & Barket, 2004).  

According to Gray and Barker (Gray & Barker, 2013) the mobilized tensile strength will depend 

on the amount of fiber elongation and fiber tensile. Whereas there is enough friction between 

root and soil to resist pull-out, the soil unit weight and the root length augment the bond stress 

and the sliding resistance of roots in soil. 

  1 sin tanb h f          (5.8) 

Generalizing to the case with soil pre-stress 

   1 sin tanb h f            (5.9) 

Where, 

h is the depth below the ground surface 

ρ is the soil density 

f is the coefficient of friction ranged from 0.7 to 0.9 

 

Test with only roots 

A test was performed to the roots using the same test device to obtain their mechanical 

properties. Roots from 3, 5 and 7 mm diameter and a length between 350 and 380mm (Figure 31 

shows an example of the roots tested) were fixed from the top and bottom and tested three times. 

During the test a shear strength was apply to the roots using the hand operated screw-jack a 

displacement of 45mm was reached. 
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Figure 31. Root specimen example 

The maximum shear force to obtain this displacement has been used to calculate the Young’s 

modulus considering the root as a beam (Figure 32). 

Figure 32. Root deflection 

The deflection, d on this beam configuration is given by Equation (5.10) 
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  (5.10) 

Where, 

L is the total length 

E is the Young’s modulus 

I the inertia moment 

The moment of inertia can be calculated from the inertia of a cylinder´s cross section: 

 4

4
I r


    (5.11) 

5.5 Test Results 

Tensile strength of roots decreases significantly with the increase of the root diameter, in other 

words; roots become stronger with increased diameter. Table 9 presents the results of tensile 

strength calculated for the different roots using different methods. 

Table 9. Root data from the collected species and the results from the calculated on tensile strength 

Root number Diameter Calculated tensile strength (MPa) 
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(mm) Gray and 

Barker 20042 

Tosi et al. 

2007 

Bischetti et. 

al 2005 

Mean Value 

1 6 3.6 4.5 7.7 5.3 

2 7 3.3 3.8 6.9 4.7 

3 6.3 3.5 4.3 7.5 5.1 

4 7.5 3.2 3.5 6.6 4.43 

5 7.8 3.1 3.4 6.4 4.3 

6 6.6 3.4 4.1 7.2 4.9 

7 5.5 3.7 4.9 8.2 5.6 

8 4.3 4.2 6.4 9.8 6.8 

The results from the test performed help understanding the root reinforcement provided by root 

to the soil bearing capacity have presented below. The mean values have been collected in Table 

10. 
Table 10. Soil shear stress results 

Number 

of roots 

RAR 

(*10
-3

) 

Cohesion 

(KPa) 

Internal 

friction 

angle 

(degrees) 

Shear stress, S(KPa) 

Normal pre-stress(KPa) 

1.4 2.4 3.6 

0 - 3.5 59 5.5 7.34 9.26 

1 0.03 3.5 58 5.54 7.4 9.47 

2 0.07 3.8 56.3 5.6 7.48 9.2 

4 0.14 4.7 50.2 6.14 7.58 9.02 

8 0.2 5.9 47.7 7.22 8.54 9.86 

 shows the shear stress obtained for the different displacements. The different root configurations 

have been plotted for one level of pre-stress and also one configuration has been plot for the 

different levels of pre-stress. 

In Figure 34 has been plotted the shear stress results for the different levels of pre-stress. 

                                                 
2
 The tensile strength has been calculated using Fiber stretch mode with an average value of β (Gray & Barket, 

Root-soil mechanics and interactions , 2004) 
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Figure 33. Shear stress for the different displacements. Different roots configuration and 5kg of pre-stress on the left 

and 1 root configuration and different levels of pre-stress on the right. 

 

The test results obtained show that the roots have a reinforcement effect on soil shear strength. 

The shear stress in the soil specimen increases proportionally to the number of roots and their 

diameter.  

Test with only roots 

Using equation (5.10) and the maximum shear force obtained in the test, the Young Modulus of 

different roots has been determined (Table 11) and plotted against root diameter in Figure 35. 

 

Root 

diameter(mm) 

Material Deformation(m) Root 

stretch(m) 

Young 

modulus, E(Pa) 

3 Sprucefiber 

(ρ=729kg\m^3) 

0.05 0.003 2.83∙10
9
 

5 0.05 0.0015 7.4∙10
8
 

7 0.05 0.003 8.06∙10
8
 

Table 11. Root's mechanical properties 

 

Figure 34. Shear stress for different levels of pre-stress. 
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Figure 35. Root Young's modulus 
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6 FEM ANALYSIS 

This chapter presents Finite Element Method as an adequate numerical simulation tool for the 

prediction of tire-soil behaviour. 

6.1 Introduction 

With the increasing capacity of numerical computers the Finite Element Method has turned out 

capable of modelling machine-terrain interaction in a very detailed manner without introducing 

many simplifying assumptions. In finite element analysis, deformations of both the machine and 

the terrain can be predicted with an acceptable accuracy once the constitutive behaviour of both 

materials is properly represented (Liu & Wong, 1997). With the increasing capacity of numerical 

computers, FEM has turned out a tool capable of offering an understanding of the stress 

distribution on tire-soil interaction and the soil deformation at different layers. 

There are different approaches to model the terrain behaviour under vehicular load. The elastic 

theory usually used in road engineering, while the plasticity theory is generally devoted for 

construction engineering. The theory of plasticity is widely used in FEM-modelling of tire-soil 

iteration; to have a good representation of soil behaviour, it is important to formulate and 

implement the soil model using large constrains, therefore soil model using FEM programs will 

provide accurate results. 

6.2 Verification of Nordic tree roots mechanical properties 

A simplified model of a root has been used to verify the mechanical properties obtained during 

the laboratory test. 

The geometry of the tree roots used during the test (see Figure 31) has been modelled using 

COMSOL Multiphysics as a cylindrical shape of 3, 5 and 7 mm and a length of 300 mm. A fixed 

constrain was applied on the top and bottom and a ramped load (from 0 to the maximum shear 

strength recorded during the experiment) was applied among the axle in the third middle part of  

the root to simulate how the root was stretched on the small test device. 

The roots young’s modulus obtained from the calculation, considering the root as a beam 

(equation(5.10)), has been inserted in COMSOL as the material properties together with the 

Poisson’s rate consulted from (Green, Winandy, & Kretschmann, 1999). Error! Reference 

source not found. shows the total displacement obtained during the simulation matches with the 

maximum displacement of 50 mm that was provided during the test. During the test was also 

noticed that the roots were stretched, this root stretching presented in Table 11 has also been 

compared with COMSOL results; plotting the total displacement among the root’s vertical axle. 

Appendix B3.1 contains the results from roots of 5 and 7 mm diameter. 

Figure 36. 3mm diameter root’s total displacement on the left and root stretching on the right side. 
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COMSOL results shows that both root’s total displacement and stretching matches the 

experimental values. 

6.3 Test verification 

The soil reinforcement provided by roots has been verified using COMSOL Multiphysics. For 

the different arrangements of roots (see Figure 28), different models have been created in 

COMSOL to simulate the small-scale laboratory test. 

First of all, only soil with no root was simulated. Figure 37 shows the geometry built. 

For all the different root arrangement, various constrains have been applied to the model to better 

adjust it to the reality; a fixed constrain applied to the bottom and a prescribed displacement 

applied on the sides replicating the walls of the testing device. A ramped load from 0 to the 

maximum shear strength recorded during the experiment has been applied on the side of the 

middle box reproducing the force provided during the experiment using the screw-jack. This 

load has been taken from the first configuration (soil with no roots) at the different levels of pre-

stress. A boundary load has also been applied on the top of the model to simulate the three 

different levels of pre-stress (1.2, 2.4 and 3.6kPa). To solve the model, a non-linear solver has 

been used; Mohr-Coulomb yield criterion has been considered to define the soil plasticity. The 

cohesion and the internal friction angle parameters has been set to match the values obtained 

during the laboratory test. 

For the 2.4kPa level of pre-stress Figure 38 shows the shear stress obtained during the 

simulation. 

 

Figure 38. Shear stress obtained with COMSOL verification for soil with 2.4kPa of pre-stress. 

The different soil with root configurations have been simulated coming up next. As an example 

COMSOL geometry of soil with 1 and 2 roots are presented in Figure 39. 

Figure 37. Soil with no roots geometry 
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Figure 40 presents the shear stress results for two of the different configuration simulated. 

Appendix B3.2 presents the results from the rest of configurations. 

 

The results obtained for all configurations have been plotted in Figure 41. Thus, the model can 

be validated by comparison of the simulation results with the laboratory test (Figure 34). 

In the simulation results the shear stress increases faster with the increase of the number of roots. 

The comparison also shows that the shear stress for different normal pre-stress does not increase 

significantly which differs from the results obtained during the laboratory test. 

Figure 40. Shear stress obtained for soil with 1 root and 3.6kPa (on the right) and soil with 2 roots and 3.6kPa. 

Figure 41. Shear stress comparison. 

Figure 39. Geometry example for soil with 1 and 2 roots 
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6.4 Rut depth verification 

To investigate the interaction of tires on soft soils, the first step is to obtain a model of soft soil 

that provides results of high accuracy and reliability. This verification has been performed on 

different steps. 

In the first step, a simplified soft soil model has been created in COMSOL with a shape of a 

block of 1 2 1.5m   dimension, see Figure 42. 

The soil geometry has been split into 9 smaller blocks. The block in the middle has been created 

with a dimension equal to the tire-soil contact area measured during the test field 2011. For 

Rottne, the contact area measured during the test was 60 cm width and 55 cm length. In the case 

of Komatsu, the contact area measured had values of 66 cm width and 67 cm length. 

For all steps fixed constrains have been applied to the sides of the four lateral blocks. For the 

different forwarder configurations established on Table 8, the pondered value of wheel load 

measured during the field test has been applied in the contact area simulating a wheel pass. 

The model has been solved for all steps with a non-linear solver using Mohr-Coulomb yield 

criterion to define the soil’s plasticity. The values from cohesion and the internal friction angle 

parameters have taken from the results obtained during the shear ring test on the field test 

(Löfgren, Spårdjupsprov Tierp, 1990); a cohesion average value of 12.5kPa and a frictional 

average angle of 30.5 º have been applied. 

For all simulation, the total deformation perpendicular to the soil model have been plotted. This 

deformation can be compared with the rut depth. Figure 43 presents the result obtained for the 

first configuration; Rottne Straight unloaded. The results from the rest of configurations can be 

found in the Appendix B3.3. 

 

A comparison between the total deformations obtained from the simulations and the rut depth 

measurements obtained during field test 2011 has been performed in Figure 44. 

Figure 42. Soil geometry 

Figure 43.Soil’s deformation for the first forwarder configuration 
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COMSOL Multiphysics can be used to model tire-soil interaction as the validation shows a good 

agreement between the field test data and the simulation results. 

For Komatsu only one contact area was measured for the configuration with 450kPa condition, 

Figure 44 shows a perfect match on this configuration and small variation in the others. For 270 

and 600kPa configuration conditions the contact area should be obtained to get more accurate 

results.  

Figure 3 showed that North European soil is very complicated with different layers. Therefore a 

model in which a more realistic model of soft soil can be simulated is necessary to continue with 

the verification of the soft soil. In this second step three layers have been created on the previous 

model, Figure 42 shows the new model. 

Figure 45. 3 layers soil's geometry 

The mechanical properties Young’s modulus and Poisson’s ratio of the bottom and middle layer 

have been taken from (www.geotechdata.info, 2015). For the top layer, peaty soft the mechanical 

properties have been defined assuming the high plasticity of this layer. Table 12 presents the 

parameters used. 

Table 12. Different layers mechanical properties 

Layer Soil type Young´s modulus(MPa) Poisson´s ratio 

Top Peaty 2 0.3 

Middle Sandy 15 0.3 

Bottom Clay 0.5 0.3 

Figure 44. Comparison between the rut depth obtain during the field test 

and the total soil deformation obtained during the simulation 
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After simulating the model for the different forwarder configuration, the model has been 

simulated applying the same constrains and non-linear solver properties as in the first simplified 

soft soil model simulation. Figure 46 presents the results for the first forwarder configuration, the 

rest of can be found in the Appendix B3.4.  

The third step has been to create a three layer model incorporating roots. A model with one root 

in the middle has been simulated. The roots diameter has been changed from 3 to 7 mm to see 

how the total deformation behaves. Figure 47 shows the results from the first forwarder 

configuration simulation and a root of 7mm diameter. 

Appendix B3.5 presents the results from the all configurations. 

The different simulations changing the root diameter from 3 to 7mm showed the same total 

deformation as a result. In this case, with only one root in the middle and with COMSOL limited 

precision to cm, has not been possible to see a variation in total deformation. 

Last step has been performed in order to accomplish a multipass simulation. For the same model 

simulated in the third step when roots have been incorporated, a new study has been performed 

using four different stationary steps. Every step simulates a new wheel pass until the fourth pass. 

On the first stationary step the model has been solved for the initial variables equal to the zero 

solution. On the following steps, the initial variables have been taken equal to the previous step 

results.  

After all forwarder configurations have been simulated, in Figure 48 the results for the first 

forwarder configuration have been plotted. 

Figure 46. Total deformation for different layered soft soil and first forwarder configuration. 

Figure 47. Total deformation for different layered soft soil with roots and first forwarder configuration. 
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Results from all the different steps are compared on Figure 49. 

  

The results shows that for multi pass simulation in COMSOL the rut depth obtained for all 

forwarders configuration does not vary from the one pass simulation results. COMSOL results 

for the total deformation presents a precision in centimeters, the variation on rut depth from the 

first root pass to the forth pass is reduced a millimetres and can be appreciated with COMSOL. 

 

 

  

Figure 48. Total deformation for the fourth wheel pass of different layered soft soil with roots and first forwarder 

configuration. 

Figure 49. Rut depth comparison between field test and FEM results 



 51 

7 ADAMS SIMULATION 

In this chapter a full-scale forwarder model has been simulated using MSC Adams software to 

analyse its efficacy to predict rut depth. 

7.1 Introduction 

A multi body simulation (MBS) in Adams has been used to study the tire-soft soil iteration of 

forest machines. The existing Komatsu simulation model has been developed to examine and 

verify Nordic operating forwarder conditions, in particular to predict rut formation and soil 

damage. 

The Soft-Soil tire model is used to simulate the tire-soil iteration in Adams using an elastic-

plastic soil deformation approach. The soil deformation includes plastic and elastic sinkage but 

Adams only stores the plastic deformation. Therefore, the elastic properties of soil are very 

important, especially for multi-pass computations where better results associated with pressure 

distribution under wheels can be obtained using soil elasticity theory (MSCSoftware, 2014). 

For simplifying purposes, Adams soft-soil tire model does not take changing soil properties and 

dynamic sinkage in account. Additionally, damping coefficient is not considered which will 

consequently contribute to variations in the graph of sinkage (AESCO, 2014). 

7.2 Simulation of the model 

Figure 50 presents the Komatsu model imported into Adams View 2013. In order to work with 

the existing model, proper soft and tire parameters need to be imported into Adams View 2013. 

The available tire model in Adam 2013 has been used changing the tire parameters, according 

with the values described in Table 1. The soft-soil tire model available for Komatsu have been used 

in the simulations changing the soft soil’s parameters to match the values obtained during the 

Bevameter’s plate penetration test performed in (Löfgren, Spårdjupsprov Tierp, 1990); a 

cohesion equal to 12.5 KPa, a friction angle of 30.5º and a sinkage exponent of 0.72 have been 

used. The model has been simulated for the unloaded version of the forwarder. 

The simulated model on a straight track showed a stable behaviour, finding equilibrium.  

For a 50 seconds simulation the values obtained for rut depth has been plotted against time in 

Figure 51. First only one wheel simulation was performed obtaining the rut depth for front and 

rear wheels, in this case Adam recalculates the rut depth that is generated once every wheel has 

passed.  

 

Figure 50. Imported Komatsu model. 
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Calculating mean values from the four wheels, the rut depth for one wheel pass obtained is 

0.022m. 

A forwarder pass have been simulated activating Adam’s multipass model, after 50 seconds 

simulation the rut depth induced by each wheel has been plotted. 

 

For a multipass simulation, Adams calculates the rut depth provided by each wheel pass taken in 

account the soil deformation produced by previous wheel passes. 

The total rut depth can be determined from Figure 52, adding the values of rut depth resulted for 

each wheel. A total value of 0.0231m have been obtain.  

From the results obtained in a forwarder pass simulation needs to be remarked that for the third 

and the fourth wheel pass the deformation obtained from these wheels passes to add to the total 

rut’s depth goes down to millimeters. Thus, the deformation for the third and fourth wheel pass 

can be considered almost negligible. 

  

Figure 51. Rut depth for one wheel pass. 

Figure 52. Ruth depth after a forwarder pass. 
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Comparison of soft soil model with WES-method and FEM model 

An attempt to compare the rut depth results obtained using the different methods studied during 

this master thesis have been tried below. 

For one wheel pass different methods have been tested during this thesis. Resul Bekker’s 

empirical model, the calculation using pressures values from contact area, resulted a good 

approach for the different straight track forwarder configurations. In Error! Reference source 

not found., the results for unloaded Komatsu’s configuration have been plotted for Bekker’s 

empirical method and the different simulation results.  

With COMSOL’s simulation was possible to proof that FEM is a capable tool to find out the 

stress distribution and the soil deformation at different layers. Nevertheless, the accuracy in 

COMSOL’s results is only in centimeters which is a drawback to compare one wheel pass rut 

depths values. Adams showed that one wheel rut depth results differ a lot for different wheel;  
 

In Error! Reference source not found. the rut depth results for one forwarder pass obtained 

during this thesis have been compared.  

 

2,23 

3 

2,22 

One wheel pass (cm) 
Bekker(Pressure from contact area) Comsol Adams

Figure 53. One wheel pass results obtained using Bekker’s empirical method (using 

pressure calculations from contact area), COMSOL and Adams simulations. 

Figure 54. One forwarder pass rut depth comparison between the test data, WES 

empirical method, COMSOL and Adams simulations. 
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During the field test the rut depth measured after one forwarder pass for Komatsu 860.3 was 

2.25cm average on the left side for the forwarder configuration 600KPa tire pressure unloaded. 

Some of the WES based rut depth models provided with close results; in particular, for this 

forwarder configuration Saarilahti or Antilla 2 WES based models resulted in the nearest values. 

In Adams, the simulation performed to obtained behavior of one forwarder pass provided with 

2.31cm after the fourth left wheel had passed. 

For COMSOL, the last step was to incorporate a multipass simulation solving the model in four 

different stationary steps. This simulation resulted in values similar to the rut depth values 

obtained during the test. Nevertheless, improvement with the accuracy of the solver is needed in 

order to obtain closest results. 

From the analysis it can be concluded that both Bekker and WES based empirical model return 

results similar to the test data. Numerical simulation models have been proof during this thesis to 

provide with results that are also comparable to the field test values. However, the drawbacks of 

these simulation have to be kept in mind; with Adams soil changing conditions cannot be taken 

in account. COMSOL provide with soil deformation results at different layers but more 

computer resources are needed in order to simulate models closer to reality. 

In order to obtained a better prediction it would be good to do more simulations in Adams with 

other forwarder models, also simulations with more than a forwarder pass will contribute to have 

a better rut depth comparison. 
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8 DISCUSSION AND CONCLUSIONS 

8.1 Discussion 

At the end of each chapter a small discussions have been made in order to make clear the results 

from the specific task. Thus, an overall discussion is started here where the choices made during 

the thesis and the results presented. 

The full scale field test was conducted long time before the thesis work began, as a result the 

knowledge about the test was only based on the available documented data in Swedish. This 

brought some confusion in order to find and understand the documents. 

The rut depth calculations were started using WES based empirical models, all those models 

were tested and compared for the different forwarder configurations. This results provided with 

valuable information to understand the project and make progress during the following tasks. 

The rut depth results using WES based models from different authors provided with close values 

to the field test data but they were oscillating for the different forwarder. This methods attempt a 

potential solution for a particular condition where they were developed but they need to be 

adequate them to Tierp’s field conditions. In order to redefine them, a Matlab nonlinear 

regression was applied to the models.  

The number of test samples during the field test was adequate for the comparison, however more 

tests need to be done in order to verify the new coefficients obtained through the nonlinear 

analysis performed. 

Most of WES based models are developed for one forwarder pass, therefore multipass models 

were studied in order to find out an adequate method in which the increasing bearing capacity of 

the soil when a wheel passes is taken in consideration. Abebe’s multipass model have been 

compared in detail with the field data, a nonlinear regression analysis was also performed in 

order to improve the model to match with Nordic soil conditions. To verify these new 

coefficients more field tests are necessary. 

The semi empirical Bevameter method was also studied, different methods to calculate contact 

pressure have been used together with Bekker’s soil parameter obtained during the Bevameter 

test performed in Tierp in 1990. It needs to be remarked that this parameters does not change 

during the years but considering the disparity on values obtained during the field test in 1990, 

there is a need for more tests in order to verify the efficiency of using Bevameter method rut 

depth calculations.  

The contributions of tree roots to soil bearing capacity was study through different methods. The 

small-scale shearing tests helped measuring the reinforcement effects of tree roots, during this 

test the compressive effect provided by a wheel pass to the soil have been simulated with the use 

of a lateral plate which helped fixing the soil. The variation on the shear force results depends on 

the soil and tree roots specimens. The test was performed on a very rainy month, therefore more 

tests are necessary in order to understand the variation of root’s properties and its effects on soil 

reinforcement during the different seasons of the year. 

COMSOL simulations have been used with different purposes, first of all to verify mechanical 

properties of roots.  

After that, a model was created to reproduce the small scale device using Mohr-Coulomb yield 

criterion as non-linear solver for the different levels and pre-stress and different root 

configurations. The last root configuration (soft soil with 8 roots) was not possible to solve, 

different attempt to solve them were tried but the solving time was around 12 hours and after that 

time the model did not solve as the computer resources available were not enough. This 

simulation helped verifying the reinforcement provided by roots to the soil’s bearing capacity.  
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The last models were created in COMSOL to simulate a forwarder pass. The accuracy on 

COMSOL’s total deformation results, limited to centimeters, restricted the precision of rut depth 

results obtained during the simulations. 

During Adams multi-body simulations, Adam’s built in soil and wheel models were used with 

the appropriate changes to predict the mobility of the vehicle and the traficcability of the soil. 

The tire property file in Adams contain certain parameters that were unknown and were left with 

the values Adams defines as default; some of this parameters were the nominal tire load, the 

vertical stiffness, the vertical damping and the rolling resistance. 

The software was used to simulate one wheel pass and a forwarder pass of the full scale Komatsu 

860.3 model to obtain rut depth results. The main issue identified with Adams soft soil/tire 

module is that the changing soil parameters due to different wheel passes are not taking into 

account.  

Despite the Adams soil and wheel models are valid to predict wheel-soil iteration, suitable 

results for vibration and ride comfort analysis are doubtful. 

8.2 Conclusions 

The different remarks made during the project work have been gathered here to give an overall 

conclusion. 

Rut depth calculations 

The rut depth values obtained during the field test in Tierp have been related to WES based 

models from different authors. It can be concluded that a suitable estimation of rut depth caused 

by a forwarder cannot be acquired these model as they were developed for a particular condition 

and cannot be extracted to Swedish soil conditions. After the nonlinear regression analysis more 

precision was obtained in the results when the constants were adapted, however more field tests 

are necessary in order to verify these newly adjusted models. 

Abebe’s multipass can be used to estimate multipass rut depth with a certain dispersion of the 

results comparing to the field data. The other multipass models tested did not provide with 

accurate results. A non-linear regression analysis was applied to obtain better fitting Abebe’s 

multipass coefficients. For the different forwarder configurations the adjusted multipass 

coefficients produced more similar results to the field test data. 

The changes in Cone Index were introduced to WES-based models in order to take in account 

the increase in cone index suffered in reality after a vehicle has passed. This method that can 

only be applied to straight track configuration resulted a in a good way to calculate multipass rut 

depth for some of models. The Adjusted Antilla 3, Antilla 4 and Antilla 6 models accomplished 

accurate results. 

Different contact pressure model were analysed, the comparison showed that the contact pressure 

values calculated from Rowland’s methods gave the closest pressure levels to the reality. This 

pressure models were used together with Bekker’s equation to calculate rut depth. Result’s 

showed that rut depth values are similar to the field test results when the pressure is calculated 

from the measured contact area and not with Rowland’s methods. Therefore more Bevameter’s 

test are necessary in order to analyse the precision of this method. As a remark, this method is 

only applicable to obtain one wheel pass rut depth values. 

An attempt to correlate WES and Bevameter model was tried using Raymond, Ezzat and Nicolas 

model, a good correlation was established using this equation for one forwarder pass. 

Adam simulation 

In order to perform the multi-body simulation different aspects of soft soil and wheel model were 

studied and adapted into Adam’s built in models to better reproduce the forwarder configuration, 

Komatsu 860.3 unloaded. 
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Rut depth results were obtained for one pass and a forwarder pass simulation and compared with 

the rut depth results obtained during this thesis work. During the analysis, only sinkage was 

taking into account without slip. 

Adam provides with good rut depth results for both one pass and multipass simulations. More 

simulations in Adams with other forwarder models, also simulations with more than a forwarder 

pass and more realistic soil model comparing to Nordic soil type will contribute to have a better 

rut depth comparison.  

During this thesis have been remarked that changing properties of soil cannot be implemented in 

Adam simulations. An integration of a subroutine in the software that would take care of this 

adjustment on soil parameter and also incorporate WES model as soil parameter instead of 

different unknown properties will improve the results and will achieve simulations of high 

performance. Incorporating this subroutine that could incorporate both WES and Bekker’s model 

would create a software easier to adapt to any terrain and will give a better approach to take care 

of multipass effect on wheel-soil interaction. 

Root Analysis 

In-situ shear test have proven to be a capable tool to understand the effect and contributions of 

tree roots to the soil bearing capacity; soft soil mechanical properties and the soil shear stress 

were measured. 

From the laboratory test results it can be concluted that soil have a reinforcement effect on soil’s 

shear strength. The test performed only to roots showed that roots become stronger with 

increased diameter, but with only a few tree roots specime is not possible to proof the power law 

relationship between root strength and diameter. Nevertheless, the shear stress in the soil 

specimen increases proportionally to the number of roots and their diameter and also to the level 

of soil pre-stress. As long as the roots remain unbroken, roots can be treated as an adding factor 

to the soil cohesion 

FEM Analysis 

First, FEM analysis was used to verify root mechanical properties in order to create a proper root 

simulation model. This analysis also showed the strongly influence the increase on diameter 

have on root strength; Young’s modulus decreases significantly with the increase of the 

diameter. The test showed that for bigger diameters (between 5 and 7mm) the Young’s modulus 

starts increasing slightly when the diameter increases. More test are necessary to find out the 

Young’s modulus as a function of tree roots diameter. 

Using the non-linear solver and the right properties of roots and Nordic soil, the reinforcement 

provided by roots to soil bearing capacity have been verified. The model created in COMSOL to 

simulate the small scale laboratory test showed that shear stress increases faster with the increase 

of the number of roots than in reality and the level of pre-stress does not have as big influence in 

shear stress as it had during the laboratory test.  

The next models were created in COMSOL to simulate a forwarder pass. In these models the soil 

was divided in different layers, roots were also introduced in a horizontal direction in order to 

reproduce a typical Swedish soil. With this verification, FEM has been proven to be an adequate 

tool to model wheel-soil interaction.  

The accuracy in COMSOL is only in centimeters which is not precise enough for rut depth 

comparison also a lot of simplifications have been introduced to simulate a forwarder pass as the 

computer resources available are not enough. 
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9 RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations and fields of future work expected to improve the tire-soil 

interaction analysis are discussed. 

 

In order to achieve better results a field test with an increase on the number of test cases should 

be performed. The field test is both expensive and time consuming, therefore the number of tests 

to perform should be choose carefully and limited to the minimum possible. 

For further rut depth comparison with WES based models of the models after the readjustment, it 

is advised to use all the recommended models. WES based models were derived from an 

extensive quantity of data, for this reason they have a profitable effect. Nevertheless a better 

method should be develop to select those models with similar condition to the field test and 

readjust them to match perfectly Swedish field conditions. 

Soil and vehicle parameters have a significant effect on soil rut formation. Different treatments 

like soil texture, soil moisture, turning radius and velocity should be studied on randomized 

forwarders types to get a broad behaviour. 

Creating a soil model to simulate a typical Swedish soil with precision is hard. Not only the 

different layer of soil make it very complicated, also the roots layer has a complex behaviour 

under the soil. The small scale laboratory test has been a first step to understand the contribution 

of root to the soil bearing capacity. More tests using this device should be performed, changing 

soil and root types, increasing roots diameter to increase the roots density, testing in different 

weather seasons will also help to understand the effect of moisture in soil’s bearing capacity. All 

these changes are recommended in order to get more reliable values for soil cohesion and 

internal friction angle. 

It is highly suggested to perform a new Bevameter test in order to confirm Bekker´s parameters 

such as cohesive modulus, friction modulus of deformation and sinkage exponent. With this test 

it would be possible to validate the continuity of this parameters during the years. The 

importance of this validation is high as it would help giving proper inputs to Adams road file. 

With more computer resources finite element analysis can be carry out further. After the steps where 

COMSOL Multiphysics have simulated a simplified forwarder pass and have shown to provide 

with realistic results for soil simulations, a model of soft soil in which wheel-soil interaction can be 

simulated with high accurate and reliable results can be created. 

It is highly recommended to create 3-dimensional L-system using MATLAB to reproduce a root 

system in details (Schnepf & Leitner, 2009). The root system can be meshed with the use of 

DistMesh, a simple mesh generator in Matlab and then imported into COMSOL where the model 

will be inserted into a soil block model and finally the finite element model will be solved. 

When the soil have been modelled with proper reproduced roots, the last step is to simulate the 

soil-tire interaction. A cad tire model can be imported as an elastic part and simulated together 

with the rooted soil.  

Adams multibody simulations use complex calculations from Bevameter method in order to 

simulate wheel-soil interaction; this method do not take the changing properties of soil in 

account. A subroutine should be created in the software in order to consider the changing soil 

conditions. Bekker parameters should be considered as dynamic values, changing every 

forwarder pass.  

A changing Cone Index as an impute parameter would also be possible and would simplify the 

method. Implementing the changing soil conditions will take the simulations to a more realistic 



 59 

level, in this case a personal contact with MSC expert has to be maintained to avoid future 

incompatibilities in the software.  

Further simulation in Adams with Komatsu model should be executed in order to accomplish a 

better comparison of rut depth values. Various forwarders could be imported into the model to 

have more than one forwarder pass rut depth results, logs could be inserted into the bunk area of 

the forwarder to simulate the loaded configurations and also some obstacles could be inserted 

into the soil track model to study in detail the forwarder behaviour.  

It is also very important to study the forwarder while traversing and S-shape track, for this 

simulation the effect of turning radius and the way of applying the torque into the forwarder 

wheels is vital to avoid unusual behaviours. 

 



 60 

REFERENCES 

Abdi, E., Majnounian, B., Rahimi, H., Zobeiri, M., Bibalani, G. H., & Mashayekhi, Z. (2010). 

Inter and intra species variations of root tensile strength in some Hyrcanian species. First 

international conference of soil ans roots engineering relationship. Ardebil Province, 

Iran: LANDCON1005. 

Abe, K., & Ziemer, R. (1991). Effect of tree roots on a shear zone: modeling reinforced shear 

stress.  

AESCO, G. (2014, May 4). Retrieved from http://www.tire-soil.de/Demo/Version-

1.13/UserGuide.pdf 

Akay, A. E. (2006). Designing a forwarder operation considering tolerable soil disturbance and 

minimum total cost. Journal of Terramechanics, 187-195. 

Barklund, Å. (2009). The Swedish forestry model. Royal Swedish Academy of Agriculture and 

Forestry. 

Bekker, M. G. (1960). Off-the-road locomotion. Michigan: Ann Arbor, The University of 

Michigan Press. 

Bekker, M. G. (1969). Introduction to Terrain-Vehicle Systems. Ann Arbor: MI: University of 

Michigan Press. 

Bischetti, G. B., Chiaradia, E., Simonato, T., B., S., Vitali, B., Vullo, P., & Zocco, A. (2005). 

Root strength and root area of forest species in Lombardy. Plant Soil 278, 11-12. 

Bischetti, G., Chiaradia, E., Simonato, T., Speziali, B., Vitali, B., Vullo, P., & Zucco, A. (2005). 

Root strength and root are ratio of forest species in Lombardy (Northern Italy). Plant and 

soil, 278, 11-22. 

Brixius, W. (1988). Traction prediction equations for bias ply tires. ASAE, Paper No. 87-1622. 

Burroughs, E. R., & R., T. B. (1977). Declining roots strength in Douglas fir after felling as a 

factor in slope stability. USDA For. Serv. Res. Paper INT-190, 27. 

C. H. Liu, J. Y. (1997). Numerical simulation of tire-soil interaction based on critical state soil 

mechanics. Journal of teramechanics, 209-221. 

Cofie, P. (2001). Mechanical properties of tree roots for soil reinforcement models, Doctoral 

Thesis . The Netherlands: Wageningen university. 

Di Iorio, A., Lasserre, B., Scippa, G., & Chiatante, D. (2004). Root System Architecture of 

Quercus pubescens Trees Growing on Different Sloping Conditions. Annals of botany, 

351-361. 

Dwyer, M. J., Comely, D. R., & Evernden, D. W. (1975). Development of the NIAE handbook 

of agricultural tire performance. Proc. 5th INt. Soc. Terrain-Vehicle System , (pp. 132-

139). Detroit, USA. 

Genet, M., Stokes, A., Fourcaud, T., Cai, X., & Lu, Y. (2006). Soil Fixation by Tree Roots: 

Changes in Root Reinforcement Parameters with age in Cryptomeria Japonica D. Don. 

Plantations. Universal Academy Press, 535-542. 

Genet, M., Stokes, A., Salin, F., Mickovski, S. B., Fourcaud, T., Dumail, J. F., . . . H., L. P. 

(2005). The influence of celluse content on tensile stregth in tree roots. plant Soil 278, 1-

9. 

Gray, D. H., & Barker, D. (2013). Root-Soil Mechanics and Interactions. Washington, D. C.: 

American Geophysical Union . 

Gray, D. H., & Barket, D. (2004). Root-soil mechanics and interactions . vol. 8. Washington: 

Water Science ans Applications, 113-123. 

Green, D., Winandy, J., & Kretschmann, D. (1999). Mechanical Properties of Wood. In Wood 

handbook, wood as an engineering material. Madison: Forest products laboratories. 

Li, H. (2013). Analysis of Off-Road Tire-Soil Interaction through Analytical and Finite Element 

Methods. Technischen Universität Kaiserslautern. 



 61 

Liu, C. H., & Wong, J. Y. (1997). Numerical simulation of tire-soil interaction based on critical 

state soil mechanics. Journal of terramechanics, 209-221. 

Liu, C. H., & Wong, J. Y. (1997). Numerical simulation of tire-soil interaction based on critical 

state soil mechanics. Journal of teramechanics, 209-221. 

Löfgren, B. (1990). Spårdjupsprov Tierp.  

Löfgren, B. (1992). Soil-tire interaction models. The forest Operation Institute of Swedebn, 

Bulletin nº 20. 

Martin, J. (2011). Forest soil productivity. In J. Martin, Forest Management Planning. 

Wisconsin Woodland . 

Miller, R. E., Colbert, S. R., & Morris, L. A. (2004). Effects on heavy equipment on physical 

properties of soil and on long-term productivity: A literature review and current research. 

Natianal council for air and stream improvement, bulletin 887. 

MSCSoftware. (2014, May 6). Retrieved from 

https://simcompanion.mscsoftware.com/infocenter/index?page=content&id=DOC10409

&cat=2013_ADAMS_DOCS&actp=LIST&showDraft=false 

Nilaweera, N. S., & Nutalaya, P. (1999). Role of tree roots in slope stabilisation. Bull. Eng. Env. 

57, 337-342. 

Nurminen T., K. H. (2006). Time consumption analysis of the mechanised cut-to-lenght 

harversting system. Silva Fennica, 40(2): 335-363. 

Operstein, V., & Frydman, S. (2000). The influence of vegetation on soil strength. Ground 

Improvement 4, 81-89. 

Owende, P. L. (2002). Operations protocol for eco-effcient wood harvesting on sensitive sites. 

The ECOWOOD Project. 

Pirnazarov, A., & Sellgren, U. (n.d.). Reduced testing and modeling of the bearing capacity of 

rooted soil for wheeled forestry machines. Stockholm: KTH Royal Institute of 

Technology, Department of Machine Design. 

Raymond, N. Y., Ezzat, A. F., & Nicolas, S. (1984). Vehicle traction mechanics. Elsevier : 

Amsterdam. 

Saarilahti, M. (2002). Soil Interaction model. Project Deliverable D2 (Work Package nº1), 

Quality of Life and Management of Living Resources contract No. QLK5-1999-00991. 

Saarilahti, M. (2002). Soil iteration model (APPENDIX REPORT No 6). Helsinki: University of 

Helsinki, Department of Forest Resource Management. 

Saarilahti, M., Mulari, J., & Rantala, M. (n.d.). Multicycle rut depth in forwarding. ECOWOOD-

Project. 

Schnepf, A., & Leitner, D. (2009). FEM simulation of below ground processes on a 3-

dimentional root system geometry using Distmesh amd COMSOL Multiphysics. 

Proceedings of ALGORITMY, 321-330. 

Tosi, M. (2007). Root tensile strength relationships and their slope stability implications of three 

shrub species in the Northern Apennines(Italy).  

Waldron, L. (1977). The shear resistance of root-permeated homogeneous and stratified soil. Soil 

science Soc. Am. J., vol.4, no. 5, pp. 843-849. 

Wästerlund, I. (1983). Growth reduction of trees near strip roads resulting from soil compaction 

and damaged roots. literature survey, Sver. Skogsvdrdsf Orb. Tidskr. 81(2),, 97-109. 

Wästerlund, I. (1989). Strenghts components in the forest floor restricting maximun tolerable 

machine forests. Journal of terramechanics, 177-182. 

Wong, J. Y. (2001). Theory of ground Vehicles. New York, Chichester, Weinheim, Brisbane, 

Singapore, Toronto: John Wiley & Sons. 

Wong, J. Y. (2010). Terramechanics and off-road vehicle engineering. Elsevier . 

Wu, T. H. (1976). Investigation of Landslides on Pirce of Wales Island, Alaska. Ohio. 

www.geotechdata.info. (2015, May). Retrieved from 

www.geotechdatainfo.com/youngs_modulus.html. 

 



 62 

APPENDIX A: Equations 
 

A1. Tire deflection model 

The best model according to (Saarilahti, 2002) developed for forestry tractors types is given 

below. 

170
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A3. Wheel Loads 

  Valmet 860 (N) Rottne F13 (N) 

  Unloaded Loaded Unloaded Loaded 

Front axle 
1

st
 wheel 26300 26900 24300 24900 28800 29800 27500 27800 

2
nd

 wheel 26300 27100 24500 24700 28100 29100 27700 27700 

Back axle 
3

rd
 wheel 21100 22000 49800 49600 19000 19400 40800 44800 

4
th

 wheel 20400 21600 49000 50000 20100 20900 42800 46600 

Total weight 191700 296800 195200 285700 

Payload NA 105100 NA 84200 
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A4. Rut depth models (one pass) 

Model Equation  

Anttila 1 0.91
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A5. Ground pressure models 

Models Equation Annotation 

General contact pressure 

[KPa] 
 

W
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A
   

W is the wheel load[KN] 

A is the contact area[m
2
] 

Nominal Ground pressure  
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Combined Swedish formula 
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A6. Example MATLAB code for regression analysis 

clear all; 
clc; 
N_ci=[10.2742765561719; 10.2742765561719; 8.07009795440835; 8.07009795440835; 

8.07009795440835; 8.07009795440835; 10.2742765561719; 10.2742765561719; 

8.07009795440835; 8.07009795440835; 8.07009795440835; 8.07009795440835; 

12.2054517102700; 12.2054517102700; 7.48487667063996; 7.48487667063996; 

9.93011792890641; 9.93011792890641; 8.85882291500225; 8.85882291500225; 

9.93011792890641; 9.93011792890641; 7.48487667063996; 7.48487667063996];%N_CI 
Z=[0.028125; 0.031875; 0.0375;  0.035; 0.021875; 0.0225; 0.024375; 0.03125; 

0.035; 0.026; 0.055; 0.047; 0.05625; 0.021875; 0.03; 0.03625; 0.0535; 0.0455;   

0.036; 0.021;   0.058; 0.0505; 0.016875; 0.020625];%rut depth from field test 
plot(N_ci,Z,'ro') 
F=@(x, xdata)(x(1)+x(2)/N_ci); 
x0=[5 0]; 
[x,resnorm,~,exitflag,output] = lsqcurvefit(F,x0,N_ci,Z) 

  
hold on 
plot(Z, F(x, N_ci)) 
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APPENDIX B: Results 
 

B1. Rut depth changing Cone Index  
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B2. Laboratory test results 
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B3. FEM Verification. 

 B3.1. Root mechanical properties verification 

  

 

 

 

  

Figure 56. Total displacement of 7mm diameter root on the left and root stretch on the right side. 

 

Figure 55.Total displacement of 5 mm root on the left and root stretch on the right side.   
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 B3.2. Laboratory test verification 

 

 

 

 

 

 

Figure 59. Shear stress for soil with 2 roots and 1.2, 2.4 and 3.6 kPa of pre-stress from left to right. 

Figure 58. Shear stress for soil with 1root and 1.2, 2.4 and 3.6 kPa of pre-stress from left to right. 

 

Figure 57. . Shear stress for soil and 1.2, 2.4 and 3.6 kPa of pre-stress from left to right. 
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B3.3. Rut depth verification. First step: simplified soft soil model. 

Figure 62. Soil’s deformation for Komatsu; unloaded condition on the left and loaded on the right. 

 

  

Figure 61. Soil’s deformation for Rottne; unloaded condition on the left and loaded on the right. 

Figure 60. Shear stress for soil with 4 roots and 1.2, 2.4 and 3.6 kPa of pre-stress from left to right. 
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B3.4. Rut depth verification. Second step: three layers soft soil model. 

 

Figure 63. Soil’s deformation for Komatsu; unloaded condition on the left and loaded on the right. 

 

Figure 64. Soil’s deformation for Rottne; unloaded condition on the left and loaded on the right. 

 

B3.5. Rut depth verification. Second step: three layers with roots soft soil model. 

 

Figure 65. . Soil’s deformation for Komatsu; unloaded condition on the left and loaded on the right. 
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Figure 66. Soil’s deformation for Rottne; unloaded condition on the left and loaded on the right. 
 


