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1 INTRODUCTION  

More than 50 percent of the land areas of the Nordic countries Finland, Norway, and Sweden are 
covered by dense forests and these countries are among the most important producers of forest 
products. Forestry in these countries is based on sustainable management principles, that is 
reforestation follows harvesting and there is a continuous search for more gentle techniques and 
technologies that have less negative impact on the environment and also puts less physical and mental 
stress on the operator. The increasing interest in developing forest management approaches that are 
based on gentleness to the environment and a high growth rate for the new tree plants, i.e. sustainable 
forestry, requires better understanding of the interaction between forestry machines and terrain in the 
harvesting and transportation process.  

1.1 Background  

Timber harvesting is an essential process in forest management. The most widely used harvesting 
methods are whole tree logging (WTL) and cut-to-length logging (CTL). Harvesting include activities 
such as felling, delimbing, transporting the trees or logs to the landing area, and further transport to a 
processing industry.  

 

 

Figure 1.1: A typical harvester (left) and a medium-sized forwarder (right) 

 

The CTL method is based on two machines: a harvester and a forwarder (shown in Fig. 1.1). A 
harvester is usually a four- or six-wheel articulated machine, with a harvester head mounted on a 
crane. The harvester head is used for felling, delimbing, and cutting trees into process-ready lengths. 
A forwarder is normally a six- or eight-wheel forestry machine that is used to load and transport the 
cut logs to a roadside landing area. WTL is a harvesting method where the entire above-ground 
portion of the trees are cut and transported to a roadside landing area for delimbing and further 
transport to a saw mill. WTL is, in general, more productive than the CTL method, but the terrain is 
more negatively affected due to the skidding of the felled trees during the transport to the roadside 
landing area than it is by CTL operations. For that reason, the CTL method is the predominant forest 
harvesting method in the North European countries and it is also growing in importance globally.  As 
the CTL method handles small-diameter trees very efficiently and produces high quality end products 
at a reasonable cost, it is employed in thinning operations where there is removal of trees in order to 
regulate stand density for an improved growth rate. CTL forwarders are commonly categorized by 
their load carrying capacity. Light-weight purpose-built machines utilized in commercial logging and 
thinning operations can handle payloads up to eight metric tons. Medium-sized forwarders used in 
clear felling carry between twelve and fourteen metric tons. The largest class is handling up to twenty 
metric tons. Forwarders have many similarities with articulated haulers, which are designed for earth-
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moving in difficult terrain. The main difference is that a forwarder is equipped with a crane and load 
bunks instead of a dump body. Most CTL forestry machines, such as those shown in figure 1.1, are 
equipped with articulated steering, wheels mounted in pairs on boogies, and no chassis damping, i.e., 
only the tires provide the machine with vibration damping.  

The main challenges for the manufacturers of forestry machines for CTL logging, which has a very 
small global market (roughly 3000 machines per year), is to meet global forestry competition as well 
as new customer demands and legislations by:  

o increasing the harvesting and log transportation productivity with 2-3 % each year, 

o reducing the damage to the soil, which has a negative impact on the growth rate in thinning 
stands, 

o reducing fuel consumption and exhaust emissions,  

o reducing whole-body vibrations and the daily vibration dosage for the machine operators, 
when operating on rough terrain. 

During the last decades, quite a large number of forestry machines have been launched to the market. 
For instance, a harvester with six legs instead of wheels with one of its targets to reduce the rut depth, 
a forwarder equipped with tracks mounted on flexible wheels targeted for traffic on low bearing 
capacity terrain, have been presented. Another example is a diesel-electric hybrid forwarder with hub 
motors and a pendulum suspension of the front frame on which a rotating cabin is mounted. The 
motivations for developing the latter machine were to increase power efficiency and thus to reduce 
fuel consumption and to improve operator working conditions by allowing cabin levelling.  

1.2 Forestry machine and terrain interaction  

The study of forestry machine and terrain interaction is usually referred to as terramechanics, and it 
relies on geotechnical properties of the soil, as well as on the terrain properties, such as spatial 
description of slopes, obstacles, etc. As mentioned above, large and heavy machines are employed in 
the CTL method. When operating in forest terrain, these heavy machines alter the soil properties, 
particularly the structure, porosity, density, pore size distribution, aeration, and water retention. The 
impact of CTL operations on the soil depends mainly on the load, the number of wheels, the wheel 
properties, and the number of passages. For medium-textured soils, compaction of the top 20 cm soil 
layer, a 5% decrease of soil porosity, and more than 5% decrease of soil aeration due to forwarder 
passages have been reported [1].  The harvesting productivity is affected by the forest terrain, e.g. a 
soil with a low bearing capacity, for example due to high moisture content, makes the 
vehicle/machine sink deeper into the soil and thus requires larger tractive force and consequently 
higher fuel consumption. The tree growth rate is greatly affected by environmental factors such as soil 
texture, as well as on the mechanical forces from the vehicle/machine. Furthermore, in thinning 
operations, compaction of forest soil has an adversive effect on the growth rate of the remaining trees. 

1.3 Forest soil  

Soil is the upper part of the ground which is affected by organisms, water, wind, and climate, and 
thus, to some extent is continuously transformed. Soil can also be regarded as the part of the ground 
used by plant roots, and thus, constitutes the basis for plant growth. In Sweden, soil types generally 
have been formed in unconsolidated glacial or post-glacial deposits. In Mother Nature, we see many 
different shapes that, to a large extent, depend on the actual soil properties. Changing the physical and 
chemical properties of a soil might have a negative influence on the environment, mainly in the flora, 
fauna, and trees. Soil management has therefore become a broad social concern. 

Soil texture is an important soil characteristic that drives forest field management. The textural class 
of a soil is determined by the percentage of sand, silt, and clay. Soils can be classified as one of four 
major textural classes: sand, silt, loam, and clay.  
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Typical Swedish forest soil is podzolised and is covered with a 3-10 cm thick humus layer. The soil is 
often a glacial deposit. Most common is a sandy soil, which is more or less like well-graded loamy 
sand. Boulders may be quite common. Since the climate is humid and rather cold, the soil is often 
quite wet. A sandy soil with gravel and boulders, a humus layer, tree roots and ground vegetation 
roots are most likely to be the main components determining the strength of the forest floor [2].  

Engineers are primarily interested in a soil’s mechanical properties, such as strength, stiffness, and 
permeability. These depend primarily on the nature of the soil grains, the current stress, and the water 
content. The soil strength is largely controlled by the soil texture and water content.  In general, soil 
strength decreases as soil water content increases and as soil texture becomes finer.  Low strength 
soils are more susceptible to compaction and related disturbances.  

The impact of CTL operations on the soil properties depends mainly on the wheel properties, the 
normal and tractive loads, and the number of passes.  

1.4 Soil damage caused by harvesting  

Compaction is one of the main causes of soil degradation and it negatively affects all soil properties. 
Soil compaction depends on the soils physical-mechanical properties and reduces the volume of pore 
spaces and water content. Consequently, there will be a decrease of oxygen in the soil that is essential 
to the growth rate of the trees. The forest soil can be compacted down to a depth of 20 cm, and most 
of the tree roots are located in the 5-10 cm top layer.  

Rutting of forest soil (see example of this in Fig 1.2) is defined as the destruction of soil structure 
caused by a deformation of the soil surface.  Soil rutting occurs when a downward pressure exerted on 
the wet soil exceeds its shear strength and causes failure. As the water content of a soil approaches 
saturation, the compactibility decreases because the air spaces in the soil are filled with water, but the 
risk for rutting increases. In the general case, rutting is accompanied by compaction, e.g. along the 
sides and at the bottom of the rut, but in very wet to saturated soils, rutting can occur without 
compaction [3]. Rutting may not increase the bulk density because wet soil has a low air-filled 
porosity. Rutting can affect the following soil factors: soil mixing, decrease in porosity, decrease in 
thickness of the root mat layer, and root damages. 

     
Figure 1.2:  Rutting after repeated forwarder passages. 

 
Soil displacement is the mechanical movement of soil or forest floor materials by caused by machine 
equipment and movement of logs. It involves excavation, scalping, exposure of underlying material, 
and burial of surface soils. The effects range from beneficial to detrimental, depending on site factors, 
e.g. mineral or organic soil characteristics. Three aspects of soil displacement can produce negative 
effects: exposure of unfavorable sub-soils, exposure of mineral soils sensitive to erosion, and 
redistribution of soil materials resulting in loss of nutrients [3]. 
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1.5 Objectives and research questions 

The main objective of the presented research is to develop predictive models of forestry machine 
wheel and soil interaction that can be used as design tools to increase the performance of forestry 
machines for CTL logging and to reduce their negative impact on the forest soil.  

The main objective is decomposed into seven interrelated research questions:  

 What type of models are most efficient and effective for simulating the effects from Nordic 
forest terrain and soil on the performance of forestry machines used in cut-to-length logging? 

 How well does the Waterway Experiment Station (WES) model correlate with full scale test 
results of wheeled forwarders operating on layered soft soil?  

 What is the difference on machine performance and soil rutting between wheeled machines 
and tracked machines? 

 How should we preferably estimate the properties of rooted soil and how could we model the 
contribution from roots on the bearing capacity of Nordic forest soil? 

 Can we use multi-body dynamics design software tools to predict the performance of forestry 
machines on soft forest soil?  

 Is there a useful transformation from WES model to Bekker model that enable robust multi-
body dynamics simulations of forestry machines operating on soft forest soil?  

 How can root properties be measured and transformed into a rooted soil model that includes 
the effect from horizontal roots on the soil´s bearing capacity?  

1.6 The research method  

The ability of a wheeled forestry machine to do effective work on weak terrain, i.e. terrain with a 
relatively low bearing capacity, depends on the wheel-soil interaction. As modeling of wheel-soil 
interaction requires theoretical knowledge and experimental data, a research methodology combining 
the following methods are used:  

 An experimental method to perform measurements of soil characteristics from field tests and 
with a small-scale laboratory test rig, and the quasi-static effects from forestry machines on 
soft soil;  

 A theoretical method to develop a wheel-soil interaction model based on the WES method;  
 A simulation method focused on creating and verifying simulation models of wheel-soil 

interaction using the multi-body dynamics simulation tool MSC Adams.  
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2 FRAME OF REFERENCE 

2.1 Tire  

A model of a forestry machine is a system that is a configuration of various subsystem models, such 
as chassis frames, wheels, suspensions, steering system, and driveline. A tire is an essential part of 
any working machine, as it is the part of the machine that is in contact with the ground, and all the 
forces and moments from the ground-machine contact are transmitted through a rather small contact 
area called the “contact patch” or “footprint”. Therefore, a good understanding and accurate modeling 
of each tire and its mating face with the ground is very important in the design of working machines 
in general and forestry machines in particular. Researchers have proposed various tire models, such as 
the Fiala Tire Model, the Magic Formula Tire Model, the FTire Model, and others [4][5][6]. Different 
tire models target different applications and situations, and they use different approaches and 
equations, and, of course, they have different model parameters. The ground is assumed to be either 
hard or soft when modeling a pneumatic tire. When simulating the dynamic behavior of a machine 
operating on hard ground, the geometric properties of the terrain must be carefully combined with the 
tire properties.  For operations on soft ground, the soil properties are as crucial as the tire properties. 

2.1.1 Tire design    

Pneumatic tires can be split into two different types, cross-ply and radial-ply. The cross-ply tire is the 
older form and it is also called a bias-ply or conventional tire. It has two or more plies or layers of 
cords. Layers crossing over each other and laid with the cord angles in different directions provide a 
strong and stable casing with relatively stiff sidewalls. However, during cornering, stiff sidewalls can 
distort the tread and partially lifting it off the road surface. This reduces the friction between the road 
and the tire.  

A radial-ply tire (see Fig. 2.1) has much more flexible sidewalls. Such a tire consists of two or more 
layers with the cord loops running radially from bead to circumference. The sidewalls are more 
flexible because the cords do not cross each other. Lighter weight, longer life, greater high-speed 
endurance, lower rolling resistance, superior load capacity and road adhesion are some advantages of 
a radial-ply tire.  

 

Figure 2.1: Schematic sketch of a tire cross-section 
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2.1.2 FIALA tire model  

The Fiala tire model estimates the longitudinal  and lateral  forces and the aligning moment . 
The tire carcass is modeled as a beam on an elastic foundation in the lateral direction and the treads 
are represented as brush elements in the contact patch. Both longitudinal and lateral forces and the 
aligning moment depend on the current coefficient of friction , and the total slip  that is the 
magnitude of the longitudinal slip ratio  and lateral slip angle , shown in Eq.2.1. There are two 
distinct longitudinal and lateral slip states, i.e. the elastic deformation state and the pure sliding state, 
in the calculations of the both the longitudinal and the lateral forces [7].  

The total slip is  

     (2.1) 

The current value of the coefficient of friction is  

     (2.2) 

where  and  is the static and dynamic friction coefficient, respectively.  

The critical longitudinal slip  and lateral slip  are calculated as shown below:  

     (2.3) 

| |
    (2.4) 

where  is the longitudinal tire stiffness and  is the cornering stiffness of the tire.  

In the elastic deformation state, when | |  or | |  we get  

     (2.5) 

| | 1 1
| |

| |
  (2.6) 

In a pure sliding state when | |  or | |  we get     

∙
| |

   (2.7) 

| |     (2.8) 

2.1.3 Magic Formula tire model  

The Magic Formula (MF) is perhaps the best known and most widely used semi-empirical tire model 
to describe force and moment behavior of tires in the tire and vehicle industry. It is referred to as 
semi-empirical because the model is based on measured data, but it also contains structures that come 
from physical models. This model was originally developed by Volvo Car Corporation and the Delft 
University of Technology. The aim was to develop a tire model which could accurately describe the 
characteristics of the longitudinal force , the lateral force , and the self-aligning torque  as 
function of the longitudinal slip  and lateral slip angle , respectively, in pure and combined slip 
state [5]. The general formula is:  

∙ ∙ ∙    (2.9) 

with  

     (2.10) 

      (2.11) 
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In these formulas,  are longitudinal and lateral forces, or the self-aligning torque.  is used for 
the slip angle , or longitudinal slip . The dependent variable is , while  is the independent 
variable, and , ,  and  are model parameters. The parameters, or factors, have a specific 
influence on the characteristics of the MF tire model. The stiffness factor  stretches the curve, the 
shape factor  mainly influences the shape of the curve, the peak factor  determines the peak value 
of the curve, the curvature factor E influences the characteristics around the peak of the curve, and the 
location of the peak and  and  are vertical and horizontal shifts, respectively. The MF tire model 
describes the tire behavior on rather smooth roads, i.e. road obstacle wavelengths longer than the tire 
radius, up to a frequency of 8 Hz.  

2.1.4 FTire model  

The FTire model (Flexible Ring Tire Model) [6] was developed by M.Gipser and F.H.Esslingen, and 
it is currently is distributed by COSIN scientific software. It can be used in multi-body system models 
for vehicle dynamics simulations on even and uneven roads. FTire is designed for vehicle comfort 
simulations on road irregularities even with extremely short wavelengths. At the same time, it serves 
as a physically-based, highly nonlinear and dynamic tire model for handling characteristics under the 
above mentioned excitation conditions. FTire is fast (cycle time only 5 to 20 times real-time) and 
numerically robust.  

The tire belt is described as an extensible and flexible ring carrying bending loads, elastically founded 
on the rim by distributed, partially dynamic stiffness values in radial, tangential, and lateral directions 
[6]. A tire is conceptually considered as a flexible ring of mass elements, called belt elements. These 
belt elements are coupled with their direct neighbors by stiff springs with in- and out-of-plane bending 
stiffness. In-plane bending stiffness is realized by means of torsional springs about the lateral axis. 
The torsional deflection of these springs is determined by the angle between three consecutive belt 
elements projected onto the rim mid-plane. Similarly, the out-of-plane bending stiffness is described 
by means of torsional springs about the radial axis. Here, the torsional deflection is determined by the 
angle between three consecutive belt elements projected onto the belt tangential plane. FTire 
calculates all tire forces and moments acting on the rim by integrating the forces in the elastic 
foundation of the belt. Because of this modeling approach, the resulting overall tire model is accurate 
up to relatively high frequencies, both in longitudinal and in lateral directions [8]. 

2.2 Trafficability of forest terrain 

The terrain is the area around an operating vehicle and in an off-road forestry machine design 
perspective, it denotes the geometry of the terrain surfaces and the strength of the ground below it. 
Machine performance, i.e. harvesting productivity is highly influenced by terrain factors, such as 
trafficability, surface roughness, slope, etc.  

The most important terrain factor is trafficability, which is ability of soil to carry a wheel load and 
support vehicle traction. Estimation of terrain trafficability is useful for planning harvesting 
operations. Forest terrain is usually not flat and it is composed of non-homogeneous soil, tree roots, 
and rocks. The complex task to classify forest soil is further complicated by the fact that it can be 
composed of layers of peaty, clay, and sandy soils, with the presence of tree roots and boulders. The 
bearing and traction capacity of a soil under a tractive wheel is primarily a function of the strength of 
the soil and the root properties. Empirical, semi-empirical, and analytical soil characterization 
methods give three essential types of soil models that can be used to predict terrain trafficability. 
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2.2.1 Empirical soil characterization methods 

The cone penetrometer technique was developed by the Waterway Experiment Station (WES) of the 
US Army Corps of Engineers with the main purpose to assess terrain trafficability [9]. Nowadays, it is 
widely used for evaluating soil resistance to penetration as represented with the Cone Index (CI). A 
hand-held cone penetrometer consists of a penetration rod having a conical tip and a force sensor. The 
force sensor may be a strain-gauge or piezoelectric load cell (see Fig. 2.2). The standard penetrometer 
has a cone angle of 30  and a base area of 3.23	 . The penetration rate is standardized to 3	 / . 
Although there is more than one method to assess soil strength, the most convenient method for 
monitoring and assessing soil strength, due to its simplicity in forest terrain, is based on handheld 
penetrometers. The accuracy of penetration resistance measurement is highly related to the ability to 
maintain a constant probe speed. 

The CI represents the resistance to penetration into the soil per unit cone base area. CI reflects the 
combined shear and compressive characteristics of the soil. The cone index is directly used as an 
index of soil strength for clay. Sandy soil strength is characterized by the penetration resistance 
gradient (G), as defined in [10]:  

⁄
     (2.12) 

where  is the cone index when 0,   is the average cone index in the 0	 	  soil layer,  is 
the depth of penetration of the cone base into the soil surface.  

          

Figure 2.2: Hand-held cone penetrometer  

 

The cone penetrometer can also be used to obtain other indices, such as the re-molding index (RI) that 
define the change in soil strength under repeated vehicular traffic. RI is the ratio of the soil cone index 
after re-molding to before re-molding. The strength of the soil under repeated vehicular traffic is 
represented by the ratting cone index (RCI) that is the product of the re-molding index (RI) and the 
cone index (CI) measured before re-molding, as shown in Eq. 2.13:  

	      (2.13) 

To indicate soil trafficability, a vehicle cone index  is used.  is defined as the minimum  
in the critical layer that is necessary for a vehicle to make a prescribed number of passes without 
immobilization [11] [12]. 

2.2.2 Semi-empirical soil characterization methods 

The deformation of a ground subjected to a wheel load and thus the stress in the soil under a wheel are 
considered to be related to two independent soil properties: the compressive strength and the shear 
strength. To simulate this, M.G.Bekker [9] developed the Bevameter technique (schematically shown 
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in Fig. 2.3) that makes it possible to define both the compressive and the shear strength parameters. 
The Bevameter technique consists of two separate tests, a plate penetration test and a shear test. In the 
penetration test, the normal stress-displacement relationship is measured with two sizes of plates, with 
radii , that are forced into the soil. The shear stress-displacement relationship is measured 
with shear rings or plates. Three soil shear parameters, i.e. cohesion , angle of internal friction ∅, and 
tangent modulus , are calculated from the shear tests, based on the analogy of grousers on tracked 
vehicles.  

The shear stress  in the soil is defined with a modified version of the Coulomb-Micklethwait 
expression [9], [13]:  

∅ 1 /    (2.14) 

where  is the shear displacement, and  is the pressure. 

 

 

Figure 2.3: Schematic diagram of Bevameter [9] 

  

Bernstein (from [9]) introduced agricultural soil penetration to depth  under pressure  with 
empirical curve fitting:  

.      (2.15) 

where  is inelastic deformation soil modulus , 0.5 is an exponent of penetration, and  is the depth of  
sinkage. 

This equation was later revised and generalized by Goriatchkin (from [9]) (see also Fig. 2.4):  

      (2.16) 

where  can take any value between zero and approximately one. 

Bekker [9] modified the Bernstein-Goriatchkin model to develop a pressure-sinkage relationship for 
homogeneous soil:  

∅     (2.17) 

where , ∅ are soil moduli of cohesion and friction, respectively,  is an exponent of penetration, 
and  is the plate radius.  
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Figure 2.4: Typical pressure-sinkage curves, from [9] 

 

The values of , ∅ and  can be derived from the results of a minimum of two tests with a 
bevameter and each test produces two the pressure-sinkage curves expressed as Eq.2.17, which on the 
logarithmic scale can be rewritten as follows:  

log log ∅ log   

log log ∅ log   (2.18) 

They represent two parallel straight lines with equal slope in the logarithmic scale, as shown in 
Fig.2.5. The deformation exponent , is taken as the tangent of the angle . At the sinkage 1, the 
values for the normal pressure for two plates should not be equal:  

| ∅   

| ∅    (2.19) 

 

 

Figure 2.5: The logarithmic graph for determining sinkage moduli and exponents  
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The values  and  are obtained from Fig.2.5. In the above equations, only the moduli of cohesion 
 and friction ∅ are unknown. They are calculated with the following equations:  

∅   

    (2.20) 

The Bekker pressure-sinkage model was developed by Reece (e.g., [11], [13]):  

∅     (2.21)  

In this model,  and ∅ are non-dimensional parameters,  is the weight density of the soil,  is the 
plate width. ∅ can be neglected for frictionless clay and   can be neglected for cohesionless sand 
[11].  

The method to define soil parameters with a Bevameter is only applicable for homogeneous soils. In 
reality, a soil is usually non-homogeneous which can give variations in the pressure-sinkage lines in 
the logarithmic graph. After extensive field tests, J.Y.Wong [11] determined that both the Bekker and 
the Reece pressure-sinkage models can be used for mineral soils and suggested the weighted least 
squares method to be used to determine these soil parameters.  

Bekker [9] proposed failure mechanism of muskeg mat (see Fig.2.6) and assumed that the failure of 
the surface mat was due to shearing along the area delineated by the circumference of the loading 
area. For a circular plate of radius , the punching pressure  is:  

    (2.22) 

where  is the thickness of the surface mat,  is the shear stress in the mat,  is the reaction of the 
subsoil and it is assumed to be a constant. 

 

 

Figure 2.6: Failure mechanism of surface mat proposed by Bekker [9] 

 

Wong [11] considered that the failure of the surface mat occurs as a result of tension and presented 
the following model:  

     (2.23) 

where  is the coefficient representing the stiffness of the peat,  is the strength of the surface mat, 
and  is the hydraulic diameter of the contact area.  
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2.2.3 Analytical soil characterization methods 

Analytical soil models, usually capture the interaction at the tire and soil interface in a very simplified 
way. The soil is preferably modeled with the theory of elasticity as an elastic medium, and it can be 
used to predict the stress distribution in the soil due to normal loads. Sometimes, the soil is modeled 
as a plastic material, to enable prediction of the maximum traction and thrust developed by an off-
road vehicle or working machine.  

Due to the complexity and the variability of real soil behavior, the usage of analytical soil models to 
predict vehicle-terrain interaction, is quite limited.  

For an elastic medium subjected to a point load on the surface, the compressive stress distribution in 
the medium may be defined by the Boussinesq equation [11]:  

    (2.24) 

where  is the magnitude of the point load,  is the radial distance where the resulting stress is 
calculated, and  is the angle between the vertical  axis and the line segment for .  

Notice that the Boussinesq equation is material independent. It gives the stress distribution in a 
homogeneous, isotropic, elastic medium subjected to a point load on the surface. A circular loading 
area with radius  and with a uniform contact pressure , will give a vertical stress at a depth  
below the center of the circular loaded area, as calculated below:  

1 /    (2.25) 

For a contact strip, which may be taken as an idealization of the contact area under a track, one can 
show that the compressive stresses at a point are:  

  (2.26) 

Fröhlich (from [11]) introduced a concentration factor , which depends on the soil and on its 
moisture content, to the Boussinesq equation: 

    (2.27) 

Already in 1943, Terzaghi [14] presented a solution for predicting the soil bearing capacity that was 
based on three different soil constants, , ∅ and  (see Fig. 2.7). They are the so-called bearing 
capacity factors and they depend on the soil internal friction:  

    (2.28) 

where  is the ultimate bearing pressure.  

 

Figure 2.7: Soil bearing capacity, from [15] 



23 
 

2.2.4 Correlations between soil characterization methods     

The Bevameter technique applies to all types of soil and snow, but the tests need special preparation, 
i.e., because the test equipment is heavy and bulky it has to be mounted on an off-road vehicle. In 
contrast, the cone penetrometer is small and it is a quick and easy method to estimate soil strength, but 
the cone index (CI) does not provide enough information for thorough concept or design evaluation of 
terrain vehicle systems. Interestingly, the  value can be obtained by transforming the Bevameter 
soil parameters ,  and ∅ with the following equation proposed by Janosi [9]: 

1.625 1.5 0.517 ∅
. .

        (2.29) 

where  is the cone sinkage (in inches).  

The equation above, allows calculation of the cone index , but the reverse process is inconceivable.  

2.3 Root properties and behavior 

Root systems are classified into two main groups in terms of their characteristics: (1) 
monocotyledonous plants (monocots), and (2) dicotyledonous plants (dicots) [16]. In monocots, the 
main (tap) root usually lives for a relatively short time and the root system is then further formed by 
occasional roots arising in the shoot. This kind of root system is commonly referred to as a fibrous 
root system, and it may be seen in, e.g., cereals and grass. In dicot plants, the entire root system is 
usually a single tap root. Fibrous roots systems reinforce the surface layer significantly more than 
dicots root systems do.  

In typical Nordic forests, spruce and pine are the predominant tree species. The spruce root system is 
shallow and often dense, particularly close to the trunk. Many small-diameter roots originate from the 
base of the trunk and they are often found fairly close to the surface of the soil. The secondary pine 
tree roots are more prone to grow horizontally from the tap root, resembling a structure of monocot 
plants, see figure 2.8. Most of the roots are found within 1 m of the soil, with the majority of fine, 
non-woody roots in the upper 10 cm of the soil. According to Wästerlund [2], there can be 200-500 m 
roots per square meter in a thinning stand. 

 

Figure 2.8: Roots patterns for common pine trees, from Cofie [16] 

Root tensile strength has been measured by a number of researchers. They have noticed a decrease in 
the root tensile strength with increased diameter. The root tensile strength varies from approximately 
8 to 80 MPa for root diameters ranging from 2 to 15 mm. A decrease in root diameter from 5 to 2 mm 
can result in a doubling or even tripling of the tensile strength [17]. A generally accepted relation 
between root tensile strength and root diameter is a simple power function [18] [19] [20]:  

    (2.30) 

where  is the diameter of the root, and  and  are constants. 
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2.4 Modeling of soil-vehicle interaction  

The performance of an off-road vehicle, defined in terms of its motion resistance, tractive effort, 
drawbar pull, tractive efficiency, etc., are determined by the normal and shear stresses in the 
wheel/track–soil interface, based on the terrain properties and the operational parameters of the 
vehicle. Modeling soil-vehicle interaction with the purpose to predict off-road vehicle performance 
should take into account all vehicle design and operational parameters, as well as the soil parameters. 
Previously published research on how to model soil-vehicle interaction can be categorized as:  

 Empirical methods 
 Semi-empirical methods  
 Analytical methods  

2.4.1 Empirical machine-soil interaction modeling methods   

To model the interaction between a wheeled or tracked off-road vehicle and soft soil is a complex 
task. Empirical methods were developed in order to overcome this difficulty. In this type of method, 
vehicles are tested on different terrains to identify the vehicle performance and the terrain is 
characterized with field measurements and observations. Then, these two results are empirically 
correlated, and an evaluation scale for trafficability and vehicle mobility is developed.  

One of the most widely used empirical modeling methods is the WES method that is based on cone 
index soil penetration data. A well-known model that is based on the WES method, is the WES VCI 
model. This model was proposed for predicting vehicle performance in terms of “go/no go” for a 
prescribed number of passes on fine and coarse-grained inorganic soils in a straight-line path [10].  

In the WES VCI model, an empirical equation was established to calculate first the mobility index 
(MI) of a vehicle in terms of certain vehicle design features. Based on the MI, a parameter called the 
vehicle cone index (VCI) is calculated. The VCI represents the minimum strength of a given soil in the 
critical layer which is required for a vehicle to successfully make a specified number of passes, 
usually one pass or 50 passes.  

The soil strength is described in terms of either the rating cone index (RCI) for fine grained soil or CI 
for coarse-grained soils. Then, the values of the performance parameters of a tracked vehicle, such as 
the net maximum drawbar pull coefficient ⁄  and the towed motion resistance coefficient 

⁄  are empirically determined as functions of the excess of RCI over VCI  (i.e. ), 
also referred to as the excess soil strength.  

In general, for straight forward running motion over a flat terrain, we have [21]:  

                 - the vehicle can pass more than 50 times in the same rut, 
	 0.75    - the vehicle can pass 1∼2 times in the same rut, 
	 0.75	   - the vehicle cannot pass.  

The WES VCI model is applicable for both wheeled and tracked vehicles (see Fig. 2.9). Though this 
method requires very few parameters, it is more or less applicable for forestry applications.  

 

Figure 2.9: Vehicle Cone Index  
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Similar to the WES VCI model, the WES wheel mobility number is an empirical model for predicting 
performance of a single tire of a wheeled vehicle moving in a straight line on sand and clay soils. In 
this model, the vehicle parameters are defined as dimensionless quantities, referred to as the wheel 
mobility number, calculated from tire dimensions, tire load, and soil strength. In this model, the 
performance of a single pneumatic tire operating on soil is represented with the following 
dimensionless parameters:  

, , , , ,     (2.31) 

where  is the net traction or drawbar pull coefficient,  is the rolling resistance 

coefficient,  is the thrust or gross traction coefficient,  is the drawbar pull,  is the 

towed force,  is the torque,  is the rolling radius,  is the wheel load,  is the wheel number,  is 
the longitudinal slip,  is the tire width, and  is the tire diameter.  

The first WES wheel mobility number concept was introduced by Freitag (from [10]) and it is based 
on dimensionless wheel mobility number:  

∙ ∙
∙      (2.32) 

This model was modified by Turnage (from [10]) who presented separate wheel mobility numbers for 
determining the interaction between tire and frictional and cohesive soils. In this model, a vehicle’s 
performance is predicted at a 20% slip condition [22], [23]: 

∙ ∙
∙ ∙ 	    (2.33) 

where ,  are the tire section height and deflection, respectively.   

 

Figure 2.10: Empirical relation between drawbar pull coefficient and efficiency at 20% slip,  
from Wong [13] 

Different models have been developed by different researchers, based on wheel-soil interaction 
observations. Wismer and Luth [24] introduced wheel mobility number models for pneumatic tires 
with conventional tread designs operating with 20% tire deflection. They expressed a simple wheel 
mobility number model which has become a base-model for later research:  

∙ ∙
      (2.34) 

Rowland and Peel (from [25])  also developed WES models based on a new wheel mobility number to 
calculate the mean maximum pressure [26]:  

∙ . ∙ .
∙

.
     (2.35) 
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Brixius [27] proposed that a combination of the tire deflection ratio and the width-to-diameter ratio in 
the wheel mobility number could be used in the equations for tractive performance:  

∙ ∙
∙

∙

∙     (2.36) 

Maclaurin [28] investigated the influence of soil surface properties and tire patterns on wheel 
performance using the WES method and presented a new wheel mobility number that is the tire 
deflection ratio replaced with the tire deflection-to-diameter ratio:  

∙ . ∙ . ∙ .
     (2.37) 

Recently, Hegazy and Sandu [29] proposed a new wheel mobility number that is based on the tire 
loaded height, as:  

∙ ∙
∙     (2.38) 

The wheel mobility number is the main key in the WES method, and consequently it is important to 
define the most efficient set of parameters for defining wheel mobility number. Fig. 2.11-2.13 shows 
the relative wheel mobility index as a function of various relative tire parameters. The relative wheel 
mobility number is the ratio between the wheel mobility number and the tire parameters. Fig. 2.11 
shows the relative wheel mobility numbers as function of tire diameter. In this graph, the tire diameter 
is the input variable and all other parameters are constant. The relative wheel mobility number has a 
value of one when the tire diameter equals 1.34 m. There are only small differences between the 
Freitag, Turnage, Rowland, Wismer&Luth, and Maclaurin models, but the Brixius and Hegazy 
models give larger and smaller relative mobility numbers, respectively, than the other models.    

 

 

Figure 2.11: Relative wheel mobility number as function of tire diameter  

 

The influence from the  tire width on the wheel mobility number is illustrated in Fig. 2.12. When the 
tire width is 0.71 m, the relative wheel mobility number is equal to 1. The Freitag, Turnage, Rowland, 
and Brixius models gives almost the same results, but the Wismer&Luth, Maclaurin and Hegazy 
models deviate from the other. If the tire diameter increases, the relative wheel mobility numbers 
increses linearly for all models, except for the Hezagy model. All relative wheel mobility numbers 
decrease with a decreased tire width.  
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Figure 2.12: Relative wheel mobility number as function of tire width  

 

 

 

Figure 2.13: Relative wheel mobility number as function of tire inflation pressure   

 

The tire inflation pressure has a large influence on the wheel mobility number in the Freitag, Turnage, 
Rowland, and Maclaurin models, as shown in Fig.2.13. The wheel mobility number has a weak 
correlation with the tire inflattion pressure in other models.  
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2.4.2 Semi-empirical machine-soil interaction modeling methods  

A well-known semi-empirical vehicle-soil interaction model was developed by M.G.Bekker [9] with 
the purpose to predict rigid wheel performance on soil and it was later extended to predict pneumatic 
tire performance.  

To predict the wheel drawbar-pull, the Bekker pressure-sinkage model is based on force equilibrium 
in the horizontal direction:  

∑     (2.39) 

where  is drawbar-pull,  is tractive effort and ∑  is motion resistance.  

The motion resistance of a wheel can be considered as a summation of the resistances due to soil 
compaction in the vertical direction , the bulldozing effort in the horizontal direction , and the 
tire flexing .  

In this model, it is assumed that the soil reaction is radial, as shown Fig.2.14, and that there is no shear 
stress in the contact patch. The radial stress is equal to the normal pressure under rigid wheel at the 
same depth in the pressure-sinkage test.  

 

Figure 2.14: Rigid wheel-soil interaction model, from [11] 

 

Since the horizontal and vertical forces applied on a towed rigid wheel are in an equilibrium state, the 
sinkage of a rigid wheel , the compaction resistance , and vertical load  can be written as:  

∅ √
   (2.40)  

∅     (2.41)  

∅
3     (2.42) 

where  is the wheel width, and  is the wheel diameter. 

Wong [11], [13] further developed the Bekker model for a flexible wheel-soil interaction when the 
sum of the inflation pressure of a pneumatic tire  and the pressure due to the stiffness of the tire 
carcass  is lower than the critical pressure : 

∅ √
   (2.43) 
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Figure 2.15: Behavior of a tire in the rigid and elastic operation modes, from [11]  

In this model, two operating modes, the rigid mode and the elastic mode are defined. If the sum of the 
inflation pressure of a pneumatic tire  and the pressure due to the stiffness of the tire carcass  is 
larger than the critical pressure , the wheel is treated as rigid and the equations for the rigid 
wheel-soil interaction are used. Otherwise, the tire deflects as shown in Fig.2.15 and the sinkage of 
the pneumatic tire  is expressed by:  

∅
      (2.44) 

The pneumatic tire compaction resistance is determined with the following equation:  

∅

    (2.45)  

The measured radial (normal) pressure distribution on the contact patch of a driven rigid wheel with 
slip shows that the maximum radial pressure does not occur at the lowest point of the contact, as 
would be expected from the plate-sinkage analogy. It occurs in front of the lowest point of the contact 
and its location shifts forward with increased slip.  

Several sets of experimental data on sand concluded that the location of the maximum radial stress 
could be described by the following equation [11]:   

    (2.46)  

Yoshida [30] developed a more detailed model for describing the normal pressure distribution in the 
wheel-soil interaction:  

∅ 	 cos cos , 																																																

∅ 	 cos cos ,							
   (2.47) 

where  is wheel radius,  and  are the wheel-soil contact entry and exit angles. These angles are a 
function of total sinkage  and the exit penetration :   

	 1 ⁄
	 1 ⁄

    (2.48) 

Calculation of the shear stress beneath the wheel is based upon an empirical expression first 
introduced by Janosi and Hanamoto [11][31]. The shear stress in the longitudinal and lateral 
directions, respectively, are:  

tan ∅ 1 /   (2.49) 

tan ∅ 1 /    (2.50) 
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2.4.3 Analytical machine-soil interaction modeling methods   

The widely used empirical and semi-empirical methods may not be capable of offering detailed 
insights into the stress distribution in the tire-soil interface and the soil deformation at different depths 
and in different soil layers. Thus, mathematical methods based on the finite element (FEM) and the 
discrete element (DEM) methods may be applied to investigate tire-soil interaction in more detail. 
After the 2D FEM model was first introduced by Perumpral [32] in the analysis of wheel-soil 
interaction, a number of mathematical models based on plasticity theories and soil strength tests have 
been developed by various researchers. Aubel (from [33]) developed the FEM simulation model 
Venus for a real rolling contact and the movement of a free rolling wheel, as shown in Fig.2.16. 
Fervers [33] modified this model and investigated the influence of tread patterns, inflation pressure, 
and slip on the mobility of vehicles. Nakashima and Oida [34] developed a combined FEM–DEM 
model to analyze an agricultural tire-soil interaction (Fig. 2.16). A lot of tire testing and 3D tire-
terrain models for the exploration of vehicle mobility and soil trafficability have also been presented 
by Shoop, etc., which is mentioned in the report [35]. The Drucker-Prager/Cap model was modified 
and implemented into ABAQUS by Xia [36] to study the influence of inflation pressure, wheel load, 
and velocity on soil compaction and wheel mobility.  

 

          

Figure 2.16: FEM and DEM modeling of tire-soil interaction, from [33] and [34] 

These analytical methods require extensive laboratory tests to measure the soil parameters and they 
are currently not widely used for forestry machine mobility estimations. 
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3 RESEARCH MATERIALS AND METHODOLOGY 

3.1 Full scale field tests 

Present forest eco-system management principles require that the forestry machines are gentle to the 
environment and thus also to the terrain. The WES-method is useful for predicting rut formation in 
peat-lands, but one problem encountered in Nordic moraine forest soil is the large variation in the 
penetration profile due to stones and boulders and the presence of a dense root mat [2]. Most of the 
mobility studies carried out in other parts of the world involved homogenous deep soils, such as 
agricultural soils, typically friction or cohesive soils, which have a more perfect elastic or plastic 
behavior. Published research on rut formation shows that the rut depths caused by moving machines 
depend on soil properties, the mass of the vehicle or the wheel load, and the characteristics of the 
wheels, chains, and/or tracks.  

A full scale field test was carried out at Tierp, Sweden in September 2011 by the Swedish Forestry 
Research Institute Skogforsk, two machine manufacturers, a forestry tire manufacturer, and a steel 
track manufacturer, in order to measure the impact from forestry machines and different operating 
conditionson Swedish soft soil.  

The aim for the test was to study the how rutting and soil compaction was affected by the number of 
passes by loaded and unloaded forwarders, and with different tire inflation pressures. The field test 
was carried out with two types of medium-sized forestry forwarders: Rottne F13S and Komatsu 
860.3. In this field test, one of the forwarders was also tested with three types of steel tracks mounted 
on the pairs of bogie wheels. The three types of tracks tested were Eco-track, Eco-Magnum, and Evo 
from the Swedish track manufacturer Olofsfors.  

The field test included measurement of soil penetration resistance with a cone penetrometer, rut depth 
(both first and multi-pass), soil moisture, and ground pressure below the soil surface. The machine-
soil interaction was modeled with the WES method and several published WES-based models were 
compared with the results from the tests.   

3.1.1 Soil classification 

The test site is located on typical Swedish medium-quality farmland. It is essential to know the 
classification of the soil, before beginning the tests. The soil consisted of three layers: peaty, sand, and 
clay. The top soil layer is peaty soil while the middle layer is sand and the bottom layer is clay. The 
thickness of the peaty soil top layer varies between 10 and 15 cm. The top layer was, at the time of the 
test, non-homogeneous vegetation, especially dead wheat roots.  

3.1.2 Soil moisture content  

The soil moisture content indicates the amount of water present in the soil. It is commonly expressed 
as the amount of water (in mm of water depth) present in a depth of one meter of soil. The soil 
moisture of the test terrain was measured at different tracks on the first day and the last day of the 
tests. The results show no large difference in the average soil moisture content between the first and 
the last test day. But, the soil moisture content differed between the different test tracks, a fact that 
must be taken into account when analyzing the test results.  

3.1.3 Soil cone index  

Cone penetration measurements were done at selected tracks before the first pass and after every 
second pass. Figure 3.1 shows an example of measured penetration data after the first pass of a loaded 
(75 % of its loading capacity) Komatsu 860. At each measured point in a test track, the penetration 
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resistance was measured from 0 cm to approximately 30 cm below the surface at 1cm intervals. The 
bearing capacity was as low as 300 kPa at a depth of 1 cm due to the presence of peaty soils. Between 
a depth of about 5cm and a depth of 15 cm to 18 cm, the cone index value was quite constant, 
averaging approximately 1200 kPa. Anttila noticed that the penetration resistance measured at 15cm 
depth had the highest predictive power (from [37]) for a soils bearing capacity. The measured cone 
index values at a depth of 15 cm were used in the following bearing capacity analyses. 

 

Figure 3.1: Soil penetration resistance after single pass and after 10 passes with a Komatsu 860 
with low (270 kPa), medium (450 kPa) and high (600 kPa) tire inflation pressure 

3.1.4 The forwarders  

The two forwarders used in the test were a Rottne F13S and a Komatsu 860.3. They were equipped 
with Trelleborg 710/50x26.5 T428 163A8 forestry tires and the three different types of tracks tested 
were Eco-, Magnum and Evo tracks from Olofsfors. The empty and loaded weights of the forwarders 
were measured by placing a scale under each wheel. Then the weights of the wheels were summed to 
get the total forwarder weights. The machine weight of the Komatsu 860.3 was 19170 kg. The load, 
which was 75% of the load capacity, was 10500 kg. The machine weight of the Rottne F13S was 
19250 kg, and the used load (75% of the load capacity) was 9750 kg. In order to determine how the 
tire inflation pressure affects the rut depths, the forwarders (unloaded and loaded) were tested with a 
low tire pressure (270 kPa), a medium tire pressure (450 kPa), and a high inflation pressure (600 kPa). 
The forwarders were driven at a constant speed of 3 km/h. In the track tests, the high inflation 
pressure was used. 

3.1.5 Rut depth measurement  

The rut depth measurements were done on straight and S-curve trails for both machines fitted with 
tires and for the three types of tracks mounted on pairs of bogie wheels. The rut depth was measured 
using a simple meter consisting of a set of vertical metal rods. The metal was placed across the wheel 
rut perpendicular to the direction of travel. After each machine pass, the rut depth was measured at 
every 2 m distance in the driving direction.  
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Figure 3.2: Measured multi-pass rut depths  

3.2 Soil bearing capacity   

Since tire-soil interaction shows a highly complex behavior, it is a significant challenge to find an 
accurate model of this interaction. A number of empirical models have been developed to represent 
tire-soil interaction. Many off-road vehicles have been tested on a variety of soils with the purpose to 
study the relative effects on soil-wheel performance for varying wheel dimensions, deflection 
characteristics, and loads. The gathered data gives an opportunity to estimate vehicle mobility for a 
given terrain [38]. The WES wheel number model is a quite useful empirical model for estimating 
tire-soil interaction and rutting. 

3.2.1 Rut depth   

The soil bearing capacity is usually considered as the maximum allowable wheel/track contact 
pressure. Saarilahti [39] shows the bearing capacity of different types of soil. Due to the low bearing 
capacity of wet clay, sand, muskage, and peatlands, these types of terrain are considered unsuitable 
for wheeled forwarder traffic. The WES models use the Cone Index (CI) to evaluate the soil bearing 
capacity. Tire sinkage is a key variable in estimating vehicle-terrain interaction. Researchers have 
developed sinkage models to describe the soil bearing capacity. Tires can sink in soft soils to depths 
sufficient to prevent further motion. Tire sinkage and rut models are generally developed for single 
pass or multi-pass estimations of a single wheel or a complete vehicle. Multipass sinkage is the 
sinkage or the rut depth simulated or measured after a certain number of passes of a single tire or a 
vehicle over the same test track. Modeling forestry machine sinkage and rut depth is more 
complicated because such machines are equipped with four, eight, or even more tires, and those tires 
usually travel in the same rut, sometimes also in a combination of loaded and unloaded states. 
Saarilahti [37] developed a multi-cycle concept for forwarders, a special case of forest machine 
transport, when a forwarder travels unloaded to the stump area and returns loaded in the same path. It 
is therefore most important to define accurate values for the multi-puss coefficient for forestry 
machines. Some researchers treats the tire sinkage as the wheel radius minus the distance of the axle 
center to the soil surface, others treat sinkage as equal to the rut depth. Gee-Glough [40] formulated a 
correlation between the rolling resistance coefficient and tire single-pass sinkage: 
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     (3.1) 

The rolling resistance was calculated by 
.

 

Usually the rut depth models do not take tire slip into account. Ala-Ilomäki and Saarilahti [41] studied 
the rut depth after the fifth tire passage on peat soil and they concluded that the slip plays an important 
role in rut formation. Their model is valid for a single pass of a forestry machine: 

0.7 ∙
.

.     (3.2) 

Maclauren [28] studied sinkage as rut depth to pre-run surface for the first wheel pass and presented 
his observations as the following equation:  

∙
.
.     (3.3) 

Saarilahti [37] tested loaded tractor passes in single-path travel on peatland and modified the Ala-
Ilomäki&Saarilahti rut depth model by using the wheel mobility numeric. The tractor multi-pass rut 
depth is then:  

.
. ∙     (3.4) 

Antilla [25] developed a couple of rut depth models using different wheel numerics offered by Freitag 

[10], Turnage [10], and Wismer&Luth [24] to estimate the rut depth  and sinkage ratio .  

     (3.5) 

    (3.6)  

 

Table 1. Constants for Anttila’s rut depth models, from  [25] 

 a b N 

 
0.003 0.38  

0 0.328  

 
0.001 0.287  

-0.001 0.248  

 

Rantala [25] developed the following model for soft soil, based on the wheel numeric .  

0.059
.

    (3.7) 

Saarilahti [25] suggested a first vehicle pass rut depth model that was further developed by Anttila to 
be more suitable for forestry machines: 

∙ 0.003
.

   (3.8)  

∙
.

   (3.9)  

Figure 3.3 show the measured rut depth from the field test in Tierp, and the depths estimated with 
various rut depth models. 
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Figure 3.3: Measured rut depth and depths estimated with different models 

3.2.2 Multiple forwarder traffic   

Multiple vehicle traffic has a larger terrain impact than single-pass. As forwarders, to a large extent, 
travel in the same path to transport the logs, we usually see deep rut depths and damage that increase 
with the number of passes. Although damage increases with the number of repeated passes, the initial 
pass has a prominent effect on soil compaction, which is characterized by changes in the soil 
properties, such as dry density, and penetration resistance [42].  

The perhaps most relevant settlement study was performed by Scholander [43] who performed a 
repetitive plate loading test on different Swedish soil types and proposed: 

∙       (3.10) 

where  is the settlement after nth loading cycle;  is the settlement after the first loading cycle, and 
 is the number of cycles,  is the multi-pass coefficient.  

An experimental study of soil compaction as a result of multiple loading by a running device was 
performed and published by Abebe [42].  Based on this study, Abebe presented a multi-pass sinkage 
model, which is in fact similar to Scholander’s model, but the terms settlement and repeatedness were 
replaced with sinkage and multi-pass and this model was further applied by Saarilahti [43]:  

∙     (3.11) 

He recommended multi-pass coefficients between two and three for loose soils. The coefficient  can 
be calculated from an empirical data matrix, as shown in the following equation:  

	 	

	
    (3.12) 

where, ,  are the ordinary numbers of passes. 
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The following equations were constructed using Dwyer et al.’s [44] second pass rolling resistance 

model  1
.

	 . Based on the assumption that the rut depth is related to the rolling 

resistance coefficient to a certain power α , and substituting it into E.q. 3.12, the following multi-pass 
coefficient model can be constructed:  

.

   (3.13) 

where α is the rolling resistance to rut depth conversion coefficient. In this calculation, 1.25 
(Maclaurin’s data) is used. 

Multiple behaviors have mainly been studied with single wheel testers. In the full scale Tierp field 
test, rut depths were measured after that the forwarder had passed the measuring point. A forwarder 
passage was thus equal to four wheel passes (the studied forwarders have four wheels on each side). 
All of the multiple rut depth models assume that the wheel load remains constant for each wheel pass. 
However, for the tested forwarders, the wheel loads on the front and rear bogies differed significantly 
from each other in the loaded case. For that reason, an average wheel load value was used for the 
calculations presented in figure 3.4. 

 

Figure 3.4: Rut depth curves for unloaded Rottne F13S on straight track with medium tire 
inflation pressure (450 kPa). 

3.2.3 Ground pressure  

The measured ground pressure values were compared with available ground pressure models. They all 
were quoted from the “Development of a protocol for eco-efficient wood harvesting on sensitive sites 
(ECOWOOD)” project reports edited by Saarilahti [25]. Some of the models give only the contact 
area, and thus the ground pressure was calculated by simply dividing the wheel load with the contact 
area. Only the models for which all the parameters are known were used in the analysis. However no 
model was distinguished in terms of ground type.  

Measurements show a clear increase in the ground pressure with an increase in the contact pressure. 
Figure 3.5 presents the measured ground pressure for a loaded Komatsu 860 with an inflation pressure 
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of 450 kPa and ground pressures estimated with different models published in literature. The average 
wheel load from the weight measurements was used in the models. Many studies have shown that the 
ground pressure distribution in the wheel-soil contact not even.   

   

Figure 3.5: Ground pressure comparison with measured ground pressure (in kPa)  
for loaded Komatsu 860 

3.3 Modeling of rooted soil bearing capacity   

Tree roots growing in soil show a complex behavior when they are subjected to normal and shear 
loads acting on the soil surface. Uncertainties in the behavior are partly due to the variety of root 
types, soil types, and growth patterns of the roots in the soil. A typical Nordic forest soil consists of a 
large amount of roots that are buried in several thin layers. The roots from different trees are twisted 
together in a random pattern to form a mesh type layer. The mechanical properties of each root type 
are quite different from other root types. Furthermore, the root diameters also differ significantly, 
ranging from fiber-size to diameters as large as several centimeters.  

3.3.1 Soil reinforcement from tree roots 

The mechanical properties of a soil can be examined with a direct shear box and the relation between 
normal stress  and shear stress  may be represented with the Mohr-Coulomb failure criterion:  

tan ∅    (3.14) 

Wu [45] and Waldron [46] presented similar models for estimating the shear strength of rooted soil:  

∅ ∆     (3.15) 
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Their studies were based on simulations of the idealized situation with a vertical root crossing a 
potential sliding surface in a sloped terrain, as shown in Fig. 3.6. Their basic assumptions were that a 
horizontal shear zone , shown in Fig 3.6, does not change during shearing, the soil internal friction 
angle is unaffected by the root, and the root is flexible with a linear elastic Young’s modulus   and 
can be classified by its diameter .  
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Figure 3.6: Model of a flexible, elastic root extending vertically through a horizontal shear zone 
with thickness  , from [47] 

 

At wheel-soil interaction, principal shearing occurs in two vertical plane that are parallel with the 
direction of the applied wheel load and perpendicular to the root layer as shown in Fig.3.7. 
Recognizing the symmetry of this case gives a situation similar to the situation of (asymmetric) slope 
sliding described above. 

 

Figure 3.7: Wheel-root permeated soil interaction  

This similarity can give an opportunity to use Wu and Waldron models for estimating root permeated 
soil shear strength. To predict the shear strength of root permeated soil shear under a wheel, which 
shows two shear planes, the root reinforcement should be multiplied with a factor of two:  

∅ 2∆     (3.16) 

This model can be used with additional assumptions, such as: 

 The soil is very soft, or a humus layer and the compaction resistance is, consequently, 
negligible.  
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 The roots are located in one single layer that is parallel to the soil surface.  

 The shear displacement is less than 0.1 m (0.1 m rut depth is acceptable for forest growth 
reasons [25]).  

3.3.2 Laboratory shear tests   

A small-scale laboratory test, i.e. a reduced test, is a preferable method to study the mechanical 
properties of the root-permeated soils, since it is cost effective and easy to control compared to large-
scale tests in general and field tests in particular. Various measures of soil strength and root strength 
have been devised [48]. The shear strength of a soil can be determined in laboratory tests on 
specimens taken from representative samples of  in-situ soil [49]. Only few literature references were 
found on shear strength evaluation of root permeated soil in a laboratory setting. Previously presented 
lab test devices were all targeting specific purposes related to root reinforcement related to soil 
stability and the devices were based on direct shear test principles.  

A new type of test device, targeting wheel-soil interaction, has been designed [17]. To mimic the soil 
stress state under a wheel, the test device has two shearing planes and it makes it possible to measure 
the displacement as a function of the shear force for root-free soil as well as soil with different 
configurations of embedded roots (Fig. 3.8, right), oriented parallel to the soil surface (see Fig. 3.8, 
left). The soil can be pre-stressed with dead weights (see the top of Fig. 3.8, left).  

      

Fig 3.8. The new test rig (top) and the possible arrangement of root(s) (bottom)  

 
The shear box is divided into three rectangular parts; fixed upper and bottom parts, and a middle 
moveable part that may slide between the bottom and upper parts. The dimension of each part is 
200x200x100 mm. The middle moveable part is capable of a maximum total displacement of 50 mm. 
The shear force 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. The shear force is provided by a hand operated screw-jack. 

Before testing the root permeated soil, the friction force in the apparatus was estimated by testing it 
without soil and root specimens.  The average of the recorded friction force was subtracted from the 
recorded force in further analyses.  The soil density was determined by measuring the total weight of 
the soil contained in the shear box. The mechanical properties of the soil, i.e. the cohesion and the 
angle of internal friction, were then obtained in the following way:  

1. Tests were carried out three times at three different levels of compressive pre-stress (1.2, 2.4, 
and 3.6 kPa).  

2. To avoid compaction, the soil was removed from the shear box after each shear test.  
3. For each pre-stress condition, the mean value of the maximum soil shear stress was calculated 

by dividing the recorded maximum shear force by the total area of the two shear planes.  
4. Soil cohesion and angle of internal friction were determined with standard regression analysis. 
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3.4. Transformation from cone index  to Bevameter values 

The soil deformation parameters	  and ∅ have variable dimensions, depending on the value of the 

exponent . If 1 is considered, the soil deformation parameters would be tuned to get equilibrium 
with pressure:  

∅     (3.17) 

Estimated wheel rut depth  by the WES method is assumed to be equal to the difference between 
plastic  and elastic  : 

∅ ∅
     (3.18) 

Eq. 3.18 shows that a wheel rut depth is directly influenced by the pressure  as other parameters are 
constant. This gives an opportunity for synchronizing ∅ 10	  :  

     (3.19) 

where 10 in the dynamics simulation tool MSC Adams [50]. 

Combining the Mohr-Coulomb criteria with the WES method gives a simplification for estimating the 
soil shear stress.   

tan ∅     (3.20) 

The soil cohesion and internal friction angle can be obtained by combination of  B.Rohani and 
G.Baladi [51] model with Eq.3.20. 

3.5 Multi-body dynamic simulation  

It would be a great benefit for forestry machine engineering if fine-grain simulations of the dynamic 
behavior and motion analysis of off-road vehicles on soft forest soil could be performed with a multi-
body dynamics simulation tool such as MSC ADAMS. That would enable design studies of driveline 
and suspension control, as well as it would provide valuable input to part optimization with realistic 
loading histories.  

A multi-body dynamic simulation (MBD) model of a Komatsu 860.3 forwarder was built in MSC 
Adams 2013 based on imported CAD models. The ADAMS model contains a front and rear frame, 
cabin, bogies, articulated joint, the drivetrain including engine torque converter, differential, 
differential locks and tires. Three soft soil grounds have been built in ADAMS/Car Road Builder with 
measured soil data. The soft soil elastic-plastic tires were created for the Trelleborg 710/45x26.5 tire. 
All joints have friction and the cabin is constrained to the frame with bushings. Each steering and 
stabilizer pumps have a spring damper force with constant stiffness and viscous damping. A velocity 
controller keeps the vehicle velocity at approximately 3 km/h. The torque delivered from the engine is 
set by a controller, minimizing the difference between actual vehicle and target speed. The 
longitudinal differential distributes the torque to the front and rear bogie axles. The longitudinal 
differential is modelled with coupler constraints and differential ratio.  

Each of the bogie pair axles has transversal differential modelled with coupler constraint and it can be 
locked during steering using single component force. In [52] a transversal differential lock torque 
function was used with a time step-function. But this function needs exact time to lock and it is not 
obviously suitable for multi-vehicle-pass simulations.  
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When a driver reaches a steering marker both transversal differentials get a signal to lock, the 
damping and stiffness coefficients in the single component force are increased from zero with a step-
function in order to lock output shafts to each other and when the rear tires pass the steering finish 
marker, differential locks would be switched off, also with a step-function. 

In slalom motion, the steering force is generated with a prescribed rotational joint motion with 
predefined steering angles applied with the AKIMA function. For multi-vehicle-pass simulations, the 
forwarder route on the straight and slalom paths are shown Fig. 3.9.  

 

Figure 3.9: The forwarder’s trajectory in MBD simulation  

 

The Adams/Tire module, which is based on tire-soil terramechanical models, can be used to model 
and simulate the tire-soil interaction forces for any tire on elastic and/or plastic ground, such as sand, 
clay, loam and snow [31]. In the simulations described above, an elastic-plastic soft soil and multi-
pass model that considers wheel rut depth as plastic soil deformation was used. The plastic 
deformation is the difference between tire sinkage (from Eq.3.17) and the elastic deformation of the 
soil.  

Multipass effects occur when a subsequent wheel passes the soil that is compacted and deformed by a 
leading wheel. The plastic soil deformation state caused by a passing wheel load soil is stored and 
used as an initial state for the next wheel-soil contact pressure calculation. Simulation results (see Fig. 
3.10) for the Kamatsu 860 show that for the first 5-6 passes the rut depth increases linearly with the 
number of vehicle passes, just as found from the field tests and also predicted by WES. But after 5-6 
vehicle passes the simulations significantly over-predicts the rut dept.  

 

Figure 3.10: Kamatsu 860 multipass rut depth   
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4 SUMMARY OF RESULTS AND APPENDED PAPERS  

Paper A 

In this paper we define the purpose and context for the performed research and propose a model-based 
framework for the targeted research on predicting the interaction between forestry machines and hard 
and soft forest soil.  

It is argued that the present challenges require new forestry machines must be developed and put into 
operation that are gentler than present machines to operator, soil and climate. The paper presents a 
systems engineering view on how the machine and soil interaction preferably should be modeled to be 
able to assist forestry machine design decisions with respect to operator comfort, trafficability, 
mobility, and traction. The proposed framework integrates various models of terrain, soil, and 
machine in a modular way and assists simulations at three different levels of granularity. The 
analytically based WES-model is proposed for trafficability and mobility purposes, while medium-
grain equation-based SimMechanics model with integrated control is proposed for traction and 
operator comfort tasks, and finally a high-fidelity Adams model is proposed for detailed simulations 
of traction, detail dynamic behavior, and operator comfort.  

Paper B 

This paper presents a comparison of results from different WES method based terrain interaction 
models with test data from a series of full-scale field tests with forestry machines operating on soft 
soil. In the field tests, soil penetration and wheel rut depth (both first and multi-pass) were measured 
for a medium-sized forwarder with and without loading and with different tire inflation pressures. In 
the field tests, the ground pressure at different depths below the wheel-soil interface, as well as the 
soil moisture, were also measured. Matlab was the primary modeling and analysis tool in this study. 

The results do not deviate too much from the existing WES-models. Multi-pass coefficients values are 
within the range of what Abebe recommends for unloaded forwarders operating on soft soil. Results 
from existing WES-models can be made consistent with the test data by tuning the constants, i.e. to be 
used as predictive tool, more tests on various forest soils have to be performed.  

The estimated rut depth values using MacLaurin´s and Anthila´s method show close similarity with 
first wheel pass rut depth data from the field tests. Furthermore, Abebe´s model can be used to 
estimate multi-pass rut depths for medium-sized forwarders operating on soil similar to the soil at the 
test site.  

Paper C 

Paper C presents a comparison of the capabilities of different empirically-based terrain interaction 
models to predict the rutting by comparing with measured rut depths from a full scale field test. Soil 
penetration and track rut depth (first pass and multi-pass) were measured in the field tests for a 
medium-sized forwarder (loaded and unloaded) with three types of tracks mounted on bogie wheels. 
In the tests, the ground pressure at different depths below the track-soil interface, as well as the soil 
moisture, were also measured. Furthermore, a comparison between tracked and wheeled forwarders is 
also presented.   

The ground pressure was measured at three different depths with a huge increase in pressure seen at a 
depth of 30 cm and the lowest pressure at a depth of 50 cm below the ground surface. The soil 
penetration values after many passes were smaller than those measured after the first pass due to 
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breaking/cracking of the compacted soil layer after repeated passes. Also, the soil penetration was less 
on the curved portion of the S-curve trail than on the straight portion of the trail due to shearing of the 
soil layer at the curves. The measured rut depth depends on the number of machine passes and the 
actual load. 

Different contact pressure models give different pressure levels. The NGP model gives unreasonably 
low ground pressure values. In general, most of the models give a lower ground pressure value for the 
tracks compared to the tires. The WES mobility model developed to predict vehicle performance on 
soft soil was found to give a very low value for the tracked vehicles in comparison with wheeled 
vehicles. The VCI value implies that tracked vehicles can traverse on low-strength soils better than 
wheeled vehicles. Though the rut test data didn’t match very well with the existing models due to the 
fact that the models were based on a particular type of soil and vehicle conditions, they didn’t deviate 
much from the models. Hence the measured rut depth values are reasonably correlated with the rut 
depths estimated with the WES models. The MPC values were within the range that was 
recommended by the Abebe model for soft soil.  

Higher the tractive effort better is the performance of the studied forwarder. The results obtained 
show that the forwarder equipped with tracks has a higher tractive effort compared to the wheeled 
variant of the same forwarder. The drawbar pull of the tracked vehicles is also higher than that of the 
wheeled machine. This implies that tracked forwarders are capable of pulling higher loads on the 
tested type of soil compared to wheeled machines. Taking the performance parameters of the machine 
into account, it can be concluded that tracks is a better option for protecting soft and sensible soil.  

Paper D 

The tensile strength of tree roots contributes significantly to the bearing capacity of forest soil. To 
investigate the different factors that affect and contribute to the trafficability of rooted soils are 
important. The mechanical properties of such non-homogeneous soils are very difficult to measure 
with existing techniques. Test rigs that can be used to characterize the effects from individual roots 
and root layers on the bearing capacity of soil in a controlled laboratory setting are, thus, highly 
needed. 

Paper D presents a recently developed rig for laboratory testing of the bearing properties of rooted 
soil. The presented test rig is designed to make it possible to study the effects from single and multiple 
roots on the bearing capacity of rooted soft soil, and to make it easy to compare the test results with 
results from analytical models and from field tests. The main aim for the test rig is to measure root 
properties that are needed for adapting and refining existing wheel-soft soil models for 
implementation into predictive simulation tools that can assist the engineering process when 
developing the new generation of high-performing and more eco-friendly forestry machines.  The test 
rig is still in a verification and validation process. 

Paper E 

The next generation of forestry machines must be developed to be gentler to soil and to the root mat 
than present machines, especially in thinning operations. The bearing capacity of the soil is a key 
property for determining the terrain trafficability and machine mobility. This asks for better and more 
general terramechanics models that can be used to predict the interaction between different machine 
concepts and real and complex forest soil.  

Paper E presents results from terramechanics experiments of rooted soil with a new and small-scale 
laboratory testing device. The force-deflection results are analyzed and compared with analytical root 
reinforcement models found in literature. The presented study indicates that rooted soil properties 
obtained with the new laboratory test device can be used to create an augmented soil model that can 
be used to predict the bearing capacity of rooted soil and also to be used in dynamic machine-soil 
interaction simulations 
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Paper F 

Most MBD simulation tools that can be used to simulate off-road vehicles on soft soil, e.g. MSC 
Adams, have soft-soil tire models based on the Bekker pressure-sinkage model, which requires 
Bevameter-based soil data. Bevameter measurements are generally not possible in forestry terrain, as 
the soil is covered with gravel and boulders, a humus layer, tree roots and ground vegetation roots. 
Therefore, the cone penetrometer is normally the preferred tool for estimating forest soil strength.  

Paper F presents a method to convert soil properties defined with a cone penetrometer to a Bekker 
model that can be used in MBD simulations with MSC Adams is proposed. The soil  were obtained 
from cone penetration measurements in the field and transferred to other soil mechanical properties by 
the NGP equation, Maclaurin’s WES wheel mobility number and rut depth equation, and the Brixius’s 
thrust coefficient. MBD model of Komatsu 860 forwarder performance was simulated with both 
measured and transferred soil data and results compared with field test rut depth measurements.  
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5 DISCUSSION  

The next generation of forestry machines must be developed to be gentler to soil and to the root mat 
than present machines, especially in thinning operations. The bearing capacity of the soil is a key 
property for determining the terrain trafficability and machine mobility. North European forest soil is 
a very complicated and sensitive bed. It consists of large areas of sand and clay with embedded stones 
and rocks and with several root layers of significant importance, and marshland with very low bearing 
capacity. Furthermore, the tree roots and vegetation roots not only contribute to the bearing capacity. 
In thinning operations, the tree roots must also be protected of tree growth rate reasons, i.e. they must 
not break. Although the widely used semi-empirical WES method is simple to apply for bearing 
capacity, trafficability, and mobility predictions, it requires a high degree of tuning for specific types 
of soils and machines. The roots significantly contribute to the bearing capacity of a typical forest 
soil. Typically they increase the bearing capacity with, in the order of, 50%. Many authors have 
presented root tensile strength values based on results from field and/or laboratory tests of different 
species. Their focus has mainly been on slope stability. The published properties show great variation 
between the different species and the root strength is strongly influenced by the root diameter. Current 
devices for characterizing the soil for WES-based modeling cannot be used to quantify the effects 
from roots (and stones) embedded in the soil. Utilization of the WES-model for forestry machine and 
soil interaction prediction, thus, requires development of a robust method to measure the properties of 
roots, the interaction effects between the roots and the surrounding soil, and to add the combined 
effects from the roots in the various models that have been developed with the WES method, i.e. to 
develop an extended WES model.  

There is an identified need to develop better and more general terramechanics models that can be used 
in fine-grain multi-body dynamics simulations to predict and compare the interaction between 
different machine concepts and complex forest soil. Current state-of-the-art tools for multi-body 
dynamics simulation have soft soil capabilities, but they rely on the Bekker model, which is based on 
Bevameter soil test data. The Bevameter technique applies to all types of soil and snow, but the tests 
need special preparation, i.e., because the test equipment is heavy and bulky it has to be mounted on 
an off-road vehicle. In contrast, the cone penetrometer is small and it is a quick and easy method to 
estimate soil strength, but the cone index (CI) does not provide enough information for thorough 
concept or design evaluation of terrain vehicle systems. That means that a cone penetrometer is the 
easiest and most flexible tool for characterizing forest soils, but it does not give data sufficient to 
define a Bekker soft soil model, that is used in multi-body dynamics simulation tools, such as MSC 
Adams.  

The recommended approach is to characterize forest soil with a cone penetrometer, estimate the root 
mat, perform root stretching tests to characterize the root mechanical properties, and then add the 
contribution to the bearing capacity from the roots on the soil. The updated soil model should then be 
transformed to a Bekker model and fine-tuned with field tests on similar rooted soft soils. 
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6 CONCLUSIONS AND FUTURE WORK  

6.1 Answers to the research questions  

What type of models are most efficient and effective for simulating the effects from Nordic forest 
terrain and soil on the performance of forestry machines used in cut-to-length logging? 

Paper A presents a systems engineering view on how the machine and soil interaction preferably 
should be modelled to be able to assist forestry machine design decisions with respect to operator 
comfort, trafficability, mobility, and traction. The proposed framework integrates various models of 
terrain, soil, and machine in a modular way and assists simulations at three different levels of 
granularity. The analytically based WES-model is proposed for trafficability and mobility purposes, 
while medium-grain equation-based SimMechanics model with integrated control is proposed for 
traction and operator comfort tasks, and finally a high-fidelity Adams model is targeting detailed 
simulations of traction, detail dynamic behavior, and operator comfort. The performance of the 
proposed framework for model-based and simulation-driven design of novel forestry machines 
operating on rough Nordic forest terrain has to be further studied and verified.  

 

How well does the WES model correlate with full scale test results of wheeled forwarders operating 
on layered soft soil?  

Paper B shows that measured cone-index soil data, can be used with reasonable accuracy in existing 
WES-models to predict the bearing capacity and rutting for medium-sized forwarders operating on 
multilayered soils with no subsurface roots present. But, the values for the model constants have to be 
tuned to the specific soil under consideration. The estimated rut depth values using MacLaurin´s and 
Anthila´s method have close similarity with measured first wheel pass rut depths from the actual field 
tests. Furthermore, multi-pass coefficient values where within the range of what Abebe recommends 
for unloaded forwarders on soft soil.  

 

What is the difference on machine performance and soil rutting between wheeled machines and 
tracked machines? 

Analyses performed on field test data with a medium-sized forwarder operating on soft soil presented 
in paper C, concludes that the WES mobility model could be used for tracked vehicles, but was less 
accurate than for wheeled vehicles. The VCI value implies that tracked vehicles can traverse on low 
strength soils better than wheeled vehicles. Though the measured rut test data from the field tests 
didn’t match very well with the existing models, due to the fact that the models were based on a 
particular type of soil and vehicle conditions, they didn’t deviate too much from the model estimates. 
Hence, the rut depth values can be predicted with the WES models. The MPC values were within the 
range that was recommended by the Abebe model for multi-pass travel on soft soil. 

The results presented in paper C show that a medium-sized forwarder equipped with tracks mounted 
on pairs of bogie-wheels has a higher tractive effort, as well as a higher drawbar pull, compared to 
wheeled forwarder. This implies that the tracked vehicles are capable of pulling larger loads on the 
studied types of soils compared to wheeled vehicles. Taking into account the performance parameters 
of the studied forwarders, it can be concluded that the tracks are a better option for protecting soft 
soil. 

 

How should we preferably estimate the properties of rooted soil and how could we model the 
contribution from roots on the bearing capacity of Nordic forest soil? 

The elasticity and tensile strength of tree roots contribute significantly to the bearing capacity of forest 
soil. Bevameters and cone penetrometers can be used to characterize the cohesive and shear properties 
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of layered soils, where each layer is homogeneous on a macro-scale. The elastic properties and 
strengths of individual roots can be measured in tensile tests. The mechanical properties of real forest 
soils, i.e. soils with embedded roots, usually found at different depths from the soil surface, are very 
difficult to measure with existing techniques. Furthermore, the combined effect from soil and roots is 
far from just summing the effects from the soil and from the roots. Paper D presents a test rig that can 
be used to characterize the effects from individual roots and root layers buried in soil on the shear 
strength of rooted soil in a controlled laboratory setting. The accuracy and usability of the rig has to 
be further studied and verified. 

 

Can we use multi-body dynamics design software tools to predict the performance of forestry 
machines on soft forest soil?  

It is shown in Paper A that MBS software can be used to predict the dynamic performance of a full-
scale wheeled forwarder operating on hard rough terrain, if the wheel model is detailed enough. The 
research presented in Paper B clearly showed that an MBS software, such as MSC Adams, could be 
used to predict the dynamic performance of a full-scale wheeled forwarder operating on soft terrain, 
by combining the mechanical model with a Bekker-based soft-soil model. MBS-based prediction of 
rutting in soft soil was not explicitly covered in paper B, but in the related work, e.g. [39]. 

 

How can root properties be measured and transformed into a rooted soil model that includes the 
effect from horizontal roots on the soil´s bearing capacity?  

Paper E presents results from terramechanics experiments of rooted soil with a newly developed 
small-scale testing device. The force-deflection results are analysed and compared with analytical root 
reinforcement models found in literature. The presented study indicates that rooted soil properties 
obtained with the new laboratory test device can be used to create an augmented soil model that can 
be used to predict the bearing capacity of rooted soil and also to be used in dynamic machine-soil 
interaction simulations. 

 

Is there a useful transformation from WES model to Bekker model that enable robust multi-body 
dynamics simulations of forestry machines operating on soft forest soil?  

It is shown in paper F how the measured cone index can be transformed to Bekker parameter values 
for MBS-simulations with the MSC/Adams multibody-dynamics simulation tool. But, since the 
transformation is not completely unique, it must be assisted with field test data on similar soil as the 
one targeted in the predictive simulations. 

6.2. Future work 

The challenge addressed in the research presented in this thesis is quite large and complex.  Further 
issues that should be focused on in the following research are without priority: 

 Perform and analyze more laboratory tests on various types of forest soils, roots, and soil-root 
combinations. 

 Perform and analyze a wider range of field tests. 
 Further detail, verify and validate the proposed framework for model-based and simulation-

driven design of forestry machines. 
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