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Symbols

δ       deflection of tyre, m
µTW coefficient of thrust, gross traction coefficient

         µTNET net thrust coefficient, drawbar pull coefficient
µRR rolling resistance coefficient, motion resistance coefficient

τ shear strength of soil, Pa
b       tyre width, m

         d       tyre diameter, m
         h       section height, m

m number of axles of the vehicle
rR rolling radius, m
z      sinkage, m
z1 depth 1, m
z2 depth 2, m
zMAX maximum penetration depth of the penetrometer cone, m
zRUT rut dept, m

C     penetration resistance, (cone index1) Pa
CC penetration resistance of critical layer, Pa
C1 penetration resistance at depth 1, Pa
C2 penetration resistance at depth 2, Pa

         G penetration gradient,Pa
GCI , GS , GSe , GSey  special purpose penetration gradient, Pa
Nβ      wheel numeric Li et al. (1990)
NB wheel numeric Brixius et al (1987)
NC wheel numeric
NCI   Turnage's wheel numeric for cohesion soils
NCI   Turnage's wheel numeric for friction soils (sand)
NR wheel numeric Rowland (1975)
P pull, N
Q wheel torque, Nm
RR rolling resistance, motion resistance, N
S slip, percentage
TW thrust, gross traction, N
TNET drawbar pull, net traction, N
W       wheel load, N
WR rated load of the tyre, N
WW maximal contact pressure, Pa
Pi Tyre inflation pressure, kPa

                                                
1 It is preferable to use the term Cone Index only for older concept, when SI system was not used
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Abstract

WES-method, originally developed by the US Army research centre at 1960th
is widely applied in mobility and trafficability studies. This semi-empirical
method is based on the use of standard cone in measuring the soil penetration
resistance to describe the soil properties, and the wheel numeric based on some
tyre variables to describe the wheel characteristics. The models describing the
wheel performance are developed from field test observations. There is not
adequate experience of the suitability of the method for forestry tractor tyres in
varying moraine soil conditions, but the method is worth of using as a frame of
reference for further studies, due its simplicity and large number of articles from
different applications.

Keywords : forestry, trafficability, terrain transport, mobility, soil damage, penetrometer,
WES
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1. INTRODUCTION

1.1.  Trafficability of terrain and mobility of the forestry
vehicles

The performance of a forestry vehicle depends both on the trafficability of the terrain and
on the mobility of the vehicle. None of the terms cannot be described by one variable
only. The trafficability of a site is composed of several terrain and soil factors. Terrain is
often described by the occurrence of the obstacles and the slope gradient or by the terrain
profile. Microprofile is often related to the scale of a wheel and the macroprofile to that of
the vehicle. Soil factors are used to describe the soil reactions  under the wheel or track
load. Two types of information is needed: the deformation and compressibility of the soil
under the vertical force (bearing capacity), and the reaction of soil particles to the horizontal
forces (shear strength, soil strength). The classification of terrain and soil is discussed more
in detail in another paper.

Mobility of the vehicle as such depends on the vehicle dimensions, engine power, drive line
and wheel/track characteristics. The modelling of the vehicle soil-interaction can be done in
three different levels:
n wheel - soil interaction
n vehicle - terrain interaction
n transport - environment interaction.
 This paper deals mainly with the wheel-soil interaction. The vehicle and the transport models
will be discussed in later papers.
 

 Soil reaction and wheel soil interaction models are studied in connection with a special
scientific discipline called  terramechanics, which is based on theories of soil mechanics,
such as elasticity theory, generally used in road engineering, and plasticity theory,
generally developed for construction engineering. The main feature of the elasticity theory is
that the soil reactions are measured using a round plate and the soil bearing capacity is
expressed using E-modulus. In plasticity theory the loading plate is rectangular, and the soil
parameters used are related to the ultimate bearing capacity. In terramechanics the load,
either wheel or track, is moving along the soil surface, and different approaches or methods
have been developed in order to study the horizontal reactions of the soil. The well-known
Bekker (1960, 1969) method uses a horizontally pulled plate with grousers to study the
horizontal stress/strain reactions. The plasticity theory is widely used in FEM-modelling of
wheel-soil interaction.
 

 Third type of approach, the WES-method, uses soil penetration resistance as a sole soil
parameter, which is assumed to be an adequate parameter to describe both the soil bearing
capacity and strength. The mobility of a vehicle depends on the forces developed by the
traction device to the soil and on the reaction of the soil to them. The forces between tyre
and soil depend mainly on ground pressure developed by the wheel, and of the form of the
loading surface. In WES-methods the contact surface and ground pressure are described
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using dimensionless Mobility number. The mobility can be judged based on rolling
resistance, thrust and drawbar pull developed by the wheel, see Figure 1.1.
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Figure 1.1. Wheel-soil interaction

 

 The friction developing between the wheel and soil, thrust (TW), determines the magnitude of
the torque (Q). The greater the thrust, the greater the horizontal force developed by the
wheel. Part of the thrust (gross traction) is wasted to overcome the rolling resistance
(resistance to movement), (RR), and the rest, drawbar pull (net traction), can be used to
overcome slope resistance, to accelerate the vehicle or to pull a trailer or logs. Pull (P),
which, in practice, is the same as the net traction, drawbar pull, (TNET), is a practical variable
to describe the mobility and the performance of the vehicle. In this paper the characteristics
of a vehicle (wheel) are evaluated by using the relative values: thrust by thrust (gross
traction) coefficient (µTW),, rolling resistance by rolling resistance coefficient (µRR) and
drawbar pull (net traction) by net traction coefficient (µTNET), equations (1.1)…(1.4).
Rolling radius, rR, is used for calculating the momentum.
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 E   soil bearing capacity
  P   drawbar pull
 W   wheel load
  Q   torque
 RR rolling resistance

 τ   shear strength
 rR   rolling radius
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 1.2 Penetrometer and soil penetration resistance
  

 

 Penetrometer is composed of a steel rod fitted with a conical tip and
devices to monitor the force and position of the cone, Figure1.2.  The
standard cone has the 30° angle, and the basal area is half a square
inch, equal to 322,6 mm2.  The cone is pushed into the soil at constant
velocity and the penetration resistance is observed. The older versions
were mechanical, and the penetration resistance was read at certain
depths. Today self recording penetrometers are usually used. The
penetration resistance force in SI units is expressed in kPa. In earlier
studies  imperial units, lb/sq.in, and term cone index (CI) (at a certain
depth) have been used.

 

 Penetrometer resistance in pure cohesive soils increases rapidly to a certain constant value,
Figure 1.3. The penetration resistance value (C) is usually the average penetration resistance
of the  0,10...0,15 or 0,10...0,20 m  layer, Equation (1.5). The objective is to record the
strength of the critical layer, (CC). Because the pressure bulb under wider wheels and
larger loads extends in deeper layers, the critical layer is shallower for the smaller machines
with narrower tyres than for heavier machines with broader tyres or tracks.

 In typical friction soils, sandy
soils, the penetration resistance
increases linearly as a function of
the penetration depth, Fig. 1.3.
For friction soils the penetration
resistance is expressed as
penetration gradient, GS, which
describes the increase of the
penetration resistance from the
depth z1 to depth z2, Equation
(1.6). In loose sand (loose in Fig.
1.3) the penetration gradient is
generally lower than in compact
soils, but the moisture content and
the grain distribution have also
their influence. For mixed soils,
such as moraines (glacial till), the
form of penetration resistance
may change depending on the
variations of soil moisture, density
and particle size distribution.

Figure 1.2
Penetrometer
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Figure 1.2. Penetration resistance of certain
typical soils
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 There are no systematic data on soil penetration
resistance of different soils under different
meteorological conditions in Finland. Some researches
on terrain transport have included soil penetration
resistance as one of the terrain input variables. Haarlaa
(1972) used penetrometer to assess the soil properties
of some moraine sites used for testing forest machines.
His data is presented in Figure 1.4. The penetration
resistance increases rapidly towards the deeper layers.
Mainly it is due to the fact, that most of the Finnish soils
are composed of several soil horizons, and the soil
density increases towards the deeper layers (Westman
1990). Another reason is, that most of the moraine
soils are rather of the friction soil type.  In Figure 1.4
the lowest set of penetration resistance (u) is
recorded on a peaty depression, and the soil is
classified as organic. It follows rather a cohesion type

of soil reaction.
 

 

 Penetrometer resistance values can be directly used for rapid evaluation of  the trafficability
of the site. After Murfitt et al. (1975) walking is difficult, if the penetration resistance is
40...60 kPa. Special vehicles (Weasel) can be used if the penetration resistance is over 100
kPa. Light crawler tractors (D4) can operate if the value is over 200 kPa. Military terrain
vehicles encounter no problems if the penetration resistance is over 500 kPa, and the limit
for passenger cars is about 700 kPa.
 

 1.3 WES-method
 

 WES-method is a semiempirical method based on the use of penetrometer to assess the
trafficability of soils, originally developed by the US Army Corps of Engineering research
centre, Waterways Experimentation Station (Knight & Rula 1961). The soil parameter is the
penetration resistance of the soil measured using a standard cone and procedure. The
vehicle parameters are dimensionless Wheel Numerics (CN,  NCI etc.), calculated from on
wheel dimensions and slip (S), based on simple wheel models and theories. Different wheel
numerics are developed by different institutions, see Equation (1.7), based on empirical
observations on the wheel-soil interaction.
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Figure 1.3.  Penetration
resistance of some Finnish
soils (Haarlaa 1972)
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 The first attempts were to assess the lowest CI-value, where a certain vehicle can pass (go-
no go situation). Freitag (1965) developed a simple Wheel Numeric (NC, Equation (1.8)),
which describes the interaction between the wheel contact pressure and the soil bearing
capacity, and developed methods to assess the performance of the wheel.
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 Because the reactions of friction and cohesion soils differ both in theory and  practice,
Turnage (1972a) improved the model, and developed different Wheel Numerics for sand
and clay soils, Equations (1.8) and (1.9). The tyre width has an important influence on
mobility on cohesion soils, therefore he added the width factor into the basic model for clay
soils (1.10).
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 Further some research officers fount out, that the mobility was not linearly dependent on
wheel parameters, and proposed different Wheel Numerics (NR, NB, Equations (1.11) and
(1.12):
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 As the mobility of sandy soils depends substantially on the density, compaction, grain size
and moisture of the soil, and the variations in their properties don’t affect penetration
resistance similarly as to the variation into the mobility, Turnage (1972b, 1978, 1984)
developed rather a complicated method to determine the penetration gradients GSE and
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GSEY  based on the density of the soils. Because the assessment of the soil properties
demands even some laboratory tests and the use of tables, the presentation of the method is
left out out scope of the paper. After some authors simple wheel numeric for sandy soils is
adequate (Paul 1984), some authors have introduced improved wheel numeric  (Li et al.
1990, Nβ,, Equation (1.13)).
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 The first steps in the development of the method consisted of assessing the lowest strength
of the soil a certain vehicle was able to manoeuvre, go-no go situation (Knight & Rula
1961). For this purpose a standard penetrometer was described. Later first models for
predicting the mobility of vehicles were developed. Freitag (1965) developed the first
dimensionless mobility numbers and mobility models based on them.  Wheel performance
was measured on soil bins, loading different types of tyres on standard soils and by
measuring the reaction forces (WES-Lab models),  or by observing vehicles on test lanes on
terrain (WES-Field models). Turnage (1972a) developed the method further, and presented
separate methods for determining the soil properties for friction and cohesion soils and the
corresponding mobility models. For cohesion soil he used an average cone index, and a
cone index gradient for the friction soils. In agriculture the wheel performance was studied
using fifth wheel method, by attaching an instrumented test wheel at the rear of the prime
mover. Wismer & Luth (1973) combined mobility models with Janosi & Hanamoto (1961)
soil shear model and included the slip into mobility models. The Wismer- Luth model
became one kind of basic mobility model for several later research officers. Gee-Glough
(1980) find out, that soil shear strength was somewhat correlated with penetration
resistance, and added a soil shear factor into the model. Several authors in different
countries have used available models, or presented improved versions of  empirical mobility
models based on WES-method using penetrometer resistance as soil parameter. Maclaurin
(1981) studied the influence soil surface properties and tyre patterns on wheel performance
using WES-method as a frame of reference. He concluded that a weak surface layer
decreases the wheel performance, and that the influence of the surface layer becomes more
pronounced with the use of special terrain tyres. Also he found out, that the influence of the
vegetation may influence on the performance of certain tyres so much that the standard
mobility models give unreliable estimates.
 

 The WES-method has been criticised largely by different authors. Holm et al. (1987) state
that the size of the loading plate or the cone has a significant influence on the apparent soil
strength. Therefore one cone size alone does not give adequately information on all the soil
properties, which affect the mobility of a wheel. Wong (1984) stressed, that the results can
be applied only in similar conditions, where the measurements and tests have been carried
out. Golob (1981) criticizes the method as being non-scientific. Schmid (1995) concludes
that the method can be used as a tool for routing, but not for developing of vehicles.
Upadhyaya & Wulfsohn (1990) did not find any correlation between the wheel performance
and penetration resistance of the soil. Shoop (1993) find only a weak correlation (r=0,24)
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between the penetration resistance and wheel performance during the thaw period. The
trafficability of sandy soils depends largely on soil density, particle size distribution and soil
moisture, and therefore the modelling of the mobility on friction soils is difficult (Gee-Clough
1978, Reece and Peca 1981). Special tyres need their own modelling (Turnage 1978,
Maclaurin 1981).
 

 There are, as well, a large literature attesting also positive results of using the WES-method,
as shown for example of the presented models. Evidently the method is suitable for typical,
homogenous friction or cohesive mineral soils and organic soils, without a pronounced
surface effect, when using normal agricultural or military vehicle tyres.
 

 The WES-method has not been tested on Finnish moraine soils. Haarlaa (1972) studied the
forest tractors on bearing moraine soils, but did not find any correlation between the velocity
of the vehicles and penetration resistance, which, in fact was not expected either. One
problem encountered in Nordic moraine forest soils is the large variation in the penetration
profile due to stones and a dense root mat (Olsen and Wästerlund 1989).
 

 The WES-method has been used in forestry sciences in the USA (Freitag & Richardson
1967, Richardson & Cooper 1970, Fiske & Fridley 1975, Hassan 1977, 1978). WES-
based mobility models have been used in simulation of the performance of forest machines
(Hassler et al. 1983, Iff et al. 1984).
 

 The WES-method is widely used in military science, for example the NRMM (NATO
Reference Mobility Model) is principally developed from WES-method, and lately it is
developed by the German army research centre  (Schmid 1995) and in Hungary (Laib
1995).

 

 1.4 Scope of the study
 

 Even through the WES-method may not be directly applicable for Nordic forestry
conditions, the method offers a large potential to develop suitable models for specific
conditions due to abundant literature references. It offers a simple frame of reference for the
development of  mobility and trafficability models for different types of silty or sandy soils,
taking into account the variations in surface properties and tyre patterns. The aim of the
paper is to increase the knowledgebase on the application of WES-method into forest
operations  in order to develop a terrain classification and trafficability activities and to
improve the methods for assessing the mobility of forestry vehicles.
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 2. EVALUATION OF THE MODELS BY COMPARATIVE
CALCULUS

 2.1 Basic data used in comparative calculus
 

 The reference machine for these calculus is Ponsse S15 forwarder. The empty and loaded
front axle load is put as 54 kN, corresponding to 27 kN wheel load. The rear axle load of
the empty forwarder is 54 kN, and the loaded rear axle load 87 kN, the 12 tonnes load
laying totally on rear tandem axle. The corresponding wheel loads and wheel characteristics
are in Table 1.
 

 2.2 Methods and models used in calculus
 

 Independent variables describing the mobility of a wheel are
• thrust coefficient, gross traction coefficient
• drawbar pull coefficient, net traction coefficient
• rolling resistance coefficient
 

 All the coefficients have been calculated assuming the standard 20% slip (S = 0.2), except
when studying the influence of slip on the mobility, Chapter 2.8.
 

 Dependent variables are
• soil penetration resistance
• wheel parameters

Table 1.1. Wheel and tyre parameters used in calculus

Variable Symbol Unit Front axle Rear axle
Tyre design 600/65-

34/14SF
600/55-

26,5/16SF
Diameter d M 1,644 1,333
Tyre section height h M 0,429 0,381
Tyre width b M 0,601 0,601
Rim diameter dRIM M 0,865 0,715
Rolling radius rR M 0,765 0,590
Tyre inflation pressure Pi KPa 230 360
Wheel load, empty tractor W KN 27 14
Deflection δ M 0,035 0,018
Wheel load, loaded tractor W KN 27 44
Deflection δ M 0,035 0,048

In comparative calculus only one wheel parameter has been changed at a time, even in the
reality some parameters may be somewhat interdependent. For example, the section height
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of a wider tyre is usually higher, and also is the deflection. The only interrelated parameter is
deflection, which is determined as a function of wheel load using the spring constant of
Nokia-tyres.

As mentioned, the  WES-method is widely studied, and there are a great number of reports
on it. The selected models are the following:

Models for cohesive soils:

1. Freitag (1965). FRE. USA, military vehicles, cross-ply tyres. Models are based
on determining the technical mobility of the vehicles.

2. Turnage (1972a). WESF. USA, military vehicles, cross-ply tyres. Models are
based on determining the technical mobility of the vehicles.

3. Turnage (1972b). WESL. USA, mobility parameters of a wheel measured in soil
bins.

4. Wismer & Luth (1973). WIS. USA, farm tractor performance on agricultural soils.
Average agricultural wheel parameters.

5. Rowland & Peel (1975). ROW.  The application of the Mean Maximum Pressure
approach for determining the technical mobility of military vehicles on soft soils.

6. Gee-Clough (1980). GEE. UK, an abundant data of farm tractor performances on
agricultural soils.

7. Dwyer (1984). DWY. UK, an abundant data on farm tractor performance on
agricultural soils.

8. Brixius (1987). BRI. USA. Farm tractors on agricultural soils.

9. Ashmore et al (1987). ASH. USA, Skidder tyre tests on soil bins, clay and silty
soils. Applicable on skidder tyres.

10. Maclaurin (1990). MAC. UK, Different types old military vehicle tyres of 1980th
tested using the fifth wheel technique. Applicable for belt tyres.

Friction soil models

Simple models for friction soils have been presented by Paul (1984)  and Li et al.
(1990), but they have not been used in  the comparative calculus.
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Thus, this paper deals only with the WES-models developed for cohesive soils.

2.3 Comparison of the different mobility models

The mobility models presented by different authors are compared by studying the rolling
resistance and the thrust coefficients as a function of the increase of soil penetration
resistance from 100 kPa to 1500 kPa, see Figures 2.1 and 2.2.
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You can see from Figure 2.1, that most models give very similar results, and the differences
are more pronounced on the soft soils with penetration resistance < 250 kPa. In forestry,
operations on this types of soils become impossible for the environmental reasons, because
of the pronounced rut formation. WESF-model differs slightly from the others, because the
limiting value is at < 300 kPa. It can be explained by the fact, that the vehicles of 1960th

were less developed, and the difference of the model is pronounced when extrapolated
outside the testing conditions. Later the vehicles and tyres have been improved, and the
improvement becomes more pronounced on weaker soils. The Rowland and Ashmore
models differ also from the others. The Rowland’s model is for soil resistance only, and the
tyre hysteresis, about 0.03…0.05 must be added for total rolling resistance.  The low thrust
coefficient and high rolling resistance of Ashmore model is explained by the structure of the
forestry tyre and loading conditions. The model can hardly be extrapolated on soft soils. It is
important, however, to verify by field tests if the WES-models or Ashmore-model fits better

Figure 2.1. Rolling resistance coefficient
using different mobility models

Figure 2.2 Thrust coefficient calculated
using different mobility models
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for the forest tractors on moraine soils, for example, is the actual rolling resistance 0.1 or
0.2.

The thrust coefficient is of the same magnitude (0.45…0.5) by most models, when using
penetration resistance of 550 kPa, which approaches a good trafficability class, see Figure
2.3. The only exceptions are Asmore model (µTW=0,35) and Freitag model (µTW =0,6). On
bearing soils  (> 700 kPa) it can be seen, that the WESLab and Rowland models give too
high values (µTW >0,8) for forestry applications. As mentioned, the Rowland model has
been developed for soft soil conditions. Some models, the old WES-models and the
Wismer-Luth give thrust coefficient of 0.6…0.7, which is high compared to the values found
in literature. The three models developed for agricultural soils, Wismer-Luth, Maclaurin and
Brixius give rather similar values, even the Brixius model gives rather low values for softer
soils. The group of the other three models, Gee-Clough, Ashmore and Dwyer, developed
for agricultural soils seem to give too high values for softer conditions. Outside the soft soil
conditions, the Ashmore model may be the most realistic for forest soils, which usually are
covered by a humus layer, which reduces the thrust. For sites with a harder surface, which
offer a good grip for a tyre, the Brixius, Maclaurin, and even Wismer-Luth may suit, but the
validation of the models  requires field tests.

The models developed for drawbar pull
coefficients, Figure 2.3, can be
concluded, that 6 models result in the
coefficient  of 0.12 to 0.15 on 250 …
300 kPa conditions. This can be
considered as a limit for technical
mobility. The WESField model results the
technical limit to 400 kPa penetration
resistance, and therefore the model may
be suitable to limit the trafficability of the
site close to the economic mobility of the
vehicles, specially for low bearing
conditions, but the model gives unrealistic
high values for harder soils.  As
mentioned before, field tests are needed
to find out the most reliable models.

As a conclusion it can be said, that none of the models can be proven to be the most
suitable for forestry applications, but the mobility of the forest machines can be estimated to
a certain logical fork. The drawbar pull coefficient 0.2 is obtained by nearly all the tested
models with the 200 … 250 kPa penetration resistance. This can be considered as a limit
for a technical mobility. Most of the models result in the drawbar pull coefficient of 0.5 with
500 … 750 kPa penetration resistance, and this can be considered as the limit for an
economic mobility.
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Figure 2.3. Drawbar pull coefficient by
different mobility models
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2.4 Mobility of a forest tractor

The object of the WES-models is the wheel-soil interaction of one wheel. A forest tractor,
however, has several wheels, usually 4 to 8. If the wheels are of the same size and the
weight distribution is even, the analyse can be made based on one wheel. If the front and
rear wheels are of different size, and the axle loads between the rear and front axles vary,
the analysis can be performed by summing up individual wheels or using the wheel with the
lowest wheel numeric as a reference wheel. Naturally even more complicated models can be
used, by summing up the forces the each individual wheel is generating on given conditions
under given load distribution.

The mobility of the different
wheels of the reference
forwarder is studied. As the
wheels on rear tandem are of
the same size under the same
loading conditions, three cases
are present: front wheel,
unloaded rear wheel and
loaded rear wheel. As the
mobility can be judged based
on drawbar pull coefficient,
total thrust coefficient is not
calculated. The rolling
resistance coefficient,
however, gives rather a good
indication on possible damage
to the nature (see Chapter
2.6), and therefore it is also
calculated. Maclaurin’s model
is used in calculus. The results
are depicted in Figure 2.4.
Front wheel, and unloaded

rear wheel have nearly the same mobility, and the significant wheel is the front wheel. Under
load the mobility of the rear wheel is much lower, and the judgement must be based on the
rear wheel.

As the criterium for a technical mobility can be considered as the drawbar pull coefficient of
about 0.1, it can be seen that the penetration resistance must be close to 250 kPa for
technical mobility for the empty forwarder. The criterium for an economic mobility is about
0.3 and therefore the penetration resistance must exceed 400 kPa for the empty vehicle. For
the loaded tforwarder a technical limit is around 600 kPa and the economic limit 750 kPa.
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(1990)
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2.5 Analysis of factors affecting the mobility of a wheeled vehicle

The WES-models are also used in comparative calculus in order to observe the influence of
a single wheel variable into the mobility. This gives also some information on the suitability of
the models for larger applications.

 2.5.1 Influence of the wheel diameter on mobility

The tyre contact area and the tyre contact length have a paramount influence on wheel
performance. They are depending both on wheel diameter and tyre width and on tyre
characteristics such as inflation pressure which determines largely the tyre deflection. As a
rule, the tyre inflation pressure and thus the deflection for a certain type of tyre are rather
constant, and therefore the wheel diameter alone has an important role in determining the
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mobility of the tractor or the suitability of the machine to the mission. It is to note, that the
wheel diameter has an influence not only on wheel-soil interaction, but also it plays a
paramount role in the wheel-microterrain interface, which determines the tractor vibration.

Figure 2.5 Rolling resistance
coefficient by different models as a
function of the wheel diameter.

Figure 2.6 Drawbar pull coefficient by
different models as a function of the
wheel diameter
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Therefore, when comparing of the performance of different vehicles, the wheel-soil mobility
analysis alone is not adequate.

In the following The reference wheel is the front wheel of the reference tractor, see Table 1.
The soil penetration resistance is 500 kPa, tyre width 0.600 m and wheel load 27 kN. The
comparative results for the rolling resistance and drawbar pull coefficients using different
models are presented in Figures 2.6 and 2.7.

From Figure 2.6 it can be seen that the rolling resistance will rapidly increase as a function of
wheel diameter for smaller than 1.2 m the wheel diameter, bur for larger wheels the increase
in wheel diameter does not affect noticeably the rolling resistance. When judging after the
drawbar pull, smaller than 1.0 m diameter wheel is hopeless, and under these soil and
loading conditions the wheel have to be over 1.0 m in diameter. Technically the tractor fitted
with 1.2 m wheel is able to operate on 500 kPa conditions, but the rut formation is still
remarkable, as seen from high rolling resistance coefficient. The older WESF-model limits
the wheel diameter to 1.6 m, but as said, the model is based on technically less developed
vehicles and tyres. Evidently actual tyre size (d=1.35 m rear, d=1.65 m front) is close to
optimum at the current state.

2.5.2 Influence of tyre width on mobility

The influence of the tyre width on mobility is illustrated in Figures 2.8 and 2.9. The rolling
resistance increases strongly, if the tyre width decreases under 0.5 m. The influence on the
drawbar pull is less drastic, but after most models the culmination point is between 0.5 and
0.6 m. The increase of 100 mm on 500 mm tyre width improves less the mobility, than the
decrease of 100 mm reduces it. On rather bearing soil conditions (C = 500 kPa), it is
possible to operate with narrow tyres, the drawbar pull is still acceptable, but the rolling
resistance is high and thus the soil deformation becomes pronounced. Current tyre widths
seem to be close to an optimum in this respect, but it must be kept in mind, that the soil
compaction reaches deeper under a broader tyre.
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2.5.3 Influence of wheel load on mobility

Except one, in all the models the effect of the wheel load on the wheel performance is
straightforwardly similar, Figures 2.10 and 2.11. The Rowland and WESField models
differs somewhat of the others, but the Ashmore model differs noticeably. Ashmore used
skidder tyres and the dynamic loading range was 15 ... 40 kN, and the loading range in
forwarding simulation goes  beyond his range.

Figure 2.7 Rolling resistance
coefficient by different models as a
function of the tyre width

Figure 2.8 Drawbar pull coefficient by
different models as a function of the tyre
width
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The rolling resistance coefficient increases from 0.09 to 0.15 following the increase in the
wheel load from 15 to 70 kN. Respectively the drawbar pull coefficient decreases from
0.45 to 0.30. The wheel performance worsens rather strongly as a function of the wheel
load. As seen from Figures 2.10 and 2.11 the rolling resistance and the pull coefficients are
dependent on the wheel load, and thus simple models, expecting the same coefficients under
different loading conditions may distort the decision making concerning the effect of the load
size on the mobility and trafficability.

Figure 2.9. Rolling resistance
coefficient by different models as a
function of the wheel load

Figure 2.10. Drawbar pull
coefficient by different models as a
function of the wheel load
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2.5.4 Influence of wheel slip on mobility

The rolling resistance can be considered to
be independent on slip. Often the rolling
resistance is measured by a free rolling
towed wheel, where the slip is not
observed. But the thrust and the pull are
very dependent on slip, even the slip is not
included in all the models, see Figure 2.11.
Generally speaking, if the thrust has been
recorded as a function of slip, the model
has been developed by using of 20% slip.
The outcome of the models is uniform, the
thrust increases rather linearly up to 0.2-
level, and then the increase is regressive up
to 0.40 slip level. An increase of slip over
0.40 increases only a little the thrust,
meaning only a small increase in wheel
performance, but it increases drastically the
energy input, increasing the soil
deformation.

2.5.5 Influence of tyre deflection on mobility

Tyre deflection has an important role to play on tyre performance, because both the tyre
contact area and form depend on the tyre deformation against the soil surface. In fact, the
modelling of the deflection is the most difficult in developing of wheel/soil interaction models
(Löfgren 1992). Because of their strength, the tyres used in forest machines are stiff, having
many plies (12...16), and being inflated up to 400 ... 450 kPa pressure. Therefore the
behaviour of a forwarder tyre resembles the behaviour of the rigid wheel, contrary to the
more flexible and less inflated military or farm tractor tyres. Special “Rolligon” or low
pressure tyres have, however, been tested in skidders (Mellgren 1981). It is evident, that the
extrapolation of the empirical “standard” tyre models cannot be extrapolated to predict
exactly the performance of other types of tyres under exceptional inflation pressures. The
inflation pressure of a certain tyre can be changed at a certain level, and thus have some
variation on mobility. As a rule high pressure tyre has a better performance on hard surface
and lower pressure and  on soft soil conditions (Dwyer 1987).

The influence of deflection on rather bearing soil ( C= 500 kPa) is studied in Figures 2.13
and 2.14. It is evident, that the rolling resistance starts to increase excessively under smaller
(<30 mm) deflections. The drawbar pull has an culmination point at  30...50 mm deflection,
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under which the drawbar pull decreases rapidly. Current tyre deflection (35 mm) is close to
the lower limit, but the machine owners prefer a higher inflation pressure and a small
deflection to the profit of a longer life expectancy for the tyres.

2.6 Applications of the WES-method for estimating the
environmental effects of the forestry transportation

The WES-method has not been developed for the evaluation of the soil disturbance or other
environmental effects of the terrain tractors, but it can be extended to evaluate the wheel
sinkage, the rut formation and soil compaction.

2.6.1 Estimation of  the sinkage of  a wheel and of the rut depth
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Maclaurin (1981) recorded in connection with the measurement of the wheel performance
also the wheel sinkage (z) and developed an empirical model for the estimate. Note, that a
part of the wheel sinkage is elastic and a part plastic, and therefore the wheel sinkage is not
the same as the rut depth. Rut formation is, however, somewhat dependent on the sinkage,
and therefore it is expected, that the WES-method may be suitable for estimating the
environmental effects of the off-road transport.

Based on the rigid wheel theory the sinkage can be derived from rolling resistance (Kaje
1968, Saarilahti 1991). The rolling resistance coefficient (µR) depends on the wheel sinkage
(z) and diameter (d), Equation (14).

µ R =
z
d

                (2.14)

By combining the corresponding WES rolling resistance model and by solving the sinkage
we, can write, Equation (15):

[ ]
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Anttila (1999), (also Saarilahti & Antila
(1999)) measured the rut depth on
Finnish moraine soils, and developed a
WES-based empirical rut depth model,
Equation (2.16), which fits fairly well with
the observation, Figure 2.14.

(2.16)

Z Z
NRUT MAX

CI
= + ⋅ +0 005 0 086

0185
. .

.

2.6.2 Estimation of  the  soil compaction

As mentioned earlier, the soil penetration resistance is dependent on soil density, and
therefore the degree of soil compaction is correlated with penetration resistance.
Penetrometer is largely used in agriculture to evaluate the effect of tyres on soil compaction.
The method has also been used to compare forest tractors from the point of view of their
influence on soil compaction. Servadio & Marsili 1999 found out, that the soil density was
higher after a wheeled forest tractor than after the tractor fitted with rubber tracks.
Alakukku (1997) used penetrometer to monitor changes in soil compaction of agricultural
soils after different wheel load treatments, and found out, that the increase in penetration
resistance was stronger than increase in soil density after compaction.
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3. APPLICABILITY OF THE WES-METHOD FOR ASSESSING
THE TRAFFICABILITY OF FOREST SOILS

The database related to WES-method offers a great number of different models applicable
for typical soils and standard tyres. The suitability of the method for the prediction of the
mobility, trafficability and environmental effects in Nordic moraine conditions need further
investigations and field tests. Also, the mountainous environment with slopes differs largely
from the general application field of the method. Evidently, further investigations on the
validity of the models are needed. Due to its semiempirical nature, different models can be
added for local conditions to improve the validity of the models.

Currently the WES-models can already be used for different simulations, where some
relative values are needed to compare different machine alternatives. Although the results
may differ on absolute level, the models are giving reliable estimates on of which kind of
technical solutions are closer to the targeted solution.

Models based on the WES-methods offer at the moment one reasonable solution to
develop different types of expert systems for evaluating the technically, economically and
environmentally sound terrain transport systems, as well as data for adding soil trafficability
parameters for route mapping database. Later the development of more sophisticated
methods, such as application of FEM in solving wheel-soil interaction problems, is possible,
but in the span of the 3-year project geared to solve imminent mobility problems the WES
method seems to be the best solution.
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