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Abstract 

Timber harvesting operations in plantation forestry in South Africa are rapidly being mechanised.  

However, movement of forest machines over the soil increases the potential for soil compaction 

and disturbance.  In an effort to prevent forest soil damage, the Technical University of Munich 

developed the “ProFor” software. This software enables the calculation of critical soil water 

content for a given machine and physical soil characteristics. 

  

The applicability of ProFor in the South African forestry industry was assessed through the 

comparison of the evaluation of the impact of forest harvesting machines on soil properties with 

ProFor predictions. The study was conducted in four harvesting sites located in three of the major 

plantation forestry regions of South Africa namely: KwaZulu-Natal; Eastern Cape and the 

Western Cape. The impact of forest harvesting machines on soil physical properties was assessed 

through the evaluation of changes in soil saturation, soil bulk density and rut depth. The impacts 

of machine movements on soil physical properties were then compared with ProFor’s 

predictions. 

 

The study has indicated that ProFor gave good predictions of the critical water contents for most 

of the studied soils except for sandy soils. The study has also indicated that in more than 75% of 

the observed cases (r = 0.76) ProFor gave valid predictions of rut formation.  However, ProFor 

predictions poorly correlated (r = -0.1) with the observed soil compaction. 

 

The model can be adopted for the South African forestry industry for use in the management of 

wet spots of a plantation. However, ProFor can be of even greater importance if a separate 

algorithm was built to be used for the prediction of soil compaction which is a common hazard in 

most South African forestry. 

 
Keywords: Forest harvesting, ProFor, soil compaction, rutting, bulk density.
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Opsomming 
Houtontginning in Suid Afrikaanse bosbou plantasies word deurgans meer gemeganiseerd. Die 

gebruik van swaar masjienerie wat oor die bosgrond beweeg verhoog die versteuring en 

kompaksie geleenthede op die grond. Die Tegniese Universiteit van Munchen het daarom 

“Profor” programatuur ontwikkel om die skade aan die bosgrond te bekamp. Hierdie 

programmatuur bereken die kritieke natheid vir ‘n gegewe masjien en fisiese grondeinskappe. 

 

Deur ProFor voorspellings met evaluasies van die impak van bosontginnings masjienerie op 

grondeienskappe te vergelyk, kon die bruikbaarheid van ProFor vir die Suid Afrikaanse 

bosboubedryf bepaal word. Die studie is heraal op vier groeiplekke in drie plantasie bosboustreke 

van Suid Afrika naamlik: KwaZulu-Natal, Ooskaap en die Weskaap. Die impak van ontginnings 

masjiene op fiesiese grondeienskappe is bepaal deur die evaluasie van veranderings in spoor 

diepte, bulkdigtheid en grondversadiging. Die voorspellings van ProFor is dan met hierdie 

gemete inpak eienskappe vergelyk. 

 

Die studie het aangedui dat ProFor goeie voorspellings van kritieke grondnatheid maak vir die 

meeste gronde in die studiegebied, behalwe in die geval van sanderige gronde. Die studie het ook 

aangedui dat ProFor in meer as 75 persent van die waargenome gevalle (r2 = 0.76), geldige 

voorspellings vir spoordiepte lewer. ProFor voorspellings was egter swak gekorreleer (r2 = -0.1) 

met waargenome kompaksie. 

 

Die model kan aangepas word vir die gebruik in die Suid Afrikaanse Bosboubedryf in die bestuur 

van nat areas in plantasies. Verder kan ProFor ‘n groter bydrae lewer indien ‘n aparte algoritme 

ontwikkel word, wat grondkompaksie meer  akkuraat voorspel, aangesien dit ‘n meer algemene 

gevaar is in die meeste Suid Afrikaanse plantasie bosbou groeiplekke. 
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1. Introduction 
 

 Background  

Timber harvesting operations in plantation forestry in South Africa are increasingly being 

mechanised.  This trend was observed and documented by Smith et al., (1997a). One of the 

contributing factors is the scarcity of manual labour as a consequence of the depopulation of the 

rural areas due to the prevalence in the HIV/ AIDS infection (Clarke & Moenieba, 2004).  In 

addition, mechanized forest harvesting operations are also being favoured to manual labour 

because of their high productivity, improved safety and lower cost per m3 

 

The use of forest machines to extract timber and the resulting negative changes in soil physical 

properties are among some of the topics being debated in literature (Greacen & Sands, 1980; 

Froehlich & Mc Nabb, 1984).  This is because mechanised forest harvesting operations may 

cause soil compaction; deep rutting; soil erosion and soil profile disturbance i.e. mixing and 

removal of forest litter and mineral topsoil.  These lead to permanent deformation and damage of 

the soil structure, which in turn may negatively impact on timber yield on current and future 

crops (Greacen & Sands, 1980).  This will have severe consequences on the sustainability of 

forestry as an important provider of high quality timber. 

 

A cause of concern from a South African forestry industry perspective is that the widespread use 

of forest harvesting machines during timber harvesting operations may result in a considerable 

decline in site productivity (Smith et al., 1997b).  Various studies overseas have shown that once 

compacted, forest soils often recover slowly i.e. in some instances, it may take more than fifty 

years to return to its undisturbed levels of bulk density or soil strength (Froehlich et al.,1985). To 

make matters worse, most South African soils generally have a limited natural capacity to 

alleviate compaction and disturbance because they possess a clay mineralogical suite which has 

limited swelling-shrinkage behaviour (Smith et al., 1997a). In addition, unlike other regions of 

the world, South Africa does not receive snow which could form a protective layer during timber 

harvesting operations in winter in order to minimise the machine impact.  However, timber 

harvesting is carried out all year round including the wet season (Smith et al., 1997a; Jakobsen & 

Greacen, 1985).   
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 State of the art 

 
In the South African forest industry, forest harvest planning is conducted at three levels namely, 

strategic, tactical, and operational planning (Brink & Kellogg 2000).  Strategic planning forms an 

integral part of the strategic management philosophy of a company. This level of planning aims 

at ensuring that the company’s structure blends with set strategies by recognising international 

trends in the harvesting and transport sphere.  On the other hand, tactical planning is compiled 

within the strategic objectives set for the company. The main aim of the tactical plan is to match 

the most appropriate equipment with the terrain and site conditions for an area designated for 

harvesting. It is at this level where issues like harvesting schedules are set out.  Site data deals 

with aspects like soil conditions (dry and wet), ground roughness and slope. However, M. 

Snyders (Pers comm, 2007) highlighted that such plans do not specify exact time line in days 

when soil water content reaches a critical state for machine based harvesting. As a consequence, 

harvesting operations can be restricted even when it is not necessary. 

 

In an effort to reduce the impact of forest harvesting machines on forest soils in Germany, the 

Technical University of Munich developed the software programme, ProFor. This program offers 

a new and unique opportunity to precisely predict threshold values for soil protection from forest 

machine operations. ProFor enables the calculation of limiting soil water content for a given 

machine with a known tyre configuration and a given stand with certain physical soil 

characteristics i.e. soil class, humus content and soil water content.  ProFor can be used as a 

tactical and strategic planning instrument to enable forest enterprises to avoid potential hazards of 

forest harvesting operations on soil. This is unlike other approaches such as the use of 

Geographical Positioning System (GPS) that just monitors traffic movement to evaluate soil 

damage after it has already been done. Based on its success in Germany, ProFor may be an 

important tool for the South African forestry industry if validated for local forest soil conditions. 

 

 Study objectives: 

 
 Main Objective 

The main objective of the current study is to validate the applicability of ProFor in the South 

African forestry industry. 
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 Specific Objectives 

In order to meet the above mentioned objective, the following specific sub-objectives were set 

out:  

• To evaluate the impact of forest harvesting machines on soil properties in three of the 

major plantation forestry regions of South Africa: KwaZulu-Natal, Eastern Cape and the 

Western Cape. 

• To compare the results of on-site soil observations with ProFor outputs. 

 



2. Literature review 
 

 General 

 
Forest harvesting operations are associated with negative effects on soil physical properties and 

consequent loss of site productivity.  One of the negative effects of these operations is soil 

compaction.  Soil compaction is defined as a process that leads to the increase in bulk density, as 

a result of the application of stresses to the soil that exceeds its resistance capacity resulting from 

passes of heavy machines (Soane, 1989).  This chapter presents an overview on mechanics of soil 

compaction, efforts by the forestry industry worldwide in the amelioration of soil compaction, the 

use of modern information and communication technologies to minimize or avoid soil 

compaction and the explanation on the ProFor software. 

 
 Mechanics of soil compaction 

When a soil is compacted, its total porosity is reduced at the expense of macropores (e.g. earth 

worm burrows).  This leads to an increase in the proportion of micropores since they are 

relatively less affected by compaction (Hillel, 1982).  The ability of a soil to resist compressive 

forces is a function of soil mechanical strength, which is influenced by the soil water content 

status, intrinsic soil properties such as texture, and machine configuration: axle load, tyre 

dimensions and velocity, as well as soil- tyre interaction (Hillel, 1982). 

 

 Influence of soil water on soil compaction 

Soil water is the most important factor influencing soil compaction processes (Hamza et al., 2005 

and Mosaddeghi et al., 1999).  Soil water commonly exists as a thin water film around soil 

particles, aggregates, and connecting structures, such as clay bridges.  When soil is dry, soil 

compaction is caused by the collapse of larger pores, but most aggregates do not change their 

shape because intra-aggregate resistance forces are usually larger than those of inter- aggregate 

forces. 

 

As soil water content increases, water films gradually cover the entire soil particle, and the 

thickness of the water film progressively increases.  This water film weakens the soil structure 

and reduces frictional forces between soil particles.  Therefore, moist soil aggregates are more 

susceptible to deformation, and the soil is more easily compacted, especially when the soil water 

content is between the plastic and liquid limits (Hillel, 1982; Greacen & Sands, 1980).  However, 
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according to Hamza et al., (2005), soil compaction and soil water are only significant when 

comparing soils of the same depths because considerable variation between depths in the same 

profile, and between profiles make it difficult to compare the results. 

 

Soil passes through a number of phases when being compacted depending on the water content, 

namely; plastic limit, intermediate phase and the liquid limit.  The plastic limit refers to the soil 

water content dry enough to bear mechanical loads typical for forestry machinery without risk of 

considerable deformation. On the other hand, the liquid limit refers to the soil water content that 

renders the soil bearing capacity of a soil so low making severe soil damage inevitable (Matthies 

et al., 2006).  These limits are dependent on the clay content and mineralogical characteristics of 

a specific soil.  Matthies, et al., (2006) indicated that soil water content status lower than the 

plastic limit is desirable for any forest management operation involving machine use. At high soil 

water content i.e. under complete or near soil saturation, the difference in soil resistance between 

compacted soil (with traffic) and uncompacted soil (no traffic) is low although soil churning 

usually increases with trafficking.  This is due to soil water content exceeding liquid limit, the 

actual soil compaction decreases because the water-filled soil pores are not compressible (Miwa, 

2004).  However, as soils get drier, soil compaction in the top soil becomes observable (Silva et 

al., 2000; Miwa, 2004). 

 

According to Hillel (1982), for any given amount of compactive effort, the resulting bulk density 

is a function of soil water (Figure 1).  This theory states that with increasing soil water, the 

compaction that results from a given amount of compactive effort (e.g. repeated passes of a 

machine) increases to a point, “maximum density” at a moist value called “optimum water”, 

beyond which, the density decreases because of the limited ability of air to be driven from the 

soil (Carter et al., 2006).  The result of compactive efforts at water contents above optimum water 

content is displacement and deformation of the soil rather than compaction.  Trafficked soil 

below optimum water content will not reach as high a bulk density as when they are at optimum 

water content (Hakansson & Lipiec, 2000). 
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Figure 1: Soil moisture density curve 

 
The energy required to compact soil may arise from rainfall, growth of plant roots, foot traffic 

from both man and animals, and from the weight of the vegetation and naturally as a result of 

settlement and slumping of soil over longer periods (Soane, 1989).  However the main forces 

causing compaction of forest soils come from machinery (weight and vibration of heavy 

equipment and the dragging of logs over the terrain) used to manage and harvest the crop 

(Greacen & Sands, 1980).  

 
 Influence of soil texture on soil compaction 

Inherent physical properties of a soil such as its texture play an important role in soil compaction.  

Soil texture refers to the size range of particles in the soil i.e. whether the particles of which a soil 

is composed are mainly large, small, or of some intermediate size or range of sizes.  Soils with 

different proportions of sand, silt and clay are assigned to different classes which may differ in 

various countries (Figure 2). The South African soil classification is based on the United States 

Department of Agriculture (USDA)
 textural classification system. 

Moisture content 

Optimum MC 

D
ry

 d
en

si
ty

 



 

Sand: 0.063-2.0 mm 
Silt: 0.002-0.063mm 
Clay :< 0.002mm 

Sand: 0.05-2.0 mm 
Silt: 0.002 – 0.05 mm 
Clay :< 0.002mm 

South African Textural triangle 
(Adapted from Soil Classification 
working group) 

Germany Textural Triangle 
(Adapted from ProFor Model 

Legend 
Ton (T) = Clay 
Sand(S) = Sand 
Schuff (SU) = Silt 
L = Loam 

Figure 2: Soil texture classification systems of South Africa and Germany.
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The determination of the soil texture plays a crucial role in the validation of the ProFor model 

because the model requires the mass ratios of the three fractions (sand, silt and clay) to determine 

the texture class of any specific soil. This is the case because soils belonging to different textural 

classes behave differently under stress. Texture determines to a large extent the physical and 

chemical behaviour of soil (Hillel, 1982). Soils with a broad range of particle sizes and low 

amounts of fines (silt and clay) are liable to compact to high bulk densities(Grey & Jacobs, 

1987).  

 

 Influence of machine characteristics on soil compaction 

Apart from the inherent soil properties, physical characteristics of a machine such as the type and 

makes of tyres, tyre pressure overall machine weight and axle load distribution also provide other 

important factors that determines the degree and extent of soil compaction.  According to Hillel 

(1982), for pneumatic (air-inflated) tyres, the pressure exerted upon the supporting surface is 

approximately equal to the inflation pressure hence the total weight of a vehicle at rest should 

equal the sum of the products of the pressures exerted by the wheels and their respective contact 

areas.  According to Hamza et al., (2005), wheel load, tyre type and inflation pressure increases 

soil bulk density and plays an important role in soil compaction. The magnitudes of pressures 

exerted by wheeled and tracked vehicles depend in a combined way on characteristics of the soil 

surface zone and of wheels or tracks involved (Hillel, 1982).  The manner in which these 

pressures are distributed within the soil, and the deformations they cause, depend, in turn, on the 

pattern of the surface pressure as well as on the mechanical characteristics of the soil in depth 

(Hillel, 1982).  

 

In an effort to reduce soil compaction, a wide range of techniques have been employed by the 

forestry industry world wide. Some of the techniques employed include the use of low pressure 

tyres and reduced ground contact pressure systems.  Literature has shown that operating with 

low-pressure tyres can significantly reduce soil compaction while high tyre inflation pressure 

increases soil compaction (Soane et al., 1982; Hakansson, 2001).  In addition another technique 

that is being used is the use of reduced ground contact pressure systems.  This technique involves 

the use of machines fitted with tracks or larger than standard tyres with low inflation pressures 

(such as radial tyres) as it is suggested that this system is capable of increasing tractive efficiency 

and reduce tyre/soil contact pressure and there by, the potential for compaction (Hamza et al., 

2005).  This technique evolved from the fact that the severest disturbance is produced by heavy 
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equipment with small surface traction, such as a heavy forwarder with narrow, small diameter, 

high pressure tyres making multiple passes on the same area (Miwa et al., 2004).  However, 

Sheridan (2003) found no significant differences between the soil impact of steel-tracked 

skidders and rubber tyre skidders. The study highlighted the dangers in assuming that reduced 

machine static ground pressures will automatically lead to reduced soil impacts. This is the case 

because other factors like terrain conditions and operator skills influence soil impacts. 

 

 Impacts of soil compaction on soil physical properties. 

There are several forest management operations that involve movement of machines in forest 

plantations.  These activities amongst others include planting, thinning and clearfelling 

operations.  However, as discussed elsewhere in this chapter, these machines have the potential to 

impact negatively on the physical condition of the soils.  These impacts include increased soil 

bulk density, shear strength, reduced porosity, reduced air and water permeability. 

 

Literature has also highlighted that soil compaction has a direct effect on plant growth and yield 

capacity.  This is the case because it has a direct impact on water and air storage capacity of a soil 

and limited oxygen supply to roots leading to poor root development (Lebert et al., 2007, Unger 

& Kaspar, 1994).  There is growing recognition; however, that compaction is not always 

detrimental to seedling and overall tree crop performance (Powers, 1999).  Fleming et al., (2006) 

and Smith et al., (1997b) highlighted that compaction of soils with undisturbed forest surfaces 

may improve both seedling survival and growth; even where adverse effects on aeration and 

hence nutrient availability or on soil strength and water availability could dominate.  However, 

the general effectiveness of compaction in promoting seedling establishment, regardless of soil 

texture also depends on other factors. 

 

Apart from the negative impacts on soil functions related to forestry productivity, soil 

compaction also affects soil functions related to the environment.  For example, soil air and water 

conductivity (unsaturated hydraulic conductivities) and heat balance (increase thermal 

diffusivities).  Changes in nutrient cycles, due to altered soil chemistry and elevated greenhouse 

gas emissions, can also arise from soil compaction.  The reduced infiltration capacity, e.g., from 

precipitation water, may lead to higher erosion susceptibility (Lebert et al., 2007). 
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 Ameliorating the Negative Impacts of Mechanised Forest Harvesting on Soil Physical 

Properties 

Since soil compaction mainly decreases soil porosity (or increases soil bulk density), increasing 

soil porosity (decreasing soil bulk density) is a possible way of reducing or preventing soil 

compaction.  This can be achieved in a number of ways, namely; natural processes, land 

preparation, controlled traffic, and through the use of designated skid trails. 

 

 Soil de-compaction through natural processes 

Soil de-compaction can occur in a number of ways through natural processes.  Some of the 

processes include the biological processes facilitated by soil micro-organisms, swelling and 

shrinkage of the soil. 

 

Activities of soil organisms contribute greatly to natural soil recovery.  Among the diverse soil 

organisms, earth worms, bacteria and fungi are especially important for initial breakdown of 

organic substances.  The primary effect of initial fragmentation of large organic debris is the 

physical increase of surface area and the chemical breakdown of stable soil organic matter 

cellular structures for further microbial decomposition.  Earth worms are probably the most 

important soil microfauna.  This is the case because they are abundant in the forest ecosystem and 

they help in the fragmentation of litter and the mixing of partially decomposed organic materials 

with mineral soil thus enhancing the soil structure (Froehlich & McNabb, 1983).  Hence, if 

techniques become available, the management of soil fauna to promote rapid breakdown and 

incorporation of litter into the soil would be valuable.  

 

In addition to the activities of soil micro-organisms in the natural processes of soil recovery from 

compaction, the swell-shrink soil properties common in clay soils also help in the soil de-

compaction processes.  Soil shrinkage occurs when aggregates lose inter- and intra- aggregate 

water (Froehlich & McNabb, 1983).  Inter-aggregate water loss causes a decrease in the double 

diffuse layer, and intra-aggregate water loss causes re-organisation of the soil particles and 

reduction of the aggregate intra-pore space (Froehlich & McNabb, 1983).  Therefore, shrinking 

and swelling processes are affected by; the shrink-swell clay content, structural balance among 

soil particles; the cation concentration of the water and soil water content (Miwa, 2004).  

However according to Smith, (1997a), South African forest soils are kaolinitic and hence do not 
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exhibit the shrink-swell characteristics making it almost impossible for them to recover from soil 

compaction through this mechanism. 

 

One of the setbacks of natural soil recovery to compaction in the forestry industry is that the 

recovery, in the absence of ameliorative treatment, is slow under the influence of climatic 

processes and the activity and soil fauna (Jakobsen, 1983).  For example, in Australia, it may take 

10 or more years for soil to recover after shallow compaction (Jakobsen, 1983).  On the other 

hand, compaction of deeper layers may persist for 50 years depending on soil type, vegetation, 

water conditions, depth of compacted layer and degree of compaction (Greacen & Sands, 1980).  

Recovery rates are dependent on many factors, but chief among them are number of repeated 

harvest cycles, soil water conditions during harvest, soil texture, regional climate, type of 

disturbance and rock-fragment content (Dumroese et al., 2006).  

 

 Soil de-compaction through forest management   

Considering the setbacks of natural processes of soil decompaction, a number of forest 

management techniques have been applied in the forestry industry world wide which are aimed at 

preventing, reducing or even avoiding the impacts of soil compaction and damage.  These 

include: use of tillage as a site preparation method; prohibiting the application of machine 

harvesting on soils susceptible to compaction; restricting logging traffic to a limited number of 

extraction routes; use of brush mats on the extraction route and traffic optimisation through the 

use of modern information and communication technologies like Geographical Positioning 

System (GPS) navigation and Geographical Information Systems (GIS). (Froehlich et al., 1981; 

Hatchell, 1981;  Ruarck et al., 1982). 

 

Considering that texturally well-graded soils are more susceptible to compaction, limiting 

machine travel during certain periods when the soils are more susceptible is one option being 

employed by some forest managers (Hamza et al., 2005).  However, according to Froehlich and 

Mc Nabb (1983), identifying the specific water content at which a soil is most susceptible to 

compaction is extremely difficult because of variability within even a small harvest unit.  Soil 

water also depends on yearly variation in precipitation.  This then means that limiting machine 

operations on the basis of soil water is partially effective, difficult to administer, and disrupts 

harvest scheduling (Smith et al., 1997). 
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Another technique that can be employed is the use of machines that cause less compaction 

(Rollerson, 1990).  However, the use of specially designed low impact machine might not be 

compatible with machine efficiency and productivity considering that harvesting is an expensive 

component of the overall forestry operation.  This means that usually, a compromise has to be 

reached between the use of highly productive forest harvesting machines and the sustaining of 

site quality. 

 

In addition to the techniques mentioned above, the use of harvesting debris i.e., branches and tree 

tops, has been used to reinforce the strip roads in the stand in many European countries. 

(Hutchings et al., 2002).  This method has resulted in a substantial increase in soil bearing 

capacity on many occasions (Hutchings et al., 2002). However, results from some studies 

conducted in Britain and the United States of America have indicated that use of harvesting 

residues does not offer a final solution to the prevention of soil compaction (Hutchings et al., 

2002; Mc Donald et al., 2006 ; Wood et al., 2003).  

 

Another setback in the use of harvesting debris for the prevention of soil compaction has been an 

increased interest to utilise the debris for the production of energy in some European countries 

during the past decade (Eliasson, 2005).  This means that where the harvesting residues are being 

used for energy production, a compromise is reached between energy production and soil 

protection. 

The use of designated skid trails has also been widely embraced by a large fraternity of the 

forestry industry in many countries the world over.  This technique aims at the reduction of the 

portion of the stand where growth is impaired by compaction due to machine travel. According to 

Froehlich and Mc Nabb (1983), designated skid trails can economically be held to about 10 % the 

harvest area and serve as routes of entry for all the succeeding operations.  However, they are not 

fully compatible with the more mechanised harvesting systems, including the use of grapple- 

equipped machines, nor possible on low – strength soils that cannot support machines after the 

first few passes. 

 

 Use of modern Information and communication Technology 

There are basically two types of approaches that have been adopted in order to reduce the impact 

of forest harvesting machine on the sustainability of the forest soils.  The first approach is the 

introduction of monitoring and evaluation tools for assessing the damage caused by the machines 
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on the forest soils.  For example, GPS technology has been employed for the monitoring of 

harvesting impacts.  According to McDonald et al., (2002), GPS can be used as an evaluation 

tool for site impacts of a harvesting system because of its capability to track forest harvesting 

machinery during forest harvesting operations.  In addition, the use of GPS equipment to monitor 

harvest traffic has the potential to provide a permanent record of traffic related impacts and assist 

in decision making processes on site preparation activities and regeneration potential within a 

harvested compartment (Carter et al., 1999).  The machinery tracking data can be easily 

converted into maps that are compatible with GIS, making them available for review if questions 

arise concerning a particular compartment.  This information gives the forest owner the 

possibility to control and intervene in subsequent operations (Hamberger, 2003).  

 

GPS technology can also be used to visualize traffic patterns of machinery and hence link the 

impact of traffic on stand level productivity for subsequent crops.  This is unlike most physical 

approaches which generally measure changes in soil properties at fixed points for a given traffic 

intensity level.  According to Greacen and Sands (1980), as already mentioned in this chapter, 

machinery impacts have shown to vary with soil physical properties, machine configuration, 

number of passes, and other factors within the same forest stand.  This makes it inappropriate 

relating the results to the productivity of the whole stand.  

 

However, McDonald et al., (2002) reported that traffic maps produced from GPS data are not 

suited for analysis involving point level estimates of traffic density because using the maps to 

direct soil sampling for specific numbers of passes would not be appropriate. The same authors 

concluded that it is important to precisely define confidence intervals on point level estimates of 

numbers of passes, which should vary significantly with the instrumentation and machinery 

systems used and, therefore, be valid only in very restrictive circumstances.  In addition, Taylor 

et al., (2002) reported that practitioners need to be cautious when relying on GPS to track forest 

machines in heavy forest canopies because he observed that as canopy density increased, more 

discontinuities and irregularities were observed in GPS maps.  

 

Furthermore, a computer program called WaldNAV developed by the Technical University of 

Munich (TUM) which uses Differential Global Positioning System navigation system has proved 

to be an important tool for navigating parallel lines in forest and jungles. The system has the 

potential of being applied in forest management systems where designated skid trails are used 
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(Hamberger, 2003). This approach basically gives information on the extent to which the forest 

stand has been affected by the forest harvesting machinery after the damage to soil has already 

been done. 

 

Unlike the vehicle tracking approach discussed above, the second approach being employed by 

the forestry industry is preventive. The principle behind this approach is avoiding forestry soil 

damage before it occurs. This approach is mainly being applied through the use of computer 

models. ProFor is a model which utilises this approach.  

 

 The ProFor Software 

If the productivity of major timber growing areas of South Africa is to be sustained, there is need 

for avoiding soil damage at all cost.  This is in line with the South African Harvesting Code of 

Practice that states; “In order to ensure a sustainable timber supply from afforested land it is 

essential to protect soil and water and their relationships with other land components. Soil values 

are concerned with soil compaction, soil erosion and nutrient loss.” (Warkotsch  et al., 1997).  

Therefore, tools that support the forester in his effort to avoid soil damages are becoming more 

and more important.  This means that understanding the forces that are involved for the 

occurrence of soil damages is very crucial i.e., the interaction of a vehicle with the soil. 

 

The vehicle-soil interaction is influenced by several factors namely; total mass of the machine; 

mass distribution, number of wheels and type of tyre (running gear), the inflation pressure, the 

wheel load, tyre size parameters (width, diameter, carcass height) and tyre construction elements 

(e.g. ply rating) and others.  While the main soil parameters that affect the ability to carry a 

certain load without being damaged are: the soil water, soil class, humus content, skeleton 

content (soil fraction > 2mm) and the terrain slope (Ziesak, 2003).  Out of these, only the soil 

water is varying overtime, due to seasonal and precipitation effects.  This is in agreement with 

what Nugent et al., (2003), noted that effective management of machine mobility, the control of 

site disturbance, and the moderation of potential soil damage due to timber harvesting and 

extraction machinery traffic requires characterisation of the effects of soil-machine interaction.  

This knowledge enables the calculation of the limiting soil water content for a given machine 

with a known tyre configuration in a given stand with certain soil characteristics (soil class, 

humus content).  
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Based on this premise, the Technical University of Munich in Germany developed software 

named “ProFor”.  The software is capable of detecting the limiting water content of any specific 

soil type (soil class, humus content and soil water content), beyond which, soil damage might 

occur (Ziesak, 2003).  

 

 The software also takes into account total mass of the machine, number of axles, number of 

wheels, the tyre type and the inflation pressure because the impact a machine can have on a soil 

also depends on these factors.  ProFor can be used as a tactical and strategic planning instrument 

enabling forest enterprises to avoid soil critical operations before any damage occurs.  

 

  The Structure of ProFor 

From the trials that were conducted for the development of the software, a database containing 

information on the configuration for standard forest machines and forest tyres was created 

(Figure 3). From the database, a filter program extracts the necessary data sets and creates 

platform independent files for further distribution. 

 

 

Figure 3: ProFor data base structure (Ziesak, 2003) 
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ProFor essentially requires two main data input variables for the production of an output, namely, 

soil and machine configuration data.  For soil data, ProFor requires the user to enter soil physical 

parameters related to the compartment being studied.  These include, sand, silt and clay 

percentages as obtained from the particle size analysis, the humus content (<5%, >5%), whether 

the soil experiences alterations in the water table, the skeleton content (<30%, 30-50%, >50%) 

and the slope (<15%, 15-30%) of the forest compartment.  On the other hand, ProFor also 

requires the name of the machine being used, types and size of tyres on both the front and the rear 

axles of the machine, and the inflation pressures of both rear and front axle tyres.  Using the 

above mentioned parameters, the software gives the user the maximum water content.  According 

to Ziesak (2003), a forest machine can operate properly on a soil with soil water content below 

this value without causing damage to soil physical properties such as volume of air filled pores, 

pore ratio, air permeability and the coefficient of diffusion as depicted in Figures 4 and 5. 

 

 

Figure 4: Flow diagram depicting the input and output variables for the ProFor model (Ziesak, 
2003) 

  16



Figure 5: ProFor screen shots of soil (a), machine (b) characteristics and output (c) for a soil with a texture of 23% sand, 47% silt and 
30% clay.
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The predicted value lies blow the plastic limit or between the plastic and liquid limit if the ground 

pressure exerted on the soil by the machine used lies within acceptable range as depicted in 

Figure 6.  

 

 

Figure 6: A schematic diagram of Profor prediction of the critical soil water content for a sandy 
loamy soil (Ziesak, 2003) 

 

The ProFor system was evaluated under the conditions of a large German State Forest Enterprise 

and correct predictions were obtained. The program is written in Java; therefore it can run on all 

modern operating systems. ProFor is multilingual, supporting German, English, Spanish, Italian 

and French. 

c
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3. Methodology 
 

  Site Selection 

Three harvesting sites were chosen in the major plantation forestry regions of South Africa 

namely: KwaZulu-Natal; Eastern Cape, and the Western Cape. This site selection would provide 

a range of climatic conditions, parent materials, soil types, and soil textures (Figure 6). 

 

 

Figure 7: Map depicting the scope of the study 
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 Description of Sites 

In KwaZulu-Natal, the trial was conducted at the Singisi Forest Products Limited (Hans 

Merensky Holdings Company) in the Glengarry Langgewacht plantation, compartment A4. The 

compartment is located (29025’36.36”S and 300 33’14.71”E) north of Kokstad. This area receives 

summer rainfall.  The mean annual precipitation for the area is 800mm per annum.  The study 

was conducted on the 9th of November, 2006; the mean monthly precipitation for that month is 

90mm per annum.  The compartment is planted with 25 year old Pinus patula trees. 

 

For the Eastern Cape, the trial was conducted in the Mountain To Ocean (MTO) Forestry 

Company’s Blue Lilies Bush plantation compartment B28.  The compartment is located in the 

north of Tsitsikamma (34004’50.77”S, 24020’32.52”E).  Unlike Kwazulu Natal, this area receives 

rainfall throughout the year.  The mean annual precipitation for the area is 1082mm.  The study 

was conducted on the 17th of February, 2007 and the mean monthly precipitation for the month is 

79mm per annum.  The compartment is planted with 28-year-old Pinus pinaster trees. 

 

In the Western Cape, the trial was also conducted in the Mountain To Ocean (MTO) Forestry 

Company’s Grabouw plantation.  In this plantation, experiments were done in two compartments 

namely compartment B21 (34005’09.40”S, 19001’47.20”E) and M1 (34011’56.57”S, 

19006’10.58”E.  Compartment B21 is located west of the Grabouw while compartment M1 is 

located in the High Rising area located north of Grabouw.  Unlike the other two sites, this area 

receives winter rainfall.  The mean annual precipitation for the area is 1061mm.  The study was 

conducted on the 8th and 20th June, 2007 respectively.  The mean monthly precipitation for this 

month is 180mm. Both compartments were planted with 35 year old Pinus radiata trees. The 

machines that were used in the study are presented in Table 1. 



Table 1: Specifications for machines used in the study (superscripts ‘a’ and ‘b’ refer to front and rear axle tyre pressure). 

 
Plantation/compartment/ machine Machine specifications 

Glengarry Langewacht /A4 

/Timberjack 460D Cable 

Skidder 

Blueliliesbush/B28/Joh

n Deere 648G-111 TC 

Grapple Skidder 

Grabouw /B21/ 

Timberjack 380C 

Cable Skidder 

Grabouw/M1/Clark 

Ranger F66 Cable 

Skidder 

Operating tare mass 11282 kg 13934 kg 10355 kg 7893 kg 

Tyre name General Logger General General 

Tyre manufacture Bridgestone Firestone Bridgestone Bridgestone 

Tyre configurations 28L - 26 30.5 - 32 23.1 - 26 23.1 - 26 

Tyre ply rating 12 16 16 16 

Tyre width (mm) 711 774 587 587 

Tyre pressure (bars) (2.0a, 1.5b) (1.8a, 1.75b) (2.65a, 2.3b ) (2.0a, 1.95b ) 
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 Experimental Layout 

The general layout of the experiments in the study areas is presented in Figure 7. Each study site 

was laid out on a sloping area to take advantage of the natural moisture gradient. All four study 

sites were located near a river (stream) to ensure the availability of moisture down the slope. 

However, in the Blueliliesbush study site, the river did not have running water unlike the other 

three sites.  

 

Key 

 

Untrafficked 
sampling point 

Trafficked 
sampling point 

Stakes 

Rope 

Wheel tracks 

Travel direction 

Figure 8: General experiment setup.
 

 

Prior to the study, management history of the site was obtained to avoid the selection of 

compartments with previous machine harvesting or thinning history which could affect the soils 

response to machine trafficking.  The status of the compartments prior to the study is depicted in 

Table 2 and Figure 8. 
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Table 2: Terrain Classification based on the South African forestry classification system (South African forestry handbook, 2000)  

Site/plantation/compartment Terrain 

classification 

Description 

Kokstad/Langewacht/A4 135.2.3 Ground conditions(135): Very good when dry(1), moderate when moist(3), 

very poor when wet(5),  

Ground roughness(2): Slightly uneven 

Slope(3): Moderate i.e. 21-25% gradient 

Tsitsikamma/Blueliliesbush/B28 333.1.2 Ground conditions (333): moderate when dry (3), moderate when moist (3), 

moderate when wet (3) i.e. behaviour not dependent on water content. 

Ground roughness(1): Smooth 

Slope(2): Gentle i.e. 13-20% gradient 

Grabouw/Grabouw/B21 135.1.2 Ground conditions (135): Very good when dry (1), moderate when moist (3), 

very poor when wet (5). 

Ground roughness(1): Smooth 

Slope(2): Gentle i.e. 13-20% gradient 

Grabouw/Grabouw/M1 133.2.2 Ground conditions(133): Very good when dry(1), moderate when moist(3), and 

wet(3),  

Ground roughness(1): Smooth 

Slope(3): Gentle i.e. 13-20 % gradient 
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Figure 9: Surface conditions for Glengarry (a), Blueliliesbush (b), Grabouw M1(c) and Grabouw 

B21 (d) plantations. 

 Determination of soil physical parameters 

During the study, soil damage was assessed through the evaluation of changes in soil bulk 

density, soil water saturation and rut depth measurements soil physical parameters. 

 

 Rut profile measurements 

To provide a quantitative measure of soil displacement associated with machine movement over 

the plot, rut profile measurements were taken by placing two stakes of known height on opposite 

sides of the track (Figure 9).  The stakes were joined with a rope which was graduated at 10 cm 

intervals across its length.  A metric rule was then used to measure the depth of the rut Figure 9 

(Wood et al., 2006).  

  

a b

c 
d
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Figure 10: Rut profile (hypothetical situation) measurement schematic diagram. h1 and h2 

denotes stakes.(h1~h2, not to scale). 

  
 Soil sampling 

After four passes by the machine, sampling points were selected and marked with paint.  

Adjacent to the track, ‘control’ sampling points of the track (virgin area) were also selected and 

marked. The sampling points were marked from the top to the bottom of the slope. Each point 

was coded using letters and numbers. The first letter denoted the study area (Glengarry 

Langgewacht and Blueliliesbush plantations) or first letter of compartment number (Grabouw 

plantation), the Roman numeral denoted the number of a sampling point and the last letter 

denoted the number of a sub-sample per sampling point. For example, for a sample labelled K1a, 

‘K’ denotes ‘KwaZulu- Natal’ study area where the Glengarry Langgewacht plantation is located, 

‘1’denotes number of a sampling point and ‘a’ denotes number of a sub sample on a sampling 

point.  

 

On each marked sampling point three samples were collected at a depth range of 7-14 cm.  

Soil sampling was done by using a hammer driven core cylinder device.  This instrument 

comprises of three main components; a steel rod, a sliding hammer, and a core cylinder holder.  

The core cylinder is 70 mm high and 71 mm in diameter (273.4 cm3 in volume).  To obtain a 

h1 h24m rope (datum for 
rut measurements) 

Level before traffic



sample, the core cylinder was driven into the soil using the sliding hammer.  After collection, the 

initial mass of the samples was determined by a portable scale. 

 

 Soil texture analysis 

The soil texture was described in terms of percentages of clay (<0.002 mm), fine silt (0.002-0.02 

mm), coarse silt (0.02-0.05 mm), fine sand (0.05-0.25 mm), medium sand (0.25-0.50 mm) and 

coarse sand (0.5-2.00 mm).  The silt percentage was calculated through the summation of the fine 

and coarse silt percentages.  Likewise, the sand percentage was also calculated through the 

summation of percentages of fine, medium and coarse sand.  

 

There are many methods that are used for the determination of soil texture, however in this study; 

the pipette method was used (Soil Classification Working Group, 1991).  Initially, soil texture 

classes that were used in this study were slightly different from the one being used in ProFor.  

The model utilised the following grain sizes: clay <0.002 mm, fine silt 0.002 mm- 0.0063 mm, 

medium silt 0.0063 mm- 0.02 mm, coarse silt 0.02 mm - 0.063 mm, fine sand 0.063 mm - 0.2 

mm, medium sand 0.2 mm – 0.63 mm and coarse sand 0.63 mm – 2 mm.  However, necessary 

changes were made by the model developers to suit the grain sizes used in the analysis.  

 

Materials 

The following materials and apparatus were employed in the laboratory analysis of soil samples. 

• Suction filtration apparatus. 

• Pipette sampling apparatus. 

• Stirrer 

• Shaker. 

• Sieve shaker. 

• Sieves (a set: 2 mm, 500µm, 250µm, 106µm, 53µm, 20µm, 5µm, 2µm. 

• Hydrogen peroxide ( H2O2), 30%. 

• Calgon solution: 50g dissolved in water and diluted to I litre. 
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Procedure 

Laboratory procedure involved air-drying the soil samples for five days before putting them into 

an oven at 1050C for 20 hrs.  The samples were then cooled before recording their masses.  Each 

sample was then crushed in a porcelain mortar, passed through a 2 mm sieve to separate mineral 

particles from gravel and hence determine the skeleton content of the soil. 

 

A sub-sample of each sample weighing 20g was then placed in a tared 250ml beaker and weighed 

to the nearest 0.01g.  About 30 ml of water were added to the samples before swirling the beaker.  

Cautiously, a few millilitres of 30% H2O2 were added to the sample and the suspension was then 

swirled to reduce foaming.  The digestion was completed by heating the beaker on the water bath 

for ten hours at 90oC.  The soil was then cooled in a dessicator before weighing them.  After this 

process, a dispersion phase follows. 

 

During this phase water was added to the dry soil to turn it into a paste and exactly 10ml of 

Calgon was added to the paste.  The suspension was transferred through a funnel into a steel 

shaker beaker and shaken for three minutes.  The sample was transferred into a 1-litre graduated 

cylinder through a wide-mouthed funnel using the rim of the cylinder as support.  A 53 µm sieve 

that was inserted on the wide part of the funnel was used to separate particles greater than 53 µm 

from the smaller ones.  The cylinder was then filled to the one litre mark with distilled water and 

left over night. 

 

The soil that was retained on the 53µm was transferred into a 250ml beaker and dried in the oven 

at 1050c for two hours and subsequently cooled in a dessicator.  The contents were separated with 

the following set of sieves; 500µm, 250µm, 106µm, 53µm, arranged in the same order to obtain 

fractions of coarse, medium and fine sand through a shaking with a vibrating shaker for three 

minutes. 

 

In order to obtain the fractions of fine textured fraction of the soil, a sedimentation process was 

used.  Initially, the suspension’s temperature was recorded after standing overnight.  This 

temperature reading is used to determine the time intervals at which the samples of different 

fractions are to be taken from sedimentation charts.  Using a stirring rod, the suspension was 

mixed by moving it up and down before a first sample (20µm) was tapped at a 10cm depth using 

the pipette which was placed on a pipette stand.  The second (5µm) was tapped after five minutes 
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and third (2µm) sample was tapped after four hours as stipulated on the sedimentation charts.  

The samples were dried on a water bath and then in the oven and their masses were recorded. 

 Degree of soil saturation  

In addition to the collection of soil samples, the degree of soil water saturation was also 

established.  This measurement expresses the volume of water present in the soil relative to the 

volume of pores (Hillel, 1982).  This soil parameter was determined by an instrument called a 

BWK Lanze.  This instrument comprises of a sharp ended steel rod which is attached to an 

electronic device calibrated in percentages.  The device provides the pore space volume occupied 

by water in percentages.  Three readings were taken on each sampling point.  This instrument is 

commonly used for sporting grounds where irrigation is used to determine the amount of water to 

be irrigated.  

 

 Determination of soil water content  

Soil water content was determined using the gravimetric soil sampling method i.e., by volume. 

This method is a direct, absolute technique for estimating the total (both available and 

unavailable) water content of soils.  The gravimetric method is said to be the most accurate 

method for determining soil water (Hillel, 1982).  It involves weighing the samples on the same 

day they are collected to obtain their initial masses.  The samples are dried in an oven (1050c) for 

a period of 24 hours to determine the amount of water in the soil (by subtracting the oven-dry 

mass from the initial field soil mass).  The mass of the water is then divided by the volume of soil 

(refer to formula below):  
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Where: W  = Volumetric water content (%); 

            Ww = mass of wet soil (g) and; 

            Wd = oven dried soil mass (g) 

 

 Determination of bulk density (Mg/m3) 

Bulk density which expresses the ratio of the mass of dried soil to its total volume was 

determined using the following formula. 
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Where: ρd = Dry soil bulk density (Mg/m3), 

M1 = Mass of oven dried soil (Mg) 

V1 = Volume of soil (m3) 

 

 Determination of the plastic and liquid limits 

The liquid limits of the soils were determined using the Casagrande apparatus while the plastic 

limits were determined through the 3mm thread rolling method (Head, 1980). In both cases, the 

dry method procedure for preparing the samples was used. 

 

 Model Validation 

Model validation is generally defined as a process of determining the degree to which a model is 

an accurate representation of the real world from the perspective of the intended uses of the 

model (Law & Kelton, 2000).  Validation deals with the assessment of the comparison between 

sufficiently accurate computational results and the experimental data (Oberkampt & Trucano, 

2002).  A model is considered valid for a set of experimental conditions if its accuracy is within 

its acceptable range, which is the degree of accuracy required for the model’s intended purpose.  

This generally requires that the model’s output variables of interest (i.e. the model variables used 

in answering the questions that the model is being developed to answer) are identified and that 

their required amount of accuracy required should be specified (Sargent, 1998).  

 

Various techniques are used in model validation namely: animation, comparison to other models, 

degenerate tests, event validity, extreme condition tests, face validity, fixed values, historical data 

validation, inspection technique, internal validity, multistage validation, among others (Sargent, 

1998).  However, for the validation of ProFor the inspection technique (correlated inspection) 

was used.  This method involves comparing real life observations with model data outputs.  This 

method allows the system and model to experience the same observation from the input variables 
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and hence resulting into a statistically precise comparison (Fig 10).  According to Law & Kelton 

(2000), this approach is the only feasible statistical approach because of severe limitations on the 

amount of data available on the operation of the real system.  

 

 

Field experiment 

Experimental 
outcomes 

ProFor model 

ProFor output 

Differences between ProFor 
and field experimental output 

Figure 11: Description of the validation process.
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3.6 Data Analysis 

Three soil core cylinder sample measurements were collected from each sampling point in the 

Blueliliesbush and Grabouw plantations. Changes in bulk density and volumetric soil water 

content were calculated on every sample in these plantations. However, soil texture was 

determined on two samples only.  In the Glengarry Langewacht plantation two samples were 

collected on each sampling point and both samples were used for the determination of soil texture 

and changes in bulk density and volumetric soil water content.  On all the study sites the 

Atterberg limits were determined using one sample per sampling point.  In addition, all the three 

readings collected for the determination of change in soil water saturation were used.  The data 

was analysed using repeated measures analysis of variance (RMANOVA).  In cases where the 

data was not normally distributed, a nonparametric test i.e. Wilcoxon matched pairs test was used 

(Gomez et al., 2002). Possible outliers in the data were not removed because the data set was 

small.  All the data was analysed at 95% level of significance.  
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4.  Results 
 

This chapter presents results of the experiments conducted in three plantations located in the 

three of the major forestry regions of South Africa, namely:  Kwazulu Natal (Glengarry 

Langgewacht plantation: compartment A4), the Eastern Cape (Blueliliesbush plantation: 

compartment B28) and the Western Cape (Grabouw plantation: compartments B21 and M1). The 

results include a description of soil texture and Atterberg limits; the effect of soil compaction on 

soil bulk density, and soil water saturation.  In addition an evaluation of the comparison between 

the predicted critical values (ProFor) with the observed soil water content and rut profile analysis 

i.e., quantitative measure of soil damage are also presented. 

 
 Glengary Langgewacht plantation study site  

 
 Soil texture and Atterberg limits 

The experimental site was comprised of mainly two soil textural classes namely, clay loam, and 

sandy clay loam (Table 3). Hence the study site could generally be described as having fine 

textured soils. The plastic limits of the soil on the area ranged from 21% to 26% and the liquid 

limits ranged from 35% to 41%. On the other hand, the plasticity index ranged from 9 to 15%. 

This indicates that the soil was generally clayey in nature. 

Table 3: Soil texture; Liquid limit (LL), Plastic limit (PL) and the Plasticity index (PI) for the 

Glengarry plantation study site. Note: n/d refer to “Not determined” 

Sampling 

point 

Gravel 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Texture LL 

(%) 

PL 

(%) 

PI 

(%) 

K1a 5 23 45 32 Clay loam n/d n/d n/d 

K1b 6 24 49 26 Clay loam 35 21 14 

K2a 11 46 29 25 Clay loam n/d n/d n/d 

K2b 3 29 50 22 Loam 35 26 9 

K3a 2 23 26 48 Clay n/d n/d n/d 

K3b 5 23 42 35 Clay loam 41 27 14 

K4a 14 54 22 20 Sandy clay loam n/d n/d n/d 

K4b 14 64 12 24 sandy clay loam 38 26 12 
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 Bulk Density (Mg/m3) 

Soil decompaction was observed on sampling points K1a, K1b, K3a and K3b, could be attributed 

to soil disturbance within the rut resulting from machine movement due to the presence of 

undergrowth and dead wood lying on the forest floor. In addition, it could also be result of rock 

fragments trapped in the core cylinder during sampling which resulted in the increase in the total 

initial masses of the samples However decompaction observed on points K4a and K4b could be 

attributed to the fact that the soil was saturated or above the optimum water content hence no 

change or a decrease in soil bulk density was expected as shown in Table 5 and Figure 1.  In 

general, machine movement resulted in soil decompaction as shown in Figure 12. 

Table 4: Change in bulk density in response to machine movement over the soil in the Glengarry 

plantation study site 

Sampling point Non- compacted (Mg/m3) Compacted (Mg/m3) % Change 

K1a 1.71 1.44 -19 

K1b 1.54 1.48 -4 

K2a 1.41 1.65 15 

K2b 1.53 1.65 8 

K3a 1.63 1.49 -9 

K3b 1.53 1.50 -2 

K4a 1.36 1.31 -4 

K4b 1.37 1.38 1 
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Figure 12: Box plot of change in bulk densities in the Glengarry Langgewacht plantation study 
site. 

 

 Degree of soil saturation 

Table 5 presents the results on the changes in soil water saturation as a result of soil compaction 

resulting from machine movement over the study site. The results indicate that was an increase in 

soil water saturation from points K1a to K2c. However, a decrease, and slight changes were 

observed from points K3a to K4c. This could be as a result of the gradual increase in soil water 

content down the slope which resulted in a gradual decrease in the soil compactibility. It is also 

worth mentioning that soil decompaction observed on K1a, K1b on which no decrease in soil 

water saturation was observed could be attributed to fact that soil water saturation measurements 

cannot be affected by the presence of rock fragments which could result the overall increase in 

the total weight of the sample hence an increase in the calculated bulk density.  
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Table 5: Change in soil water saturation (%) after compaction (Glengarry plantation site).  

Sampling  

point 

Non- compacted 

(%) 

Compacted 

(%) 

Increase 

(%) 

K1a 60 84 40 

K1b 68 82 21 

K1c 60 80 33 

K2a 70 80 14 

K2b 74 80 8 

K2c 70 80 14 

K3a 75 70 -7 

K3b 72 68 -6 

K3c 78 62 -21 

K4a 94 94 0 

K4b 96 94 -2 

K4c 94 96 2 
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Figure 13: Box plot of change in soil water saturation in the Glengarry Langgewacht plantation 
study site. 

 
 ProFor prediction of the critical soil water content. 

Comparisons were made between the observed water contents at the time of experimentation and 

the ProFor’s predicted critical soil water content i.e. soil water content above which soil damage 
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is likely to occur (Table 6). The results indicate that on all but one point (K2a) the observed water 

contents were above the critical water contents, however rutting was only observed on points K4a 

and K4b.  The observed water contents for these two points were above both the plastic and 

liquid limits of the soil and hence rutting was expected. This indicates that the models predictions 

on rutting occurrence were within an acceptable range as depicted in Figure 6.   

Table 6: Evaluation of the observed, predicted critical water content, plastic and liquid limits for 

the Glengarry Langgewacht plantation study site. 

Sampling 

point 

Observed water 

content (θv) in 

% 

Critical water 

content (θcv) in 

% 

(θv - θcv) in 

% 

Liquid 

limit (%) 

Plastic limit 

(%) 

K1a 28 25 3 n/d n/d 

K1b 28 25 3 35 21 

K2a 28 30 -2 n/d n/d 

K2b 27 24 3 35 26 

K3a 35 30 5 n/d n/d 

K3b 29 25 4 41 27 

K4a 49 25 24 n/d n/d 

K4b 47 25 22 38 26 

 
 

 Rut Analysis 

A description of the visual presentation and their rut profiles is given in Figures 13 and 14. The 

profiles are not as perfect as expected because the forest floor was not uniform due to the 

presence of roots, shrubs, and dead branches on the forest floor. Removing such objects would 

definitely distort the forest floor presentation.  
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Figure 14: Site after machine made four passes in the Glengarry Langgewacht plantation study 
site.  

 
The rut profile measurements presented indicate that the minimum and maximum rut depth for 

the area were 3 cm to 5 cm respectively. The maximum rut profile measurement was recorded on 

profile 4.
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Figure 15: Rut profiles 1, 2, 3, and 4 for sampling points K1, K2, K3 and K4 respectively for the 

Glengarry Langgewacht plantation study site. 
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 Blueliliesbush plantation  

The following are the results of the study conducted at the Blueliliesbush plantation in the 

Eastern Cape.  The results presented include the soil texture and Atterberg limits; changes in bulk 

density and soil saturation in response to soil compaction. A comparison of ProFor’s predicted 

critical soil water content and the observed soil water content and rut profile analysis are also 

presented.  

 

 Soil texture and Atterberg limits 

Table 7 provides the soil texture and Atterberg limits of the study area at a sampling point level. 

The results indicate that the area was comprised of two soil texture classes, namely loam and 

sandy loam. Hence the area could be described as having coarse textured soils. The liquid limits 

of soils determined from selected points ranged from 20% to 23% while the plastic limits ranged 

from 16% to 21%. On the other hand, the plasticity index of the soil ranged from 0 to 5%. This 

indicates that the soil is sandy. 
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Table 7: Soil texture; Liquid limit (LL), Plastic (PL) limit and Plasticity Index (PI) for the 

Blueliliesbush plantation study site. Note: n/d refers to ‘not determined’. 

Sampling 

point 

Gravel 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) Texture 

LL 

(%) 

PL 

(%) 

P1 

(%) 

E1a 0 50 35 15 Loam 23 21 2 

E1b 0 47 33 20 Loam n/d n/d n/d 

E2a 0 53 32 15 Sandy loam 21 16 5 

E2b 0 53 30 17 Sandy loam n/d n/d n/d 

E3a 0 53 35 12 Sandy loam 20 16 4 

E3b 0 59 28 13 Sandy loam n/d n/d n/d 

E4a 0 60 28 12 Sandy loam 21 18 3 

E4b 0 65 25 10 Sandy loam n/d n/d n/d 

E5a 0 50 38 12 Loam n/d n/d n/d 

E5b 0 48 40 12 Loam n/d n/d n/d 

E6a 0 64 24 12 Sandy loam n/d n/d n/d 

E6b 0 66 21 13 Sandy loam n/d n/d n/d 

E7a 0 56 30 14 Sandy loam n/d n/d n/d 

E7b 0 60 27 13 Sandy loam n/d n/d n/d 

 

 

 Bulk density 

The results presented in Table 8 and Figure 15 indicate that the four machine passes over the area 

resulted in significant (p = 0.002, with Wilcoxon matched pairs test) increases in soil bulk density 

for points lying within the rut as compared to those lying on non compacted parts of the area. 

However, soil decompaction was observed on sampling points E1a, E1b, and E7b which could be 

attributed to soil disturbance within the ruts resulting from machine movement. It could also be 

attributed to the presence of rock fragments trapped in the core cylinder during sampling which 

resulted in the increase in the total initial masses of the samples.  
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Table 8: Changes in bulk density (Mg/m3) for the Blueliliesbush plantation study site.  

Sampling 

point 

Non- compacted 

(Mg/m3) 

Compacted 

(Mg/m3) 

Change 

(%) 

E1a 1.29 1.27 -2 

E1b 1.77 1.29 -27 

E1c 1.36 1.37 1 

E2a 0.95 1.43 50 

E2b 1.10 1.31 19 

E2c 1.15 1.31 13 

E3a 1.03 1.37 33 

E3b 1.06 1.33 26 

E3c 1.17 1.32 13 

E4a 1.03 1.06 3 

E4b 0.91 1.27 41 

E4c 1.06 1.31 24 

E5a 1.39 1.58 13 

E5b 1.20 1.36 13 

E5c 1.26 1.36 8 

E6a 1.14 1.30 13 

E6b 0.92 1.34 46 

E6c 1.10 1.25 14 

E7a 0.79 0.90 14 

E7b 1.01 0.96 -4 

E7c 0.89 0.98 10 
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Figure 16: Box plot of change in bulk density for the Blueliliesbush plantation study site. 

 
 Degree of soil water saturation 

The results on the impact of soil compaction on the degree of soil saturation are presented in 

Table 9 and Figure 16. The results indicate that there was an overall significant increase (p = 

0.00006, with Wilcoxon matched pairs test) in soil water saturation after machine movement over 

the soil. 
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Table 9: Change in soil water saturation in the Blueliliesbush plantation study site. 

Sampling 

point 

Non- compacted 

(%) 

Compacted 

(%) 

Increase 

(%) 

E1a 35 40 14 

E1b 53 58 9 

E1c 43 48 12 

E2a 34 38 12 

E2b 50 54 8 

E2c 55 60 9 

E3a 33 36 9 

E3b 38 42 11 

E3c 37 42 14 

E4a 49 54 10 

E4b 66 72 9 

E4c 51 56 10 

E5a 53 62 17 

E5b 55 62 13 

E5c 53 58 9 

E6a 40 46 15 

E6b 34 38 12 

E6c 44 52 18 

E7a 34 36 6 

E7b 33 36 9 

E7c 35 38 9 
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Figure 17: Box plot of change in soil water saturation in the in the Blueliliesbush plantation 
study site. 

 

 ProFor prediction of the critical soil water content. 

Comparisons were made between the observed water contents and the models predictions on the 

critical soil water content above which soil damage is likely to occur (Table 10). The results 

indicate that the observed water contents for all the points were lower than the critical water 

contents. Hence no soil damage in terms of rutting was unlikely to occur. These results also 

indicate that ProFor predictions of rutting occurrence were within acceptable limits based on 

Figure 6. 
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Table 10: Evaluation of the observed and critical water content; plastic and liquid limits in the 

Blueliliesbush plantation study site. 

Sampling 
point 

Observed (θv) in 
% 

Critical (θc
v) in 

% 
(θv - θc

v) in % Liquid 
(%) 

Plastic (%) 

E1a 14 24 -10 23 21 

E1b 15 30 -15 n/d n/d 

E2a 10 24 -14 21 16 

E2b 12 24 -12 n/d n/d 

E3a 12 16 -4 20 16 

E3b 13 24 -11 n/d n/d 

E4a 12 16 -4 21 18 

E4b 11 16 -5 n/d n/d 

E5a 13 24 -11 n/d n/d 

E5b 10 24 -14 n/d n/d 

E6a 10 24 -14 n/d n/d 

E6b 10 24 -14 n/d n/d 

E7a 14 24 -10 n/d n/d 

E7b 14 24 -10 n/d n/d 

 

 Rut profile analysis 

Figures 17 and 18 provide a description of the rut profiles and their visual representation for 

points T1, T2, and T3. The profiles indicate that the minimum and the maximum rut depth of the 

area were 3 cm and 15 cm respectively. 
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Figure 18: Rut Profiles 1, 2, 3 for points T1, T2 and T3 respectively in the Blueliliesbush 
plantation study site. 

 

 

Figure 19: Study area after four machine passes in the Blueliliesbush plantation study site. 
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 Grabouw plantation (Compartment B21)  

This section presents the results of the experiment conducted in compartment B21 of the 

Grabouw plantation. The results include the soil texture and Atterberg limits, changes in the 

status of the soil water saturation and soil bulk density. In addition, the evaluation of the 

comparisons between the observed water contents, ProFor predicted critical water content, plastic 

and liquid limits. Lastly, the rut profile analysis will also be presented. 

 
 Soil texture and Atterberg limits 

The results of the soil texture analysis are presented in Table 11. The results indicate that the 

study area was generally comprised of clay loam textured soils as depicted by the occurrence of 

eight clay loam textured soils out of the ten sampling points.  Therefore, the area could be 

described as having fine textured soil. The plastic limits of the soil ranged from 21% to 35%.  On 

the other hand, the liquid limits ranged from 31% to 51%. 

 
Table 11: Soil texture; Liquid limit (LL), Plastic (PL) limit and Plasticity Index (PI) for the 

Grabouw (compartment B21) study site. Note: n/d refer to “not determined”. 

Sampling 

point 

Gravel 

(%) 

Sand% Silt% Clay% Texture LL 

(%) 

PL 

(%) 

P1 

(%) 

B1a 0 48 18 34 Sandy clay loam n/d n/d n/d 

B1b 0 46 20 34 Sandy clay loam 31 21 10 

B2a 7 44 28 28 Clay loam n/d n/d n/d 

B2b 5 40 30 30 Clay loam 46 34 12 

B3a 8 30 36 34 Clay loam n/d n/d n/d 

B3b 6 32 36 32 Clay loam 51 35 16 

B4a 5 37 27 36 Clay loam n/d n/d n/d 

B4b 7 35 32 33 Clay loam 46 30 16 

B5a 3 32 33 35 Clay loam n/d n/d n/d 

B5b 4 37 23 40 Clay loam 46 35 11 

 

 Bulk density(Mg/m3) 

The results for the change in bulk density of the soil in response to soil compaction are presented 

in Table 12 and Figure 19.  The results indicate that there were significant changes (p = 0.004) in 

bulk density between the compacted and uncompacted areas of the plot. However, soil 
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decompaction was observed on sampling points B4c and B5a. This can be attributed to soil 

disturbances within the ruts resulting from machine movement or the presence of rock fragments 

trapped in the core cylinder during sampling which resulted in the increase in the total initial 

masses of the samples. In addition, it could also be due to the presence of decayed roots which 

could have been captured in the core cylinder during sampling. 

 
 
Table 12: Change in bulk density (Mg/m3) in Grabouw (compartment B21) study site. 

Sampling 

point 

Non- compacted 

(Mg/m3) 

Compacted 

(Mg/m3) 

Change 

(%) 

B1a 1.25 1.35 8 

B1b 1.24 1.43 15 

B1c 1.24 1.35 9 

B2a 1.13 1.25 10 

B2b 1.09 1.29 18 

B2c 1.15 1.23 7 

B3a 0.90 1.15 27 

B3b 1.17 1.19 2 

B3c 1.15 1.17 3 

B4a 1.20 1.34 12 

B4b 1.14 1.27 12 

B4c 1.25 1.23 -1 

B5a 1.14 1.06 -7 

B5b 1.19 1.19 0 

B5c 1.13 1.43 27 
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Figure 20: Box plot of change in bulk density in the Grabouw (compartment B21) plantation 
study site. 

 
 Soil water saturation 

After only four machine passes over the plot, significant (p = 0.001, Wilcoxon matched pairs test) 

increases in soil water saturation were observed in the sampling points lying in the rut. This 

means that there was an increase in volume of water relative to the total pore volume of the soil 

as a result of the pressure exerted on the soil by the machine. The average increase in soil water 

saturation was 17%.  The results are presented in Table 13 and Figure 20. 
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Table 13: Changes soil water saturation (%) in the Grabouw (compartment B21) plantation study 

site.  

Sampling  

point 

Non- compacted 

(%) 

Compacted 

(%) 

Change 

(%) 

B1a 51 79 55 

B1b 54 80 48 

B1c 53 76 43 

B2a 77 77 0 

B2b 74 76 3 

B2c 75 77 3 

B3a 74 81 9 

B3b 76 79 4 

B3c 75 80 7 

B4a 70 78 11 

B4b 72 76 6 

B4c 71 77 8 

B5a 76 93 22 

B5b 72 88 22 

B5c 74 90 22 
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Figure 21:  Box plot of change in the soil saturation in the Grabouw (compartment B21) 
plantation study site. 
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 ProFor prediction of the critical soil water content. 

Table 14 presents an evaluation of the comparisons between the observed water contents and 

ProFor models predicted critical soil water content. The results indicate that the observed water 

content for all the points were on or above the critical water contents.  However, most of the 

observed water contents were lying between the plastic and liquid limits of the soil. This means 

that ProFor predictions of rutting occurrence were within the acceptable limits as depicted in 

Figure 6.  

 

Table 14: Evaluation of the observed and critical water content, plastic and liquid limits for the 

Grabouw (Compartment B21) plantation study site. 

Sampling 

point 

Observed (θv) 

in % 

Critical (θc
v) in 

% 

(θv - θc
v) 

in % 

Liquid 

(%) 

Plastic  

(%) 

B1a 33 30 3 n/d n/d 

B1b 30 30 0 31 21 

B2a 43 30 13 n/d n/d 

B2b 39 30 9 46 34 

B3a 42 30 12 n/d n/d 

B3b 33 30 3 51 35 

B4a 43 30 13 n/d n/d 

B4b 40 30 10 46 30 

B5a 43 30 13 n/d n/d 

B5b 48 30 18 46 35 

 

 Rut analysis 

Two rut profiles were taken on G1 and G5. A photo and rut profiles of the study area are 

presented in Figures 21 and 22 respectively. The profiles indicated that the minimum and the 

maximum rut depth of the track were 1 cm and 5 cm respectively. 
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Figure 22: Experimental area after four machine passes in the Grabouw (compartment B21) 
plantation study area. 
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Figure 23: Rut profiles 1 and 2 for points G1 and G5 respectively in the Grabouw (compartment 
B21) plantation study site.. 
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 Grabouw (Compartment M1) 

 
 Soil texture 

The distribution of the soil texture, plastic limits and liquid limits of the study area is presented in 

Table 15. There are two soil texture classes within the plot, namely, clay loam and loam. 

However, the most dominant texture is loam hence the plot can be described as having fine 

textured soil. The plastic limits of the soil ranged from 25% to 27% and the liquid limits on the 

other hand ranged from 29% to 34%. 

 

Table 15: Soil texture; Liquid limit (LL), Plastic limit (PL) and Plasticity Index (PI) for the 

Grabouw (compartment M1) plantation study site.  

Sampling 

point 

Gravel  

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Texture 

(%) 

LL 

(%) 

PL 

(%) 

P1 

(%) 

M1a 10 35 45 21 Loam n/d n/d n/d 

M1b 14 36 28 35 Clay loam 32 26 6 

M2a 11 36 40 24 Loam n/d n/d n/d 

M2b 13 36 41 23 Loam 33 27 6 

M3a 17 35 43 22 Loam n/d n/d n/d 

M3b 18 43 33 24 Loam 29 25 4 

M4a 16 46 27 27 Loam n/d n/d n/d 

M4b 15 39 37 24 Loam 30 25 5 

M5a 23 38 38 24 Loam n/d n/d n/d 

M5b 20 37 36 27 Clay loam 34 26 8 

 

 

 Bulk density 

The results as presented in Table 16 and Figure 23 indicate that the four machine passes over the 

study area resulted in an overall significant (p = 0.008, Wilcoxon matched pairs test) increases in 

soil bulk densities in the points lying within the rut. However, soil decompaction was observed 

on several points (G1a, G1b and G4c). This could be as a result of dead roots collected together 

with the soil sample. It could also be as a result of soil disturbance resulting from machine 
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movement over the site. It could also be as a result of rock fragments trapped in the core cylinder 

during sampling which resulted in the increase in the total initial masses of the samples. 

Table 16: Change in bulk density (Mg/m3) in the Grabouw (compartment M1) study site. 

Sampling  

point 

Non- compacted 

(Mg/m3) 

Compacted 

(Mg/m3) 

Change 

(%) 

M1a 1.57 1.50 -5 

M1b 1.58 1.54 -2 

M1c 1.56 1.57 1 

M2a 1.59 1.75 10 

M2b 1.59 1.84 16 

M2c 1.63 1.70 4 

M3a 1.59 1.65 4 

M3b 1.48 1.70 15 

M3c 1.60 1.70 7 

M4a 1.45 1.68 16 

M4b 1.41 1.61 14 

M4c 1.65 1.51 -9 

M5a 1.45 1.80 24 

M5b 1.34 1.61 20 

M5c 1.35 1.61 19 

 
Box & Whisker Plot

 Median 
 25%-75% 
 Min-Max Non- compacted

Compacted

1.3

1.4

1.5

1.6

1.7

1.8

1.9

B
ul

k 
de

ns
ity

(M
g/

m
3 )

 

 54



Figure 24: Box plot of change in bulk density for the in the Grabouw (compartment M1) 
plantation study site. 

 

 

 Soil water saturation 

The soil was almost saturated before compaction as depicted in Table 17 and Figure 24 hence no 

significant change in volume of water relative to total pore volume was expected. However, the 

results indicate that there were significant (p=0.002, Wilcoxon matched pairs test) increases in 

soil water saturation after four machine passes over the site.  

 
Table 17: Change in soil water saturation (%) in the Grabouw (compartment M1) plantation 

study site. 

Sampling 

point 

Non- compacted 

(%) 

Compacted 

(%) 

Change 

(%) 

M1a 92 99 8 

M1b 94 97 3 

M1c 94 96 2 

M2a 98 98 0 

M2b 99 100 1 

M2c 98 99 1 

M3a 95 98 3 

M3b 94 97 3 

M3c 93 97 4 

M4a 92 98 7 

M4b 91 97 7 

M4c 96 99 3 

M5a 100 99 -1 

M5b 98 100 2 

M5c 98 98 0 
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Figure 25: Change in soil water saturation in the Grabouw plantation (compartment M1) study 
site. 

 

 ProFor prediction of the critical soil water content. 

An evaluation of the observed water contents, ProFor predicted critical soil water content, plastic 

limits and liquid limits is presented in Table 18. The results indicate that on six out of ten points, 

the measured water content was above the predicted value of the critical water content.  On the 

other hand all the critical soil water contents as predicted by ProFor lie between the plastic and 

liquid limits. This shows that the ProFor predictions of rutting were within the acceptable limits 

based on Figure 6.  
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Table 18: Evaluation of the observed and critical water content, plastic and liquid limits for the 

Grabouw (compartment M1) plantation study site. 

Sampling 

point 

Observed (θv) 

in % 

Critical (θc
v) in 

% 

(θv - θc
v) 

in % 

Liquid 

(%) 

Plastic 

 (%) 

M1a 32 24 8 n/d n/d 

M1b 28 30 -2 32 26 

M2a 26 30 -4 n/d n/d 

M2b 30 24 6 33 27 

M3a 25 24 1 n/d n/d 

M3b 26 24 2 29 25 

M4a 22 30 -8 n/d n/d 

M4b 29 30 -1 30 25 

M5a 42 30 12 n/d n/d 

M5b 42 30 12 34 26 

 

 

Figure 26: Status of the plot after four machine passes in the Grabouw plantation (compartment 

M1) study site. 
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 Rut analysis 

Due to the fact that there was neither rut formation nor soil puddling in response to soil 

compaction as depicted in Figure 25, no rut profiles measurements were taken over the plot.  
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5. Discussion 
 

 Effects of soil compaction on soil physical properties. 

Soil damage was assessed through the evaluation of changes in bulk density, soil water saturation 

and rutting. 

 

 Bulk density 

The four machine passes over the study sites resulted in significant increases in soil bulk density 

within the wheel tracks in the Blueliliesbush and Grabouw (both compartment B21 and M1) 

plantations. However, in the Glengarry Langgewacht plantation study, no significant changes in 

bulk density were observed within the wheel tracks (Table 19). 

 

Table 19: Summary of statistical analysis of changes in soil bulk densities for four study sites 

(5% level of significance). 

Plantation P value Average increase, % 

Glengarry Langgewacht 0.484 -2 

Blueliliesbush 0.002 15 

Grabouw(B21) 0.004 9 

Grabouw(M1) 0.008 9 

 

The significant increases in soil bulk density in the compacted areas in the Blueliliesbush 

plantation site can mainly be attributed to the soil texture (i.e. sandy loam) rather than soil water 

content at the time of experimentation.  Smith et al., (1997), indicated that increases in 

compaction in sandy loam soils are almost independent of water content and increases in soil 

compaction are almost entirely due to increasing ground pressure. At the time of experimentation 

the site was relatively dry i.e. a maximum volumetric water content of 15%. Panayiotopoulos and 

Mullins (1985), as quoted in Smith et al., (1997) showed that sandy loam soils achieve higher 

bulk densities when it is very dry or when approaching saturation. This is the case because dry 

and near saturated sands are always packed more closely under a given load than at intermediate 
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water contents due to annular bridges being formed between sand particles which act as elastic 

bonds when the soil is moist but are lost when the soil is saturated or dry and hence the soil at 

these two extremes collapses. 

 

In the two Grabouw plantation study sites, significant increases in soil bulk densities were also 

observed. The major contributing factor could be the soil texture and the soil water content at the 

time of experimentation. The dominant soil texture for both sites was clay loam. Hillel (1982) 

indicated that for clayey soils bulk density increases with an increase in soil water content until 

the optimum water content is achieved. In addition, Smith et al., (1997), indicated that soils with 

relatively high amount of clay are extremely sensitive to water contents at the time of 

compaction.  

 

On the other hand, there were no significant increases in soil bulk densities observed in the 

Glengarry Langgewacht plantation.  This behaviour could be attributed to soil disturbances 

caused by machine movement over the plot during the experiment. 

 

 Soil water saturation 

Changes in soil water saturation is one of the negative impacts of soil compaction because it 

results in an overall decrease in soil volume which leads to a decrease in total soil porosity at the 

expense of macropores (Greacen and Sands, 1980). This could be detrimental to plant growth.  In 

this study, significant increases in soil water saturation were observed in the Blueliliesbush, and 

both compartments of the Grabouw plantations (Table 20). 

 
Table 20: Summary of statistical analysis for changes in soil water saturation after soil 

compaction at the four study sites. 

Plantation P value Average increase, % 

Glengarry Langgewacht 0.169 1 

Blueliliesbush 0.00006 11 

Grabouw(B21) 0.001 17 

Grabouw(M1) 0.002 3 
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These results indicate that soil compaction in three of the study sites resulted in significant 

increases in soil water saturation which led to decreases in soil porosity that can be detrimental to 

plant growth.  However, in compartment M1 of the Grabouw plantation, despite the fact that 

there were significant increases in soil water saturation, the changes were minor as compared to 

the rest of the sites.  This could be as a result of the fact that the soil was almost saturated before 

the compaction. According to Miwa (2004), at high soil water content i.e. under or near 

saturation, the difference in soil resistance between compacted and uncompacted soil is low 

because the water filled soil pores are not compressible.  However, in the Glengarry 

Langgewacht plantation, no significant increases in soil water saturation were observed between 

the compacted and no-compacted areas of the site. 

 
 Rut profile analysis 

In this study, the minimum and maximum rut depth measurements obtained in all the study sites 

were between 1 cm and 15cms.  In the Glengarry Langgewacht, Blueliliesbush and Grabouw B21 

plantations, the rut measurements ranged from 3 cm to 5 cm; 3 cm to 15 cm and 1 cm to 5 cm 

respectively. The maximum rut depth was observed at one point in the Blueliliesbush plantation. 

The maximum rut depth measurement in the Blueliliesbush plantation could not be mainly 

attributed to initial soil water content because the area was generally dry i.e. a maximum of 14%, 

relative to the other sites.  One of the major contributing factors could be the presence of a very 

deep litter layer of approximately 20 cm deep (Figure 26).  This means that the rut profile 

measurements were taken on top of the litter. 
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Figure 27: Litter layer depth at the Blueliliesbush plantation study site 

 

 Assessment of the Quality of ProFor predictions 

 ProFor model and soil bulk density 

Changes in soil bulk density were used as one of the indicators of soil damage in this study. In 

order to asses the quality of the ProFor prediction on changes in soil bulk density. ProFor 

predictions on soil damage were evaluated based on the criteria presented in Table 21. 

Table 21: Evaluation of the quality of ProFor prediction on soil compaction. 

Parameter Description Category 

(θv - θc
v) > 0 Damage ProFor predictions 

(θv - θc
v) < 0

 
No damage 

ΔBD > 0 Damage Bulk density changes (%) 

ΔBD  < 0 No damage 
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The evaluation i.e. Tables 22 and 23, indicate that there were significant (p = 0.04) differences 

between the two data sets i.e. ProFor predictions and bulk density increases. In addition, the 

tables also indicate that ProFor predictions poorly correlate (r = -0.1) with the increases in soil 

bulk density. This implies that ProFor predicts poorly on soil compaction i.e. increases soil bulk 

density.  

 

Table 22: Summary of analysed data on the comparison between ProFor predictions and bulk 

density increase. 

Groups Count Sum Average Variance 

ProFor prediction 42 21 0.5 0.26 

Bulk density increase 42 30 0.71 0.21 

 

Table 23: ANOVA of the comparison of ProFor predictions and change in bulk density. 

Source of variation SS F P- Value F crit Correlation(r)

Between groups 0.96 4.1 0.04 3.96 -0.1 

 

 Accuracy of ProFor predictions on Atterberg limits  

As discussed in Chapter 3, the ProFor model predicts critical soil water contents for a specific 

site using soil texture and the physical characteristics of the machine as inputs. Matthies et al. 

(2006) indicated that the plastic limit of a soil refers to the soil water content dry enough to bear 

mechanical loads typical for forestry machinery without risk of considerable deformation. This 

means that plastic and liquid limits of a soil could be used as boundaries for the assessment of the 

accessibility. In addition, as stipulated in Figure 6, it means that forest management operations in 

some soils with a water content status lying between the plastic limit and the liquid could be 

acceptable provided the weight of the machine being used is within the acceptable range.  Based 

on this premise, plastic and liquid limits were used in this study to asses the quality of ProFor in 

the prediction of the critical soil water content for a range of soil textures used in this study. 

 

The results presented in Figure 28 shows that the ProFor models predictions for most points are 

laying between or lower than the plastic and liquid limits but more close to the plastic limits. This 
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then means that the models predictions are within the acceptable ranges based on Figure 6.  

However, the model is predicting well only for soil with clay contents over 20%. For example, 

Figure 28 indicates that for soils with clay content lower than 15% the predicted critical water 

content values are well above both the liquid and plastic limits i.e. the model over estimates the 

critical soils water contents for such soils.  Figure 28 indicates that sandy soils have the lowest 

critical water contents than clayey soils.  
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Figure 28: Relationship between the clay content, plastic limits, liquid limits and the predicted 
critical soil water contents of studied soils. 
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Figure 29: Illustration of critical water contents for different soils. (Terzaghi et al., 1996).  

 

 Accuracy of ProFor predictions on rut formation 

During the study, rut measurements was used as a factor for soil damage. For the assessment of 

the accuracy of ProFor predictions on the possibility of rut formation due to machine movement, 

the criteria presented in Table 24 was used. 

 

Table 24: Criteria for the assessment of ProFor prediction and rut formation. 

Parameter Description Category 

(θv - θc
v) > 0 Damage ProFor predictions 

(θv - θc
v) < 0

 
No damage 

1 Rut formed Observation of rutting 

0 No rut formed 
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The results of the assessment on the accuracy of ProFor predictions are presented in Tables 25 

and 26. The results indicate that there are significant (p = 0.381) differences between ProFor 

predictions and the observed rut formation data sets. In addition, the results also indicate that in 

more than 75 % (r = 0.76) of the observed cases ProFor gave valid predictions of rutting. 

 

Table 25: Summary of analysis on the assessment of ProFor prediction and rut formation. 

Groups Count Sum Average Variance 

ProFor prediction 31 6 0.19 0.16 

Observed rutting 31 9 0.29 0.21 

 

Table 26: ANOVA of the analysed data on the assessment of ProFor prediction and rut 

formation. 

Source of 

variation 

SS F P-value F-crit Correlation (r2) 

Between groups 0.145 0.77 0.381 4 0.76 
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6. Conclusion and Recommendations  

 
The study has indicated that soil compaction caused by four empty machine passes only resulted 

in significant changes in soil bulk density in three of the four study sites. However, in some 

instances soil decompaction was observed which could be attributed to soil disturbances in the 

ruts or the presence of dead roots and rock fragments in the core cylinder sampler.  These 

findings just add to the already known facts that repeated movements of forest harvesting 

machines results in the deterioration of site quality on sensitive soils under specific conditions.  

 

In an attempt to asses the accuracy of ProFor predictions on soil compaction, rutting, and critical 

soil water contents, comparison made between ProFor predictions on soil compaction indicated 

that ProFor does not provide good predictions on the occurrence of soil compaction. However, 

the results indicated that the model produced better predictions on the formation of ruts and 

critical soil water content.  

 

These findings show that ProFor could be effectively used to evaluate the accessibility of 

compartment during wet season. However, in the South African context, most forest regions lie 

in summer rainfall regions which receive rains for four to five months of the year. This means 

that for the rest of the year the areas are dry and hence soil compaction is more prominent 

problem than rut formation during most part of the year rendering the soil more prone to soil 

compaction than rutting. In this case, the model could be complete in its predictions of possible 

damage if it could also be able to predict soil compactions together with the rut formation. This 

could be achieved through the addition of another algorithm in the model aimed at the prediction 

of soil compaction.  

 

In addition, the study has also revealed that ProFor prediction of critical soil water contents on 

sandy soils are not good hence the improvement of the precision of the model on sandy soils 

could be vital because sandy soils are liable to compact to high bulk densities as compared to the 

fine textured soils. 
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