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PROJECT TITLE 

Soil compaction dependence on sub-field spatial soil constraint 
variability 

ABSTRACT 
Soil constraints are known to vary spatially at the sub-field level, both across area and with depth. The 
impact of these, varying with time, are largely driven by moisture content status. Soil compaction is a 
soil constraint that is difficult to determine due to the requirement of a natural benchmark condition 
(soil density prior to any traffic or operation) or proximal benchmark condition (spatially natural soil 
proxy), both of which are almost impossible to obtain for most models. For this reason, the focus on 
soil compaction has been on vulnerability and susceptibility of soils throughout the landscape. 
However, as on-farm management moves towards a finer scale of land management unit (LMU), 
approaching machine frontage resolution (e.g., 12x12m LMU based upon a 12 m operational frontage 
system), industry discussion has shifted to the sub-field variability of soil compaction vulnerability and 
susceptibility, an influential factor which remains unknown. It was suspected that the magnitude of 
stress imparted on the soil by modern harvesting machines would be far greater than the sub-field 
variability of vulnerability and susceptibility, meaning that alleviation of compaction incidence should 
be the first step for best management practice. This study was conducted to provide laboratory-based 
evidence for stress state impact based upon sub-field soil type and constraint diagnosis, at four fields, 
for a range of moisture contents. Outcomes from the investigation suggest no direct relationships can 
be drawn between soil pedological factors and constraints. This comes with the observation of 
significant variance in compaction parameters at the subfield scale, at a rage of sites. In spite of this, 
the degree of compactness as measured from the samples indicate crop growth will be restricted 
under these conditions. Inferring the key message being the overriding effect of stress on compaction 
and hydraulic reduction despite sub-field variability.  
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1. INTRODUCTION 

1.1  BACKGROUND 

Soil compaction can be defined as the reduction of pore space within a subject soil. This requires an 
applied load of a magnitude which exceeds the precompression strength of the soil (Chancellor et al., 
1962) hence, increasing the soil’s bulk density. This process may occur naturally; rain, hail, fluctuations 
in soil moisture content, or enhanced by an external force, agricultural machinery or livestock traffic. 
Compaction results in reduction of soil aeration, water infiltration, and hydraulic conductivity, (Berisso 
et al., 2012; Chyba et al., 2014). Similarly, it is considered to be a primary stimulus for the processes 
of physical soil degradation via erosion and the removal of soil organic carbon (Kadlec et al., 2012). 
Laboratory studies suggest the severity of these consequences is increased as dry soil approaches field 
capacity, as precompression strength decreases proportionally, (Hamza et al., 2011). This investigation 
looks to analyse the extent and effects of wheeled machinery traffic in order to resonate the 
significance of unsustainable farming management.  

It is recognised that the decline in soil quality is one of the main threats faced by presented to 
Australian cotton growers (Antille et al., 2016). Approximately 75% of Australia’s cotton is grown in 
Vertosol dominant regions, extending from Central Queensland to Southern parts of New South 
Wales. Although cotton traditionally performs well in this soil type, the majority of crops are irrigated 
to maintain the conservative required soil moisture range between plant available water stress, and 
excess or waterlogging (Daniells et al., 1996; Virmani et al., 1982). As Vertosols are partially defined 
by high clay contents, the associated minerals infer the characteristic shrink and swell properties with 
fluctuations in moisture content. In turn, these properties influence soil structural development and 
re-development, (Chinn & Pillai, 2008; Pillai & McGarry, 1999). Vertosols are thus particularly 
susceptible to physical degradation with improper management. Hence, a primary focus in the recent 
shift to conservative and sustainable agricultural practices has been minimising soil compaction. More 
specifically, reducing the mechanical stress applied to sub-field soil profiles by agricultural machinery 
wheels. A number of studies, (Barik et al., 2014) have looked at the prolonged effects of more 
traditional farming procedures, (heavy tillage rates and implements, large harvesters). Most of which 
have identified obvious correlations between the rate of mechanical disturbance or compaction and 
soil degradation in terms of physical soil properties including, aggregate stability (AS), bulk density 
(BD), total porosity (TP) and volumetric moisture content (VMC). With Australia’s agricultural 
equipment industry worth roughly $3.71b (Kingsley et al., 2021) it is important that a comprehensive 
understanding of the implications inflicted by these machines is reached amongst the community. 
Furthermore, a reduction in saturated hydraulic conductivity is experienced in compacted soil, 
compromising the field water infiltration potential and initiating the increased effects of water 
erosion. Crops also endure high resistance in root growth, nutrient and water uptake in compacted 
soils, decreasing both growth and overall yields, further encouraging this loss in productivity.  
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1.2  AIM 
Thorough investigation of the topic background reveals a of knowledge gap in industry-based 
literature. The abundance of yield mapping and remote sensing imagery available to most farmers has 
been catalytic to the widespread recognition of spatial variability and the in-field factors limiting 
yields. This has propagated a profusion of mitigation procedures predominantly focussing on 
standardising plant nutrient availability, (Castrignano et al., 2002) with little concentration on the soil 
physical property variability. Hence this project will particularly be conducted to quantify soil 
compaction extent as affected by spatial variability at the sub-field scale with respect to soil type and 
soil constraint changes. It is perceived in the agricultural community that ameliorating the spatial 
occurrence of varying soil constraints should be the primary focus for best soil management. However, 
it is suspected that the magnitude of mechanical stress imparted by machine traffic outweighs the 
effect of spatial variability of soil constraints within a soil type at the sub-field level. This means we 
expect that there will not be any significant variability in soil compaction impact for a given moisture 
content spatially within a given soil type. Which would suggest that we should focus predominantly 
on reducing compaction severity by discounting the mechanical stresses being applied rather than 
considering the particular soil constraints. 

1.3  OBJECTIVES 
Extending from the aim above are the following series of objectives that need to be met in order to 
test the hypothesis thoroughly. 

 Select a minimum of four sites (one field at each site)  
 Spatially diagnose the soil type and soil constraint variability at the sub-field scale 
 Using pedometric techniques, select representative monitoring points within the field from 

which to sample soil for compaction experimentation 
 Using a uniaxial compression test, determine the change in density of the soil at a range of 

moisture contents and stress states for each monitoring location 
 From the compressed sample, determine the hydraulic reduction with compaction severity 
 Using the soil type and constraint diagnosis, investigate the interaction between constraints, 

depth, stress state and moisture content on the reduction in soil pore geometry as inferred 
from saturated hydraulic conductivity 

The above tasks will provide a quantitative measure of the soil compaction extent as affected by 
spatial variability at the sub-field scale with respect to soil type and soil constraint changes for a variety 
of sites. Ultimately providing an outcome to be considered by land holders for future management 
practices. 
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1.4  DISSERTATION OVERVIEW 

1.4.1 Literature Review 
This section provides an analysis of the literature examining the significance of soil compaction 
experienced in the Australian Cotton industry and the parameters involved with this phenomenon. In 
addition to this, a review is made on a variety of soil properties and experimental procedures which 
test these, particularly aspects which are relevant to compaction. 

1.4.2 Methodology 
Here, the procedures conducted to obtain results required to address the project objectives are 
outlined in this section. More specifically, it includes a thorough explanation of the soil sampling 
process and the techniques implemented to achieve an informative outcome. 

1.4.3  Results 
This section presents the results derived from the study in an array of tables, plots and figures. A brief 
analysis of the findings is conducted, alluding to the final recommendations. 

1.4.4 Discussion 
This section highlights the relevance of the study and further conveys suggested areas of industry 
applicability. Encouraged management strategies derived from the results of this study are expressed, 
with the potential benefits and similarly, expected consequences of mismanagement defined. 

1.4.5 Conclusion 
This final section outlines the major outcomes of the study draws conclusions from the most critical 
results. Furthermore, the primary motives of the project are addressed with regards to relevant 
findings.  
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2. LITERATURE REVIEW 

2.1  INTRODUCTION 
Literature analysed in this review will compare the magnitude of machine stress and the spatial 
variability of underlying soil constraints. There is an industry perception that the spatial occurrence of 
soil constraints, (properties which inhibit crop growth) outweighs the impact of soil compaction. This 
has led to a focus on alleviating these soil constraints before moving to true controlled traffic farming 
(CTF). It can be argued that this is wasted effort as the overriding limitation is compaction given the 
magnitude of force and extent of homogenous impact. Hence, the review is conducted to ascertain 
the effect of equivalent machine stress on soils of different geographical and pedological nature. The 
review will focus on how machine stress affects soil mechanics, the ongoing agronomic effect of this 
on crop growth, as well as the flow on effects in terms of off-site impact. The spatial dependence of 
soil compaction will be directly investigated from the existing literature. It will then conduct a 
literature assessment of load, versus change in density, versus soil texture and published procedures 
on this topic. The review concludes by detailing the knowledge gaps, as well as the key soil properties 
and functions to test with respect to the hypothesis.   

2.2  EFFECTS OF MACHINE STRESS ON SOIL MECHANICS 

2.2.1 Stress in Soil 
Soil compaction by wheeling of agricultural machines is the reduction of soil porosity as a product of 
axial and shear stresses propagating through the soil profile. The result of this is most critical in 
localized zones beneath the wheel soil interface and is often characterised by a visible rut on the soil 
surface (Défossez & Richard, 2002). Developing an appreciation for the stress strain relationships 
which account for this phenomenon creates an understanding of the foundation of soil compaction in 
agriculture. Early work by (Boussinesq, 1885) describes a solution to model the distribution of vertical 
stress as implied by an external load over the contact area. This model considers the medium to be a 
“homogenous, isotropic, ideal elastic material” (Boussinesq, 1885) which assumes complete 
uniformity throughout the entire soil profile (Soane & Van Ouwerkerk, 1994). The stress propagation 
which controls the volume is calculated using the following (Boussinesq, 1885) equation (Equation 2.1) 
and visually represented by Figure 2.1. 

 

𝜎ଵ =
ଷ

ଶగమ 𝑐𝑜𝑠ଷ𝜃                                                            Equation 2.1 

where, 

𝜎ଵ= vertical stress, at distance 𝑟, under a point 𝑃, and 𝜃 is the angle between the radius and vertical.   
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Figure 2.1 Stresses in a volume under a point of applied load (Défossez & Richard, 2002) 

It was discovered that this model could be applied to soil (of varying soil strength) with the addition 
of a concentration factor, 𝜉  as seen in Equation 2.2 (Fröhlich, 1934), where soil characteristics 
(firmness) as a result of bulk density and moisture content are recommended as values 4, 5 and 6 for 
hard, firm and soft soils, respectively (Défossez & Richard, 2002).  

 

𝜎ଵ =
క

ଶగమ 𝑐𝑜𝑠కିଶ𝜃                                                            Equation 2.2 

where, 

𝜎ଵ= principal stress, at distance 𝑟, under a point 𝑃, and 𝜃 is the angle between the radius and 
vertical. 

This equation accurately relates an increase in concentration factor to deeper penetration of vertical 
stress within the profile. However, is limited to determining stress propagation by applied load from 
a single point as it radiates into the soil medium. (Söhne, 1953) recognised the inapplicability of this 
model as stress implied by agricultural tyres is presented by an area, rather than a single point. Hence, 
a modification of the Boussineq formula allows stress at the tyre- soil interface to be modelled by 
assuming an elliptical contact area. The distribution of vertical stress as a result of this is displayed in 
Figure 2.2. 
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Figure 2.2 Stresses acting on a volume of soil considering pressure distribution by a contact area between tyre and soil 
according to (Söhne, 1953), (Défossez & Richard, 2002).  

It is evident that shear stress due to wheeling involves horizontal momentum, enforcing triaxial 
loading. Ignored in the work by (Söhne, 1953), this was further extended by (Johnson & Burt, 1990) to 
improve the scope of this study. By once again considering stress to be a single shear point load, and 
following the Cerruti equation procedure, all three principal stresses, 𝜎ଵ,   𝜎ଶ,   &  𝜎ଷ can be predicted 
for any point in the soil (Défossez & Richard, 2002). The accuracy of this was further improved by 
(O'sullivan et al., 1999) who assumed only 𝜎ଵ,  to be vertical and 𝜎ଶ,   &  𝜎ଷ  to be longitudinal and 
transverse, respectively. More specifically, longitudinal and traverse stresses are derived from contact 
area, the shape of stress distribution and the magnitude of wheel slip (Défossez & Richard, 2002). 
Fitting a regression equation to these outputs develops Equation 2.3 (O'sullivan et al., 1999). 

ln ቀ
ఙభ

ఙ
ቁ =  𝑐ଵ𝑧 − 𝑐ଶ𝐴+𝑐ଷ𝜉                                                Equation 2.3 

where,  

𝜎ଵ= principal stress, 𝜎 =  𝜎ଶ,   𝑜𝑟  𝜎ଷ, A = contact area, z = depth, 𝜉= concentration factor and 
𝑐ଵ, 𝑐ଶ & 𝑐ଷ are regression constants. 

This literature resonates the fundamental effects of machinery traffic on the soil medium. 
Furthermore, work presented conveys the importance of considering stress applied by wheeled traffic 
will not only remain within a localised zone and will propagate into the medium surrounds. A review 
of theory here reveals that soil compaction may be considered as uniaxial compression, however, 
stresses on the triaxial plane should be acknowledged for best applicability.  

2.2.2 Hydraulic Properties 
Soil infiltration can be defined as the process by which water on the soil surface penetrates the profile 
(Lili, 2008). This movement of water can be quantified as the soil’s infiltration capacity, described as 
the “maximum rate at which a soil when in a given condition can absorb rain as it falls” (Horton, 1933). 
Conditions required to reach a soil’s infiltration capacity include an excess of water on the soil surface 
to ensure constant surface moisture availability. Furthermore, it is evident that the infiltration capacity 
reduces exponentially with time and sample moisture content under these conditions as it approaches 
the soil’s saturated hydraulic conductivity, (Ksat). Soil compaction by machinery traffic adversely 
affects soil hydraulic properties (Keller et al., 2019). This particularly inhibits plant available water 
(PAW) and the movement of solutes through the soil profile (Ankeny et al., 1990) as unsaturated water 
infiltration is reduced. It is suggested that this function is a product of soil pore alteration with machine 
induced stress. Work by (Ankeny et al., 1990) depicts tension infiltrometer testing across a range of 
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tilled fields, subjected to varying degrees of wheeled traffic. It was concluded that large macropores 
within a soil profile are responsible for transporting the greatest proportion of hydraulic flow, but are 
most susceptible to degradation by machinery traffic. This is reinforced by (Keller et al., 2019) in an 
assessment of historical saturated hydraulic conductivity reduction with time as the mass of 
agricultural machinery has developed with the increased demand for production efficiency. The report 
describes that an arable soil today has a subsoil Ksat value approximately 40% lower than its natural 
benchmark condition, (represented by the year 1900 in Figure 2.3) based on calculations using the 
pedo- transfer function of (Wösten et al., 1999), incorporating bulk density. 

 

Figure 2.3 Plot of reduction in Ksat in an arable subsoil caused by an increase in machinery weight (BLUE) based on relative 
bulk density (RED) as estimated by the pedo-transfer function (Keller et al., 2019). 

Although the data presented here is based on estimations it is clear that machinery-imposed stress 
reduces soil hydraulic potential. This is reinforced in experimental work completed by (Lebert & Horn, 
1991; Wander et al., 2002) detailing the significance of these consequences when considering the 
effects of machine traffic on soil mechanics. 

2.3  AGRONOMIC EFFECTS AND EXTENT OF COMPACTION  
Soil compaction has an adverse effect on the agronomic system, limiting production by inhibiting plant 
growth. This is a direct result of the restricted plant root growth, (access to moisture and nutrient 
uptake) and available water within the soil profile, caused by a decrease in porosity, hydraulic 
reduction and structural degradation (Steffan & Schaefer, 2016). Cotton farming in Australia is 
particularly traffic intensive as growers often incorporate winter crops in rotation, and as a result, 
compaction is a primary concern. Degradation of soil physical properties as a result of compaction has 
been well documented (Antille et al., 2016; Bennett et al., 2017; Bennett, 2017; Braunack & Johnston, 
2014) and are discussed earlier in this report. (Jamali et al., 2021) conveys the importance of also 
considering the effect of compaction on soil water dynamics. Crop water use, soil water recharge and 
resulting plant water stress relationships are critical factors for assessing overall productivity loss from 
soil compaction. Insufficient quantities of PAW cause stomatal closure, inhibiting photosynthesis and 
increasing crop water stress (Idso et al., 1977; Jackson et al., 1981). Additionally, this elevates canopy 
temperature as crops attempt to conserve water by limiting transpiration, reducing the rate of crop 
growth. A study by (Reichle et al., 2015) reported a heavy correlation between cotton yield and the 
cumulative time of optimal canopy temperature. 
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There is an abundance of research estimating the extent of soil compaction. Literature details 
compaction stresses nearing an extent of 200kPa is inferred at subsoil depths by large commercially 
available John Deere combines, (gross weight greater than 30T), (Chamen et al., 2015). Furthermore, 
similar results are reported for cotton pickers (equivalent mass) with onboard module building (Antille 
et al., 2016). Soil compaction induced by agricultural machinery can be described by the elastic and 
plastic deformation in relation to soil mechanics, (Défossez & Richard, 2002; Nawaz et al., 2013). The 
effects of compaction are largely reversible when compression is restricted to not exceed the soils 
elastic phase. However, failure occurs as the compression stress exceeds precompression stress and 
said soil reaches the plastic deformation phase (Bennett et al., 2014). This value, for Australian 
vertosols is said to be an average of 99.3kPa (Kirby, 1991). Thus, as the effects of compaction implied 
by most machinery, (excess of 10 Mg) is technically irreversible, alleviation techniques are regularly 
required. Natural amelioration of Vertosol compaction is a very gradual process, often taking upwards 
of 5 years under no-till conditions (Radford et al., 2007). This process is best accelerated by a number 
of farming practices including tillage, deep ripping or sewing a ley pasture. However, it is important to 
ensure adequate conditions, (soil moisture content) are prevalent when exercising these management 
options to ensure structural repair is achieved.  

The effect of soil compaction from external loading decreases linearly with depth to an extent of 
700mm for a given soil of medium texture, (Ansorge & Godwin, 2007; Antille et al., 2013). Considering 
a depth of 800mm to allows for a conservative prediction that applies to soils of varying consistency.  

Generally, soil compaction from offroad vehicle traffic occurs as a triaxial force, exerted by a wheel 
travelling across the horizontal plane, under the influence of gravity. Towed wheels predominantly 
exert a vertical normal force to the soil whereas drive wheels exert additional shear forces (Alakukku, 
1999). These shear forces can account for up to 50% of compaction effects within the topsoil region 
of a profile, (Raghavan et al., 1977). Triaxial tests available are accurate and produce results applicable 
to a variety of different soil conditions, however they are expensive. Uniaxial soil testing requires less 
input, is inexpensive, applicable to most modelling applications and further, sufficient for use in this 
study considering the varying soil types being examined will be collected individually. 

The soil compaction occurring in agriculture is often in conjunction with lateral compression and non-
volumetric changes to the soil structure as a result of a change in bulk density (Koolen & Kuipers, 
1983). A range of factors influence the extent and characteristics of soil compaction including the soil 
type, soil condition, soil moisture content, magnitude of the applied force, and the quantity, duration 
of loading events (Alakukku, 1999). Research on soil moisture content suggests it is the most 
influential soil property when considering soil compaction extent as a result of affected soil strength 
(Dawidowski & Lerink, 1990). As the velocity of a machine is increased, the duration of the loading 
period is reduced proportionally, hence inferring less stress on the subsoil of a profile, (Alakukku, 
1999). This effect is enhanced in soils that lack density. 

Industry literature has investigated the implication and repercussion of vertical soil stresses. This has 
led to the development of comprehensive compaction models such as the SoilFlex model (Keller et al., 
2007). A particular assessment made on the implication of machinery traffic on Australian soils suggest 
that vertical stresses of up to 200kPa are commonly experienced at depths of around 300mm in heavy 
Vertosols (rear axle), (Antille et al., 2016). The machine analysed in this study was the John Deere 7760 
round bale cotton picker. Tyre parameters for this machine as recommended by the manufacturer are 
as follows: 520/85R42 R1 (inflation pressure: 0.25 MPa) and 520/85R34 R1 (inflation pressure: 0.32 
MPa) for the dual drive and steering tyres, respectively (Deere and Company, 2014). Furthermore, 
these simulations derived that the minimum surface stress implied by this machine is at the tyre-soil 
interface is approximately 350 kPa. This contact stress occurs for each of the front drive tyres, (average 
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wheel load: 5.43 Mg) which is considerably less than the rear steer tyres (average wheel load: 8.25 
Mg) (Bennett et al., 2016). It is important to accurately consider these load values in the context of 
developing industry applicable study. 

2.4  OFF-SITE IMPACT AND MITIGATION TECHNIQUES  

2.4.1 Australian Cotton 
The Australian cotton industry is one of the largest globally, earning around $2 billion in exports 
annually, (CSIRO, 2022). Australian cotton farmers have remained competitive by striving for higher 
yields and lower production costs. This has been achieved by an industry focus on plant breeding, 
improvements in both post- harvest and in-crop practices and an increase in the recognition of the 
significance of soil health. Despite this, a recent Australian industry survey reported 66% of assessed 
cotton farms were impacted by soil compaction (CCA, 2020) and globally, an estimated 68 million 
hectares of agricultural soils are affected by soil compaction from vehicular traffic (Nawaz et al., 2013). 
The loss of productivity caused by soil compaction is generally experienced over an extended period 
of time (Jamali et al., 2021). Hence, the significance of the issue is often overlooked. Local compaction 
also presents a tremendous cost to society, as profit reduction for growers is passed onto produce 
price (Graves et al., 2015). However, a lack of information of the extent and severity of compaction at 
a national scale means there is very little quantitative reports on this. Although outdated, a study by 
(Walsh, 2002) estimates the extent of the economic impact of compaction in Australian agriculture to 
be $850 million each year. It can be suspected that this number has significantly increased over the 
past two decades with the inflation of agricultural machinery mass as a result of the demand for 
greater production efficiency (Bennett et al., 2019). This warrants the application of a large proportion 
of resources towards mediating the effects of compaction.  

2.4.2 Managing Compaction 
Pursuit of enhancing operational efficiency has led to the development of higher capacity machines 
with the aim of reducing the required number of passes in a field. Profit margins have been greater in 
the modern age with the addition of on-board module building in cotton pickers (Bennett et al., 2015). 
This addition to the cotton-picking system eliminates the requirement of multiple machines in 
practice, (boll buggies, modules builders). However, the trade-off for a reduction of passes across the 
field is a significant increase in axle loading, (rear axle loading, 16.5 Mg of a total 36 Mg machine mass). 
Quantitatively, some studies (Chamen et al., 2015; Keller et al., 2007; Koolen et al., 1992) have 
reported increases in subsoil stresses (400mm deep) of over 1000% since the period of horse drawn 
implements. The consequences of this practice have prompted the adoption of a variety mitigation 
techniques including technologies to increase the area of wheel- soil interface and hence alleviate 
wheel contact pressure. In cotton operations this is evident by the addition of dual tyres fitted to the 
front axle of modern cotton pickers, and in some instances, tracked tractors for round bale and 
module handling.  

In addition to wheel-soil interaction modifications, machinery used in cotton picking is often required 
to undergo modification with farm wide confinement of load-bearing wheels to permanent traffic 
lanes, or controlled traffic farming (CTF).  CTF is an effective means of compaction management 
(Tullberg et al., 2007), designed to alleviate the effects of machinery traffic in regards to soil health 
and land degradation. The potential operation profitability of implementing a CTF system is assessed 
in (Kingwell & Fuchsbichler, 2011). The most obvious technical and scientific benefit of CTF is 
increasing crop yield via the benefits of eliminating soil compaction, (improving plant available water 
and nutrients, enhancing root and plant growth and reducing erosion and water logging). 
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Furthermore, semi-permanent tramlines within a paddock have proven advantageous by providing a 
more tractive surface, (reduced rolling resistance and wheel-slip) and reducing driver fatigue, 
(consistent guidance tracks). These are particularly beneficial during time restricted periods 
throughout the farming season. CTF is the primary recommendation for managing soil compaction in 
cotton-based systems as reported in the guidelines by SOILpak for Cotton Growers (Daniells et al., 
1996). However, the Australian cotton industry has witnessed a relatively slow adoption of CTF, 
despite the abundance of advertised whole-farm benefits. This is likely due to the unsuitability of 
imported equipment from Europe and the USA, and hence the associated cost of conversion and 
machinery modification, (Chamen et al., 2015; Tullberg et al., 2007). Furthermore, such modifications 
to new equipment are likely to void machine warranties and compromise re-sale value, further 
deterring the transition.  

Specific financial margins accompanied with the adoption of CTF in Australian grain cropping systems 
are analysed by (Kingwell & Fuchsbichler, 2011). The study utilises a whole-farm bioeconomic model 
labelled known as the ‘Model of an Integrated Dryland Agricultural System’, (MIDAS) to provide a 
comprehensive comparison of the implementation of CTF. The investigation selected three theoretical 
dryland farming operations to address light sandy soil types and heavier clay rich soils by running 
season simulations for each, with and without the adoption of CTF. The results of the simulation 
suggested the majority of the profit increase can be attributed to enhanced grain revenue (yield and 
grain quality) which equates to roughly $31/ha compared to the $15/ha decrease in input costs from 
adopting the CTF system. It is also apparent that an increase in crop dominance within the farm plan 
will proportionally increase profits when adopting CTF. Whole farm effects of CTF include more regular 
cropping in areas with heavy clay soils to ensure a greater degree of profit, opposed to the lighter 
sandy soils where the benefits of CTF are less visible. This is particularly relevant when assessing the 
value of this system for implication on heavy clay soil mediums in cotton growing regions of Australia.  

2.5 SPATIAL DEPENDENCE OF SOIL COMPACTION 

2.5.1 Sub-field Constraint Variability 
Spatially variable fields can also be defined by local areas of agricultural land which exhibit 
geographical deviation in both chemical and physical properties throughout the entire depth of the 
soil profile. If characterised soil properties limit crop growth and hence hinder agricultural production, 
they are classed as a constraint (Dang, 2022). Soils in dominant cotton growing regions of Australia 
are particularly susceptible to structural degradation. Hence, soil constraints such as salinity, acidity, 
subsoil compaction and sodicity are particularly prone to inhibiting soil infiltration and water storage 
attributes (Page et al., 2018). These effects compromise crop growth and hence yield, the primary 
consideration of farm management, which is rarely considered in a spatial context (Tilse et al., 2022). 
This literature suggests research should be targeted to develop a greater understanding of the 
interactions and associated consequences of these constraints.  

Sub-field scale-based soil maps compiled from both predicted and measured datasets of soil physical 
and chemical properties are a highly valuable planning and educational tool. However, local variability 
of soil characteristics described by (Dang, 2022) mean it is often challenging to class a constraint type 
across a field in a particular category (Bennett, 2022). This is further complicated when considering 
soil property variability with depth within a profile. Soil profiles with significantly different properties 
between topsoil (0-20cm depth) and subsoil (>20cm depth) often naturally occur in Australia. 
Therefore, it is important to acknowledge the effects of constraining properties at each soil layer in 
the root zone. Vertosols found in Australia are generally alkaline and hence display dispersive 
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properties due to associated sodium and potassium carbonates. Dispersiveness of a soil is ranked from 
values 0-16 by (Hazelton & Murphy, 2016) and include descriptions such as ‘non-dispersive’, 
‘mechanically dispersive’ and ‘spontaneously dispersive’ derived from observations of the soil 
aggregates when immersed in solution. In addition to this, soils which display structural deterioration 
and evidence of waterlogging can be refined in class based on the soil pH (Bennett, 2022). As such, 
neutral dispersive soils occupy a pH between 6 and 8, thus imposing minimal anionic effects to crops 
grown in this soil. As pH exceeds these values, the soil is described as alkaline dispersive (Hazelton & 
Murphy, 2016) at this condition, excessive carbonates have toxic effects on plants. High clay content 
soils which are non- dispersive (do not slake or disperse in water) may be classed as saline with an 
electrical conductivity rating (1:5, dS/m) greater than 0.7 (Hazelton & Murphy, 2016; Shaw et al., 
1994). Plant growth is constrained in these soils with regards to the osmotic effects of excessive salts. 
Despite these refined descriptions of constraining conditions within a soil profile, there is an absence 
of literature investigating perpetual relationships between these characteristics and a soils 
susceptibility to compaction. 

2.5.2 Spatial Variance of Soil Compaction 
Studies surrounding the spatial effects of soil compaction can also be conducted by measuring changes 
in physical soil properties and identifying the associated behavioural patterns in soil profiles affected 
by compaction. A variety of sources have proven the adverse effects of heavy machinery in an 
agricultural system, particular in regards to soil productivity (Soane & Van Ouwerkerk, 1994). This is 
largely due to the decrease in a soils microporosity when it is in a compacted state, and the restricted 
nature of gaseous and hydraulic exchanges that follow. A study by (Barik et al., 2014) directly 
addresses the relationship between field traffic operations and the degradation of soil physical 
properties, particularly those which indicate compaction issues (aggregate stability, bulk density, total 
porosity, penetration resistance and moisture content). Furthermore, it concludes that among these 
properties, aggregate stability and penetration resistance are affected the most dramatically from 
repeated field traffic. Kriging is an effective method of displaying the results of these affected soil 
profiles, (Barik et al., 2014) as it enables the model to be analysed on all three planes to determine 
the exact locations of spatial variance throughout the profile. 

It is evident that this project will need to take into consideration the abundance and type of plant 
cover in the trial sites. Penetration resistance is generally decreased in soils with plant cover, (Pinzón-
Gómez et al., 2016) this is likely to affect the spatial moisture content of the system and potentially 
dictate the varying levels of compaction. Furthermore, studies have shown that in these 
circumstances, compaction levels often increase with depth whilst the moisture content acts inversely 
proportional. These soil profile properties will be measured and potentially accounted for throughout 
the different sites addressed in the study. 

2.5.3 Spatial Mapping of Soil Compaction 
As technology develops and allows for an increased uptake of soil data, the industry has looked for 
viable options to support large quantities of information, and further present information on a broad 
platform. Soil science has thus propelled the development of primary digital mapping technologies 
such as geographic information systems (GIS), remote locating systems (GPS) and a variety of data 
sources such as those composed by digital elevation models. A review on the development of spatial 
soil prediction reveals the relative inaccuracy of available soil maps to be accounted for by the 
extensive labour and cost of completion on site soil surveys. Hence the demand for spatial soil 
prediction, specifically via GIS platforms presents a number of mathematical models suggesting 
quantitative relationships are most evident between soil topography but should not be assumed to 
be linear and soil can be predicted spatially from geographic position using a variety of pedometric 
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techniques. As such, these approaches are generally based on Equation 2.4 where a soil at location 
(𝑥, 𝑦) is dependent on the geographic coordinates (𝑥, 𝑦) and the characteristics of the soil at an 
adjacent location (𝑥 + 𝑢, 𝑦 + 𝑣) (McBratney et al., 2003).  

𝑆 = 𝑓(𝑥, 𝑦), 𝑠(𝑥 + 𝑢, 𝑦 + 𝑣)                                              Equation 2.4 

A review on digital soil mapping (McBratney et al., 2003) recalls the development of spatial prediction 
models from the Jenny (1941) equation for mechanistic soil modelling. The primary of these being the 
SCORPAN model, a spatial prediction function which considers the following soil/ environment 
relationships, as detailed in the review (McBratney et al., 2003), “soil, other or previously measured 
attributes of the soil at a point; climate, climatic properties of the environment at a point; organisms, 
including land cover and natural vegetation; topography, including terrain attributes and classes; 
parent material, including lithology; age, the time factor; space, spatial or geographic position”. 
Mathematically, the function is described by the Equation 2.5. 

𝑆𝑎 = 𝑓(𝑠, 𝑐, 𝑜, 𝑟, 𝑝, 𝑎, 𝑛) + 𝑒                                                Equation 2.5  

Where, any soil property, ‘Sa’, at a certain point is a product of the soil properties at that location 
based on: space (s), climate (c), organisms (o), relief (r), parent material (p), age (a), and auto-
correlated errors (e). Successfully executing the steps of this model offer the potential to produce 
both digital and dynamic soil maps. These maps display soil constraints, attributes and types and are 
stored and utilised on GIS platforms to promote effective data analysis and assessment. Further, the 
model offers an approach to extrapolating existing soil maps in the currently unmapped areas. An 
application of this is depicted in (Bui et al., 1999) where ‘s’ for a previously mapped soil is carried 
through to an unmapped area, so no new sampling is required.    

Application of this theory in developing delineating maps of soil compaction has little applicability due 
to the dynamic nature of the constraint (Alaoui & Diserens, 2018). Furthermore, considering the long 
set nature of soil compaction, particularly in the subsoil, detailed knowledge of previous land uses 
should be taken into account, a resource which is often scarce. The extent of this long memory effect 
is highlighted by (Zimmermann et al., 2006) in a study reporting the impact of 13 years of cattle grazing 
on soil hydraulic properties was still evident after a further 10 years of forest growth within a field. 
This infers a comprehensive soil map should include both short and long-term changes to soil 
condition. This is further complicated by apparent variability of soil compaction in both time and space 
(Alaoui & Diserens, 2018). Correlations between persistently compacted areas and limited yields have 
been acknowledged in studies by developing 3D models of a soil profile by measuring cone resistance 
(an empirical and cheap method of quantitating soil compaction) and indicator kriging, (a 
geostatistical technique of developing a visual model). A study by (Castrignano et al., 2002) identified 
the presence of these infield relationships within a derum wheat crop. Similarly, the practicality of 
sampling cone resistance for the evaluation of soil compaction at depth is concluded. The results from 
this study highlight the desirability of a minimal degree of soil compaction, as this promotes sufficient 
structural stability in plant establishment. It also depicts the effectiveness of geostatistical techniques 
in measuring soil compaction across both vertical and horizontal profiles. Whilst this article notions 
the importance of considering several contributing factors (nutrient deficiencies, seeding rates, etc.) 
when acknowledging spatially varying yields, the impacts of applied mechanical stress is not 
addressed. Extending this work would require the sampling of a similar dataset but with concern to 
the outcomes of machinery traffic. More specifically, there is no widely accepted method to measure 
the mechanical properties of a soil that directly reflect the risk for compaction with field traffic (Alaoui 
& Diserens, 2018). 
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2.6 RELATIONS BETWEEN LOAD, CHANGE IN DENSITY AND SOIL TEXTURE 
Geometric distribution of machine mass is responsible for the magnitude of wheel axle loads endured 
by the soil medium in an agricultural field. This loading has a direct relation to change in soil bulk 
density (Horn et al., 2003). This is proven by experimental procedure, (Horn & Fleige, 2003) where 
measurements of soil bulk density were repeatedly recorded with continuing passes of agricultural 
machinery, (tractor with rear axle load of 11 Mg). The results highlight that at all depths within a soil 
profile, soil bulk density increases with the number of passes. Additionally, after 10 passes, the same 
bulk density was recorded for all depths of the given soil profile.  

A relationship can be drawn between a soil’s vulnerability to compaction and its specific texture 
composition (Nawaz et al., 2013). However, this susceptibility is largely affected by the moisture 
content of the soil at the instance of compaction. (Horn et al., 1995) explains that at low moisture 
contents, silt loam soils with low colloid contents are exposed to a greater risk of compaction in 
comparison to medium or fine textured clay loam soils, whilst sandy soils are generally less susceptible 
to compaction. An experimental study to determine the contributing factors to the degree of soil 
compactness, (Arvidsson, 1998) found that bulk density of soil in its reference state increased with 
increasing sand content. This can be accounted for by the lack of micropores in sandy soils, (Koolen & 
Kuipers, 1983). The study measured bulk density at different field sites before and after machine 
traffic. The results however, did not reveal any significant correlations between the degree of 
compactness after traffic and the differing mineral fractions of the soil (Koolen & Kuipers, 1983). The 
lack of variance here was contributed to consistency in field moisture content. In general, all soils are 
less susceptible to compaction at very low moisture contents rather than high (Gysi et al., 1999). 
However, a reduction in compressibility is experienced as the moisture content exceeds the point 
where all soil pores are filled with water (Smith et al., 1997). This is reinforced in work by (Ishaq et al., 
2001) where bulk density is used to quantify compaction extent as moisture content increases in a 
given soil, as detailed in Figure 2.4. The results of this study conclude that for the sandy clay loam 
repeatedly compressed with consistent load, bulk density increases with moisture content up to a 
limit, after which it decreases.  

 

Figure 2.4 Relationship between soil water content and bulk density for analysis of compaction (Ishaq et al., 2001). 

In addition to soil water content and texture, soil organic matter has been shown to affect the degree 
of compactness after exposure to vehicular traffic load (Nawaz et al., 2013). However, laboratory 
simulation of varying soil organic matter content in soil is a restricted exercise and published work is 
limited.   
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2.7 UNIAXIAL COMPRESSION TESTING  
The concept of uniaxial compression is a procedure that can provide a quantitative measure of the 
degradation of a soil via implied load. The varying influence of machinery traffic on soil health and 
crop yield is examined in procedure by (Håkansson, 1990). In particular, the continuous loosening of 
the soil structure by tillage and decrease in soil volume with seasonal agricultural practice. The soil 
moisture relationship throughout the cropping season also has a significant effect on the optimal 
degree of compaction, (Edling & Fergedal, 1972; Håkansson et al., 1988). The water in moist soil acts 
as a lubricant between soil particles (Suzuki et al., 2013). This in turn enhances deformation and results 
in an increase in soil bulk density. It is evident, because of this, the influence of machinery traffic can 
have varied effects of the degree of soil compactness and hence accurate simulation of these scenarios 
require extensive experimentation. Measuring results for these procedures is most appropriately 
achieved by recording volumetric relationships, such as bulk density or total porosity (Håkansson et 
al., 1988). It is important to consider soil physical properties when analysing results of this nature, 
particularly texture as relative bulk density values may vary between soil types, hence indicating 
different degrees of compactness. Uniaxial compression as described by (Håkansson et al., 1988) 
involves applying pressure by a plate within a cylindrical sleeve to a volumetric soil sample collected 
from the plough layer (approximately 27cm depth) within a field. The plate is covered with a 7mm 
rubber mat and the soil is thoroughly moistening and allowed to equilibrate. This study focuses on 
comparing the dry bulk density of the compressed samples for a range of moisture contents. It is 
considered that this procedure is less laborious (than traditional proctor compaction tests) and hence 
the preferred method for effectively characterising the degree of compactness of soil samples in this 
format. Furthermore, application of external load allows for the implication of a range of stress states 
at the soil surface. This allows for a comprehensive dataset of simulated machine traffic of differing 
mass. However, (Arvidsson, 1998) compares this uniaxial compression procedure to reference field 
bulk densities (Håkansson et al., 1988) after actual machine wheeling, revealing variance in results. 
The study concludes that from the significance of measured differences, the uniaxial compression 
tests was an insufficient means of predicting the effects of compaction in the field. 

2.8 HYDRAULIC CONDUCTIVITY 
The infiltration rate or flux is the measurement of water traversing through the soil surface at any 
given time. Typically recorded in a dimension of length per unit time, devices known as infiltrometers 
have been developed to measure this phenomenon. Infiltrometer types include the single ring, double 
ring, tension or disk and hood infiltrometers. Possibly the most common procedure for estimating soil 
hydraulic properties consists of two concentric metal rings that are inserted into the soil surface. 
Recording the reduction of water level after filling both the outer and inner rings can be used to 
determine the sample Ksat. Disk infiltrometers consist of a cylindrical reservoir filled with water, 
supported by a permeable disk base. The rate of water infiltration is determined by the decrease in 
water level, hence producing cumulative curves to further depict soil hydraulic properties (Latorre et 
al., 2013). Despite these efforts, variability in results is not uncommon amongst differing infiltration 
methods, especially in regards to values for saturated hydraulic conductivity (Lai & Ren, 2007). This 
can be accounted for by the application of mechanical loads in the process of ring insertion and the 
variance in contact material used in tension infiltrometers (Lili et al., 2008).  

Mini-disk infiltrometers (MDI’s) are able to record a large quantity of measurements over a short 
period of time, hence producing a comprehensive dataset. The measurement is made using transient 
data as infiltration approaches stabilisation. It is also apparent that the automation of MDI’s is an 
effective technique to improve experimental accuracy and productivity. This can be achieved via a 
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pressure transducer and accompanied datalogger to record electrical pulses with pressure change. 
Measurements of infiltration into unsaturated soil can be used to calculate soil hydraulic conductivity, 
a function of water potential and soil water content (Zhang, 1997). To achieve this, Equation 2.6 is 
fitted with recorded measurements of cumulative infiltration against time. 

𝐼 =  𝐶ଵ𝑡ଵ/ଶ  + 𝐶ଶ𝑡                                                       Equation 2.6 

Where, 𝐶ଵ is associated with hydraulic conductivity and 𝐶ଶ  is the soil sorptivity. The hydraulic 
conductivity (K) is the derived from a separate equation as follows. 

𝐾 =  
భ


                                                                    Equation 2.7 

Where, 𝐶ଵ is the slope of the gradient of the cumulative infiltration curve against the square root of 
time and A is a value which relates the van Genuchten parameters for a given soil to the suction and 
radius of the infiltrometer disk (METER, 2022). Hydraulic conductivity at both saturated and 
unsaturated conditions provides a valuable parameter for consideration by land owners, managers 
and scientists. More specifically, nutrient transport and fluctuations in soil moisture by both ground 
water recharge and precipitation can be predicted by infiltration characteristics. 

2.9 SOIL STRESS STATE MODELLING 
The calculated surface stress of a soil is dependent on what stress state model is used. Thus, to 
accurately take a quantitative assessment of the degradation of a soil profile, a specific soil stress state 
model must be assumed across all calculations in the investigation. Furthermore, it is apparent that 
the variance across these models will result in comparative discrepancies. Since the development of 
foundations made by (Rankine, 1857; Roscoe, 1968), there has been a considerable quantity of 
resources directed towards the modification and testing of the theory of plasticity in geomechanics 
(Gens & Potts, 1988). The derivative of initial critical state (CS) state models were the series of cam-
clay formulations (Roscoe, 1968) which consisted of basic mathematical descriptions of the yield 
surface, hardening and plasticity and elastic volumetric strains (Gens & Potts, 1988) of a soil structure. 
The refinement of this model to achieve greater similarity between computed and observed soil stress 
states has led to a variety of theoretical models however, the simplicity and accuracy of one of the 
earliest CS models; modified cam-clay (Roscoe, 1968) has been predominately adopted in studies of 
varying contexts for decades. The model’s success is attributed to the elliptical yield locus developed 
to overcome drawbacks presented within the yield surface by the original model  (Gens & Potts, 1988) 
however, the suitability of different models across soil types is noted.  

Whilst sufficient in most applications, the modified cam-clay model can be further refined by the 
application of a new stress tensor developed from the Mohr Coulomb criterion, (Yao & Sun, 2000). 
Opposed to the cam-clay model, (which considers the material to behave as a frictional fluid of 
constant volume) this modification implies an additional failure criterion to the ultimate failure of a 
soil. Derived from the more closely approximated Mohr- Coulomb criterion, with a constant angle of 
internal friction, the transformed stress tensor is introduced to enable greater accuracy in the 
description of triaxle compression, and also extension of clay soils. By adopting the transformed stress 
tensor, the model is able to satisfy the consistency from shear yielding to shear failure of soils in the 
revised model. 

Establishing an accurate representation of the stress- strain relationships in soil behaviour is critical 
when developing a model to represent field compaction. Elementary methods of both practically and 
theoretically measuring stress and strains within soil have been reviewed by authors (Horn et al., 
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2003). It is explained in this study that devices used tended to cause significant disturbance in the soil 
sample structure, altering the natural benchmark condition of the test. The application of these results 
in a ubiquitous fashion is therefore unreliable. Studies derived by, (Lipiec & Hatano, 2003) have then 
proceeded to develop thorough comparisons between these techniques and more modern 
technologies like pressure transducers and optical fibre position laser sensors. This assessment 
revealed that the correct application of these sensory techniques allows for the precise detection of 
stress and displacement variations at different soil depths under both laboratory and field conditions, 
providing results that replicate the stress applied by moving wheels. These results concluded that both 
soil stress and displacement are largely influenced by the loading, water content and soil type. The 
relevance of these studies is identified in the methodology of quantifying these soil properties. The 
intent of this project is to analyse these values when influenced by excessive external mechanical 
stresses and determine the relative importance of these properties when considering soil compaction 
mitigation techniques.  

2.10 THESIS RATIONALE 
There have been numerous reports looking into the various factors limiting crop growth on a sub-field 
level. It has been established that soil compaction is the most severe of these constraints, particularly 
in the Australian cotton industry. The importance of developing a thorough understanding of the 
relations between machine traffic, soil property and compaction extent is well documented in current 
literature.  Furthermore, a proportion of these studies have addressed the rates of spatial compaction, 
compared these results to the structural properties of the soil profile and even to the productivity of 
the field.  

It is apparent however that the research on quantifying soil compaction extent as affected by spatial 
variability at the sub-field scale with respect to soil type and soil constraint changes has failed to be 
accurately compared to the mechanical stress imparted by machine traffic in any one trial. 
Furthermore, industry literature on the mapping of physical soil properties is limited. This is a product 
of lacking an understanding of the interactions between in situ spatial mapping of soil compaction and 
other soil constraints. This knowledge gap has led to an industry perception that sub-field soil 
constraint variability is the predominant attribute restricting crop yields. 

Uniaxial compression testing for soil compaction is much less laborious and more reproducible than a 
standard proctor test, (Håkansson, 1990). It allows for efficient simulation of compaction instance 
whist controlling key soil properties and test parameters. To develop an accurate assessment of the 
variability in soil compaction impact with respect to spatial and constraint variation several functions 
should be considered. These include but are not limited to, sample moisture content, applied stress 
state for compaction simulation and the resultant hydraulic properties of the sample. Appropriate 
testing of these key soil properties is crucial in determining the magnitude of mechanical stress 
imparted by machine traffic and additionally, whether or not this outweighs the effect of spatial 
variability of soil constraints within a soil type at the sub-field level. 
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3. METHODOLOGY 

3.1  AIMS AND OBJECTIVES 
This study aims to test the alternate hypothesis, that there will not be any significant variability in soil 
compaction impact for a given moisture content spatially within a given soil type, with respect to the 
degradation implied by machine traffic. In order to achieve this, the soil compaction extent as affected 
by spatial variability at the sub-field scale with respect to soil type and soil constraint changes for a 
variety of sites must be quantified. 

From a total of four sites, to consider changes in geolocation, this project will spatially diagnose the 
soil type and constraint variability. In addition to this, samples will be tested for compaction 
experimentation under laboratory conditions, for a range of moisture contents and stress states. This 
will allow for a thorough analysis of the variation in the samples’ infiltration properties, and the 
associations and effects on the pore geometry in the soil profile for the varying stress states. 
Ultimately providing an outcome to be considered by land holders for future management practices.  

3.2  PROCEDURE 
The key tasks for this project can be categorised into 4 phases as described below; 

 Phase 1. Site selection and diagnostics 
 Phase 2. Monitoring point identification and sample collection 
 Phase 3. Uniaxial compression testing 
 Phase 4. Infiltration testing 

3.2.1 Site selection and sub-field diagnostics 
Spatially varying soil types across Eastern Australia offer contrasting properties in a physical, chemical 
and biological sense. To maintain the applicability of this study to the broader focus of Australian 
agriculture, the site selection aimed to include an array of soil types. More specifically, these soil types 
were selected based on the regular mediums experienced by Australian cotton growers. 
Consequently, the total 16 sites analysed in the Cotton Research and Development Corporation 
funded project USQ1903, led by Prof. John McLean Bennett, were assessed. The location of these sites 
was spread across North West NSW and Southern Queensland regions. The project provided the 
necessary data for a complete spatial diagnosis of the soil type and soil constraint variability at the 
sub-field scale was completed for each field. The project data was derived from a total of 20 samples 
spatially distributed at each field. The samples were collected by a soil core sleeve, (ID of 43mm) on a 
utility-mounted hydraulic coring apparatus and stored in sampling bags. From each of these samples, 
separate sections were analysed from depths 0–10 cm, 10–20 cm, 40-50 cm and 60-70 cm. A 
comprehensive dataset for each field was developed from the measured soil pH, exchangeable sodium 
percentage (ESP), aggregate stability and cation exchange capacity (CEC) for each sample. This 
provided the necessary context to derive a subfield analysis for each location. A numerical constraint 
value, (0-16) was then assigned for each of the 20 sample points, for all 16 fields based on the 
characteristics of pH, salinity, sodicity, and stability of both the top and subsoil at each location. For 
example, a soil with a constrain value of 14 was described as having a top soil which is alkaline and 
non-dispersive and a subsoil which is Alkaline dispersive (mechanically dispersive, salinity with depth).  

Of the 16 assessed sites, only four offered more than three sub-field constraint classes. Three of these 
sites were thus selected based on fulfilling criteria with the fourth chosen due to geographic 
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convenience. The first two sites selected, field 3 and field 4 are located approximately 12 km South-
West of Dalby, QLD, managed by growers Shawn Fresser and Steve McVeigh respectively. Fields 7 and 
8 are located approximately 6 km South-East of Talwood QLD, managed by growers Ben Turner and 
Tom Seerey, as seen in Figure 3.1. The climates of these locations consist traditionally of long hot 
summers and cold clear winters. The majority of seasonal rain falls during the summer months with 
Talwood (Goondiwindi airport) averaging a slightly higher yearly rainfall than Dalby (Dalby airport), 
593.9mm and 619.4mm respectively, (Australia's official weather forecasts & weather radar - Bureau 
of Meteorology, 2022). All fields endure seasonal cotton crops and are irrigated via a flood/ furrow 
system. 

 

Figure 3.1 Geographic location of all 16 experimental sites analysed in the USQ1903 CRDC project with the RED outline 
detailing the sites selected from this project and changes in sampling point colour indicating varying constraint values of 
each point. 

3.2.2 Monitoring point identification and sample collection 
Four monitoring points at each field were selected to provide results that compare the significance of 
soil characteristic change and compaction outcome. Furthermore, the monitoring points were chosen 
to depict both spatial and soil constraint class difference and hence represent sub-field variability as 
displayed in Figure 3.2.  
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(A) 

 

(B) 

 
(C) (D) 

Figure 3.2 Experimental sites (A) DALBY- Shawn Fresser Field 3, (B) DALBY- Steve McVeigh Field 4, (C) TALWOOD- Ben Turner 
Field 7, and (D) TALWOOD- Tom Seerey Field 8, detailing the 20 sampling locations from the USQ1903 CRDC project, with red 
outline indicating the locations selected for this project. Changes in sampling point colour indicate the describing constraint 
value as seen in the legend below. 

LEGEND 

Where, 2 = acidic dispersive topsoil/ alkaline dispersive subsoil, 6 = neutral dispersive topsoil/ alkaline dispersive 
subsoil, 10 = alkaline dispersive topsoil/ alkaline dispersive subsoil, 11 = alkaline dispersive topsoil/ neutral 
dispersive subsoil, 12 = alkaline dispersive topsoil/ non-dispersive subsoil, 14 = non-dispersive topsoil/ alkaline 
dispersive subsoil, 15 = non-dispersive topsoil/ neutral dispersive subsoil, 16 = non-dispersive topsoil/ non 
dispersive subsoil. 

 

Using a Trimble GPS unit and portable receiver to locate each of these points (Figure 3.3- (A)), a field-
based analysis of the clay content and natural density with depth was conducted to improve the 
reliably of the soil profile characteristics obtained via coring and determine the most suitable soil 
profile locations for sampling. Soils with significant clay content variation with depth require a quantity 
of top and sub-soil to assess for each point. Soils which are relatively uniform (vertosols) only require 
representative soil from the top soil. For each of the 16 monitoring points, an approximate field state 
volume of 15000 cmଷ (0.274 x 0.274 m soil pit, Figure 3.3- (B)) was extracted from the topsoil, (0-20 
cm depth) to maintain consistency with the known data set. This volume was selected to ensure an 
excess of data was available for after the soil was cleaned of trash in addition to the nine samples 
(approx. 750 cmଷ each) used for uniaxial compression. The soil was extracted by a shovel and stored 
in labelled hessian bags. Fields 4,7 and 8 had been recently formed into raised beds for planting in a 
flood/ furrow irrigated system. Field 3 was occupied by standing cotton stubble (flood irrigated) which 
had been harvested in months prior. The absence of tillage in this field accounts for the higher field 
moisture content at the time of sampling. Mixing of the topsoil throughout storage was not a concern 
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as tillage to these depths is a frequent practice and the effects of compaction are relatively consistent 
with sample depth in a uniform soil (Bennett et al., 2019). 

(A)  

 

(B)  

 
Figure 3.3 (A) Handheld Trimble GPS unit and receiver alongside sample collection apparatus, (B) soil pit from which sample 
was collected (volume approx. 15000 𝑐𝑚ଷ). Both images are taken at location: TALWOOD- Ben Turner Field 7. 

3.2.3 Uniaxial compression testing 

3.2.3.1 Deriving Target Moisture Contents 
Before uniaxial compression testing, the range of moisture contents were assumed. Three moisture 
contents for each monitoring point were selected to produce a proper representation of the 
compression curve. After collection from the field, samples for each monitoring site were oven dried 
at 40 degrees celcius (Figure 3.4- (A)) as described in (Blake & Hartge, 1986) to later meet targeted 
moisture contents using a known volume of water. This method is preferred to drying samples to 105 
degrees celcius as extreme temperature has the potential to create additional covalent bonds within 
clay soils, hence baking can produce errors in compression results. Moisture content fluctuations from 
atmospheric humidity were mediated by ensuring samples were not left openly exposed for an 
extended period of time and containers were sealed where possible. These discrepancies were 
regarded as experimental error and ignored in the results. Two sub- samples were extracted for the 
determination of each soil’s moisture content at 40-degree celcius, and the Atterberg limits for each 
monitoring site. Ambient air (40-degree celcius) moisture content was calculated for each soil by 
drying a small subsample to 105 degrees celcius in container of known volume and inputting the 
recorded masses into the Equation 3.1. 

𝑀𝑐 =
ௐ௦ି௦

ௐ௦
                                                             Equation 3.1 

Where, Mc = moisture content, Ws = mass of wet soil and Ds = mass of dry soil. 

Atterberg limits were determined for each soil following standard procedures, (AS 1289.3.1.1-2009 
and AS 1289 3.1.1, 3.1.2). For the plastic limit, approximately 40 g of moistened soil is kneaded 
between the fingers and palm. About 8 g of material is rolled into a thread. If the thread crumbles at 
3mm diameter, the plastic limit has been reached (Figure 3.4- (C)) and the broken threads are 
collected, weighed and dried to determine the moisture content. If the material crumbles before it 
reaches 3 mm diameter, it is too dry, if the thread rolls down to 3 mm without crumbling the material 
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After the plastic and liquid limits were recorded for the samples at each site, the three gravimetric 
moisture contents were assumed. For each individual soil, this was the plastic limit, the average of the 
plastic and liquid limit, and the difference between those values, as seen in Table 3.1.  

Table 3.1 The three target gravimetric moisture contents, assumed for each sample before uniaxial compression testing. 

Sample ID  MC 1 (MC3-MC2)  MC 2 (Plastic Limit)  MC 3 (Average of Atterberg Limits)  
3_12 9.14% 20.18% 29.32% 
3_18 10.56% 16.51% 27.07% 
3_3 8.58% 18.06% 26.64% 
3_9 9.34% 23.82% 33.16% 
4_15 10.96% 22.42% 33.38% 
4_16 10.74% 21.85% 32.59% 
4_6 10.66% 20.09% 30.75% 
4_9 11.39% 20.28% 31.66% 
7_18 9.21% 17.79% 26.99% 
7_20 9.39% 17.97% 27.37% 
7_6 9.78% 16.63% 26.40% 
7_7 9.02% 18.76% 27.78% 
8_1 9.17% 18.23% 27.39% 
8_3 8.44% 19.62% 28.07% 
8_7 8.73% 18.08% 26.81% 
8_9 9.03% 19.96% 29.00% 

3.2.3.2 Sample Preparation 
Each sample was ground (Figure 3.5- (A)) with sufficient energy to traverse through a 6.7mm sieve 
(Figure 3.5- (B)) in order to remove stones, in line with (Håkansson, 1990), the energy applied was 
monitored to ensure excessive force did not compromise the physical bonds of the smaller aggregates. 
After grinding, a gravimetric mass of 600g from each sample was weighed and placed in beaker. The 
required mass of water required to achieve each target moisture content was calculated from the 
ambient air moisture content. The soil and water were gradually combined in a 150mm long PVC 
cylinder (86.2mm inside diameter), (Figure 3.5- (C)), sealed using a plastic wrap sheet and elastic band 
and left to equilibrate for 24 hours (Figure 3.5- (D)). Each cylinder was dropped 10 times from a height 
of 50mm to attain uniform packing. Care was taken to ensure the soil was moistened uniformly 
throughout using a spray bottle applicator. This was repeated for three replicates of each moisture 
content, for each sample (144 total).  
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(A) 

 

(B)  

 
(C) 

 

(D) 

 
Figure 3.5 Sample preparation procedure (A) soil grinder set to an opening of 10mm to break down large aggregates/ clods, 
(B) 6.7mm sieve used to filter trash and stones from field samples, (C) apparatus used for uniaxial compression sample 
preparation in PVC cylinder, (D) samples moistened, sealed and left to equilibrate for 24 hours before uniaxial compression. 

3.2.3.3 Compression Testing 
Uniaxial compression tests were repeated for a variety of moisture contents and stress states to 
simulate a comparison between the effects of machinery traffic of different mass, passing over the 
field at varying degrees of saturation. The press used for uniaxial compression testing was a 50 kN 
MATEST CBR Tester screw type press (Figure 3.6- (A)), fitted with a load cell and linear variable 
differential transformer (LVDT) to record both load and deflection data. A 10mm steel disk (86mm 
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diameter) was used as the interface to simulate soil compaction. The loading for each compression 
test was designed procedurally to simulate a single pass of heavy machinery and provide comparison 
to Suzuki et al. (2013). Bonded to the steel disk used to compress the soil within the sleeve was a layer 
of 6mm rubber Figure 3.6- (B)), to create a sufficient seal with the PVC pipe, ensure that the moist soil 
would not stick to the piston after compression and to mimic the soil/ tyre interface which would 
occur in a field. During testing, each sleeve was inserted within a steel proctor mould and 90mm bore 
casing to support the walls of the PVC sleeve under loading (Figure 3.6- (C)). The tests were designed 
to measure the overall compression (deflection) of the soil within the sleeve as each loading force was 
applied. This was recorded digitally using catmanEasy V4.1.1 software (Figure 3.6- (D)).  Each stress 
was not maintained for an extended period of time as such the soil was allowed to rebound, as it 
would in a field scenario, after a compaction incident from machinery traffic. A sample for each of the 
three moisture contents from each monitoring site was loaded to each of the following pressures, 
50kPa, 100kPa, 350kPa. These values represent a load less than the literature recommended stress, 
the recommended stress threshold and the minimum implied stress from machine loading, (John 
Deere 7760), respectively. From these pressures, the corresponding loads implied by the press in 
uniaxial compression can be calculated from the 86.2mm diameter of the sample, as seen in Table 3.2. 

Table 3.2 Pressures required to simulate target stress states and corresponding loads. 

Pressure (kPa) Force (kN) 
50 0.292 
100 0.584 
350 2.04 
  

After compression, each sample was resealed to maintain the target moisture content. The change in 
density was then calculated for each sample from the extent of deflection.  
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(A) 

 

(B)  

 
(C) 

 

(D) 

 
Figure 3.6 Uniaxial compression procedure (A) 50 kN MATEST CBR Tester screw type press, (B) 6mm rubber disk bonded to 
10mm steel spherical plate used to compress soil, (C) steel proctor mould and 90mm bore casing used to support sample in 
compression, (D) catmanEasy V4.1.1 program used to record test outputs, load and deflection.  

3.2.4 Unsaturated Hydraulic Conductivity 

3.2.4.1 Infiltration 
A series of 9 Automated Mini-disk Infiltrometers (AMDIs) were used to measure the transient water 
infiltration for each of the compressed samples (stored at target moisture contents). The ADMIs were 
each equipped with a differential pressure transducer (model: Honeywell ABPDRRV001PDSA3) to 
convert pressure into and electrical signal, connected to a datalogging microprocessor (model: 
Adafruit Feather M0 Adalogger) to record the signal. The body of the infiltrometers were an acrylic 
plastic and assembled to match Figure 3.7.  
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Figure 3.7 Diagram of mini disk infiltrometer used to measure infiltration rates in soil. 

With the Mariotte Chamber filled to control suction, the suction tube was inserted to attain a suction 
rate of 2cm (METER, 2022). The main reservoir was filled with rain water (distilled water may change 
ionic balance in clay soils, causing dispersion) before a nylon fabric was fixed with elastic to the bottom 
of the chamber, creating a permeable contact layer. A thin layer of fine silica sand was placed on the 
surface of each compressed sample to ensure sufficient hydraulic contact (Figure 3.8- (A)). Ensuring 
the infiltrometer made a solid contact with the soil surface, one of the 9 ADMIs were positioned on 
each of the compressed samples, inducing infiltration into the soil as the water leaves the lower 
chamber (Figure 3.8- (B)). The pressure measured in the water column has a linear relationship with 
water height, when graphed against time, this can be used to calculate hydraulic conductivity. 
Measurements from the differential pressure transducer were recorded every 5 seconds from the 
beginning of each infiltration procedure and saved to an SD card for later processing. 
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(B)  

 
Figure 3.8 Apparatus used to measure soil infiltration rates (A) samples prepped for infiltration testing with a thin layer of 
silica sand, (B) nine AMDIs in place and recording infiltration rates on compressed samples. 

3.2.4.2 Data Processing/ Calculations 
The data for cumulative infiltration with time was uploaded and processed using (RStudio Team, 
2015). As the soil types in this study were particularly susceptible to structural deterioration as soil 
moisture increases, infiltration results often indicated there had been a break in hydraulic contact 
(infiltrometer and soil interface). This meant that an analysis of each raw dataset was required and 
cleaning of inaccurate sections of the infiltration curves was completed where appropriate, as 
described in Figure 3.9 (A), a break in hydraulic contact occurs at approximately 3100s, thus data 
points after this timestamp should be removed. Also, comprehensive data cleaning would see the 
initial three data points removed to improve the accuracy of the gradient of the cumulative infiltration 
curve against the square root of time which is later computed from this dataset. Disparity is often 
evident in initial data points in this procedure as the surface sand is quickly saturated at the beginning 
of the infiltration test. The measured data in Figure 3.9 (B) effectively illustrates the water infiltration 
with time, no significant inconsistencies are present and hence filtering is not required. 
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(B) 

 
Figure 3.9 Plots of cumulative infiltration with time (A) example of a test requiring data cleaning (break in hydraulic contact 
occurs at t = 3100s), (B) example of a test which does not require data cleaning. 

Unsaturated hydraulic conductivity, Ku was calculated by first examining filtered cumulative 
infiltration versus time using the two-term infiltration equation (Equation 3.2). This equation is 
commonly used (Kargas et al., 2017; Madsen & Chandler, 2007) calculate hydraulic conductivity from 
mini disk infiltrometers. 

𝐼 =  𝐶ଵ𝑡ଵ/ଶ  + 𝐶ଶ𝑡                                                       Equation 3.2 

Where, C1 is associated with hydraulic conductivity and C2 is the soil sorptivity. After disregarding 
deficient or inaccurate datasets and cumulative infiltration curves which produced negative gradients, 
only 117 (81.3%) sufficient values remained for soil hydraulic conductivity calculation. The hydraulic 
conductivity (K) is the derived from a separate equation, (Equation 3.3). 

𝐾 =  
భ


                                                                    Equation 3.3 
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Where, C1 is the gradient of the cumulative infiltration curve against the square root of time, 
computed using RStudio, and A is a value which relates the van Genuchten parameters derived from 
characterisation data for a given soil to the suction and radius of the infiltrometer disk (METER, 2022). 
The van Genuchten parameters for soil hydraulic properties were using Rosetta Handbook software 
(Rosetta, 2022) for calculated bulk densities and average field texture of each compressed sample. It 
is important to note that this software considers textural classes in line with the USDA/FAO soil particle 
size classification system, hence data collected in alternate formats must be converted for this 
application.  

3.3  HEALTH, SAFETY AND ETHICS CLEARANCE 
Several personal risks were entailed by the above procedure and hence were considered and 
evaluated in order to evade the occurrence of any serious incidents. Laboratory procedures involve 
proceeding with caution when operating in close proximity to the soil oven set to 105 degrees celcius. 
Soil trays were left to cool momentarily after drying in order to avoid burns. Similarly, the grinder used 
for preparing sample posed significant risk if operated incorrectly. To comprehend this, soil was 
manipulated using specified tools to avoid limbs coming into close proximity to the machine opening. 
Ethics clearance was exercised when gaining permission and access to fields from growers in the soil 
sampling process. Furthermore, access to the CAE’s soil sampling utility (Can-Am) was authorised and 
arranged with assistance from USQ staff. 
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4. RESULTS 
The purpose of this section is to highlight key findings from the study and establish relevant trends 
within the datasets. The following analysis provides a means to quantify soil compaction extent as 
affected by spatial variability at the sub-field scale and further, an accurate representation of soil-
water characteristics of the field.  

4.1  SOIL PROPERTIES 
The relevant physical and chemical properties of the soils tested are presented in the tables below. 
The Atterberg limits (plastic and liquid limits) of all soils found in this study are generally lower than 
other published results from studies in similar geographical locations, (Bennett et al., 2019). It can be 
observed that Atterberg limits are moderately lower for the Grey Vertosols at the Talwood sites, (Site 
7 and 8) than the Black Vertosols at the Dalby sites, (Site 3 and 4). It is important to note that Atterberg 
limits remain relatively consistent throughout each field despite soil constraint variability. All results 
for the soil physical properties exhibit a degree of consistency, reinforcing the validity of the 
procedure.  

Vertosols in Queensland are often sodic and Alkaline, (Biggs et al., 2010) this is evident throughout all 
of the soils analysed in this study. Furthermore, these soils generally display dispersive properties due 
to associated sodium and potassium carbonates. The tables below describe these characteristics 
commonly occurring in both the top and sub-soil sections of the profile. In addition to this, a diagnosis 
of several sites revealed an increase in salinity with depth. These results are based upon electrical 
conductivity readings of the sample in solution and can inhibit the growth of sensitive crops. Salinity 
can be introduced to the soil profile by ground water sourced irrigation procedures. 

Table 4.1 Soil properties from monitoring points at site 3. 

Location: Dalby        Site Number: 3        Soil Type: Black Vertosol        Average field texture (SSC): (45, 13, 43) 

Sample 
ID 

Longitude Latitude Plastic 
Limit 
(MC) 

Liquid 
Limit 
(MC) 

Constraint 
Class 

Constraint Description: Top soil/ Sub soil 

3_3 151.181 -27.247 18.1% 35.2% 10 Alkaline dispersive / Alkaline dispersive (highly 
saline) 

3_9 151.184 -27.249 23.8% 42.5% 16 Alkaline Non-dispersive / Alkaline Non-
dispersive (strongly alkaline throughout, 
potential dispersion) 

3_12 151.182 -27.249 20.2% 38.5% 14 Alkaline Non-dispersive / Alkaline dispersive 
(mechanically dispersive, salinity with depth) 

3_18 151.182 -27.245 16.5% 37.6% 14 Alkaline Non-dispersive / Alkaline dispersive 
(mechanically dispersive, salinity with depth) 
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Table 4.2 Soil properties from monitoring points at site 4. 

Location: Dalby         Site Number: 4         Soil Type: Black Vertosol         Average field texture (SSC): (33, 13, 55) 

 
Sample 
ID 

Longitude Latitude Plastic 
Limit 
(MC) 

Liquid 
Limit 
(MC) 

Constraint 
Class 

Constraint Description: Top soil/ Sub soil 

4_6 151.167 -27.257 20.1% 41.4% 16 Alkaline Non-dispersive / Alkaline Non-
dispersive (high to excess salinity at depth, 
potentially dispersive) 

4_9 151.164 -27.262 20.3% 43.1% 14 Alkaline Non-dispersive / Alkaline dispersive 
(strongly alkaline) 

4_15 151.166 -27.255 22.4% 44.3% 10 Alkaline dispersive / Alkaline dispersive (highly 
saline) 

4_16 151.167 -27.251 21.9% 43.3% 11 Alkaline dispersive / Neutral dispersive 

 

Table 4.3 Soil properties from monitoring points at site 7. 

Location: Talwood        Site Number: 7        Soil Type: Grey Vertosol         Average field texture (SSC): (35, 13, 53) 

Sample 
ID 

Longitude Latitude Plastic 
Limit 
(MC) 

Liquid 
Limit 
(MC) 

Constraint 
Class 

Constraint Description: Top soil/ Sub soil 

7_6 149.514 -28.510 16.6% 36.2% 10 Alkaline dispersive / Alkaline dispersive (highly 
saline) 

7_7 149.517 -28.510 18.8% 36.8% 14 Alkaline Non-dispersive / Alkaline dispersive 
(mechanically dispersive, salinity with depth) 

7_18 149.508 -28.509 17.8% 36.2% 14 Alkaline Non-dispersive / Alkaline dispersive 
(saline throughout) 

7_20 149.507 -28.511 18.0% 36.8% 10 Alkaline dispersive / Alkaline dispersive (highly 
saline) 

 

Table 4.4 Soil properties from monitoring points at site 8. 

Location: Talwood         Site Number: 8         Soil Type: Grey Vertosol         Average field texture (SSC): (25, 18, 58) 

Sample 
ID 

Longitude Latitude Plastic 
Limit 
(MC) 

Liquid 
Limit 
(MC) 

Constraint 
Class 

Constraint Description: Top soil/ Sub soil 

8_1 149.535 -28.513 18.2% 36.6% 14 Alkaline Non-dispersive / Alkaline dispersive 
(mechanically dispersive, salinity with depth) 

8_3 149.524 -28.512 19.6% 36.5% 10 Alkaline dispersive / Alkaline dispersive (highly 
saline) 

8_7 149.534 -28.512 18.1% 35.5% 11 Alkaline dispersive / Neutral dispersive 

8_9 149.525 -28.513 20.0% 38.0% 6 Neutral dispersive / Alkaline dispersive (salinity 
at depth) 
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4.2  UNIAXIAL COMPRESSION 
This section presents plots of the bulk (dry) density of the compressed sample, and the three target 
moisture contents (assuming no moisture loss during equilibration) for each monitoring point (soil 
type). The bulk density is calculated from a measured mass of each sample at it’s know ambient air 
moisture content. Each series describes a different stress state applied to the soil surface, (50, 100, 
350 kPa) assumed by compressing each sample with the required load, 292, 584 & 2040 N respectively. 
These applied load values are calculated from the soil surface area within the 90mm PVC (86.2mm ID).  

The majority of compaction curves are parabolic and open downwards. The apex of each of these 
indicates the optimal moisture content (OMC) of the soil. Critical state parameters of soils in this 
region were analysed by (Kirby, 1991). This study found the average OMC to be slightly less than 
average plastic limit of those soils. This is also evident in the plots below, and thus can be considered 
an appropriate relationship for heavy clay soils. Several datasets display a linear curve or a parabola 
which opens upwards. These results are irregular, possibly a product of inaccurate data and can be 
considered inconclusive. Unlike a standard proctor test to develop compaction curves, the measured 
data points in this uniaxial compression procedure does not provide a comprehensive display of data. 
To ameliorate this error, a greater number of samples at different moisture contents should be tested 
and assessed. 

A common relationship that can be identified across all plots is the convergence of each stress state 
towards a common bulk density as moisture content increases. This highlights the dependence of 
moisture content on a soil’s susceptibility to compaction. In addition to this, the bulk densities 
observed for samples exposed to a stress state of 350 kPa are significantly greater than replicates 
subjected to 100 kPa of stress. This is an appropriate relationship as this magnitude of pressure 
certainly exceeds the precompression stress of the soil. All trends observed from the plots are 
relatively similar for the extent of each field, with the exception of monitoring point 7_18 indicating 
high susceptibility to compaction. Furthermore, these tendencies are generally consistent across all 
fields, suggesting that the magnitude of stress has an overriding effect on soil compaction. 
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Figure 4.1 Compression curves from uniaxial compression tests completed for the following: (A) SAMPLE 3_3, (B) SAMPLE 
3_9, (C) SAMPLE 3_12, (D) SAMPLE 3_18, (E) SAMPLE 4_6, (F) SAMPLE 4_9, (G) SAMPLE 4_15, (H) SAMPLE 4_16, (I) SAMPLE 
7_6, (J) SAMPLE 7_7, (J) SAMPLE 7_18, (K) SAMPLE 7_20, (L) SAMPLE 8_1, (M) SAMPLE 8_3, (N) SAMPLE 8_3, (O) SAMPLE 
8_7, (P) SAMPLE 8_9 detailing the change in bulk density as moisture content increases for each of the 3 stress states. 

4.3  SOIL HYDRAULIC PROPERTIES 
This section presents the observed unsaturated hydraulic conductivity, K measurements for each soil 
type plotted against the moisture content, for each stress state. Hydraulic conductivity is calculated 
from measured cumulative infiltration versus time (recorded with mini-disk infiltrometers) using the 
two-term infiltration equation and related van Genuchten parameters. 

Possibly the most predominant trend visible in the plots below is the tendency for all curves to 
converge towards a similar value of hydraulic conductivity as moisture content increases. This can be 
accounted for by the reduction in soil porosity associated with an increase in bulk density. Also, after 
the uniaxial compression procedure, samples were once again sealed to maintain target moisture 
contents, therefore, the existing water in the sample will deter infiltration, particularly in soil with 
dispersive tendencies. This relationship indicates that the moisture content of the subject soil has the 
greatest influence on compaction vulnerability and accordingly, soil hydraulic conductivity. 

It is critical to acknowledge the absence of several datapoints in the plots below. As mentioned above, 
approximately 20% of recorded tests were deemed unsuitable for representation in this study. This 
primary cause of inaccuracy in results was the break in hydraulic contact during infiltration tests as 
the subject soils would swell with induced moisture. A more thorough analysis revealed that this often 
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4.4  SPATIAL VARIANCE 
To convey a visual representation of spatial relationships of compaction extent on the subfield scale, 
field maps are included below. Each figure depicts the relative location of each monitoring point, in 
each field, as well the plastic limit and hydraulic conductivity of a soil sample collected from that point. 
The value for hydraulic conductivity is measured after simulated machine induced compaction (stress 
state of 350 kPa) at each soil’s specific plastic limit.  

Aside from a single monitoring point (7_6), these results exhibit a lack of spatial variance in relative 
hydraulic conductivity. In addition to this, the values for hydraulic conductivity are considerably less 
than idealistic and are likely to inhibit crop growth with low permeability.  
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3_18 
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3_3 
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4_16 
PL=21.9% K=1.46 
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PL=20.0% K=1.80 

4_9 
PL=20.3% K=2.8 
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(C) 

 
(D) 

Figure 4.3 Experimental sites (A) DALBY- Steve McVeigh Field 3, (B) DALBY- Shawn Fresser Field 4, (C) TALWOOD- Ben 
Turner Field 7, and (D) TALWOOD- Tom Seerey Field 8 with the red points detailing the relative location of each selected 
monitoring point, in each field. The text conveys the results found for plastic limit and hydraulic conductivity of a soil sample 
collected from that point. The value for hydraulic conductivity is measured after simulated machine induced compaction 
(stress state of 350 kPa) at each soil’s specific plastic limit. 
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5. DISCUSSION 

5.1  FACTORS CONTRIBUTING TO COMPACTION RISK 
The contents of this section convey an investigation of the interaction between soil constraints and 
conclusions drawn from the results. Furthermore, a thorough analysis of the findings provides 
sufficient evidence to quantify the extent of the soil compaction as affected by spatial variability at 
the sub-field scale with respect to soil type and soil constraint changes.  

Prior to completion, this study presumed there would not be any significant variability in soil 
compaction impact for a given moisture content spatially within a given soil type. The outcomes 
suggest this is not entirely true. A statistical analysis of the results quantifying the extent of 
compaction at a range of stress states computed a degree of variance at the sub- field scale for each 
site. More specifically, sample bulk densities recorded for all fields after compaction exhibited 
statistically significant variance. This was also observed when analysing the variance of sample 
hydraulic conductivities after compaction at Field 4. In contrast, the analysis suggested that despite 
the spatial occurrence of varying soil constraints in Fields 3, 7 & 8, significant variability was not 
observed in hydraulic conductivities after compaction, supporting the alternate hypothesis. 
Additionally, a statistical analysis of the four sites investigated identified significant variance in mean 
values for bulk density and hydraulic conductivity after compaction at each soil’s plastic limit, 
suggesting the absence of geographic relationships. Despite observed sub- field variance in the degree 
of compactness after simulation of differing stress states, the results do not provide evidence of 
relationships between soil constraint variance and susceptibility to compaction. 

It was found in the investigation that as all soils were loaded with a magnitude of mechanical stress 
to simulate machine traffic (350kPa), bulk densities approach or exceed the literature recommended 
value for plant growth in a compressed clay soil. This suggests that in contrast to the findings from the 
statistical analysis, the degree of variance at the sub- field scale is not practically significant, providing 
evidence against the null hypothesis. When subjected to this measure of pressure, soil 
precompression stress is exceeded and critical failure occurs. In this condition, the soil pore space is 
substantially reduced, minimising potential for plant root growth and inhibiting soil infiltrative 
properties. Furthermore, after degradation to this extent, very little rebound, (increase in soil volume 
as a consequence of decrease in effective stress) is experienced and the compaction is deemed 
irreversible. The severity of this is most significant when soil is compressed at the OMC. The results 
indicated this moisture content is generally slightly below the soil’s plastic limit.   

By measuring the changes in the hydraulic conductivity, as soil is compacted under differing 
conditions, assumptions about the fluctuations in water penetrative resistance of the field can be 
made. The extent of soil compaction in this study is quantified by the calculated values of Hydraulic 
conductivity, derived from measured cumulative infiltration for each sample after compression. When 
considering these results, it is important to acknowledge several parameters. The infiltrometers used 
in the study had a diameter of 50mm, meaning that the majority of the infiltration within the 86.2mm 
diameter sample is downwards flow, however horizontal flow should also be considered. Ultimately, 
a graphical display of the findings reveals the majority of curves follow a similar trend, particularly 
after simulated machine loading. This reinforces the statistical analysis of these properties suggesting 
that the variance in compaction extent is not practically significant on the sub- field scale. 
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A spatial analysis of the soil compaction vulnerability reveals the extent of compaction generally does 
vary significantly throughout the field (selected monitoring points) when compared across a range of 
moisture contents and stress states. However, values are still low enough to limit plant available 
water, indicating compaction severity to be the overriding factor. Furthermore, no trends are evident 
in regards to a certain soil maintaining a greater hydraulic conductivity across all tested stress states. 
Additionally, variance reduces as moisture content and applied load is increased as soils are more 
susceptible to compaction at these conditions. This relationship supports the experimental hypothesis 
that sub-field constraint variability has a minimal effect on the soil’s susceptibility to compaction. 
However, a lack of evidence infers this alternate hypothesis is only partially correct and should not be 
accepted.  

5.2  CONSEQUENCES OF COMPACTION EXTENT 
It can be concluded from the procedures that irreversible compaction is detrimental and largely 
inevitable with the traverse of modern machinery. This statement can be fortified by work published 
on quantifying compaction in clay soils, (Indicator Test Function 
USDANaturalResourcesConservationService - NRCS, 2022). This study observed that bulk densities 
above 1.4 g/cmଷ in clay soils can be classed as compacted, and at this density, plant root growth is 
restricted, forcing the requirement of conservation practices to mediate effects.  

Literature on quantifying the hydraulic conductivity of soils after compaction is limited. (Nielsen et al., 
1961) states the hydraulic conductivity of a soil in its proximal benchmark condition can range from 
about 30 m/d for a silty clay loam to about 5 cm/d for a clay. Disturbance can reduce this value to 
approximately 2 cm/d for silt and clay soils. In addition to this, (Kim et al., 2010) identified relationships 
between soil bulk density and the saturated hydraulic conductivity. It was demonstrated that 
increasing the soil bulk density by 8% results in a 70% reduction of saturated hydraulic conductivity. 
This relationship can be described as an exponential decline in hydraulic conductivity as soil porosity 
is reduced (Awedat et al., 2021). This is backed by work on similarly textured soil by (Awedat et al., 
2012) which reports a 20% increase in bulk density infers an 84% reduction in the saturated hydraulic 
conductivity of the soil. This supports results revealed in this study depicting the hydraulic conductivity 
of each soil approaching zero as moisture content increases and enhances the severity of machine 
simulated compaction in terms of bulk density. Plant available water content of soil in this condition 
would be limited and crop establishment restricted.  

5.3  CONSIDERATIONS FOR FURTHER WORK 
Ultimately, this investigation failed to provide sufficient evidence to completely reject the null 
hypothesis. However, this provides a useful insight for developing current practices and designing 
experiments to achieve more comprehensive outcomes. A reflection of the methods executed in this 
study reveals a number of techniques which could be improved and areas which require further 
investigation to draw conclusive results. The dataset presented for Atterberg limits in this study were 
marginally lower than expected for Vertosols in this region. Possible data error here may originate 
from a several causes. Despite a rigorous procedure and 4-point Casagrande method to determine 
liquid limits, assumptions made in this technique are generally subjective and could be improved with 
the supervision of a superior. Furthermore, it was observed that equilibration in preparation for 
uniaxial compression testing was insufficient for several samples, particularly at low moisture 
contents. This is likely inhibited by dispersive properties of the soil. In addition to this, as mentioned 
above, it is suspected that some inaccuracies are present in the hydraulic conductivity data as a result 
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of disturbance to the infiltrometer and hence a break in hydraulic contact during the procedure. This 
may be responsible for the degree of uniformity in results. 

Several areas of this methodology should be revised to enhance the dimension of further work 
completed in this field. This study focused on only soil sampled from the top-soil region of the soil 
profile. A more thorough assessment of the compaction extent could be made with the analysis of soil 
degradation by compaction with depth. By additional sampling to represent the sub-soil (>40cm 
depth) regions of the profile, a more conclusive assessment of severity may be made. Furthermore, 
developing uniaxial compression curves for only three tested moisture contents provides a limited 
display. A more comprehensive assessment of OMC would be achieved by completing replicates for 
further samples at varying moisture contents. 
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6. CONCLUSION 
This section conveys the outcomes regarding the effects of spatial variability of soil constraints within 
a soil type at the sub-field level in regards to the magnitude of mechanical stress that is implemented 
by machine traffic. Additionally, several recommendations to be considered by land holders for future 
management practices are made based on the evidence presented in this study. An industry 
reluctance to switch from random traffic or semi-controlled traffic to a true controlled traffic system 
can be attributed to several justifications. Perhaps the most predominant is the misconception of the 
factors affecting a soils vulnerability to compaction. This investigation was conducted to highlight 
considerations for best soil management, with regards to variance in geolocation, soil condition and 
constraining factors as a result of physical and chemical properties. 

It is apparent that the samples evaluated in this study experienced substantial extents of soil 
compaction, measured as an increase in bulk density and hydraulic reduction, particularly after 
procedure to mimic machine traffic. This result is expected given the simulated axle loads inferring a 
stress state of 350 kPa to the soil surface (Keller et al., 2007). Furthermore, it was found that this 
phenomenon is often enhanced and generally irreversible when compaction occurs at soil moisture 
content near or above the plastic limit. Hence, the avoidance of machine wheeling at these field 
conditions is strongly recommended to preserve the soil resource. 

The constraint diagnosis of soils from each site revealed considerable differences in both the soil 
physical and chemical properties when considering the entire profile. This is likely to inhibit plant 
growth in some areas and impose variance in crop performance throughout the field, motivating 
interest in amelioration techniques. Whilst no direct relationships can be drawn between soil 
pedological factors and constraints, the investigation observed significant variance in compaction 
parameters at the subfield scale, at a rage of sites, thus, the null hypothesis should not be rejected. 
However, these values for the degree of compactness indicate plant growth will be restricted under 
these conditions. Inferring the key message being the overriding effect of stress on compaction and 
hydraulic reduction despite sub-field variability. This suggests soil compaction should be first 
addressed, then avoided prior to soil structural amelioration efforts. Ultimately, the effect of spatial 
constraint variability on a soil’s susceptibility to compaction remains largely unknown. Despite this, 
the significant expense of true controlled traffic can be justified by the unequivocal evidence that the 
extent of compaction will be the dominant contributor to soil degradation. 
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8.  APPENDICES 

8.1  APPENDIX A 
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8.2 APPENDIX B 
USQ Risk Management Plan 

 

 






