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1. INTRODUCTION

Soil degradation resulting from the passage of  agricultural, forestry, 
recreational, and military vehicles has gained considerable global interest. 
The intensive traffic of  heavy vehicles leads to soil compaction and 
displacement (Anderson et al., 2005; Raper, 2005; Wong, 2008; Cambi 
et al., 2015). The over-compacted soil layers affect soil water dynamics, 
soil nitrogen and carbon cycling, pesticide leaching, cultivation energy 
effectiveness and requirement, and erosion (O´Sullivan, Simota, 1995). 
The main problem associated with soil compaction on arable land is 
aggravated by the economic pressure that favours the increase in 
the utilisation of  machine power and larger vehicle weight as well as 
implement size (Alakukku et al., 2003). The main research question is 
how to avoid soil compaction and degradation of  fertile soils. In Estonia, 
Nugis et al. (2001), Kuht et al. (2008; 2012), and Reintam et al. (2008) 
have studied vehicle traffic on areas of  arable soil and its effects on crop 
development.

One of  the first signs that the soil is being harmed by vehicle traffic 
is rutting (Raper, 2005). Ruts can severely hamper soil functions, such 
as filtering and storage of  water, plant habitat, forestry, and agriculture 
production (Althoff, Thien, 2005). Compaction at the rut bottom and 
displacement of  soil particles decrease soil porosity and disrupts pore 
continuity; consequently, this leads to a decrease in hydraulic conductivity 
(Braunack, 1986; Halvorson et al., 2001), which in turn increases surface 
runoff  (Halvorson et al., 2003) and soil erosion (Diersing et al., 1988; 
Halvorson et al., 2001; Retta et al., 2014). The formation of  ruts may 
directly damage plant roots, and the accompanying compaction hampers 
root development with adverse consequences to plant development 
(Wolkowsky, 1990; Ayers, 1994; Palazzo et al., 2005). Nevertheless, 
soil can naturally recover from compaction; the intensity of  recovery 
depends on precipitation amount, occurrence of  freeze–thaw cycles as 
well as wetting–drying cycles, and biological activity (root growth and 
soil biota) (Webb, 2002). Typically, during the recovery process, the rut 
cross-sectional profiles are smoothed, and density as well as infiltration 
rates are alleviated. However, the recovery of  soil structure and soil 
functions after compaction is considerably slow. Studies have shown 
that the recovery of  compacted soil can take decades and even centuries 
in military campsites (Prose, 1985; Trumbull et al., 1994; Webb, 2002). 
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Among others, military vehicles have a certain necessity to move cross-
country; this makes soil trafficability a consequential subject. Military 
vehicles are designed to operate under difficult terrain conditions 
with the highest speed possible (Margiotta, 2000; Hohl, 2007). The 
machinery used by the defence forces has to provide mobility, i.e., free 
and rapid movement over the terrain (Hornback, 1998; Unger, 1988). 
The fundamental question is whether a vehicle can traverse a field 
without sinking and being immobilised in a rut. For that matter, it is 
advantageous if  the ruts do not become overly deep (Evans, 1964). A rut 
depth of  10 cm will already remarkably increase the rolling resistance of  
a traversing vehicle (Saarilahti, 2002; Bygdén et al., 2004; Kurjenluoma 
et al., 2009) and consequently increase fuel consumption and lower 
travel speed. Deep ruts can hinder the subsequent passage of  the vehicle 
or cause vehicle immobilisation. Immobilisation is the condition in 
which the rut depth is greater than the vehicle clearance height (Affleck, 
2005). Evidently, the formation and encounter of  deep ruts during 
a mission restricts mobility. As a standard, all the military actions are 
consistently carefully planned, and all restricting factors, which interfere 
with successful operations, are considered (Herl et al., 2005). Among 
others, trafficability impeding factors are investigated, and predictions 
of  rut depth are urgently required by tacticians and planners. However, 
knowledge of  rut formation and the ability to predict rut depths caused 
by military vehicles as well as the adverse effect of  ruts are limited; this 
is especially true in Estonian soils and conditions.

To a certain extent, the problems associated with agricultural soil 
compaction and military vehicle mobility are similar. However, because 
of  the difference in the machinery employed and travelling scenarios 
(e.g., single vs. multiple passages), distinctive approaches are necessary. 
Furthermore, military vehicles have to traverse not only arable land but 
also natural grasslands, swamps, and forests, where soils are not pre-
compacted, and the natural variability of  soil physical properties is higher 
compared to arable soil. There is a dearth of  information concerning 
soil deformation not only in the natural grassland areas of  Estonia but 
also across the world. 

Rut depth formation depends on a range of  soil properties, vehicle 
parameters (Botta et al., 2006), and travelling mode. The physical 
properties of  soil that influence rut formation are bulk density, texture, 
organic matter content, water content (Lal, Shukla, 2004; Raper, 2005), 



12

and land use type. However, the interactions between soil physical 
properties and rut formation are not straightforward. Estonian soil cover 
is considerably fragmented, i.e., soils with different physical properties 
lie adjacent to each other. Two-thirds of  the area is covered with light-
textured soils (sand and loam), one-fifth is covered with peat, and only 
5% occupies heavy textured soils (clays). The percentage of  moist soils 
in Estonia is large: apart from peat soils, one-third of  the soils are gley, 
and one-sixth are gleyic. However, approximately 30% of  the whole 
territory of  Estonia is drained (Arold, 2005). Arable areas comprise 23% 
of  Estonia. The area of  natural grasslands is approximately 7% (this 
estimate does not include wetlands, i.e., areas with peat layers larger than 
30 cm) (Statistika, 2018).

The models that are applicable to rut depth prediction can be categorised 
into three groups. The first group is composed of  numerical models, 
such as discrete element and finite element models. Because of  their 
complexity and the necessity for a large number of  input parameters, 
which are acquired through extensive laboratory work, these models are 
not sufficiently simple for practical use (Yong, Fattah, 1976; Hambleton, 
Drescher, 2008; Hambleton, Drescher, 2009). The second group is 
composed of  models that are frequently used in military applications. 
These models typically predict rut depth based on soil cone index values 
and vehicle parameters (Maclaurin, 1990; Willoughby, Turnage, 1990; 
Jones et al., 2005; Mason et al., 2016). Although these types of  models 
are robust, easy to use, and applicable to different soil types, the soil 
deformation in the soil profile is not calculated. Thus, such models 
do not account for processes, i.e., soil deformation types, involved in 
rut depth formation; moreover, they only provide limited information 
pertaining to vehicle traffic influence on soil functions. The third group 
is composed of  semi-analytical compaction models, which have been 
developed for agricultural purposes (Défossez, Richard, 2002). The 
main focus of  these models is compaction; however, in addition, the 
rut depth can be simulated as well (O`Sullivan et al., 1999; Keller et al., 
2007). To a certain extent, compaction models have been applied to 
model the influence of  agricultural machinery on cultivated areas; they 
have not been tested for military use.
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2. REVIEW OF THE LITERATURE

2.1 Military vehicles and vehicle–soil interaction

Military manoeuvres involve tactical formations as well as the movement 
of  combat and supporting vehicles across terrains (Herl et al., 2005). 
The basic manoeuvre formation categories are ‘open’ and ‘closed’. In the 
open formation, the units composed of  different vehicles are dispersed 
laterally. A closed formation means that movement is in the form of  
a column. This would mean one pass (open formation) or multiple 
repeated tracking (closed formation) over the same terrain (Herl et al., 
2005; Lyasko, 2010; Ayers, Rice, 2017). A successful military operation 
on the battlefield depends on supplies, such as ammunition, food, and 
water; accordingly, logistic vehicles, i.e., different types of  trucks that 
can carry payloads up to 12 t are used (Hohl, 2007). Thus, apart from 
the main combat vehicles, such as tanks, armoured fighting vehicles, and 
armoured personnel carriers, the mobility of  military trucks is crucial.

Wheeled military vehicles, including combat and logistic types, are 
classified according to their level of  mobility: tactical and logistic 
(Bianchi, 2002). Tactical vehicles are equipped with a coil spring, and 
the angles of  attack and departure as well as the ground clearance of  
these vehicles is high (ideally up to one half  of  the wheel diameter). 
Tactical vehicles are able to cross water bodies with depths of  1.2 m 
and follow mechanised units (moving on tracked vehicles); these trucks 
are equipped with tyre-pressure adjustment system. In contrast, logistic 
vehicles do not satisfy high mobility standards. Typically, these vehicles 
are equipped with leaf  springs and dual tyres on the rear because they 
do not have a tyre pressure manipulating system (Bianchi, 2002). In the 
Estonian military, for the transport of  units and equipment, unarmed 
logistic trucks with payloads of  2–5 t are used among others trucks 
(Jalaväekompanii lahingutegevus, 2012). Hence, the unloaded weight of  
unarmed trucks is approximately 7 Mg, and the loaded weight is 10–12 
Mg, whereas wheel loads are in the range 1.1–2.7 Mg.

Amongst other factors, the movement of  military vehicles depends on 
the soil’s ability to support the passage of  vehicles, i.e., soil trafficability 
(ISTVS standards, 1977). Bekker (1960) stated that ‘a vehicle of  adequate 
power moves across country if  the strength of  the ground is sufficient 
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to support its weight without much resistance to motion and to provide 
the thrust required for propulsion’. The wheel load engages soil bearing 
forces, i.e., the wheel sinks to a certain depth until the wheel load and 
bearing capacity of  the soil are in a balance (Saarilahti, 2002). Wheel 
sinkage causes a rolling resistance to vehicle movement (Bekker, 1960; 
Kurjenluoma et al., 2009). The wheel torque horizontally displaces the 
soil (Saarilahti, 2002). The horizontal propelling force produced by the 
shear strength of  the soil under a running wheel is called soil thrust or 
gross traction. Soil thrust is used to overcome the rolling resistance, and 
the remaining force can be used for vehicle acceleration, pulling other 
vehicles, or climbing slopes. The useful part of  soil thrust is called net 
traction or drawbar pull (Bekker, 1960). 

In terramechanics studies, two terms, i.e., sinkage and rut depth, are 
used to describe the vertical magnitude of  the depression caused by 
the travelling running gear. The sinkage of  the wheel is determined 
during the travel. As certain soils exhibit recovery after loading, the 
final rut depth can be smaller than the sinkage, i.e., rut depth indicates 
residual sinkage (ISTVS standards, 1977). Rut depth is the permanent 
deformation, whereas sinkage is the instantaneous deformation (Stevens 
et al., 2013).

The vehicle running gear exerts compressive and shear stresses; 
consequently, ruts are formed because of  compaction and/or shear 
displacement of  the soil. Soil deformation occurs when soil particles 
are able to move with respect to each other (Lal, Shukla, 2004). The 
deformation can be in a vertical, longitudinal (i.e., parallel to the 
driving direction), or lateral direction (i.e., perpendicular to the driving 
direction) relative to vehicle movement. Volumetric deformation, i.e., soil 
compaction, is associated with the mean normal stress. Soil compaction 
is the reduction in the volume of  a given mass of  soil; it is defined as 
an increase in the soil bulk density and decrease in porosity. Typically, 
particularly large pores are affected by compaction (Glinski, Lipiec, 1990; 
Canillas, Salokhe, 2001). Shear stress causes the lateral displacement of  
soil. However, vertical stress can also induce lateral soil displacement, 
particularly if  the soil bearing capacity is exceeded and plastic flow 
occurs. Soil failure is a rupture, fragmentation, or flow that occurs when 
the applied stress exceeds the critical stress (referred to as soil strength) 
(Lal, Shukla, 2004). During plastic flow, soil volume does not change; 
thus, soil is not compacted (Way et al., 2005). Consequently, a rut can 
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be formed by a vertical or lateral displacement or by a combination of  
both, which is the most common case. Hence, the rut depth caused by 
the passage of  a vehicle depends on the compressive behaviour and 
shear strength characteristics of  soil. 

2.2 Parameters influencing rut depth formation 

The magnitude of  rut depth is dependent on vehicle parameters, 
travelling modes, and soil properties. 

2.2.1 Vehicle parameters influencing rut formation

Vehicles exert stresses at the soil–running gear interface (tyre–soil or 
track–soil interface) from where the stress is propagated into the soil. 
The magnitude and spatial distribution of  contact stress depend on 
vehicle characteristics (load, tyre, or track parameters including tyre 
inflation pressure) and soil conditions (Bekker, 1960; Raper, 2005; Botta 
et al., 2006; Holthusen et al., 2018). The maximum vertical contact stress 
at the tyre–soil contact area is frequently equated with inflation pressure 
(Burt et al., 1992); however, measurements indicate that it is typically 
approximately 1.5 times the tyre inflation pressure in agricultural tyres 
(Keller, Arvidsson, 2004). For a given load, the contact area increases, 
and the contact stresses decrease with increasing tyre size and decreasing 
tyre inflation pressure (Bolling, 1985; Schmid, 1995; Pytka et al., 2006). 
Thus, ruts can be shallower for a heavier vehicle if  the ground pressure 
is lower because of  the larger contact area (Botta et al., 2009). The 
studies of  Raper et al. (1995) and Way et al. (1997) indicated that the 
increase in tyre inflation pressure and axle load will form deeper ruts. 
Their experiments were conducted with tyres having inflation pressures 
from 40 to 124 kPa. Compaction studies have found that the compaction 
of  topsoil layers is mainly affected by tyre inflation pressure (Smith, 
Dickson, 1990), whereas the stress levels and the compaction of  subsoil 
are primarily influenced by the wheel load or track load of  the vehicle 
(Soehne, 1958; Håkansson et al., 1988). 

The tyre pressures in military logistic trucks are typically higher compared 
to those used in agriculture, i.e., in the range 500–650 kPa. This is 
because of  the high wheel loads and rugged terrain in which they are 
used. In agriculture, the inflation pressure of  machinery is held as small 
as possible, typically pressures up to 220 kPa are used. This is primarily 
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because of  the minimisation of  compaction. Moreover, agricultural 
tyres are more voluminous and softer. Because military vehicles have to 
effectively move simultaneously on soft soil and paved roads where low-
pressure tyres have poor performance, lowering the inflation pressure is 
not always the option (Pytka et al., 2006). Moreover, stiffer tyres used 
in the military (Schmid, 1995) will exert higher pressures to the ground. 

In addition, the number of  vehicle passes, vehicle speed, and traffic 
manner will influence the rut formation. The vehicle speed on the field 
is most commonly moderate, i.e., lower than 10 km h−1. The previous 
work of  Horn et al. (1989) revealed that increasing the speed from 0.5 
to 10 km h−1 decreased the mean rut depth by 10% for a single pass of  a 
wheel with a 4-Mg load. The extent of  ruts is influenced by the number 
of  passes (Braunack, Williams, 1993; Botta et al., 2009; Liu et al., 2011). 
The rut depth increase is typically greatest between the first and the 
second loadings (Lyasko, 2010). A number of  studies (Ayers, 1994; Liu 
et al., 2009) have demonstrated that deeper ruts are formed by a turning 
vehicle compared to the ruts generated by a straight movement. Liu et 
al. (2010a) stated that turning vehicles generate lateral forces, and soil is 
displaced towards the outside of  the turn.

2.2.2 Soil properties influencing rut formation

The mechanical property of  soil, i.e., its resistance to compressive and 
shear forces, depends on several soil properties. These are soil initial bulk 
density, soil texture, organic matter content, and soil moisture content 
(Håkansson et al., 1988; Raper, 1995; Lal, Shukla 2004; Hemmat et al., 
2014). Liu et al. (2010b) demonstrated the importance of  soil texture 
and moisture content in relation to rut depth. In general, soil is more 
prone to compaction when its bulk density is low. The soil moisture 
content is a key variable of  the mechanical behaviour and trafficability 
of  soil (Braunack, Williams, 1993; Stevens et al., 2016). It is generally 
recognised that a higher water content makes soil more sensitive to 
compaction (Horn, Fleige, 2003). In dry soil, the frictional resistance, 
interlocking of  particles, and particle-to-particle bonding are higher 
because of  water suction (Hillel, 1998). The Atterberg parameters of  
soil, more precisely the soil (lower) plastic limit, have been used as a 
descriptor of  soil susceptibility to compaction (Mapfumo, Chanasyk, 
1998; Alakukku et al., 2003). Lal, Shukla (2004) stated that the shear 
strength of  soil vanishes when the moisture content approximates the 
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soil liquid limit, and soil is most compactible when the water content 
approaches the plastic limit. 

The influence of  soil texture on soil strength is not entirely clear. 
Certain authors (Larson et al., 1980; Lebert, Horn, 1991; Imhoff  et 
al., 2004; Lal, Shukla, 2004; Gregory et al., 2006) have shown that soil 
strength increases with clay content. However, Kumar et al. (2012), 
based on a literature review, found that the cone index (CI) measured 
by a penetrometer decreases with increasing clay content. Other authors 
(Salire et al., 1994: Arvidsson, Keller, 2004; Keller, Arvidsson, 2007) 
could not identify any correlations between precompression stress and 
soil texture. The effect of  soil organic matter content on soil strength 
is complex. It is generally recognised that peat is the most compactible 
material (van Asselen et al., 2009). According to Arvidsson (1998), the 
organic matter content of  mineral soils (in range of  1–13% during his 
study) did not have any significant effect on soil compressibility. These 
findings were supported by O´Sullivan (1992). In mineral soils, organic 
material is a binding material for aggregates. The binding may increase 
strength (Angers, 1990; Soane, 1990), but the increase in porosity makes 
the soil more compressible (Ekwue, 1990). Nevertheless, high elastic 
rebound rates are attributed to high organic matter concentrations (Lima 
et al., 2018).

Another variable that influences rut formation is land use. Normally, 
rut depths up to 10 cm (Gysi et al., 1999; Botta et al., 2009) are formed 
except for freshly ploughed areas because of  field cultivation operations. 
Under natural grassland conditions, ruts can be deeper. Affleck (2005) 
performed experiments with a Stryker armoured personnel carrier (APC) 
on natural grassland areas and measured ruts up to 12 cm after 1 pass and 
up to 38 cm after 13 passes. Apart from the initial higher compaction state, 
on cultivated field the grass cover is less tenuous if  compared to natural 
grassland soils. Braunack, Williams (1993) implemented field trials with 
tracked military machinery on a military training area and concluded that 
the rut depth was higher in reduced vegetative areas. Shoop et al. (2015) 
conducted a study to quantify the effects of  biomass on vehicle mobility. 
The relationship between biomass and motion resistance in sandy soils 
was weak. However, in the case of  clay soils, a higher biomass decreases 
motion resistance and hence rut depth. Therefore, the knowledge of  
vehicular traffic-induced deformation of  soils of  various textures and 
various land uses is necessary. 
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2.3 Soil bearing capacity

Soil bearing capacity has no unique definition, and there is no standard 
method for its determination (Saarilahti, 2002). According to the 
standards of  the International Society for Terrain-Vehicle Systems 
(ISTVS, 1977), the soil bearing capacity is equal to the ultimate bearing 
capacity given as ‘the average load per unit of  area required to produce 
failure by rupture of  a supporting soil mass’. The ultimate bearing capacity 
approach is widely used by geotechnical engineers for the calculations 
of  safe loads. For the calculation of  the ultimate bearing capacity, two 
soil properties that pertain to its strength must be determined: cohesion 
and internal friction angle (Terzaghi, 1947; Bekker, 1960). Soil cohesion 
is the bond between soil (especially clay) particles; cohesive forces in 
the soil arise because of  several different types of  attractive forces 
between particles (Lal, Shukla, 2004). Internal friction is a force that 
resists the movement of  soil (predominantly in sand) particles. A higher 
internal friction angle indicates a higher resistance and thus a higher 
soil strength (Bekker, 1960). The internal friction angle determines the 
Terzaghi bearing capacity factors used for the calculation of  the ultimate 
bearing capacity (Terzaghi, 1947). Terzaghi’s pressure–sinkage model is 
applied in trafficability studies for sinkage modelling. Apart from soil 
strength properties and Terzaghi’s bearing capacity factors, the sinkage 
of  a vehicle depends on the width and length of  the running gear (He 
et al., 2019).

2.4. Rut depth prediction models

2.4.1. Precompression stress as rut depth indicator 

In agricultural soil compaction studies, the precompression stress 
(sometimes referred to as pre-consolidation stress) concept is typically 
used for describing the soil bearing capacity (Alakukku et al., 2003; 
Keller et al., 2012). The precompression stress refers to the stress value 
that separates elastic and plastic soil behaviours under compression. Soil 
deformation is considered elastic and reversible if  the applied stress is 
smaller than the precompression stress, whereas a stress higher than the 
precompression stress produces plastic and irreversible deformations 
(Lebert, Horn, 1991). The precompression stress is often determined 
based on data obtained from uniaxial compression tests (using a so-called 
oedometer). There are several methods to obtain the precompression 
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stress from stress–strain data; the most widely known procedure was 
developed by Casagrande (1936). 

However, there is limited research that links precompression stress 
to rut depth. Hemmat et al. (2014) tested the relationship between 
precompression stress and rut depth on agriculturally used clay loam 
soil with an unstable structure that was wheeled by a tractor with tyre 
inflation pressures of  100–200 kPa. They found that rut depths are 
considerably small if  the precompression stress on the (0–0.15)-m 
layer is at least 1.6 times higher than the contact pressure. However, 
this concept has not been tested in the prediction of  rut depths in soils 
compressed by military vehicles. 

2.4.2. Cone index-based rut depth models

For the military and other vehicles (e.g., forest machinery), rut depth 
prediction data collected with a cone penetrometer are widely used 
(Saarilahti, 2002; Wong, 2008; Pirnazarov et al., 2012; Hemmat et al., 
2014). The cone penetrometer is used to measure the force required to 
push the cone through the soil. As a standard, the U.S. Army Waterways 
Experiment Station cone penetrometer (consisting of  a 1.59-cm diameter 
rod and a 30° (apex angle) cone having a 3.23-cm2 base) is widely used 
by armies across the world. A cone penetrometer can be used not only 
for the measurement of  soil strength variability with depth, but also for 
the evaluation of  soil strength change that may occur because of  vehicle 
traffic (Wong, 2008). The corresponding strength change parameter 
measured by the penetrometer is called remoulding index (RI). A 
remoulding test is conducted as follows: an undisturbed soil sample is 
extracted from the soil and thereafter subjected to 100 blows of  a falling 
1.13-kg hammer from a height of  30.5 cm. The RI is calculated as the 
sum of  CI values obtained after remoulding divided by the sum of  CI 
values obtained before remoulding. If  the sum of  the cone index values 
after remoulding is greater than that before remoulding, the RI value is 
1 (Stevens et al., 2013). The values of  CI and RI are multiplied, and the 
corresponding product is a parameter called rating cone index (RCI). 
The final soil strength status descriptor is CI or RCI.

Cone penetrometer models rely on the critical layer approach. According 
to the ISTVS standards (1977), the critical layer is one that exerts the 
greatest influence on vehicle trafficability (Stevens et al., 2013). The 
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critical layer is 15 cm (6 in) thick; the exact depth is determined based on 
vehicle characteristics and soil type. In coarse-grained soils, the critical 
layer is always the 0–15 cm soil layer. In fine-grained soils, the critical 
layer can be the 7.5–23 cm or the 15–30 cm layer depending on the 
vehicle. For extra-heavy wheeled vehicles (wheel load over 4536 kg), the 
23–38 cm layer is used (FM 5-430-001, 1994). 

The CI obtained by the penetrometer is empirically correlated to the 
terrain trafficability on a ‘go/no-go’ basis (Wong, 2008). The ‘go’ 
situation indicates a soil strength state, which supports multiple passes 
of  a vehicle; the ‘no-go’ indicates that a zero-pass is feasible. Moreover, 
several cone index-related models have been developed for the prediction 
of  soil thrust, motion resistance, or drawbar pull (Taheri et al., 2015). 
The RCI or CI-based rut depth models are proposed by various authors 
(Saarilahti, Anttila, 1999; Saarilahti, 2002; Pirnazarov et al., 2012). Some 
widely used rut depth models are proposed by Willoughby and Turnage 
(1990), Maclaurin (1990), and the US Army Engineer Research and 
Development Centre (ERDC) (Jones et al., 2005). The Willoughby and 
Turnage (1990) model is given as follows: 

The Maclaurin (1990) rut depth model is given by 

The ERDC fine-grained soil model is defined by Eqs. (4)–(7) as follows: 
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where z is the sinkage in m, zp is the powered wheel sinkage in m, d is 
the unloaded tyre diameter in m, CI is the cone index in kPa, RCI is the 
rating cone index in kPa, b is the unloaded tyre width in m, W is the 
vertical wheel load in kN, δ is the loaded tyre deflection in m, h is the 
unloaded section height in m, n is the number of passes, NCI is the wheel 
numeric developed by Turnage (1972) given in Eq. (3), NC is the clay 
numeric calculated using Eq. (5), and NCZ and s are the variants of the 
wheel clay numeric used for sinkage calculations (the former is given by 
Eq. (7)). 
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where z is the sinkage in m, zp is the powered wheel sinkage in m, d is 
the unloaded tyre diameter in m, CI is the cone index in kPa, RCI is 
the rating cone index in kPa, b is the unloaded tyre width in m, W is 
the vertical wheel load in kN, δ is the loaded tyre deflection in m, h is 
the unloaded section height in m, n is the number of  passes, NCI is the 
wheel numeric developed by Turnage (1972) given in Eq. (3), NC is the 
clay numeric calculated using Eq. (5), and NCZ and s are the variants of  
the wheel clay numeric used for sinkage calculations (the former is given 
by Eq. (7)).

The Willoughby and Turnage model allows the calculation of  rut depth 
after one and repeated passages. The numeric-based sinkage models, 
i.e., the Maclaurin and ERDC models, provide estimations for a single 
wheel pass. The multi-pass concept, proposed by Scholander (1974) and 
Abebe et al. (1989), is then used for the case of  several wheel passages:

where zn is the sinkage after n loadings, z1 is the sinkage after one loading, 
N is the number of  passes, and a is a multi-pass coefficient that depends 
on soil properties and load intensity.

The main benefits of  the cone penetrometer technique are its simplicity 
and facility for quick measurement. The main drawback is its large 
variability in the measured CI (O’Sullivan et al., 1987) and RI values that 
makes the final choice complicated. Certain authors have stated that the 
CI is an index of  soil shear strength (Freitag, 1968; Turnage, Freitag, 
1969; Stevens et al., 2013), whereas others (Mulqueen et al., 1977; 
Wong, 1989; Shoop, 1993) argue that it is a compound parameter that 
reflects the shear, compressive, and tensile strengths of  the soil as well 
as soil-metal friction. Therefore, it is unclear how well this approach can 
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where zn is the sinkage after n loadings, z1 is the sinkage after one loading, 
N is the number of passes, and a is a multi-pass coefficient that depends 
on soil properties and load intensity. 
 
The main benefits of the cone penetrometer technique are its simplicity 
and facility for quick measurement. The main drawback is its large 
variability in the measured CI (O’Sullivan et al., 1987) and RI values that 
makes the final choice complicated. Certain authors have stated that the 
CI is an index of soil shear strength (Freitag, 1968; Turnage, Freitag, 
1969; Stevens et al., 2013), whereas others (Mulqueen et al., 1977; Wong, 
1989; Shoop, 1993) argue that it is a compound parameter that reflects 
the shear, compressive, and tensile strengths of the soil as well as soil-
metal friction. Therefore, it is unclear how well this approach can 
capture all the processes that have evolved in the rut formation. With 
this approach, it is possible to predict rut depth, but it is not possible to 
model how soil deforms as a function of depth and thus how the soil 
profile is affected; therefore, it cannot be used for predicting soil 
degradation. 
 

2.4.3. Models used for estimation of compaction risks in 
agriculture  

 
For agricultural applications, compaction models for predicting the 
impact of agricultural field traffic on soil deformation have been 
developed and used (Défossez, Richard, 2002). The main focus of these 
models is practical usability by farmers. ‘Semi-analytical’ models can 
simulate stress and its propagation through the soil; it can also model 
soil deformation and hence, the changes in bulk density. Although these 
models are centred on subsoil compaction, they may also be used for rut 
depth simulations.  
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capture all the processes that have evolved in the rut formation. With 
this approach, it is possible to predict rut depth, but it is not possible 
to model how soil deforms as a function of  depth and thus how the 
soil profile is affected; therefore, it cannot be used for predicting soil 
degradation.

2.4.3. Models used for estimation of  compaction risks in 
agriculture 

For agricultural applications, compaction models for predicting the 
impact of  agricultural field traffic on soil deformation have been 
developed and used (Défossez, Richard, 2002). The main focus of  these 
models is practical usability by farmers. ‘Semi-analytical’ models can 
simulate stress and its propagation through the soil; it can also model 
soil deformation and hence, the changes in bulk density. Although these 
models are centred on subsoil compaction, they may also be used for rut 
depth simulations. 

One of  the aforementioned models is SoilFlex (Keller et al., 2007). In 
the implementation of  SoilFlex, the contact stress is first determined 
at the tyre–soil contact area of  all wheels. Thereafter, the propagation 
of  stress in the soil profile is calculated. To calculate the volumetric 
strain, three options are available: stress–stain relationships introduced 
by Larson et al. (1980), Bailey and Johnson (1989), and O’Sullivan and 
Robertson (1996). From the vertical strain, the vertical displacement and 
rut depth are calculated by the summation of  vertical strains (Keller et 
al., 2007). 

The main advantage of  SoilFlex compared with CI-based models is that 
deformation (i.e., bulk density changes) within the soil profile can be 
calculated and thus related to the soil degradation caused by vehicular 
traffic. However, to date, these types of  models have not been tested for 
soft soils with low bulk densities; such soils include natural grassland 
soil or peat soils (arable mineral soils are typically ‘pre-compacted’), 
where deformations are expected to be large. Compression may be the 
dominant process in arable subsoils subjected to agricultural vehicle loads 
(Alakukku et al., 2003). However, shear deformation and plastic flow, 
which are not explicitly considered in models that evaluate compaction 
risks because of  agricultural field traffic, may be the highly relevant 
processes on soft soils (Evans, 1964). Nevertheless, Goutal et al. (2013) 
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assessed the ability of  SoilFlex to predict forest soil compaction after 
several passes of  a forwarder (wood-loaded weight up to 23.3 Mg); they 
found that the model yielded satisfactory predictions. 

Another aspect that requires consideration is that the properties of  
military vehicles, especially logistic vehicles, differ from the typical 
agricultural vehicles: their tyres are stiffer, tyre inflation pressure is 
considerably higher, and they produce multiple passes (more axles and 
more vehicles are involved). Hence, the SoilFlex model may potentially 
be used for the simulation of  rut depth and changes in soil properties 
resulting from the passage of  military vehicles; however, the model has 
not been previously tested under such conditions. 

2.5. Natural recovery of  ruts and compaction

Natural processes, such as wetting and drying, freezing and thawing, 
and biological activity can alleviate soil compaction and smoothen rut 
profiles (Webb, 2002; Raper, 2005). Here, rut smoothing is regarded as 
a process where rut edges are subject to erosion, and sidewall bases 
are zones for deposition (Halvorson et al., 2001). Moreover, the annual 
tillage alleviates the compaction of  the plough layer (Håkansson, Reeder, 
1994). However, the functional recovery also takes a few years; thus, 
a year’s tillage is not sufficient to remove every trace of  compaction 
(Weisskopf  et al., 2010). The intensity of  the recovery processes is 
related to the soil’s initial physical condition and intrinsic properties, 
such as organic material content, moisture content, and clay content 
(Fernández et al., 2015). Compaction recovery has been estimated 
based on penetrometer measurements, bulk density changes (Webb, 
2002), and saturated hydraulic conductivity changes (Halvorson et al., 
2001). Furthermore, the simplified falling-head technique, presented by 
Bagarello et al. (2004), is a simple and quick method for determining the 
field saturated hydraulic conductivity. 

Webb (2002) indicated that the recovery of  poorly classified soils with a 
loamy sand texture from large scale military manoeuvres and exercises 
(i.e., compaction at these sites are caused by human trampling and 
vehicle traffic) are extremely slow. The results of  a laboratory experiment 
conducted by Akram, Kemper (1979) indicated that wetting–drying and 
freeze–thaw cycles are most effective in clay-rich soils. The change in 
compaction was highest during the first three cycles. Trumbull et al. 
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(1994) studied the silt loam soil in military camping sites that are 20–40 
years old; they found significantly higher bulk densities and a trend 
toward lower infiltration rates compared to undisturbed areas. Etana, 
Håkansson (1994) conducted a study on clay soils used for agriculture 
and found no change in compaction after 11 years. The study of  Abele 
et al. (1984) demonstrated the high recovery rate of  peat material. 

From the perspective of  environmental protection, the knowledge of  
natural soil recovery trends has a significant practical relevance to military 
activities. As a standard, after the completion of  military exercises, all 
traces of  actions are removed, including the removal of  tracks and ruts. 
Typically, the removal of  ruts means that the sidewall soil material is 
pressed into the rut depressions (Moora, Piirsalu, 2017). Currently, the 
removal procedure is neither related to soil properties nor is scientifically 
justified. This procedure simply aims at eliminating the visual signs of  
disturbance. However, from the point of  view of  best recovery practice, 
it is critical to understand the nature of  soil changes.
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3. HYPOTHESES AND AIM OF THE STUDY

The overall objective of  this thesis was to measure and simulate rut 
depths after a single passage and repeated passages of  military vehicles 
with particularly high tyre inflation pressures on different soil types in 
Estonia. This study concentrated on rut formation and soil deformations 
during the period when the moisture content of  the soils was high. The 
relationship between soil physical properties and rut formation were 
assessed. In addition, the natural recovery of  ruts was monitored. 

The following were hypothesised: 

•	 higher vehicle wheel loads as well as higher numbers of  vehicle 
passes will produce deeper ruts especially on soils with fine 
texture, high organic matter content, low bulk density, and 
previously unaffected conditions (I, II, III);

•	 the precompression stress of  soil can be related to the rut depth, 
and the cone index-based rut depth models can be effectively 
used for the prediction of  rut depths caused by military vehicles. 
The selection of  the critical layer depth will significantly influence 
such predictions (I, II);

•	 the compaction model, SoilFlex, can be used with sufficient 
accuracy to predict rut depth on arable areas; however, its 
prediction capability is poor for natural grassland soils (III);

•	 the rut depth as well as the compacted soil profile can be naturally 
alleviated; the recovery rate is higher for soils with higher organic 
material contents and fine-textured soils. 

To support or disprove the foregoing hypotheses, the following aims 
were established:

•	 to measure rut depth after a single pass and repeated passes of  
military vehicles with different weights on different soil types (I, 
II, III);
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•	 to quantify the relationship between precompression stress and 
rut depth after a single pass and repeated passes of  military 
vehicles on different soils with different land uses (I);

•	 to assess the capability of  different rut depth prediction models, 
such as cone index-based models and soil compaction model, 
after a single pass and repeated passes of  military vehicles (II 
and III); 

•	 to determine the influence of  soil physical properties on rut 
depth formation after a single pass and repeated passes of  
military vehicles (I, II, and III);

•	 to monitor rut depth changes and the recovery of  soil physical 
properties in a two-year period. 
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4. MATERIALS AND METHODS

4.1. Field experiments, soils, and vehicles (I, II, III)

The rutting experiments were performed in the autumn and spring 
of  2013 and 2014 on days when the soils were expected to have high 
moisture contents. There were altogether eight experiment sites selected 
in southern Estonia that include arable soils and natural grassland soils. 
Grassland sites had an approximately 1-m high grass cover. All test areas 
were level and homogeneous. The soil textures of  the soils covered sandy 
loam, silt loam, loam, clay loam, and peat (Table 1 in II). Apart from the 
texture, the investigated soils varied considerably in bulk density and 
organic matter content (Table 1 in II). 

The vehicle used in the experiments was a two-axle MB1017 logistic 
truck with single tyres on the front and dual tyres on the rear. At Saverna, 
a three-axle wheeled APC XA-188 was used instead. The technical 
parameters of  vehicles are listed in Table 2 in III. The clearance heights 
of  MB1017 and XA-188 are 0.28 and 0.36 m, respectively. The MB1017 
truck was equipped with Kormoran 11 R 22.5 tyres, and the APC with 
Michelin 14.00 R 20 tyres. The inflation pressure of  the tyres of  both test 
vehicles was 650 kPa. The nominal ground pressure of  the front wheel 
of  both vehicles was measured. The tyre contact area was measured 
on a hard surface. The contact pressure values were 344 and 323 kPa 
for MB1017 and XA-188, respectively; thus, both have similar nominal 
ground pressures although the weight of  the latter was more than three 
times that of  the former. 

The test vehicles conducted one pass at the Sirvaku and Saverna sites; 
in all other sites, trafficking was made one time and thereafter ten times 
in the same rut. At the least, trafficking was performed on a 50-m long 
path at a low speed, i.e., up to 5 km·h−1. A measuring stick was used 
for obtaining the rut depth with respect to the undisturbed soil surface. 
The depth was measured to the deepest part of  the rut after the first 
pass and subsequently after 10 passes every 1 m or 5 m. Furthermore, 
if  walls around the wheel tracks appeared, the maximum height of  the 
walls was recorded. For determining the natural alleviation of  ruts, rut 
depth measurements were repeated 2 or 2.5 years after trafficking at 
Kesa, Ilmatsalu, Laeva I and II, Kaimi I and II, and Saverna sites.
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4.2. Determination of  RCI and calculation of  rut depths (II)

Cone index measurements were performed adjacent to the ruts up to 
1 m from the tracks. A handheld cone penetrometer with a 30° conical 
tip and 3.33-cm2 cone base area was used. Twenty insertions were made 
at each site. Readings were taken at depths of  0, 15, 30, and 45 cm. 
The RI determination was implemented as follows. An undisturbed soil 
sample was collected from the critical layer using a Hvorselv sampler 
and inserted into a cylinder mounted on a steel base. Cone indices were 
measured starting when the cone area was even with the soil surface; 
readings were taken every 2.5 cm until 10.2 cm was reached. A 1.13-kg 
drop hammer was used for applying 100 blows on the soil sample; the 
weight fell from a height of  30.5 cm. The CI readings were obtained 
in the same manner as that before the blows. The RI was obtained by 
dividing the summed CI values after applying the blows by the summed 
CI values before the blows. In case the CI after the blows was greater 
than that before the blows, the RI value was assumed to be 1. The RI 
values were measured for three layers: 0–15 cm, 7.5–23 cm, and 15–30 
cm in three replications. An average CI was calculated for the layers at 
depths of  0–15 cm, 7.5–23 cm, and 15–30 cm. Finally, the RCI was 
determined based on the average RI and CI values of  all critical layers.

 For the calculation of  the multi-pass coefficient, a (Eq. 8; Abebe et al., 
1989), the formula presented in Vennik et al. (2017) was used. Rut depths 
were calculated by Eq. (1) introduced by Willoughby and Turnage, Eqs. 
(2) and (3) presented by Maclaurin, and Eqs. (4)–(7) reported by the 
ERDC. A slip value of  20% was used in Eq. (1) because the vehicles 
employed in the experiments were travelling in a steady-state mode, i.e., 
without excessive slip. 

4.3. Soil core sampling (I, II, III)

Undisturbed soil core samples were collected right next to the tracks 
using steel cylinders with a volume of  235.5 cm3 (10-cm diameter and 
3-cm height). The soil samples were extracted from two topsoil layers 
(at depths of  0–10-cm and 10–20 or 20–30 cm) and from one subsoil 
layer at a depth of  35 or 40 cm; two samples were obtained per depth 
and site. In the laboratory, these soil samples were used to determine 
the initial soil mechanical properties and soil water content (w) (Section 
4.5). Additional soil samples from the topsoil and subsoil were collected 
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at each site for soil organic matter determination, texture analysis, and 
determination of  soil plastic limits as well as particle density. 

For the comparison of  bulk densities of  undisturbed soil (next to the 
wheel tracks), undisturbed soil samples were obtained with 88.2-cm3 
steel cylinders (5.3-cm diameter and 4-cm height) from areas passed 
once and 10 times at 0, 5, 10, 15, 20, 30, and 40-cm depths (below the 
corresponding surface) with four replications per depth. In the tracked 
areas, the samples were collected under the track centreline. Altogether, 
84 samples were collected per site, except at Saverna where 56 samples 
were obtained. 

To ascertain compaction recovery, soil samples were collected from the 
undisturbed area and areas passed once and passed 10 times at Kesa, 
Laeva I, and Ilmatsalu to determine bulk density 2–2.5 years after the 
rutting experiments (i.e., 2–2.5 years of  natural recovery). 

4.4 Determination of  field-saturated hydraulic conductivity

At Kesa, Laeva I, and Ilmatsalu, the field-saturated hydraulic conductivity 
(Kfs) was measured one and two years after the rutting experiments. The 
measurements were performed on the soil surface of  an undisturbed 
area and areas passed once and 10 times passed with five replications. 
The ‘simplified falling-head’ (SFH) technique introduced by Bagarello et 
al. (2004) was used. The SFH technique involves the quick application 
of  a known volume of  water on the soil surface. The soil is confined by 
a ring that is inserted into the soil. The elapsed time from application of  
water to the moment at which the soil surface area is no longer covered 
by water, is measured; Kfs is calculated as follows (Bagarello et al., 2004):

where  is the difference between the field saturated and initial volumetric 
soil water content; D is the depth of  water in the ring after the application 
of  water and calculated as the volume of  added water divided by the 
cross-sectional area of  the ring; ta is the elapsed time from the application 
of  water to the instant at which the surface area is no longer covered by 
water; α* is the soil texture or structure parameter that can be estimated 
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where ∆𝜃𝜃 is the difference between the field saturated and initial 
volumetric soil water content; D is the depth of water in the ring after 
the application of water and calculated as the volume of added water 
divided by the cross-sectional area of the ring; ta is the elapsed time from 
the application of water to the instant at which the surface area is no 
longer covered by water; α* is the soil texture or structure parameter that 
can be estimated according to Elrick, Reynolds (1992). In this study, the 
value of α* was set to 12 m−1 based on texture. A plastic cylinder with a 
diameter of 10 cm and a height of 20 cm was used. The cylinders were 
inserted 10 cm into the soil. The volume of water for all the 
measurements was 0.3 L. For the determination of ∆𝜃𝜃, the undisturbed 
soil samples were collected with steel cylinders (5.3-cm diameter and 4-
cm height) during the infiltration measurements. The initial volumetric 
water content was calculated from the soil samples collected for bulk 
density determination (Section 4.3). 
 
 
4.5 Laboratory measurements and calculations of soil properties 

(I, II, II) 
 

The soil organic carbon content (SOC) was determined by the Tjurin 
method (Vorobyova, 1998). For the soil texture analysis, the pipette 
method was applied (Robinson, 1922). The pycnometer was used for 
particle density measurements. The water content at the liquid limit (LL) 
was measured with a Casagrande apparatus (McBride, 1993), and the 
water content at the plastic limit (PL) was measured by the rolling 
method (McBride, 1993). The plasticity index, PI, is obtained as LL−PL. 
In order to compare the soil compactness among the soil textures of the 
experimental sites, the relative bulk density (BDrel) was calculated. The 
actual bulk density was divided by the Proctor density for the calculation 
of BDrel. The Proctor density (ρ) was estimated based on the soil organic 
matter (SOM), which was calculated as SOM = 1.724 SOC, and the clay 
content (CC) was estimated according to Naderi-Boldaji et al. (2016): ρ 
= 1.9 − (0.00342 SOM) − (0.000529 CC). The relative water content 
(w/PL) was also computed.  
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according to Elrick, Reynolds (1992). In this study, the value of  α* was 
set to 12 m−1 based on texture. A plastic cylinder with a diameter of  
10 cm and a height of  20 cm was used. The cylinders were inserted 10 
cm into the soil. The volume of  water for all the measurements was 
0.3 L. For the determination of  , the undisturbed soil samples were 
collected with steel cylinders (5.3-cm diameter and 4-cm height) during 
the infiltration measurements. The initial volumetric water content was 
calculated from the soil samples collected for bulk density determination 
(Section 4.3).

4.5 Laboratory measurements and calculations of  soil properties 
(I, II, II)

The soil organic carbon content (SOC) was determined by the Tjurin 
method (Vorobyova, 1998). For the soil texture analysis, the pipette 
method was applied (Robinson, 1922). The pycnometer was used for 
particle density measurements. The water content at the liquid limit 
(LL) was measured with a Casagrande apparatus (McBride, 1993), and 
the water content at the plastic limit (PL) was measured by the rolling 
method (McBride, 1993). The plasticity index, PI, is obtained as LL−PL. 
In order to compare the soil compactness among the soil textures of  the 
experimental sites, the relative bulk density (BDrel) was calculated. The 
actual bulk density was divided by the Proctor density for the calculation 
of  BDrel. The Proctor density (ρ) was estimated based on the soil organic 
matter (SOM), which was calculated as SOM = 1.724 SOC, and the clay 
content (CC) was estimated according to Naderi-Boldaji et al. (2016): 
ρ = 1.9 − (0.00342 SOM) − (0.000529 CC). The relative water content 
(w/PL) was also computed. 

The soil core samples extracted from the topsoil and subsoil, with 
a volume of  235.5 cm3, were weighed and subjected to a uniaxial 
compression test using an oedometer with sequential stresses of  25, 
50, 100, 200, 400, and 600 kPa. The compression time was set to 30 
s in order to reproduce the sudden loading situation of  the field; the 
displacement was recorded at each stress level. After the loading of  soil 
samples, these were dried in an oven at 105 °C for 24 h, and the dry mass 
and the water content were obtained from the sample weights before 
and after drying. The initial bulk density was determined based on the 
dry mass and total cylinder volume. 
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Two different approaches were used for the analysis of  the compaction 
curve. First, the Casagrande (1936) procedure was used to determine 
the precompression stress, and the displacement compaction versus the 
logarithm of  the applied stress was graphed based on the measured data. 
The point with the largest curvature on the stress–compaction curve was 
identified by fitting a fourth-degree polynomial to the measured points 
(Gregory et al., 2006). Second, the void ratio (e) was calculated for each 
core based on the recorded displacement, soil sample initial height, and 
particle density. Thereafter, it was plotted as a function of  the natural 
logarithm of  the mean normal stress. The assumption σ2 = σ3 = 0.5σ1, 
where σ1, σ2, and σ3 are the major, intermediate, and minor principal 
stresses, respectively (Koolen, Kuipers, 1983), was used in determining 
the mean normal stress. The Gompertz equation was then fitted to the 
measured data of  the void ratio. The corresponding mean normal stress 
proposed by Gregory et al. (2006) was used to calculate the compressive 
properties: compression index (λ), recompression index (κ), and specific 
volume at p=1 kPa (N) (O’Sullivan, Robertson, 1996). The O’Sullivan, 
Robertson (1996) model, incorporated in SoilFlex (Keller et al., 2007), 
was used to simulate the changes in bulk density and rut depths resulting 
from test vehicle passage. The model requires two additional parameters 
(m and κ’), which are associated with the ‘steeper’ recompression line 
(for details see O’Sullivan, Robertson, 1996); an m value of  1.3 was 
used, and κ› was calculated as κ› = (λ × κ)0.5. The compressive parameters 
of  tested soils are summarised in Table 3 in III. 

4.6 Simulation of  rut depth and bulk density (III)

SoilFlex was used for the simulations of  rut depth and changes in 
bulk density caused by vehicle passage. The simulations for different 
experimental sites was conducted using the ‘uniaxial strain state’ 
version of  SoilFlex (Keller et al., 2007). The maximum contact stress 
was calculated as 1.5 times the tyre inflation pressure, and a parabolic 
distribution of  the vertical contact stress at the tyre–soil interface was 
assumed. For the calculation of  stress propagation in the soil profile, 
the works of  Boussinesq (1885) and Fröhlich (1934) were used. The 
concentration factor proposed by Fröhlich (1934) was set to a value of  5 
in all calculations. For the calculations of  the volumetric strain and bulk 
density changes, the O’Sullivan, Robertson (1996) compression model 
was used. The model parameters used here are summarised in Table 3 
in III. 
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4.7. Data analysis (I, II, III)

The unpaired t-test was employed to compare the precompression stresses 
between the topsoil and subsoil as well as to compare those between the 
measured sites and land use types. Regression analyses were used to test 
the relationship between precompression stress and rut depth after 1 
and 10 passages of  test vehicles. Rut depths were calculated based on the 
Willoughby and Turnage (1990) model; the ERDC model and Maclaurin 
(1990) model were compared with the measured rut depths using root 
mean square differences (RMSD). Additionally, the rut depths predicted 
using the Willoughby and Turnage (1990) equation were compared with 
the measured rut depths with the aid of  regression analysis. To compare 
the effects of  land use and soil types on rut depth, analysis of  variance 
was employed. The relationship between rut depths and compression 
index was evaluated by the Pearson correlation method. For the natural 
recovery analysis, the unpaired t-test was applied to compare the field-
saturated hydraulic conductivity between the areas that are undisturbed, 
once passed, and 10 times passed. The significance threshold was set at 
0.05 unless stated otherwise. The free software environment R (R Core 
Team, 2015) and MS Excel were used for the statistical analysis.



33

5. RESULTS

5.1. Measured rut depths (I, II, III)

The measured rut depths after 1 and 10 passages are summarised in 
Table 2 in II and shown in Fig. 1 in III. In the arable sites (Kesa, Kaimi 
I, and II), the rut depths were between 2.5 and 3.3 cm. Slightly deeper 
rut depths, i.e., 4.3–7.3 cm, were measured in the natural grassland sites 
(Sirvaku, Laeva I and II, and Ilmatsalu). The variability in rut depth after 
one pass of  MB1017 was considerably small in general. The variability 
in rut depths along the (50–100)-m wheel track transect was larger in 
the grassland sites (Fig.1 in III). On the peat soil, the rut depth and 
the within-site rut depth variability was the highest; a maximum depth 
of  18.0 cm and a minimum of  1.3 cm. The deepest ruts, 15.6 cm on 
average, were formed after one passage of  the heavier test vehicle (XA-
188). In Saverna, because the vehicle was near to immobilisation when 
it reached the maximum rut depth of  22 cm, no further passes were 
conducted.

After 10 passes, the rut depths increased in all the sites; the increase was 
higher in grassland sites. In the arable sites (Kesa, Kaimi I, and Kaimi 
II), the average rut depth increase was in the range 3.8–5.4 cm. In the 
loamy grassland soils of  Laeva I and Laeva II, the average increase was 
13.3–15.2 cm and for peat soil at Ilmatsalu 6.1 cm (Table 2 in II). The 
range between the minimum and maximum rut depths after 10 passes 
was remarkably high in the grassland sites of  Laeva I and Ilmatsalu: 
8.5–33.0 cm at Laeva I and 3.8–28.0 at Ilmatsalu. In Laeva I and II, the 
MB1017 approached immobility after 10 passes. 

Based on the measured rut depths and their increase after 1 and 10 
passes, the tested soils could be divided into three groups. The first group 
consists of  soils from agricultural fields (Kesa, Kaimi I, and Kaimi II); 
the group is characterised by a small rut depth (~3 cm) after one vehicle 
pass and a moderate rut depth (~7 cm) after 10 vehicle passes. The 
second group represents soils from the natural grassland sites (Laeva I 
and Laeva II); this group is characterised by moderate rut depths (~5 
cm) after the first pass and a large increase in rut depths from the first to 



34

the tenth pass (final rut depth after 10 passes was ~20 cm; an increase of  
~15 cm). The third group is peat soil in the grassland of  Ilmatsalu; it is 
characterised by a moderate rut depth (~7 cm) after the first vehicle pass 
and a moderate increase in rut depth from the first to the tenth vehicle 
pass (final rut depth after 10 passes was ~13 cm). The Saverna grassland 
site was not included in this classification because the vehicle used at this 
site was heavier than that used at all the other sites.

5.2 Precompression stress and its relationship to rut depth (I)

The measured precompression stress of  tested soils are summarised 
in Table 2 in I. The precompression stresses in all subsoil layers were 
significantly (p < 0.05) higher than those in the topsoil layers. There was 
no difference in the precompression stress between the measured sites 
or land use types. The rut depth, obtained as a function of  the average 
precompression stress for topsoil and subsoil, is presented in Fig. 1. 

Figure 1. Measured rut depth after one pass of  MB1017 vs. precompression stress. 
The solid line and black circles represent the relationship between average rut depth 
and average topsoil precompression stress in tested sites. The dotted line and unfilled 
circles represent the relationship between average rut depth and average subsoil 
precompression stress in tested sites.
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Figure 2. Measured rut depth after 10 passes of  MB1017 vs. precompression stress. 
The solid line and black circles represent the relationship between average rut depth 
and average topsoil precompression stress in tested sites. The dotted line and unfilled 
circles represent the relationship between average rut depth and average subsoil 
precompression stress in tested sites.

The low values of  the coefficients of  determination in Fig. 1 indicate that 
the precompression value cannot be used as an indicator of  rut depth. 
The precompression stress in the tested soils was considerably smaller 
compared to the contact stress under the tyres of  the test vehicles, but 
the rut depths were small. After 10 passes (Fig. 2.), the coefficient of  
determination was higher (i.e., R2=0.52) between the precompression 
stress of  the subsoil layer and average rut depth. 

5.3 Rut depth prediction with cone index models (II)

The rut depths after 1 and 10 passes calculated with the three CI or RCI-
based models and the root mean square differences (RMSD) between 
the measured and calculated rut depths are summarised in Tables 2 and 
3 in II, respectively. The calculated values of  the multi-pass coefficient, 
a, are presented in Vennik et al. (2017). All the analysed CI or RCI-based 
rut depth models tended to overestimate the rut depth after one pass 
and 10 passes; such tendency was observed in the mean and maximum 
rut depth (Table 2 in II). The overestimation was highest in all models 
when the CI and RCI of  the 0–15 cm layer were used. However, the 
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use of  CI and RCI of  the deeper critical layers, especially those of  the 
15–30 cm layer, led to the underestimation of  the mean and maximum 
rut depths, especially in soils with a low clay content.

When the Willoughby and Turnage model was used with the RCI from 
the 7.5–23 cm layer, the average RMSD and standard deviation (SDV) 
of  RMSD computed for all measured sites (Table 3 in II) were the 
lowest after one pass (average RMSD = 2.0 cm and SDV of  RMSD = 
0.7 cm). When the ERDC model was employed with the RCI from the 
7.5–23 cm layer, the average RMSD and standard deviation of  RMSD 
after one pass were 3.8 and 2.9 cm, respectively; when the Maclaurin 
model was used, these were 3.5 and 1.6 cm, respectively. When all the 
models were used with the RCI or CI obtained from the 15–30 cm 
layer, the predicted rut depths after one pass were similar. The average 
RMSD values were 2.5, 2.7, and 2.8 cm with the use of  Willoughby and 
Turnage model, Maclaurin model, and ERDC model, respectively; the 
SDVs of  the RMSD were 1.9, 1.9, and 1.2 cm, respectively. The RMSD 
was higher for the heavier test vehicle (i.e., XA-188) in all models. The 
only exception (i.e., higher RMSD for the lighter test vehicle) was in the 
use of  Maclaurin’s model with CI from the critical layer of  7.5–23 cm.

The average RMSD after 10 passes were higher than the RMSD after one 
pass: in the range 2.2–32.7 cm (Table 3 in II). The use of  Willoughby 
and Turnage model with the RCI from the 15–30 cm layer produced the 
lowest average RMSD (2.2 cm). The RMSD values were particularly high 
with the Maclaurin and ERDC models for soils with a high clay content 
(Laeva I and II). There was no apparent difference between the RMSDs 
of  natural grasslands and arable land when the different models were 
used for either 1 or 10 passes. The RMSD of  peat soil was similar to 
those of  mineral soils. Based on the RMSD, the rut depths after 1 pass 
and 10 passes were best estimated by the Willoughby and Turnage model. 
The comparison between the measured and calculated rut depths after 1 
pass and 10 passes are presented in Figs. 1 and 2 in II. The coefficient of  
determination between the measured and predicted rut depths obtained 
after one pass was slightly higher when the RCI from the 7.5–23 cm 
layer was used than when the RCI from the 15–30 cm layer was applied. 
For the 10 passes, model predictions were better when using RCI from 
the 15–30 cm layer, as shown by the higher coefficient of  determination 
between the measured and predicted rut depths. 
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5.4 Soil stress, bulk density changes, and rut depth prediction 
with the SoilFlex model (III)

The vertical stresses distribution (modelled by SoilFlex) at the centre of  
the tyres after the corresponding wheel passes at Ilmatsalu and Saverna 
are presented in Fig. 3. 

Figure 3. Vertical stress distribution modelled by SoilFlex on tyres of  MB1017 and 
XA-188 at Ilmatsalu and Saverna, respectively. 

Apart from the main test vehicle, the 7-Mg military logistic truck, 
MB1017, the heavier 23-Mg XA-188 was used for the experiments. 
Despite their considerable weight difference (the weight of  XA-188 
is more than three times that of  MB1017) the measured static contact 
stresses at their wheels were similar, i.e., 323 and 344 kPa, respectively. 
According to the assumption that the maximum stress equals 1.5 times 
the inflation pressure, the maximum peak pressures reached 975 kPa 
for both vehicles; the average contact pressures were 634 kPa for the 
first wheel of  MB1017 and 656 kPa for XA-188. The vertical stress 
distribution (Fig. 3) presented for Ilmatsalu is similar to those of  the 
other experiment sites. Compared with the first wheel, the second wheel 
transmitted lower stresses into the soil because of  the lower wheel load 
(Table 2 in III). 
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Figure 3 in III compares the simulation results with the measured rut 
depths as a function of  vehicle passes for the three groups represented 
by Kesa (arable soil, group 1), Laeva I (grassland soil, group 2), and 
Ilmatsalu (peat under grassland, group 3). The rut depths as well as the 
rut depth evolution from the first to the tenth vehicle pass were well 
predicted for the arable site (Kesa). There was no difference between the 
measured and modelled rut depths after one pass, and there was only a 
slight difference (1.6 cm) after 10 passes. Similar results were obtained 
for the other two arable sites (Kaimi I and II). At the grassland site 
(Laeva I), the rut depth after one pass was well predicted (the difference 
between the simulated and measured rut depths was 1.3 cm), but the 
rut depth after 10 passes was considerably underestimated by the model 
(the difference was −14.2 cm; Fig. 3 in III). That is, the model did not 
correctly capture the increase in rut depth from the first to the tenth 
pass; the results were similar for Laeva II. For the peat soil (Ilmatsalu), 
the rut depths were largely overestimated by the model after 1 pass 
(measured rut depth: 7.3 cm; simulated rut depth: 17.4 cm) and after 10 
passes (measured rut depth: 13.4 cm; simulated rut depth: 35.7 cm; Fig. 
3 in III). However, the relative increase in rut depth from the 1st to the 
10th pass was similar between the measurements and simulations (an 
increase by a factor of  approximately two).

Due to large spatial variability in bulk densities in all sites and treatments, 
the general patterns of  the bulk density profiles, one sample per soil 
group (Section 5.1), were analysed (Figs. 4–6 in III; Fig. 4). The bulk 
density profile of  Kesa (Fig. 4 in III) had relatively uniform topsoil 
bulk density, and subsoil bulk density values were higher than those in 
the topsoil. This type of  profile is relatively typical for arable soils. In 
general, the bulk density changes resulting from one and ten vehicle 
passes were adequately predicted. Only a slight discrepancy was noted 
at the surface layer. 

The initial bulk density profile of  Laeva I grassland soil (Fig. 5 in III) 
had a similar shape as that of  arable soil (Fig. 4 in III); however, the bulk 
density was generally lower because of  the higher clay content (Table 1 
in II). The increase in bulk density resulting from one vehicle pass was 
well predicted (Fig. 5 in III); this is also shown by the close agreement 
between simulated and measured rut depths after one pass (Fig. 3 in 
III). The increase in bulk density caused by 10 vehicle passes was also 
relatively well predicted for depths greater than 20 cm (Fig. 5 in III). 
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However, the rut depth was largely underestimated (Fig. 3 in III); this is 
associated with the lateral soil movement that was not accounted for by 
SoilFlex.

The Ilmatsalu soil had a very low bulk density, as is typical of  peat soil 
(Fig. 6 in III). In contrast to the mineral soils discussed above, the bulk 
density of  the subsoil (40-cm depth) was lower than that of  the topsoil 
(Table 3 in III). Although rut depths were significant, the measured 
bulk density after either 1 or 10 vehicle passes was relatively similar to 
the bulk density before trafficking was conducted (Figs. 3 and 6 in III). 
The large rut depths were caused by lateral soil movement: up to 15-cm 
high bulges were observed at the rut edges. The model overestimated 
the change in bulk density because of  vehicle passage; it also largely 
overestimated rut depths (Figs. 3 and 6 in III). 

Figure 4. Measured and modelled bulk densities (BD) by SoilFlex as a function 
of  depth of  sandy loam soil at Saverna. Shaded areas correspond to the range of  
measured bulk density. 

The subsoil bulk density of  Saverna grassland soil (Fig. 4) was similar 
to the topsoil bulk density that is not typical for natural soil. In general, 
the measured change in bulk density after one passage of  the XA-188 
conformed with the simulated change; however, the rut depth was 
underestimated to a considerable extent. 
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5.5 Changes in rut depth, bulk density, and field-saturated 
hydraulic conductivity

After a (2–2.5)-year period, the rut depths in areas once passed by 
MB1017 were between 0.0 and 1.2 cm (Table 1). It was not possible to 
conduct residual rut depth measurements more accurately because of  
the uneven soil surface, especially in natural grassland sites and soils with 
a dense grass cover; the possible measurement error was approximately 
1 cm.

Table 1. Rut depth changes over 2–2.5 years. 

Number 
of  passes

Initial rut 
depth, cm

Rut depth 
after 2–2.5 

years

Rut depth 
change, cm

Kesa 1 3.0 1.0 2.0
10 8.4 8.4 0.0

Kaimi I 1 3.3 1.0 2.3
10 7.3 5.7 1.6

Kaimi II 1 2.5 0.0 2.5
10 6.3 5.1 1.2

Ilmatsalu 1 7.3 0.0 7.3
10 13.4 7.7 5.7

Saverna 1 15.6 10.4 5.2
Laeva I 1 4.3 1.0 3.3

10 19.5 16.3 3.2
Laeva II 1 6.7 1.2 5.5

10 20.0 12.2 7.8

The largest rut depth changes in the ruts formed by 1 pass were in 
Ilmatsalu and Laeva II with reductions of  7.3 and 5.5 cm, respectively 
(Table 1). Moreover, the recovery of  ruts formed by one pass of  
XA-188 at Saverna was also significant (the decrease was 5.2 cm). 
In the recovery of  ruts formed by 10 passes of  MB1017, significant 
differences were observed (Table 1). At arable sites (Kesa and Kaimi I) 
there was practically no change in the rut depths caused by 10 passes. At 
some sections of  the ruts, even the details of  truck wheel patterns were 
distinguishable after a two-year period. At the arable site Kaimi II, where 
the highest walls around the ruts were initially measured (up to 29.5 cm), 
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the lowering of  the walls was remarkable: after a two-year recovery, the 
rut wall decreased 22 cm. Moreover, the activity of  soil biota, i.e. moles, 
was prominent. There were approximately 2–3 molehills per metre in 
the ruts. The rut depth itself  only decreased by 1.2 cm. At Laeva II and 
Ilmatsalu, the rut depths formed by 10 passes decreased significantly: 
7.8 and 5.7 cm (Table 1), respectively. The 15-cm high rut walls in the 
peat soil at Ilmatsalu totally disappeared. On the clay loam soil at Laeva 
I, the rut depth decreased by 3.2 cm. 

The bulk density profiles of  the areas that are undisturbed, passed 
once, and passed 10 times in Kesa, Laeva I, and Ilmatsalu measured 
2–2.5 years after wheeling are shown in Figs. 5–7, respectively. The bulk 
density of  the undisturbed area shown in the figures is an average of  the 
undisturbed bulk densities measured during trafficking and two years 
after trafficking. 

Figure 5. Measured bulk density as a function of  depth in areas that are undisturbed 
and ruts formed by 1 pass and 10 passes over a 2.5-year period at Kesa. Horizontal bars 
indicate standard deviation.

 -55

-45

-35

-25

-15

-5

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

D
ep

th
, c

m
 

Bulk density, Mg m-3

10 times passed rut

10 times passed rut, after 2.5 years

Undisturbed

1 time passed rut

1 time passed rut, after 2.5 years



42

Figure 6. Measured bulk density as a function of  depth in areas that are undisturbed 
and ruts formed by 1 pass and 10 passes over a two-year period at Laeva I. Horizontal 
bars indicate standard deviation. 

Figure 7. Measured bulk density as a function of  depth in areas that are undisturbed 
and ruts formed by 1 pass and 10 passes over a two-year period at Ilmatsalu. Horizontal 
bars indicate standard deviation. 
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At Kesa, after the first vehicle passage on the water-saturated soil, the 
soil layer at a depth of  8–13 cm was slightly compacted, and after 10 
passages, the compaction was more severe at a depth of  13–28 cm (Fig. 
5); after two years, there was no notable change in these compacted 
layers. At Laeva I, a slight compaction caused by a single pass at a depth 
of  14–20 cm was found (Fig. 6). After two years, in the ruts formed by 
1 pass and 10 passes, the compacted layers at different depths tended 
to be more similar to that of  the undisturbed area, i.e., the compaction 
was only slightly alleviated. At Ilmatsalu, the bulk density at a depth of  
20–30 cm decreased significantly (Fig. 7).

Table 2. Field-saturated hydraulic conductivity (Kfs) in ruts formed by 1 and 10 passes 
after 1 and 2 years at Kesa, Laeva I, and Ilmatsalu.

Field-saturated hydraulic conductivity, cm h−1

After 1 year After 2 years
Undistur- 
bed area

In rut 
passed 
once

In ruts 
passed 10 
times

Undistur-
bed area

In rut 
passed  
once

In ruts 
passed 10 
times

Kesa 
(n=5)

3.9 ± 3.7 2.4 ± 2.9 0.1 ± 0.05 5.2 ± 6.6 4.1 ± 1.7 2.0 ± 2.2

Laeva I 
(n=5)

4.1 ± 4.8 2.8 ± 5.6 0.006 ± 0.002 3.6 ± 3.7 1.5 ± 2.8 0.04 ± 0.02

Ilmat-
salu 
(n=5) 

11.4 ± 8.1 5.3 ± 2.8 0.5 ± 0.3 21.0 ± 9.0 32.5 ± 18.1 10.6 ± 9.2 

The average field-saturated hydraulic conductivity, Kfs, in the undisturbed 
areas was highest for the peat soil at Ilmatsalu in the range 21.0–11.4 
cm h−1 and lowest in the clay soil at Laeva I in the range 3.6–4.1 cm 
h−1 (Table 2). In the sandy loam soil at Kesa, Kfs was between 3.9 and 
5.2 cm h−1. After one year, there was no difference (p > 0.05) between 
the Kfs values of  the undisturbed area and the area passed once in all 
investigated sites. On the other hand, the difference between the Kfs 
values of  the areas passed 10 times and undisturbed area was statistically 
significant at (p < 0.05) Kesa, Laeva I, and Ilmatsalu. Two years after the 
ruts were formed, the Kfs values in ruts formed by 10 passes increased 
significantly in all the studied sites. At Kesa, Ilmatsalu, and Laeva I, the 
average Kfs values were 20, 21, and 6 times higher compared to the Kfs 
values after one year of  recovery. Two years after the ruts were formed, 
there was no difference (p > 0.05) between the Kfs values of  areas that 
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were undisturbed and passed 10 times at Kesa and Ilmatsalu; at Laeva I, 
the difference was statistically significant (p < 0.05). 
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6. DISCUSSION

6.1. Soil properties and vehicle parameter influence on rut depth 
formation

6.1.1. Soil properties influence on rut depth formation (II)

According to the literature review, the bulk density and water content 
significantly influence rut depth formation. To compare the densities 
across different soil types, a relative density should be used because bulk 
density is a function of  soil texture. The relative bulk density values 
(Table 1 in II) of  the topsoil at Sirvaku, Kaimi II, Laeva II, and Ilmatsalu 
were low (0.4–0.6); however, the rut depths were considerably smaller 
at Sirvaku and Kaimi II than at Laeva II and Ilmatsalu (Table 2 in II). 
Hence, the topsoil BDrel cannot be directly related to the rut depth. At 
Kaimi II and Sirvaku, the subsoil BDrel values were relatively high, which 
could explain the limited rut depths after 10 passes (Table 2 in II); the 
foregoing may have prevented the deep sinkage of  the vehicle. 

In general, higher rut depths were formed under MB1017 after 1 pass and 
10 passes at the sites with higher water contents. A high water content 
indirectly reflects the influence of  soil texture because moisture content 
is high in soils with high organic materials and clay contents. The water 
content of  all the tested mineral soils was higher than the plastic limit of  
the topsoil, i.e., w/PL was in the range 1.0–1.8 (Table 1 in II); the water 
content was lower than the plastic limit (w/PL < 1.0) of  the subsoil, 
except at Kesa and Saverna where w/PL was 1.4 and at Sirvaku where 
the subsoil w/PL was 1.1. Thus, soil layers in the plastic consistency 
state covered subsoils in the brittle consistency state except for the three 
above-mentioned sites. There was no direct relationship between w/PL 
and rut depth after 1 or 10 passes. For example, at Kaimi I and II and 
Laeva I and II, w/PL values were similar in the two investigated layers 
(topsoil and subsoil); however, the rut depths, especially those formed 
after 10 passes, differed among the aforementioned sites (Table 2 in II). 
At Kesa, the water contents in the topsoil and subsoil layers exceeded 
the liquid limit values, but the rut depths were similar to those at Kaimi 
I and II (Tables 1 and 2 in II). 

This study reveals that the relative water content and BDrel cannot explain 
all the differences in rut depth among the sites. Two sites—Kaimi I 
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and Laeva I—had similar w/PL (1.0–1.1) and similar BDrel (0.7–0.8) 
values (Table 1 in II). However, the difference among the ruts after 10 
passes was 12.2 cm on average; the higher clay content at Laeva I could 
possibly explain the deeper ruts at that site. As stated by Saarilahti (2002) 
and Meek (1996), the first passage forms the deepest rut in frictional 
soil; however, in clay-rich soils, the repeated passes gradually break 
the cohesive bond between the particles. Consequently, the rut depth 
increases with the number of  passes. At Kaimi I and Laeva II, the rut 
depths after 10 passes were 7.3 and 20 cm, respectively, although these 
sites had similar BDrel and texture; this discrepancy could be explained 
by the difference in their organic material contents. The soil organic 
matter content was higher at Laeva II (2.8% in the topsoil and 1.5% in 
the subsoil) than at Kaimi I (0.9% (topsoil) and 0.1% (subsoil)) (Table 1 
in II). Soils with a higher organic content are more compressible because 
of  the increase in porosity and water retention capacity (Défossez et al., 
2014). However, the impact of  organic matter content in rut formation 
depends on the bulk density of  deeper layers. At Kaimi II, the SOC was 
11.3% and subsoil BDrel was 0.9, whereas at Ilmatsalu, these values were 
25.6% and 0.5, respectively. At Kaimi II, the high subsoil bulk density 
at this site most probably prohibited any downward soil movement but 
amplified lateral movement. After 10 passes at Kaimi II, wall heights 
were in the range 3.4–29.5 cm, but the rut depth was only 6.3 cm. At 
Ilmatsalu, the walls were lower: after 10 passes, these were in the range 
2.3–15.0 cm, but the rut depth was 13.4 cm. Organic materials behave 
elastically beneath the running wheel, and soil is moved outside the tyre 
path rather than being compacted under the tyres. 

6.1.2. Vehicle load influence on rut depth formation (III)

The modelled vertical stress for both test vehicles (Fig. 3) can be 
compared to the results measured by Pytka et al. (2006). During the 
8-Mg military truck pulling test, a vertical stress of  130 kPa in sandy 
soil and 354 kPa in loess soil at a depth of  15 cm were measured. At a 
depth of  30 cm, the values were 37 and 180 kPa for sandy soil and loess 
soil, respectively. The vehicle was equipped with the same tyres used in 
this study, i.e., 14.00-20 10 PR with an inflation pressure of  390 kPa. 
Thus, the stress results calculated under the 7-Mg truck in this study 
approached the results of  Pytka et al. (2006). 
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When the vertical stresses generated by military vehicles with high 
tyre inflation pressures are compared to those exerted by agricultural 
vehicles, their considerable difference becomes evident. Gysi et al. 
(1999) measured a vertical stress of  approximately 120 kPa at a15-cm 
soil depth with the pass of  a sugar beet harvester (7.47-Mg wheel load, 
230-kPa inflation pressure, 0.68-m tyre width); at a depth of  35 cm, 
the stress was 50 kPa. Thus, compared to the sugar beet harvester, the 
vertical stresses exerted by the two test vehicles were caused by narrower 
tyres and considerably higher inflation pressures (4 to 5 times higher 
in the topsoil at a depth of  15 cm). The wheel load is two times lower 
for military vehicles. The detrimental effect of  a high tyre inflation 
pressure is presented in the study of  Foltz (1995). Forestry trucks with a 
payload of  22 450 kg traversed unpaved forest roads up to 1200 times (a 
combination of  loaded and unloaded logging truck passes) over a three-
month period. On the steering axle, a tyre pressure of  480 kPa was used, 
and the rut depth in the unpaved road did not exceed 1 mm; however, 
when inflation pressure was 620 kPa, the numerous passes produced rut 
depths of  up to 14 cm. In the latter case, walls with a height of  13 cm 
around a track were formed. 

Tyre inflation pressures of  over 600 kPa are normally used under hard 
road conditions. Foltz (1995) called these inflation pressure values as 
highway pressures. Military logistic vehicles have to use these high tyre 
pressures on terrains because of  the sudden necessity of  deviating away 
from the road network and proceeding with a cross-country movement. 
Moreover, high inflation pressures are necessary in terrains similar to 
those traversed by forestry vehicles; in these areas, the unevenness of  the 
soil surface and the presence of  stumps and stones can damage the tyres 
(Eliasson, 2005). Some vehicles are equipped with a central tyre inflation 
system (CTIS); this technology makes it possible to reduce tyre pressure 
while the vehicle is in motion (Foltz, 1995). The CTIS system has been 
actively used by the U.S. Army before World War II, and tactical vehicles 
used in the Estonian defence force are equipped with the CTIS system 
or with a manual tyre pressure manipulating system.  Accordingly, the 
pressures acting on the soil surface can be comparable to the pressures 
exerted by agricultural vehicles.

In this study, the test vehicles with high tyre inflation pressures and 
different weights traversed through two different sites, i.e., Kesa and 
Saverna, that had similar soil physical properties; bulk density, texture, 
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organic matter content, water content, and soil consistency were similar 
for the two sites (Table 1 in II). The first pass of  MB1017 (wheel load: 
18.4 kN) induced a rut depth of  3 cm, and XA-188 (wheel load: 37.6 
kN) formed a rut with a maximum depth of  22 cm. The bulk density 
differences between untrafficked and single pass track revealed that 
at Kesa, the (0–20)-cm was slightly compacted after the passage of  
MB1017 (Fig. 4 in III). At Saverna, the 0–20 cm layer was totally not 
compacted after the first passage of  XA-188 (Fig. 4). A possible reason 
for the rut depth difference is the higher pressure induced on the topsoil 
by the heavier test vehicle. According to Arvidsson, Keller (2007), the 
wheel load affects the soil stresses in the subsoil and topsoil. Thus, the 
high load of  XA-188 could induce shear failure and active plastic flow 
in the topsoil.

Nevertheless, the difference between the rut formation processes in 
these two sites is related to fact that Saverna had no natural soil profile. 
The subsoil bulk density of  Saverna was similar to the topsoil bulk 
density, and the subsoil SOC was higher than the topsoil SOC (Table 
1 in II). This, in combination with sparse grass cover and uneven soil 
surface, can be interpreted as indications of  a previous soil disturbance. 
Even if  the average bulk density of  the reclaimed soil is comparable to 
that of  the undisturbed soil (topsoil bulk densities at Kesa and Saverna 
are listed in Table 1 in II), the restored soil is poorly aggregated and 
mechanically labile, and its strength is regained through the development 
of  a structure that would require several years (Kaufmann et al., 2009). 
Consequently, for as long as that structure is not well developed, the soil 
is highly susceptible to deformations (Kaufmann et al., 2009). 

6.2. Precompression stress and rut depth relation (I)

No relationship was observed between the topsoil and subsoil 
precompression stresses and rut depths after 1 or 10 passes (Figs. 1 
and 2). The test vehicles exerted vertical stresses that exceeded the 
precompression stress capacity of  the topsoil in considerable margins 
(the stress difference is more than 300 kPa). All topsoil precompression 
stress values in the experimental sites were in the range 9–23 kPa (Table 
2 in I), which are considered extremely low according to Horn, Fleige 
(2003). For example, for Swedish arable soils with a wide range of  soil 
textures, the precompression stresses in a (0–10)-cm deep layer at a 0.5-
kPa water tension were in the range 39–152 kPa (Arvidsson, Keller, 
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2004). Horn et al. (2004) found that the precompression stresses in wet 
forest soil at a depth of  20 cm had an average of  20–40 kPa. Saffih-
Hdadi et al. (2009) found that cultivated fields and forest soils in France 
were in the range 15–222 kPa. The low precompression values can be 
associated with the extremely high soil moisture content of  the soils. It 
is generally recognised that precompression stress increases with water 
tension (Salier et al., 1994; Berli et al., 2003; Schjønning, Lamandé, 
2018). However, it is possible that the precompression stress could not 
be precisely determined. According to Arvidsson, Keller (2004), Berli 
(2001), and Salier et al. (1994), typically, there is no distinct boundary 
between elastic and plastic deformation, and the transition between 
these two deformation regimes is usually relatively gradual. In particular, 
the capacity of  soils with low bulk densities for elastic deformation is 
practically absent.

For subsoils, the precompression stress values (32–199 kPa) were 
significantly higher (Table 2 in I). The higher value is normally produced 
by the weight of  the overlying soil (Arvidsson, Keller, 2004) and by the 
soil’s higher resistance against stresses. The lowest value, 32 kPa, was 
determined in the Ilmatsalu peat soil. In this soil, the difference between 
topsoil and subsoil precompression stresses was also the smallest. In 
this study, the precompression stresses in the subsoil (Table 2 in I) were 
found to be higher in soils with higher clay contents. These results are in 
line with Veenhof, McBride (1996). 

Apart from the precompression stress, the compression index is 
also used for describing soil susceptibility to compaction; a higher 
compression index indicates higher compressibility. In this study, the 
correlation coefficient between the rut depth after one vehicle pass 
and the compression index (measured on the soil surface) was 0.6. At 
Ilmatsalu, Sirvaku, and Laeva I and II, the compression indices were 
in the range 0.4–0.8 kPa−1 (Table 3 in III), and the corresponding rut 
depths were 4.3–7.3 cm (Table 2 in II). At Kesa, and Kaimi I and II, 
compression indices were 0.1–0.3 kPa−1, and rut depths were 2.5–3.3 
cm. Higher compressibility indices for clay soils were also reported by 
Saffih-Hdadi et al. (2009), Lebert and Horn (1991), and Gregory et 
al. (2006). The study of  Saffih-Hdadi et al. (2009) also indicates the 
importance of  the influence of  bulk density on the precompression 
index of  sandy soils. At sites with sandy loam soils, i.e., Kesa, Saverna, 
and Sirvaku, the bulk density of  the soil surface layer was 1.43, 1.14, and 
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0.74 Mg m-3, and the compression indices were 0.2, 0.1, and 0.6 kPa−1, 
respectively; evidently, Sirvaku was more prone to deep rut formation 
resulting from compaction. After 10 passes, no relationship was found 
between the compression index and rut depth.

 6.3. Rut depth prediction with CI/RCI-based models (II)

The results of  this study revealed that the rut depth caused by off-road 
vehicles on typical Estonian soils at or near the plastic state can be 
well predicted with the Willoughby and Turnage model. The rut depth 
values were predicted with the same accuracy for soils with different 
textures, organic matter content, bulk density, plastic properties, land 
use types with the passage of  MB1017 military truck. The Willoughby 
and Turnage model has also been successfully used by other authors 
(Sullivan, Anderson, 2000; Nam et al., 2010); Nam et al. (2010) used it 
for reverse calculations, i.e., the RCI was estimated based on rut depth 
values. The Willoughby and Turnage model has been implemented for 
modelling the Army Training and Testing Area Carrying Capacity used 
in Army’s programme for managing training land (Sullivan, Anderson, 
2000). 

For a single pass prediction, the RCI values obtained from the 7.5–23 cm 
layer should be used, whereas for 10 passes, those from the 15–30 cm 
layer would yield the best predictions. The mean rut depth was predicted 
with an average error of  1.6 cm after one pass and 1.0 cm after 10 passes 
when the RCI values were obtained from the former and latter layers, 
respectively. In trafficability studies the maximum rut depth is even more 
important and for one pass, maximum rut depth was predicted with an 
error of  3 cm, and for 10 passes, it was predicted with an error of  4 
cm. These findings are consistent with Anttila (1998), who noted that 
the cone index values at 15 cm depth had the highest predictive power 
in rut depth estimations in Finish moraine soil (Anttila, 1998; Saarilahti, 
2002). Evidently, the rut depth increases with repeated passages, and 
the strength of  the deeper layer is mobilised for supporting the vehicle. 
Stevens et al. (2013) indicated that it may appear that the layer, which 
supports the immobilised vehicle, is the critical layer; however, this is 
not the case. 

The heavier test vehicle, i.e., XA-188 was tested only on one soil. The 
calculated RMSD was generally higher with the use of  all models. The 
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only exception (i.e., higher RMSD for the lighter test vehicle) was with 
the use of  Maclaurin’s model with CI values obtained from the 7.5–23 
cm critical layer. These findings are in line with Pirnazarov et al. (2012), 
who performed tests using a forwarder of  similar weight (unloaded 
weight of  19 170 kg) and found a close similarity between measured and 
calculated rut depths after one pass by employing Maclaurin’s model. 

The calculated multi-pass coefficients presented in Vennik et al. (2017) 
were generally in line with values proposed in literature (e.g., Saarilahti, 
2002; Pirnazarov et al., 2012; Kane et al., 2013). Saarilahti (2002) 
reported that Abebe et al. (1989) suggested a multi-pass coefficient 
value between 2 and 3 for softer soils under low loads and 4–5 for soils 
with higher bearing capacities carrying heavier loads. Pirnazarov et al. 
(2012) reported a values in the range 2–2.5 based on a field experiment 
on peat-covered sand and clay soils. According to Kane et al. (2013), 
in military rut depth studies, an a value of  2 has been used. In this 
study, the soft soil behaviours, except for the Ilmatsalu peat soil, under 
repeated test vehicle passes are indicated by the calculated coefficients 
(i.e., a values in the range 1.5–2.9). At the Ilmatsalu site, the a value was 
notably higher (i.e., 4.3); it pertained to small changes in rut depths with 
repeated passes. The high multi-pass coefficient values can be explained 
by the elastic behaviour of  peat. First, the peat at Ilmatsalu was at a 
relatively dry state. The repeated vehicle passes did not permanently 
compress or deform the peat, and a strong rebound after a vehicle pass 
was observed. 

6.4. Rut depth prediction with SoilFlex model (III)

From the comparison between measured and modelled rut depths as 
well as between measured and modelled bulk densities, it appears that 
SoilFlex yields satisfactory modelling results for certain soil types. Based 
on Fig. 4 in III, for the arable site at Kesa, a small difference was noted 
between the measured and simulated bulk density values at the surface 
layer. This could possibly be explained by the difference between the 
actual and simulated stress distributions at the tyre soil interface (Keller 
et al., 2007). However, because the measured surface bulk density 
practically remained unchanged despite the vehicle passes (Fig. 4 in 
III), it can relatively be associated with soil lateral movement and shear 
effects (O’Sullivan et al., 1999; Ansorge, Godwin, 2008; Antille et al., 
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2013); the SoilFlex model used for simulation did not account for the 
lateral movement. 

The shear displacement caused by the running gear (the driving wheels 
in this case) may result in soil dilation, i.e., volume expansion and 
corresponding decrease in bulk density. Dilation is observed when 
dense granular materials undergo shear deformation (Reynolds, 1885). 
The Kesa soil was coarse-textured (Table 1 in II), and the initial bulk 
density was considerably high for its texture (Keller, Håkansson, 2010). 
In addition, the Kesa soil was wet; the topsoil water content was similar 
to the water content at the liquid limit (Table 1 in II), resulting in a 
low shear strength (Lal, Shukla, 2004). Hence, the negligible changes 
noted in the bulk density because of  vehicle passage may therefore be a 
combination of  compaction and shear-induced dilation.

This study highlighted that multi-pass effects were not well simulated by 
the model and this was especially remarkable in the grassland soils where 
the increase in rut depth from 1 to 10 vehicle passes was considerably 
underestimated. With tyre passage, the soil moved in the vertical and 
horizontal directions; the latter type of  displacement may be larger at 
shallow depths close to the tyre–soil interface (Horn, Rostek, 2000). The 
combination of  vertical and horizontal deformations results in a kneading 
process during repeated loading; this may result in soil homogenisation 
once soil strength exceeded (Horn, 2003). Soil strength decreases during 
repeated wheeling-induced deformation because of  two effects. First, 
the degree of  saturation increases because of  the decrease in porosity 
(Peth et al., 2010); second, the homogenisation caused by kneading is 
a strain softening process (Richards et al., 1997; Horn, 2003). Under 
these conditions, deformation will not induce volume change (i.e., no 
compaction), but the soil will flow laterally away from the centreline of  
the rut (Way et al., 2005). This is consistent with the bulges of  up to 
15 cm high that were observed next to the ruts on the grassland soils 
(Laeva I and II and Ilmatsalu) after 10 vehicle passes; this can probably 
be explained by the poor prediction of  rut depth evolution from the 
first to the tenth vehicle pass for these sites (Fig. 3 in III). In particular, 
the top layer (0-15 cm depth) of  these soils were weaker, i.e., larger N 
and λ in Table 3 in III, than those of  arable soils (Kaimi I and II and 
Kesa). In addition, the higher clay content at Laeva I and II compared 
with those at the arable sites (Table 1 in II) may have induced a higher 
decrease in soil strength with an increasing degree of  saturation caused 
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by the deformation. Hence, fewer wheel passes were necessary to initiate 
soil plastic flow on the grassland soils.

In this study, only one experimental site was covered with peat soil, 
and it was not possible to make comprehensive conclusions pertaining 
to its mechanical behaviour in relation to the compaction models. 
However, the simulation of  rut depth yielded unsatisfactory results for 
the Ilmatsalu peat soil. As typical of  peat materials, this site exhibited 
an extremely low bulk density, a high compression index, and a high 
recompression index (Table 3 in III). According to Kuan et al. (2007), 
soils with higher organic material contents are vulnerable to compaction, 
but their resilience is significantly higher. Accordingly, the peat material 
at Ilmatsalu was highly compressible and elastic (Price, 2003; Mesri, 
Ajlouni, 2007). The changes observed in the peat material during the 
passages of  the test vehicle can be attributed to secondary compression 
(Mesri et al., 1997). Thus, after the hydrostatic pressure reduction in 
the pores, compressible organic particles became more tightly pressed. 
Yang et al. (2016) emphasised the importance of  the viscous and rate-
dependent mechanical behaviour of  peat materials. 

Another important aspect in modelling bulk density changes and rut 
formation is the difference in loading time. In the laboratory, mechanical 
properties were measured using an oedometer, i.e., under a uniaxial 
confined compression condition; a 30-s loading time was used for each 
stress level. The vertical stress induced by MB1017 was based on the 
simulation of  58 kPa at 0.5 m and 283 kPa at 0.2 m (Fig. 1). During the 
uniaxial compression tests, the loading times to reach these stress levels 
were 60 and 135 s. Compared to the loading duration caused by the tyre 
passage, which was 1 to 2 s (Keller et al., 2012), the loading time in the 
laboratory was two orders of  magnitude longer. Viscous strain prevailed 
during the long loading period and elastic strain during the short loading 
time (Or, Ghezzehei, 2002). Thus, the oedometer and uniaxial confined 
compression analysis did not capture the mechanical behaviour of  peat 
during vehicle traffic. 

6.5. Rut recovery and bulk density alleviation

Irrespective of  soil type or land use type, the rut depressions formed 
by one pass of  MB1017 were not clearly distinguishable after a period 
of  two years (Table 1); nevertheless, the ruts did not totally disappear. 
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However, it was no longer possible to measure rut depths because of  soil 
surface unevenness and dense grass cover. Moreover, it was noted that 
the deep rut formed by the passage of  XA-188 significantly decreased.

The summarised results on ruts passed 10 times show that the rut depths 
might not have changed naturally at all during the 2–2.5 years (Table 
1). The change in the rut profile could be related to the soil organic 
carbon content. The peat with a topsoil SOC of  25.6% (Ilmatsalu; Table 
1 in II) exhibited a high recovery rate. The decrease in rut depth in the 
track passed 10 times at Laeva II (topsoil SOC, 2.8%) was prominent. In 
addition, the height of  rut walls at Kaimi II (11.3% SOC) (Table 1 in II) 
significantly decreased during the monitoring period. In contrast, at sites 
with SOCs lower than 1%, no change in rut depth was measured. Hence, 
the high rebound rate of  the organic material probably contributed to 
the significant decrease in the rut. Results in the peat area were in line 
with those of  Abele et al. (1984). They found that the rebound in the 
depressed peat area was noticeable—the 15 cm deep depression formed 
after 50 traffic passes of  military vehicle totally rebounded after 10 years. 

Two years after the wheel traffic, the ruts at Ilmatsalu and Kaimi II were 
unevenly filled with organic materials; therefore, it can be speculated 
that the rut depth decreased because of  the erosion of  rut edges and 
the deposition of  soil materials from the side walls to the rut bases. On 
reclaimed soils (at Saverna), the recovery was significant: in two years, 
the total change in rut depth was 5.2 cm (Table 1). The rut bottoms were 
covered with eroded sidewall soil materials; frost heaving may have also 
contributed to the decrease in rut depths. In addition, it was found that 
deep ruts were more alleviated in clay soils (Laeva I) than in sandy soils 
(Kesa and Kaimi I). Prose, Wildshire (2000) reported that individual 
tank tracks on loamy sand soils were visible even after 50–60 years from 
trafficking. 

Despite some amount rut depth recovery, the bulk density in the soil 
profiles (Figs. 5–7) did not recover by natural processes within the two-
year period. Although the recovery of  20–30 cm in the Ilmatsalu peat 
soil was significant (probably because of  the high rebound rate of  peat), 
no considerable change occurred in the 8–13 cm or 14–28 cm depth at 
the Kesa sandy loam soil. Nevertheless, the bulk density profiles below 
the tracks on the clay loam soil at Laeva I that were passed once and 10 
times indicated signs of  slight alleviation. 
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The field-saturated hydraulic conductivity, Kfs, of  the undisturbed area 
at Laeva I (Table 2) was relatively high. Typically, the saturated hydraulic 
conductivity decreased with increasing clay content (Carsel, Parrish, 
1988). In this study, the Kfs value at Laeva I was similar to that of  the 
sandy loam soil at Kesa. This can be attributed to the fact that the soil 
surface at Laeva I was considerably rough, i.e., the soil surface layer 
consisted of  soil clods and large gaps between clods, which contributed 
to the high Kfs value.

One year after the rutting experiments, the Kfs value in the soil surface 
layer in the once passed rut was not significantly different from that in 
the undisturbed area of  all measured sites (Table 2). Thorud, Frissel 
(1976) demonstrated that recovery was faster at the surface than at the 
subsurface layer because the former was exposed to greater weathering 
and environmental extremes (Webb, 2002). However, the rut bottoms 
passed 10 times still significantly impeded water infiltration. As a result 
of  repeated passes, apart from compaction, wheel–soil shearing at the 
interface was significant; this disrupted soil pore continuity. In this study, 
this effect was found to be more significant for clay soils. After the two-
year recovery period, the Kfs value in the rut passed 10 times was still 
significantly lower compared to that in the undisturbed area at Laeva I.

It can be concluded that severely disturbed areas, such as soils deformed 
by vehicle multi-passes, did not recover because of  natural processes 
within two years. The recovery intensity was higher in soils with high 
organic matter content; thus, it can be expected to be generally higher 
in natural grassland areas. In mineral soils, the change in rut depth was 
small; severely compacted layers were not loosened because of  natural 
processes, and water infiltration was still restricted.
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7. CONCLUSIONS

In the present study, rut formation resulting from the passage of  military 
vehicles under wet conditions, i.e., the conditions where the soil water 
content was higher than that in the soil plastic limit, was investigated. 
The study primarily focused on military logistic vehicles equipped with 
tyres having high inflation pressures for cross-country conditions. The 
natural recovery of  ruts after two years was studied. According to the 
results, the following conclusions can be made: 

•	 The type of  land use significantly influences rut depth formation. 
Deeper ruts were formed in natural grassland areas compared to 
those in arable land, i.e., on average, 5.7 cm vs. 3 cm after one 
pass and 17.6 cm vs. 7.3 cm after 10 passes of  the 7-Mg military 
truck, respectively. Moreover, the rut depth variability, i.e., the 
difference between the minimum and maximum rut depths, 
within a track was higher for natural grassland soils (on average, 
10 cm after one pass and 19 cm after 10 passes). In cultivated 
areas, the variability in soil physical properties is lower, and 
soil mechanical strength is higher than in natural land because 
of  the pre-compaction caused by agricultural field operations; 
consequently, rut depths are less variable. On average, the 
differences between the minimum and maximum rut depths 
were 3 cm after one pass and 7 cm after 10 passes in arable land. 
Therefore, under typical conditions, smaller soil deformations, 
mainly in the vertical direction, were dominant under vehicles 
that traverse arable soils. On natural grassland soils, ruts were 
partly formed because of  the plastic flow and lateral movement 
of  the soil.

•	 Deeper ruts evolve as a result of  the passage of  heavier (i.e., 
higher wheel load) military vehicles compared to those created 
by vehicles with a lower wheel load using the same inflation 
pressure. After one pass, the 23-Mg XA-188 created a 15.6-cm 
rut depth on a natural grassland. A higher wheel load caused 
higher stresses to the topsoil and subsoil; in turn, these led to the 
active plastic flow in the topsoil and compaction of  the deeper 
layer. 
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•	 The repeated passages of  military vehicles result in deeper rut 
formations. However, the increase was lower on arable sites 
(average of  4.4 cm) than on natural grassland sites (average of  
11.5 cm). On sandy soil, the first passes formed the deepest rut, 
and in clay-rich soils, the rut depth increased linearly with the 
number of  passages. 

•	 Used alone, topsoil bulk density is a poor parameter for 
determining rut formation. Under a traversing vehicle, the 
mechanical behaviour of  soil and rut formation depends on the 
organic material content, clay content, and subsoil bulk density. 
Organic materials and clay particles under wet conditions tend 
to move laterally instead of  being compacted. A high subsoil 
bulk density hinders deep rut formation. 

•	 The precompression stress that is determined by the oedometer 
under a uniaxial confined compression condition is not a usable 
indicator for rut depth predictions. Because deeper ruts are 
formed as a result of  soil lateral movement, the stress level 
value that indicates unrecoverable compaction does not reflect 
the formation of  ruts. The compression index can possibly be 
related to rut depth formation. 

•	 Accurate predictions of  rut depths generated by military 
vehicles after one and repeated passes can be made using cone 
index-based models. Equally good results for soils with different 
textures and of  different land use types can be obtained by means 
of  rut depth predictions. Thus, the cone index (CI) or rating 
cone index (RCI) can reflects the soil’s compressive and shear 
strength characteristics in relation to rut formation considerably 
well. 

•	 Rut depths caused by military vehicles on soils at or near the 
plastic state can be well predicted with the Willoughby and 
Turnage model. However, the selection of  the critical layer is 
crucial for this purpose. For the one-pass prediction, the RCI 
values obtained from the 7.5–23 cm layer should be used; an 
average rut depth prediction error of  1.6 cm can be expected. 
For the 10 pass-prediction, the RCI values obtained from the 
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15–30 cm layer can yield the best predictions with an average 
error of  1.0 cm. 

•	 The analytical soil compaction model, SoilFlex, can adequately 
predict rut depths after both 1 and 10 vehicle passes on arable 
soils. The average difference between the measured and predicted 
rut depths was 0.9 cm. Moreover, the rut depth after one vehicle 
pass on the grassland soil was well estimated; its difference 
from the actual depth was 5.6 cm. However, the increase in 
rut depth from 1 to 10 passes on grassland sites were largely 
underestimated (14.5 and 3.6 cm average measured increase and 
predicted increase, respectively); on peat soil, it was overestimated 
(6.1 cm and 18.4 cm, respectively). Soil deformations caused by 
shear stresses have to be included in the model to achieve better 
prediction results for multi-pass situations. 

•	 Ruts can naturally recover depending on the land use type of  the 
trafficked area and soil texture. However, total recovery requires 
a period longer than two years. In areas used for agriculture that 
have higher bulk densities because of  their precompaction states 
(an average of  1.3 Mg m−3 in the topsoil) and lower organic 
material contents (SOC lower than 1.3%), the natural recovery 
rate is slow. A high clay content (higher than 30%) impedes 
water infiltration recovery. In natural grassland soils, the natural 
alleviation of  ruts will more probably occur primarily because 
of  the higher organic material content (SOC higher than 2.4%). 

•	 The number of  passes should be kept as low as possible. The 
natural recovery from rut depth and soil compaction and the 
recovery of  water infiltration rates is higher in ruts passed once 
by a military vehicle. 

Application of  research results in agriculture
Based on the results of  this study, the following direct conclusions, 
which are anticipated to be useful for farmers and agricultural advisors, 
are obtained.

1. Compaction is the predominant process in rut formation on 
arable soil; in natural grassland soils, lateral soil displacement is 
also important. 
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2. The appearance of  ruts on arable land indicates the presence 
of  compaction. However, the most compacted layer might not 
necessarily be directly below the bottom of  the rut but at a greater 
depth. In general, deeper ruts signify more severe compaction. 

3. Logistic military trucks with high tyre inflation pressures (up to 
650 kPa) produce considerably higher topsoil stresses compared 
to agricultural vehicles (tyre inflation pressures are normally in 
the range 60–250 kPa); thus, a more severe topsoil compaction 
is generated by the former. However, the compaction of  deeper 
layers does not differ significantly after the passages of  these 
vehicles because the wheel loads of  military and agricultural 
vehicles are in the same range. 

4. As shown in this study, the rut depth because of  one or 
repeated passages of  military vehicles on the arable area could 
be adequately predicted based on penetrometer measurements 
using the Willoughby and Turnage model and the compaction 
model, SoilFlex. A compaction model (e.g., SoilFlex) provides 
information pertaining to vehicle traffic influence on the entire 
soil profile; therefore, it can identify the depth of  compaction.

5. The natural recovery of  the area passed once is higher compared 
to the recovery of  the area passed 10 times. The rut depth and 
water infiltration rates on soil surface are alleviated within a year 
in the area passed once. However, the recovery of  the compacted 
layer requires a period that is significantly longer than two years. 
In the areas passed 10 times, considerable changes do not appear 
within two years. 

6. The number of  military vehicle passes should therefore be kept 
as small as possible to avoid severe and long-lasting compaction.

7. Natural recovery rates after compaction caused by vehicular 
traffic are found to be higher in soils with higher organic matter 
contents. 

Problems that require further research:
•	 This study reveals that heavier vehicles, i.e., vehicles with a 

higher wheel load, will form deeper ruts on natural grassland 
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soils. However, the tested soils most probably had disturbed 
profiles from the past that contributed to deep rut formation. 
Thus, further investigations are necessary to clearly specify the 
processes that determine rut formation under higher wheel 
loads on soils with different precompaction states and textures. 
In addition, the difference among soil deformations that results 
from different numbers of  passes and wheel loads has to be 
resolved. Furthermore, the suitability of  Maclaurin’s cone index 
model to predict rut depths under heavier vehicles should be 
studied. 

•	 The main objective of  the study is to investigate rut formation 
in moist soil. Considering that soil water content is a key variable 
in soil mechanical behaviour, soil interaction and rut formation 
with a running gear under drier soil conditions have to be studied. 

•	 In this study, rutting under the steady-state movement condition 
that can be called static rutting is determined. Because excessive 
slip in the running gear and soil interaction frequently occur, 
additional sinkage occurs because of  slips. Further studies are 
required to clarify the dynamics during wheel passage on different 
types of  soils. In future investigations, slip sinkage effects on 
different soil types have to be measured and simulated. 

•	 A better theoretical framework of  multi-pass effects on arable 
soils, but especially on soft soils, i.e., soils with higher organic 
matter contents and lower bulk densities, is necessary. Shear 
deformation and plastic flow calculations should be included 
in analytical compaction models to improve rut formation 
predictions. 

•	 The mechanical behaviour of  highly organic soils and peat 
during wheeling has to be studied further in detail. Enhanced 
investigations are necessary to consider the viscous and rate-
dependent behaviour of  organic materials.
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SUMMARY IN ESTONIAN

EESTI MULDADEL MILITAARSÕIDUKITE ÜLESÕITUDE 
TULEMUSENA KUJUNENUD ROOPAD JA NENDE 

LOODUSLIK TAASTUMINE

Sissejuhatus

Mulla degradatsioon maastikul liikuvate nii põllumajandus-, metsandus- 
kui ka militaarsõidukite tõttu on probleem kogu maailmas (Raper, 2005; 
Wong, 2008; Cambi et al., 2015). Liikuva sõiduki surve all tihendatud 
mullakihid takistavad sademevee filtratsiooni ja liikumist, suurendades 
sellega pinnavee äravoolu ja mulla erosiooni (Halvorson et al., 2003; 
Diersing et al., 1988; Retta et al., 2014). Sõidukite liikumine kahjustab 
otseselt taimede juuri ja peale selle piirab tihe mullakiht juurte levikut 
mullas. Sellepärast taime areng pidurdub ja see väljendub lõpuks 
väiksemas saagikuses (Ayers, 1994; Palazzo et al., 2005; Reintam et al., 
2008). Üks esimesi silmanähtavaid mulla kahjustamise tunnuseid on 
sõidukist mahajäänud rajad ja roopad (Raper, 2005). Mulda kujunenud 
vagumused võivad looduslike protsesside tulemusena (Webb, 2002; 
Raper, 2005), sõltuvalt mulla füüsikalistest omadustest (Fernández 
et al., 2015), küll tasanduda, kuid mulla struktuuri ning funktsioonide 
taastumiseks võib kuluda aastakümneid ja isegi sajandeid (Prose, 1985; 
Trumbull et al., 1994; Webb, 2002).

Kaitseväe sõidukite ülesanne on tagada relvastatud üksuste mobiilsus 
(st kiirus ja liikumisvabadus) ja logistiline toetus, kuid sellega kaasneb 
vajadus sõita nii teedel kui ka maastikul (Hohl, 2007; Margiotta, 2000; 
Hornback, 1998; Unger, 1988). Liikumisel selleks ettevalmistamata 
maastikul tekivad sageli probleemid läbivusega (Wong, 2008), sealhulgas 
sügavad roopad (Evans, 1964). Varasemad uurimused lubavad järeldada, 
et 10 cm sügavamate roobaste korral kasvab märkimisväärselt sõiduki 
liikumist takistav jõud (Saarilahti, 2002), aeglustub liikumiskiirus ja 
suureneb kulutatava kütuse hulk. Teadmised maastiku, sealhulgas mulla 
mõjust ja roobaste kujunemisest nii lahingmasinate kui ka lahingu 
toetuseks rakendatavate veoautode rataste all (Hohl, 2007) on kaitseväe 
tegevuse planeerimisel kriitilise tähtsusega.
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Roopad kujunevad liikuva sõiduki vertikaalsest survest nagu ka 
nihkepingest põhjustatud mulla vertikaalse ja lateraalse deformatsiooni 
tulemusena (Liu et al., 2009). Roopa sügavust mõjutavad ratta koormus, 
rehvirõhu suurus ja rehvi mõõtmed (Botta et al., 2006), sõidukiirus 
(Horn et al., 1989), ületuste arv ning liikumisviis: otse liikumine või 
pööramine (Ayers, 1994; Liu et al., 2009). Üldiselt kujunevad raskema 
sõiduki ja samas rajas tehtavate suurema arvu ületuste puhul mulda ka 
sügavamad roopad (Raper et al., 1995; Braunack, Williams, 1993; Way 
et al., 1997; Botta et al., 2009; Liu et al., 2011). Mulla deformatsiooni 
liikuva sõiduki all mõjutavad järgmised mulla füüsikalised omadused: 
lasuvustihedus, lõimis, orgaanilise aine sisaldus ja veesisaldus (Lal, Shukla, 
2004; Raper, 2005), aga ka maakasutus. Üldiselt kujunevad sügavamad 
roopad märgades muldades (Braunack, Williams, 1993; Stevens et al., 
2016) ning väiksema lasuvustihedusega mullad on tihendamise suhtes 
tundlikumad (Horn, Fleige, 2003; van Asselan et al., 2009). Kui muldade 
deformatsiooni haritavatel aladel on palju uuritud, siis looduslikel 
rohumaadel, kus senised uurimused on näidanud suuremat roopasügavust 
(Affleck, 2005), on teadmised nii Eestis kui ka maailmas piiratud.

Roopasügavuse ennustamiseks saab kasutada erinevaid mulla tihenemise 
mudeleid (Keller et al., 2007), aga ka mudeleid, mis baseeruvad 
penetromeetriga mõõdetavatel väärtustel (Willoughby, Turnage, 1990; 
Maclaurin, 1990; Jones et al., 2005). Samuti on eeltihenemise survet 
seostatud roopasügavusega (Hemmat et al., 2014). Eeltihenemise survet 
ja tihenemise mudeleid on siiani rakendatud põllumaadel ning nende 
rakendatavus seoses militaarsõidukitega on looduslikel aladel uurimata.

Käesolevas doktoritöös käsitletakse roopasügavuse kujunemist ja 
ennustamist märgadel, erineva lõimise, orgaanilise aine sisalduse ning 
maakasutusega muldadel militaarse logistilise veoauto (MB1017) ja 
lahingsoomuki (XA-188) liikumise tulemusena.

Töö hüpoteesid on: 

•	 Sügavamad roopad kujunevad peeneteralise lõimise, orgaanilise 
aine suurema sisaldusega ja väiksema lasuvustihedusega ning 
harimata muldadel sõiduki all, mille ratta koormus ja ületuste arv 
on suurem.
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•	 Mulla eeltihenemise survet on võimalik seostada militaarsõidukite 
ületuste tulemusena kujunenud roopasügavusega ja penetromeetri 
mõõtmiste baasil ennustusi tegevaid mudeleid saab edukalt 
rakendada roopasügavuse prognoosimiseks. Seejuures on 
kriitilise tähtsusega penetromeetri väärtuste mõõtmise sügavus.

•	 SoilFlexi mulla tihenemise mudelit saab edukalt rakendada 
roopasügavuse prognoosimiseks põllumaadel, kuid looduslikel 
aladel on selle ennustusvõime puudulik.

•	 Roopad tasanduvad ja tihenenud mullakihid taastuvad looduslike 
protsesside tulemusena. Taastumine on kiirem suurema 
orgaanilise aine sisalduse ja peeneteralise tekstuuriga muldades.

Tulenevalt hüpoteesidest on käesoleva doktoritöö eesmärgid järgmised.

1. Mõõta erinevatel muldadel erineva rattakoormusega 
kaitseväesõidukite ühekordsete ja korduvate ületuste tulemustena 
kujunenud roobaste sügavus (I, II, III).

2. Analüüsida erinevatel muldadel eeltihenemise surve ja 
militaarsõidukite ületuste tulemusena kujunenud roobaste 
sügavuste vahelist seost (I).

3. Analüüsida roopasügavuse ennustamisel nii penetromeetri 
väärtuste baasil töötavate ennustusmudelite kui ka mulla 
tihenemise mudeli võimekust (II, III).

4. Määratleda mulla füüsikaliste omaduste mõju roopasügavusele 
(I, II, III).

5. Jälgida kahe aasta jooksul roobastes toimuvaid looduslikke 
muutusi ja uurida mulla füüsikaliste omaduste mõju looduslikule 
taastumisele.
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Materjal ja metoodika

Lõuna-Eesti põldudel ja looduslikel rohumaadel viidi aastatel 2013–
2014 läbi kaheksa katset (tabel 1, III). Maastikust ülesõitudeks ja 
roobaste moodustamiseks kasutati peamiselt kaheteljelist logistilist 
veoautot MB1017, vaid Saverna mõõdukohas rakendati kolmeteljelist 
soomustransportööri XA-188 (tabel 2, III). Nimetatud katsesõidukid 
tegid tasasel eksperimendialal ühe ületuse Sirvaku ja Saverna 
mõõdukohtades, ülejäänud uurimisaladel nii ühe ületuse kui ka eraldi 
alal samas roopas kümme ületust. Roobaste pikkuseks oli vähemalt 50 
meetrit ning katsesõidukite liikumiskiirus kuni 5 km/h–1. Ületuste järel 
mõõdeti roopa kõige sügavamas osas sügavused (võrdluspinnaks oli 
ümbritsev mõjutamata maapind) joonlauaga iga 1–5 m tagant. Vallide 
esinemisel rööbaste ümber fikseeriti ka nende kõrgused.

Koonilise penetromeetriga (koonuse tipunurk 30°, koonuse põhjapindala 
3,33 cm2) fikseeriti roobaste ümbruses (kuni 1 m roobastest) 20 korduses 
tugevusväärtused 0 cm, 15 cm, 30 cm, 45 cm sügavusel. Veel mõõdeti 
mulla tugevuse muutus ehk remolding index (täpsem metoodika esitatud 
Vennik et al., 2017) mulla sügavuse vahemikes 0–15 cm, 7,5–23 cm, 
15–30 cm kolmes korduses. Rikkumata mullaproovid koguti silindritega 
(235,5 cm3) 0 cm, 15 cm või 20 cm sügavuselt huumushorisondist ja 
35 cm või 40 cm sügavuselt huumushorisondi alt roobaste kõrvalt kahes 
korduses eeltihenemise surve mõõtmiseks Casagrande’i meetodil (1936), 
mulla mehaaniliste omaduste ning niiskussisalduse määramiseks laboris. 
Lisaks koguti eraldi mulda huumuskihist ja selle alusest kihist ning sellest 
määrati lõimis pipettmeetodil (Robinson, 1922), orgaanilise aine sisaldus 
Tjurini meetodil (Vorobyova, 1998), plastsuspiir rullimise meetodil 
(McBride, 1993), voolavuspiir Casagrande’i aparaadi abil (McBride, 1993) 
ja tahke faasi tihedus püknomeetriga. Plastilisuse indeks leiti voolavuspiiri 
ja plastsuspiiri vahena. Lasuvustiheduse määramiseks koguti ühe- ja 
kümnekordselt ületatud roobastest ning tallamata alalt mullaproovid 
silindritega (88,2 cm3) 0, 5, 10, 15, 20, 30 ja 40 cm sügavuselt (sügavuse 
määramise aluseks oli vastavalt mõjutamata maapind või roobaste 
põhjad) neljas korduses. Looduslike muutuste selgitamiseks roobastes 
koguti mullaproovid lasuvustiheduse määramiseks uuesti 2–2,5 aasta 
pärast Kesa, Laeva I ja Ilmatsalu mõõdukohtadest. Lisaks fikseeriti 
maapinnal ning ühe- ja kümnekordselt ületatud roobaste põhjades 
küllastunud mulla veejuhtivus viies korduses, kasutades Bagarello et al. 
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(2004) esitatud meetodit. Kõikides eksperimendialades mõõdeti uuesti 
roopasügavus.

Mulla lasuvustiheduse muutused roobastes ja SoilFlexi rakendamise 
alused roopasügavuse modelleerimisel on täpsemalt lahti kirjutanud 
Vennik et al 2019. Eeltihenemise surve statistilise erinevuse võrdluseks 
erinevate kihtide, maakasutuse ja mulla tüüpide vahel, samuti 
küllastunud mulla veejuhtivuse erinevuse ning muutuse analüüsiks 
kasutati t-testi. Regressioon- ja korrelatsioonanalüüsi abil määratleti 
vastavalt seos eeltihenemise surve ja roopasügavuse ning tihenemise 
indeksi ja roopasügavuse vahel. Ruutkeskmise erinevusi (root 
mean square differences, RMSD) ja regressioonanalüüsi rakendati 
penetromeetri mõõtmistel baseeruvate mudelite sobivuse hindamiseks. 
Dispersioonanalüüsiga määratleti maakasutuse ja mulla tüüpide mõju 
roopasügavusele. Olulisusnivooks määrati 0,05. Tulemuste statistiliseks 
analüüsiks rakendati R-i (R Core Team, 2015) ja MS Exceli programmi.

Tulemused ja arutelu

Mõõdetud roopasügavused 

Katsete tegemise ajal oli mineraalmuldade huumuskihi veesisaldus 
suurem kui plastsuspiir (tabel 1, II), seega olid mullad tihendamisele 
kõige vastuvõtlikumas seisundis (Lal, Shukla, 2004). Turbamuld oli 
hinnanguliselt suhteliselt kuiv. MB1017 esmasel ületusel kujunesid 
põllumaadel roopad keskmise sügavusega 2,5–3,3 cm ning looduslikel 
rohumaadel sügavusega 4,3–7,3 cm (tabel 2, II). Sügavaim roobas pärast 
üht ületust kujunes XA-188 liikumise tulemusena: keskmine sügavus 
15,6 cm (tabel 2, II). Maksimaalselt kuni 22 cm ulatunud roobaste 
kujunemine oli ilmselt seotud asjaoluga, et antud mõõdukohas (Saverna) 
oli mullaprofiili väga tõenäoliselt mõjutanud inimtegevus. Huumuskihi 
aluses kihis oli orgaanilise aine sisaldus suurem kui huumuskihis 
ning lasuvustihedus ei suurenenud sügavuse kasvades (tabel 1, II). 
Segamini pööratud mullakihtide struktuuri taastumine kestab aastaid 
(Tobias et al., 2008) ja senikaua on muld vähese tugevusega. MB1017 
kümnekordsete ülesõitude tulemusena kasvas roopasügavus kõikidel 
katsealadel. Sügavuse kasv oli selgelt suurem looduslikel rohumaadel, 
jäädes vahemikku 6,1–15,2 cm, võrreldes põllumaadega, kus see jäi 
vahemikku 3,8–5,4 cm.
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Roopasügavuste modelleerimine 

Eeltihenemise surve jäi põldudel pindmises kihis vahemikku 8–20 kPa ja 
looduslikel rohumaadel vahemikku 8–25 kPa (tabel 2, I). Huumusaluses 
kihis olid haritavatel aladel väärtused vahemikus 45–126 kPa, looduslikel 
rohumaadel 63–199 kPa (tabel 2, I), olles üldiselt suuremad rohke 
savisisaldusega muldades. Turbal olid vastavate kihtide keskmised 
19 kPa ja 44 kPa. Pealmistes kihtides oli eeltihenemise surve võrreldes 
teiste autorite määratud väärtustega (Arvidsson, Keller, 2004; Horn 
et al., 2004; Saffih-Hdadi et al., 2009) väga väike. See võib olla tingitud 
suurest veesisaldusest, kuid põhjuseks võib olla ka fakt, et elastse 
ja plastse deformatsiooni puhul tihti selge piirväärtus puudub ning 
üleminek ühelt deformatsiooni tüübilt teisele on pigem astmeline 
(Salier et al., 1994; Berli, 2001; Arvidsson, Keller, 2004). Seos kõikide 
mõõdukohtade roopasügavuse ja eeltihenemise suurvete vahel nii 
pinnakihis kui ka huumusaluses kihis puudus (joonis 1 ja 2). Küll aga 
oli korrelatsioonikordaja pindmise kihi tihenemise indeksi ja ühekordselt 
MB1017 poolt ületatud roopasügavuse vahel 0.6.

Sügavusvahemikest 0–15 cm, 7,5–23 cm ja 15–30 cm mõõdetud 
penetromeetri väärtuste keskmiste ning Willoughby ja Turnage, 
Maclaurin (1990) ning US Army Engineer Research and Development 
Centre (ERDC) mudelite alusel leitud roopasügavuse väärtused on 
toodud tabelis 2 (II). Modelleeritud ja mõõdetud roopasügavuse RMSD 
väärtused on toodud tabelis 3 (II). Lähtudes RMSD keskmistest ja 
standardhälbe väärtustest, on roopasügavust pärast ühekordset ületust 
ennustatud kõige täpsemalt Willoughby ja Turnage’i mudeli abil koos 
penetromeetri väärtustega kihist 7,5–23 cm sügavusel. Keskmine 
RMSD oli väikseim pärast kümmet ületust, kasutades penetromeetri 
mõõdetud väärtusi 15–30 cm sügavusest kihist. Seega võib järeldada, et 
korduvate ületustega muutub järjest tähtsamaks sügavamate mullakihtide 
tugevus. MB1017-ga moodustatud roobaste puhul sobisid Willoughby 
ja Tunage’i mudeliga tehtud ennustused ühtemoodi hästi erineva 
lõimise, lasuvustiheduse ja maakasutusega muldadele. Antud mudeli 
sobivust roopasügavuse ennustamiseks nagu ka vastavatest sügavustest 
penetromeetri väärtuste fikseerimise sobilikkust on näidanud ka teised 
autorid (Anttila, 1998; Sullivan, Anderson, 2000; Saarilahti, 2002; Nam 
et al 2010). Pärast ühekordset ületust ühes mõõdukohas ennustas kõige 
paremini raskema sõiduki (XA-188) all kujunenud roopaid Maclaurini 
(1990) mudeli rakendamine.
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Tihenemise mudelis SoilFlexi rakendati eksperimendisõidukite vertikaalse 
surve modelleerimisel (joonis 1) maksimaalseks kontaktsurveks 
väärtust 975 kPa ehk rehvirõhu korrutist 1,5 (Keller, Arvidsson, 2004). 
Modelleerimisel eeldati paraboolset vertikaalse kontaktsurve jaotust ning 
keskmiseks kontaktsurveks kujunes MB1017 puhul 634 kPa ja XA-188 
puhul 656 kPA. Võrdluseks, kõval aluspinnal mõõdetud staatiline 
kontaktsurve oli MB1017 all 344 kPa ja XA-188 all 323 kPa. Joonisel 1 
esitatud modelleeritud MB1017 surve suurus erineval sügavusel vastab 
8 Mg kogumassi ja 390 kPa rehvirõhuga kaitseväe veoauto all Pytka et al. 
(2006) mõõdetud väärtustele. Võrreldes põllumajanduses kasutatavate 
ratassõidukite tavaliste rehvirõhkudega, mis jäävad vahemikku 
60–250 kPa, on militaarse logistilise veoauto avaldatav rõhk tunduvalt 
suurem. Rehvirõhu reguleerimise seadeldistega varustatud taktikaliste 
veoautode all on surve võrreldav põllumajandustehnika avaldatava 
survega.

SoilFlexi tihenemise mudeliga modelleeritud roopasügavus vastab 
mõõdetud roobaste sügavusele (keskmine viga 0–2 cm) pärast MB1017 
ühte ja kümmet ületust haritavatel maadel (joonis 3, III). Looduslikel 
rohumaadel olid aga erinevused ennustatud ja mõõdetud väärtuste vahel 
suured: pärast ühte ületust oli erinevus vahemikus 3–10 cm, pärast 
kümmet ületust vahemikus 7–21,3 cm. Kui modelleeritud lasuvustihedus 
põllumaadel (saviliivasel mullal Kesa mõõdukoha näitel joonis 4 (III)) 
olid sarnane mõõdetud lasuvusihedusega, siis looduslikel rohumaadel 
esines märkimisväärseid erinevusi. Näiteks savisel loodusliku rohumaa 
mullal Laeva I mõõdukohas (joonis 5, III) ennustati pärast ühte ületust 
toimunud muutusi päris hästi, kuid pärast kümmet ületust vastas 
modelleeritud lasuvustihedus mõõdetud väärtustele sügavamal kui 20 cm 
kihtides. Seejuures oli roopasügavust 7 cm alahinnatud ja need tulemused 
viitavad mulla lateraalsele deformatsioonile. Mulla tugevus ja vastupanu 
sõiduki ületusele on märjas savimullas vähese sidususe tõttu väike ning 
seetõttu kasvab roopasügavus lineaarselt ületuste arvuga (Meek, 1996). 
Antud mullale tüüpilised mikro- ja mesopoorid on täidetud veega ning et 
vesi ei ole kokkusurutav, domineerib mulla aktiivne külgedele liikumine 
(Way et al., 2005; Ampoorter et al., 2010). SoilFlexi tihenemise mudel ei 
modelleerinud nihkepingest tulenevaid mulla deformatsioone.
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Ilmatsalus katsete järel turbamullal mõõdetud lasuvustiheduste 
väärtused (joonis 6, III) lubavad järeldada, et MB1017 ületustega ei 
toimunud mulla märkimisväärset tihendamist. Kümme korda ületatud 
roopas esines vaid vähesel määral 20–30 cm sügavusel tihendatud kiht. 
Turbasse jäänud sügav roobas nagu ka roobaste ümber kujunenud vallid 
kõrgusega kuni 15 cm viitavad mulla lateraalsele liikumisele. Tugevasti 
ülehinnatud sügav roobas (kuni 21,3 cm) kujunes SoilFlexi mudeli järgi 
turbamaterjali märkimisväärse tihendamise tõttu. Laboris fikseeritud 
muutused võivad olla seotud turba sekundaarse tihenemisega (Mesri 
et al., 1997) nagu ka asjaoluga, et orgaanilise aine osakesed ei ole jäigad, 
vaid surve mõjul kokkusurutavad (Yang et al., 2016). Peale selle on tähtis 
osa surve ajalisel kestusel. Maastikul kestab ratta koormus 1–2 sekundit 
(Keller et al., 2012), kuid laboris survestati mulda sama suure koormuse 
saavutamiseks ligikaudu 3 minutit. Or ja Ghezzehei (2002) näitasid, et 
elastne deformatsioon on valdav lühikese koormamise ajal, kuid pikemal 
perioodil kasvab viskoosne deformatsioon.

Roobaste looduslik taastumine

Loodusliku taastumise käigus 2–2,5 a jooksul vähenesid MB1017 
tekitatud ühekordsed roopad märkimisväärselt. Rajad olid veel 
aimatavad, kuid lõplikku sügavust ei olnud maastiku üldise ebatasasuse 
tõttu enam võimalik täpselt mõõta (tabel 1). Ka XA-188 moodustatud 
sügavam roobas täitus osaliselt roopa servadest pärineva murendiga 
(tabel 1). Olulised erinevused esinesid aga kümme korda ületatud 
roobaste taastumises. Põllumaadel püsis roopasügavus praktiliselt 
muutumatuna, looduslikel rohumaadel oli roopasügavuse madaldumine 
tähtis, vahemikus 3,2–7,8 cm (tabel 1). Küllastunud mulla veejuhtivus 
oli ühe aasta pärast samasugune ühekordselt tallatud roopas ja tallamata 
alal. Kümme korda ületatud roobastes oli see mõõdetud asukohtades 
(Ilmatalu turbamullal, Laeva I savisel loodusliku rohumaa mullal ja 
Kesa mõõdukoha saviliivasel põllumullal) palju väiksem kui tallamata 
aladel (tabel 2). Kaks aastat pärast katsete tegemist oli küllastunud 
mulla veejuhtivus kõikides mõõdukohtades märkimisväärselt kasvanud. 
Suur erinevus võrreldes tallamata alaga püsis vaid savimullal Laeva I 
mõõdukohas. Kui saviliivasel põllumullal (Kesa) ei toimunud kahe aasta 
jooksul (joonis 5) ühekordselt ja kümnekordselt tallatud roobastes suuri 
lasuvustiheduse muutusi, siis savimullal ning turbamullal oli tihedus 
vähenenud (joonised 6 ja 7).
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Järeldused

•	 Militaarsõidukite ületuse tulemusena märjal mullal kujunevate 
roobaste sügavus sõltub maakasutusest: sügavamad roopad 
MB1017 all kujunesid looduslikel rohumaadel mulla lateraalse 
deformatsiooni tõttu, olles pärast ühte ületust 5,7 cm ja pärast 
kümmet ületust keskmiselt 17,6 cm. Põllumaadel, kus ülesõitude 
põhiline tagajärg on mulla tihenemine, olid roopad madalamad 
ning esmase ületuse järel keskmiselt 3 cm sügavused ja kümne 
ületuse järel keskmiselt 7,3 cm sügavused.

•	 Raskema sõiduki (st suurema rattakoormusega) all kujunesid 
pealmiste mullakihtide vertikaalse ja lateraalse deformatsiooni 
nagu ka sügavamate mullakihtide tihendamise tõttu sügavamad 
roopad. Looduslikul rohumaal oli see 23 Mg kogumassiga 
sõiduki XA-188 all 15,6 cm.

•	 Korduvate ületustega muutusid roopad palju sügavamaks. 
Roopasügavuse kasv oli seejuures suurem looduslikel rohumaadel 
(keskmiselt 11,5 cm) kui põllumaadel (keskmisel 4,4 cm). Kui 
liivastel muldadel moodustus esimeste ületustega sügavaim 
roobas, siis savimuldadel kasvas roopasügavus aga lineaarselt 
ületuste arvuga.

•	 Mulla huumuskihi lasuvustihedust üksinda ei saa roopasügavuse 
indikaatorina rakendada, sest mulla deformatsioon liikuva 
sõiduki all sõltub veel orgaanilise materjali ja savisisaldusest, aga 
ka huumusaluse kihi lasuvustihedusest. Märgades oludes (mulla 
veesisaldus on suurem plastsuspiirist) kalduvad orgaaniline aine 
ja saviosakesed tihenemise asemel liikuma lateraalselt ning suur 
lasuvustihedus ligikaudu 30 cm sügavusel takistab sügava roopa 
kujunemist.

•	 Eeltihenemise surve ei ole erineva maakasutusega muldade 
puhul roopasügavuse ennustamiseks kastutatav. Kuna 
sügavamad roopad kujunevad mulla lateraalse deformatsiooni 
tõttu, ei peegelda surve väärtus, mis põhjustab mulla plastilist 
deformatsiooni, roopa tegelikku sügavust.
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•	 Kõige täpsemini ennustas militaarmasinate ületuste tulemusena 
kujunevat roopasügavust penetromeetri mõõtmistel baseeruv 
Willoughby ja Turnage’i mudel. Ennustused olid võrdselt detailsed 
põldude, looduslike rohumaade, aga ka turbamuldade puhul. 
Roopasügavuse ennustamiseks ühe ületuse tulemusena tuleks 
rakendada penetromeetri väärtusi kihist 7,5–23 cm ja kümne 
ületuse tegemisel kihist 15–30 cm. Ennustuste keskmine viga jäi 
vahemikku 1–2 cm. Seega, penetromeeter on sobilik töövahend 
nii mulla tihenemise kui ka nihketugevuse iseloomustamiseks.

•	 SoilFlexi mulla tihenemise mudel sobis roopasügavuse 
ennustamiseks põllumaadel, eriti ühe ületuse järel, aga üldjoontes 
ka kümne ületuse järel. Keskmine ennustuse viga ületuste erineva 
arvu puhul oli 0,9 cm. Looduslikel rohumaadel oli esmane 
ületus suhteliselt hästi modelleeritud (viga 5,6 cm), kuid kümne 
ületuse järel oli roopa kasv tugevasti alahinnatud (mõõdetud 
keskmine kasv 14,5 cm ja ennustatud kasv 3,6 cm). Turbaaladel 
oli roopasügavuse kasv ülehinnatud (6,1 cm versus 18,4 cm). 
Täpsema tulemuse saavutamiseks tuleb tihenemise mudelisse 
kaasata nihkepingetest tulenev mulla deformatsioon.

•	 Mulda kujunenud roopad ja tihendatud kihid taastuvad 
looduslike protsesside tulemusena, kuid taastumise aeg on 
tunduvalt pikem kui kaks aastat ning taastumine sõltub maa 
kasutusest ja mulla lõimisest. Põllumaadel, kus maa harimise 
tõttu on üldiselt lasuvustihedus suurem (huumuskihis keskmiselt 
1,3 Mg m–3) ja orgaanilise aine sisaldus väiksem (madalam kui 
1,3%), oli taastumise intensiivsus väiksem. Looduslikel aladel 
toimus taastumine intensiivsemalt, eelkõige orgaanilise aine 
suurema sisalduse tõttu (kõrgem kui 2,4%). Siiski takistas suur 
savisisaldus (üle 30%) vee filtratsiooni kiirenemist.

Soovitused põllumajanduse tarbeks

•	 Kuna haritavatel maadel kujunevad roopad põhiliselt tihendamise 
tulemusena, siis viitavad roopad tihendatud kihi olemasolule. 
Seejuures ei pruugi tihendatud kiht paikneda otse roopa põhjas, 
vaid sügavamal.
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•	 Kaitseväe logistilise veoautode suur rehvirõhk (kuni 650 kPa) 
– võrdluseks on põllumajandussõidukite rehvirõhk enamasti 
vahemikus 60–250 kPa – põhjustab suurt survet mulla huumuskihis 
ning seega märkimisväärset tihenemist. Sügavamatele kihtidele 
on surve nii põllumajandus- kui ka kaitseväe sõidukite puhul 
sarnane, sest nimetatud sõidukite rattakoormused on sarnased.

•	 Roopasügavust saab edukalt ennustada, rakendades 
penetromeetrit ning Willoughby ja Turnage’i mudelit, aga 
ka SoilFlexi tihenemismudelit. Seejuures ennustab SoilFlex 
tihendatud kihi sügavust ja tihendamise intensiivsust.

•	 Ületuste arv, eelkõige suure rehvirõhuga sõidukite puhul, tuleks 
hoida võimalikult väike ehk piirduda ühekordsete ületuste 
arvuga. Kujunevad madalamad roopad, mis taastuvad looduslike 
protsesside tulemusena kiiremini ning muld on vähem tihenenud. 
Tihenenud kiht asub maapinna lähedal ja seda on võimalik 
agrotehniliste töövõtetega kiiremini eemaldada. Samuti aitab 
looduslikule taastamisele kaasa suurem orgaanilise aine hulk 
mullas.

Edasist uurimist vajavad teemad

•	 Antud uurimuse raames tehti raskema sõidukiga katseid vaid 
ühes mõõdukohas ühekordse ületusena. Rattakoormuse mõju 
täpsemaks selgitamiseks on tulevikus vajadus lisakatsete järele 
erineva maakasutuse ja lõimisega muldadel nii ühe- kui ka 
mitmekordsete ületustega. Samuti vajab täpsustamist käesolevas 
uurimuses leitud märkimisväärne seos Maclarurini (1990) mudeli 
ennustatud roopasügavuse ja mõõdetud roopasügavuse vahel.

•	 Kui antud uurimuses oli kesksel kohal märja mulla deformatsioon, 
siis oleks põhjust uurida ka kuiva mulla käitumist liikuva sõiduki 
all. Samuti tuleks kvantifitseerida taimkatte, st ratta ja mulla 
vahele jääva biomassi mõju roobastele.

•	 Tehtud katsete käigus oli põhitähelepanu all sõiduki vajumine 
ühtlase ja aeglase liikumist tingimustes. Kuna roopad võivad 
kujuneda ka sõiduki liigse libisemise tõttu (st olukorras, kus 
sõiduki reaalne liikumiskiirus ja rattale antud pöördemomendist 
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tulenev kiiruse erinevad suurel määral), siis tuleks järgnevates 
uuringutes keskenduda erinevate muldade mõjule libisemisest 
tingitud roopa kujunemisele.

•	 Paremat teoreetilist raamistikku vajavad ka muldade käitumine 
põllumaadel korduvate ületuste tulemusena nagu ka suure 
orgaanilise aine sisaldusega muldade deformatsioon koormuste 
all.
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Deep ruts in soil hinder the movement of off-road vehicles and harm drastically the soil

environment. The aim of this study was to determine the most suitable cone and

remoulding index based methods for rut depth estimation for single and repeated military

vehicle passage in typical Estonian soils. Cone index based sinkage models e US Army

ERDC, Maclaurin (1990) and Willoughby and Turnage sinkage models applicable for mili-

tary vehicles were tested, using different critical layers (0e15 cm, 7.5e23 cm or 15e30 cm).

The test vehicles were a 7 Mg truck and a 23 Mg armoured personnel carrier. At eight

experimental sites covering mechanically very variable soil conditions (from peat to clay

soil), rut depth was measured after one and ten vehicle passes, cone penetration tests were

conducted in situ, and samples were collected for determination of bulk density, organic

carbon content, texture, gravimetric water content, plastic and liquid limits of the topsoil

and subsoil. According to average RMSD values for military truck the Willoughby and

Turnage model was the most accurate prediction method. For one pass and 10 passes the

rating cone index values from the 7.5e23 cm and 15e30 cm soil layer, respectively, pro-

duced the lowest RMSD values.

© 2017 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Besides the machinery traffic on forestry or agriculture lands,

themilitary vehicles have certain needs to move off-road. The

interactions between vehicle and soil produce ruts with vari-

able depths. Ruts cause the negative and long-lasting

influence on soil structure; the consequences of deep ruts

include higher fuel consumption and lower travel speed for

vehicles. Thus, ruts can reduce vehicle trafficability, i.e. the

ability of vehicles to traverse a particular terrain. In the worst

cases, deep ruts can cause vehicle immobilisation. Vehicle

immobilisation is defined as a condition in which the vehicle

* Corresponding author.
E-mail addresses: kersti.vennik@mil.ee, kersti.vennik@emu.ee (K. Vennik).

Available online at www.sciencedirect.com
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passage-induced rut depth is larger than the vehicle clearance

height (Affleck, 2005). Predictions of rut depth and vehicle

immobilisation are required for planning purposes, i.e., for

decisions regarding alternative routes or selecting suitable

vehicles for a particular terrain (Herl, Doe, & Jones, 2005). Due

to their assignments, military vehicles often have to move

many times in the same track; therefore, the effect of repeated

traffic on rut depth must be taken into account.

The ruts and associated soil compression caused by vehicle

passage are dependent on soil properties (such as texture,

moisture, organic matter content and disturbed or undis-

turbed soil state) and vehicle parameters including vehicle

load, tyre size, inflation pressure and the number of passes

(Bekker, 1960; Botta, Jorajuria, Rosatto, & Ferrero, 2006; Raper,

2005). Liu, Ayers, Howard, and Anderson (2010) showed that

military vehicle type, soil moisture and soil texture affect rut

formation. Soil water content has a crucial role in rut forma-

tion. Generally, wetter soils are more susceptible to soil

compaction (Horn & Fleige, 2003). Raper (2005) revealed that

the greatest compaction occurs when soil is loaded at soil

moisture conditions close to field capacity. According to Lal

and Shukla (2004), soil is most susceptible to compaction

when its moisture content is around the plastic limit and

possesses the lowest shear strength if the soil is in a liquid

state. Additionally, they stated that in soils with organic

matter content of less than 5%, the increase of organic matter

increases the plastic and liquid limits. Hence, soil texture,

organic matter content, soil moisture and cultivated or

uncultivated state are recognised as the main determining

factors for rut formation and are taken under consideration in

this study.

Soil compressibility depends on soil bearing capacity, i.e.,

soil capability to withstand exerted stresses. Soil bearing

capacity is often obtained from cone index (CI) values deter-

minedwith a cone penetrometer. Hemmat, Yaghoubi-Taskoh,

Masoumi, and Mosaddeghi (2014) showed that CI can be used

as soil trafficability criteria. Throughout the years, a large

number of cone index based empirical models have been

developed for prediction of drawbar pull, soil thrust, motion

resistance or rut depth (Taheri, Sandu, Taheri, Pinto, &

Gorsich, 2015). Cone index related rut depth models have

been developed by different authors based on vehicle type

or soil type (Pirnazarov, Wijekoon, Sellgren, L€ofgren, &

Andersson, 2012; Saarilahti, 2002).

As the American Society of Agricultural Engineers (ASAE)

standard, a 30� cone with a base area of 3.23 cm2 is forced

vertically through the soil, and the force per cone area

(expressed as penetrometer resistance in units of Pa or psi) is

called cone index (CI). Because the soil strength can decrease

or increase after passing the first wheel of the vehicle over the

soil, a parameter called remoulding index (RI) is introduced in

trafficability studies. For RI determination the undisturbed soil

sample is obtained with a piston-type soil sampler and

deposited into a cylinder mounted on a steel base. CI values

are measured before applying 100 blows with a 1.13 kg

hammer and after 100 blows. RI is calculated as the sum of CI

readings after remoulding divided by the sum of CI readings

before remoulding (Priddy&Willoughby, 2006). The CI value is

multiplied with RI, and this corresponding parameter is called

rating cone index (RCI) (Wong, 2008). The biggest advantage of

using the cone penetrometer is the quick estimation of traf-

ficability. However, CI and RCI values have spatial variabil-

ities, even within a small area. Previous studies have shown

that CI and RCI values obtained for a visually homogeneous

area may indicate strength states that correspond to contra-

dictory situations: easily trafficable as well as not passable at

all.

The concept of a critical layer is used to account for vertical

soil strength variability. According to the ISTVS Standards

(1997), the critical layer is the layer that is the most signifi-

cant in terms of trafficability. Most commonly in trafficability

studies for military vehicles simple go or no-go estimation of

15e30 cm layer as the critical layer is used. But depending on

soil type, vehicle weight, number of passes the critical layer

can also be 0e15 cm or 7.5e23 cm. For extra heavy wheeled

vehicles, wheel load over 4536 kg, the critical layer is 23e38 cm

(FM 5-430-00-1, 1994; Priddy & Willoughby, 2006; Wong, 2008).

In traction studies, the depth of the critical layer is dependent

on themagnitude of wheel sinkage (Wismer& Luth, 1974). The

high variability of soil strength in a soil profile and the fact

that there is no uniquely accepted critical depth complicates

the numerical prognoses of trafficability in the field prior to

trafficking.

In the following, we review some widely used models for

prediction of rut depth caused by military vehicles. The US

Nomenclature

d tyre deflection, m

a multi-pass coefficient

b tyre unloaded width, m

BD bulk density, Mg m�3

BDrel relative bulk density

CI cone index, Pa

d tyre unloaded diameter, m

h tyre unloaded section height, m

LL liquid limit

N number of passes

NC ERDC (US Army Engineer Research and

Development Centre) wheel clay numeric

NCI Turnage wheel numeric

NCZ variant of the ERDC wheel clay numeric

NS ERDC (US Army Engineer Research and

Development Centre) wheel sand numeric

SOM soil organic matter content

PI plasticity index

PL plastic limit

RI remoulding index

RCI rating cone index, Pa

SOC soil organic carbon content

s wheel slip

z wheel sinkage, m

z1 sinkage after one pass, m

zn sinkage after n pass, m

zp powered wheel sinkage, m

w gravimetric water content

W wheel load, N
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Army Corps of Engineers at the Waterways Experiment Sta-

tion (WES) developed a rut depthmodel which is related to RCI

values. According to Affleck (2005), the following semi-

empirical model was developed by Willoughby and Turnage

(1990) to predict rut depth for one- and multi-pass of whee-

led vehicles:

z ¼ 5d
ffiffiffiffi
N

p
 

RCI b d

W ð1 � d
hÞ

3
2 s

1
5

!5
3

(1)

where z is the sinkage in m, d is the tyre unloaded diameter in

m, RCI is the rating cone index in kPa, b is the tyre unloaded

width in m, W is the vertical wheel load in kN, d is the tyre

loaded deflection inm, h is the unloaded section height inm,N

is the number of passes, and s is the wheel slip in decimal. It

can be generalised that most off-road vehicles typically travel

with wheel slip of about 20%. This is the most effective way to

mobilise soil thrust for movement purposes (Wong, 2008).

Anotherwidespreadapproach in terramechanics is touseCI

or RCI values for calculation of dimensionless ratio, so-called

wheel or mobility numerics, and associate these numerics

with vehicle performance on the field. Many authors have

proposed different wheel numerics for soils with different soil

textures (Taheri et al., 2015). Some of thesewheel numerics are

directly related to sinkage. Maclaurin (1990) proposed a wheel

sinkage model for fine-grained soils as follows:

z
d
¼ 0:224

NCI
1:25 (2)

where z is the sinkage in m, d is the tyre unloaded diameter in

m, and NCI is the wheel numeric developed by Turnage (1972),

which is calculated as

NCI ¼ CIbd
W

ffiffiffiffiffiffiffiffiffiffi�
d

h

�s
1

1þ � b
2d

� (3)

where d is the tyre unloaded diameter in m, CI is the cone

index in kPa, b is the tyre unloaded width in m, W is the ver-

tical wheel load in kN, d is the tyre loaded deflection in m, and

h is the unloaded section height in m.

The US Army Engineer Research and Development Centre

(ERDC) proposed two numerics for vehicle performance pre-

dictions: the wheel sand numeric (NS) and the wheel clay

numeric (NC). The sinkage for fine-grained, i.e., cohesive soil,

is calculated as (Jones, Horner, Sullivan, & Ahlvin, 2005):

zP
d

¼ 5 
NCZ

iSP
1
5

!
5
3

(4)

where zp is the powered wheel sinkage in m, d is the tyre

unloaded diameter in m. The clay numeric NC is calculated

based on the following Eq. (5), and the value of NC is used for

calculation of the parameter iSP according to Eq. (6). A variant

of the wheel clay numeric, NCZ, used for sinkage calculations

is given in Eq. (7).

NC ¼ RCIbd

W
�
1� d

h

�3
2
�
1þ b

d

�3
4

(5)

iSP ¼ 21

NC
5
2

(6)

NCZ ¼ RCIbd

W
�
1� d

h

�3
2

(7)

The above discussed sinkage models that are based on

wheel numerics provide estimations for one single wheel. For

the passage of many wheels, e.g., one vehicle with several

axles and multi-passages, the concept of multi-pass is used

(Pirnazarov et al., 2012; Saarilahti, 2002). Multi-pass models

were proposed by Scholander (1974) and by Abebe, Tanaka,

and Yamazaki (1989), and the general form of the models is

given as

zn ¼ z1N
1
a (8)

where zn is the sinkage after n loadings, z1 is the sinkage after

one loading, N is the number of passes, and a is a multi-pass

coefficient that depends on soil properties as well on load

intensity. Abebe et al. (1989) suggested a ¼ 2 for softer soil

loaded with low load; a-values are in range of 3e4 in case of

medium bearing soil under medium load and for heavily

loaded soils with higher bearing capacity, a acquires value of 4

or 5 (Saarilahti, 2002).

The main objective of this study was to provide an over-

view about rut formation in different soils of Estonia. Most

Estonian soils have high silt content, and one-fifth of the soils

are swamp/bog soils (Reintam, Rooma, Kull, & K~olli, 2005), i.e.

many soil types do not favour trafficability ofmilitary wheeled

vehicles. Nugis, Müüripeal, Kuht, Edesi, and Vennik (2006)

investigated the bearing capacity of cultivated areas, but

natural areas were not covered by their analysis. The specific

aims of this studywere (1) to determine themost suitable cone

index and remoulding index based methods for estimation of

the rut depth caused by one and 10 passages of a wheeled

military vehicle by evaluating the Willoughby and Turnage

(1990), ERDC and Maclaurin (1990) equations and the Abebe

et al. (1989) multi-pass models, and (2) to investigate re-

lationships between soil physical parameters and rut forma-

tion in typical Estonian soils.

2. Materials and methods

The rutting experiments were conducted in 2013 and 2014 at

eight sites covering cultivated as well as natural grasslands

with sandy loam, loam, clay loam textures and peat (Table 1).

The general intention was to investigate rut depth formation

when the soils were in a plastic state. Thus, the rutting ex-

periments were conducted on days when high moisture con-

tent of the soils was expected. All of the test siteswere visually

level and homogeneous areas. At Sirvaku and Saverna only

one-pass tests were conducted; at all other sites, one- and ten-

pass tests were carried out. The sites of Sirvaku, Ilmatsalu,

Saverna and Laeva were covered with approximately 1 m high

and dense grasses, whereas the other three sites (Kaimi I and

Kaimi II, Kesa) were arable lands.

As illustrated in Table 1, the investigated soils varied

considerably in texture, bulk density and organic matter
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content. Subsequently, approximately 0e30 cm is referred to

as topsoil, and the following layer with smaller organic carbon

content is designated as subsoil. The mineral soils had high

silt content and low plastic limits. Most of the soils were at or

near the plastic state (i.e., at water contents between the

plastic and the liquid limit) at the time of experiments. The

topsoil of Sirvaku and Kesa were in the liquid state (i.e., had a

water content that was greater than the water content at the

liquid limit).

The test vehicle was a 2-axle MB1017 wheeled truck with

total weight of 70 kN and Kormoran 11 R 22.5 tyres. At Sav-

erna, a XA-188 wheeled 3 � 3 armoured personnel carrier

(APC) with weight of 226 kN and Michelin 14.00 R 20 tyres

was used instead. The tyre contact area was measured on a

hard surface and contact pressure yielded 344 kPa for MB1017

and 323 kPa for XA-188. Nominal ground pressure is pre-

sented for the front wheels, because it can be considered the

most important wheel as it makes the first contact with the

virgin soil surface. Despite being more than three times dif-

ference in weight, the test vehicles had similar nominal

ground pressure under the first wheels. The clearance for

MB1017 and XA-188 were 0.28 m and 0.36 m, respectively.

The vehicles travelled a straight, at least 50 m long path, at

low speed (2e5 km per hour). Measurements of rut depths

were taken along wheel path at every 1 and 5 m after one and

10 passes of the vehicle and the depth was recorded only in

the centrelines of the tyre tracks. The metal bar was placed

on undisturbed soil surface across the wheel tracks perpen-

dicular to the direction of travel and measurements were

taken with ruler. Furthermore, the wall heights in relation to

metal bar were recorded with the ruler.

The multi-pass coefficient, a, was calculated from Eq. (8)

(Abebe et al., 1989). Based on rut depth after two wheel

passes and 20 wheel passes, a can be calculated as follows

(Eq. (12)):

z2 ¼ z1* 2
1
a (9)

z20 ¼ z1�201
a (10)

z20
z2

¼ 10
1
a (11)

a ¼ 1

log
�
z20
z2

� (12)

Cone index measurements were carried out with a hand-

held cone penetrometer (cone base area 3.33 cm2, 30� conical

tip) in the undisturbed soil, approximately 1 m away from the

ruts. Readings were taken at depths of 0, 15, 30, 45 cm, 20 in-

sertions were made at each site. For RI determination the

undisturbed soil samples were extracted from particular

critical soil layer with Hvorslev sampler and ejected into a

cylinder mounted on a steel base. CI readings were taken as

the base of the cone was even with the surface of soil sample

in the cylinder and at each successive 2.5 cm down to 10.2 cm.

One hundred blows were applied with 1.13 kg drop hammer

falling 30.5 cm on soil sample. CI were measured again in the

same way as before the blows. For RI calculation the sum-

marised CI values after remoulding were divided by sum-

marised CI before the blows were applied. The RI was

determinedwith three repetitions at each site. As stated in the

previous section for vehicles with wheel pressure lower than

44.5 kN, soil layers of 0e15 cm, 7.5e23 cm and 15e30 cm were

considered as critical layers and the RI were determined and

CI values were averaged for these layers. RCI values were

calculated from averaged remoulding and cone index values

for the critical layers. Eq. (1), presented by Willoughby and

Turnage, Eqs. (2) and (3), reported byMaclaurin, and Eqs. (4e7),

presented by ERDC, were used for rut depth calculations. A

wheel slip of 20% was used in Eq. (1).

Table 1 e Physical properties of the tested soils: bulk density (BD), organic matter (SOC), texture (by FAO), plasticity
parameters (LL e liquid limit, PL e plastic limit, PI e plasticity index), gravimetric water content (w), relative water content
(w/PL) and relative bulk density (BDrel) at the time when the experiment was conducted.

Site Soil type
(by FAO)

Depth, cm BD (Mg m�3) SOC (%)
by weight

Claya, % Silta, % Sanda, % LL, % PL, % PI, % w, % w/PL BDrel

Sirvaku sandy loam 0e30 0.74 2.33 1.4 32.3 66.3 25 22 3 40.5 1.8 0.4

sandy loam 30e50 1.80 0.09 7.3 35.7 57.0 21 13 8 14.0 1.1 1.0

Kesa sandy loam 0e35 1.40 0.56 7.8 30.7 61.5 23 19 4 25.9 1.4 0.8

loamy sand 35e50 1.71 0.12 3.7 21.4 74.9 23 12 11 16.8 1.4 0.9

Kaimi I loam 0e30 1.30 0.86 18.0 43.3 38.7 44 30 14 29.3 1.0 0.7

silt loam 30e50 1.41 0.11 18.1 63.5 18.4 35 24 11 17.8 0.7 0.8

Kaimi II silt loam 0e35 0.71 11.29 0.4 67.8 31.8 85 71 14 77.2 1.1 0.6

silt loam 35e50 1.65 0.11 19.9 53.0 27.1 44 26 18 18.8 0.7 0.9

Saverna sandy loam 0e40 1.36 1.10 11.1 20.2 68.7 32 25 7 30.9 1.2 0.8

sandy loam 40e50 1.34 0.92 10.8 28.9 60.3 24 20 7 27.5 1.4 0.8

Laeva I clay loam 0e30 1.10 1.71 30.4 37.5 32.1 51 37 14 40.9 1.1 0.7

loam 30e50 1.52 0.33 26.3 39.0 34.7 37 24 13 21.3 0.9 0.8

Laeva II loam 0e35 0.90 2.83 20.9 48.8 30.3 46 40 12 43.6 1.1 0.6

loam 35e50 1.32 1.46 20.0 46.4 33.6 40 27 13 22.1 0.8 0.8

Ilmatsalu peat 0e20 0.26 25.63 e e e e e e 111.2 e 0.6

peat 20e40 0.37 18.30 e e e e e e 101.9 e 0.5

Sand (2e0.063 mm), silt (0.063e0.002 mm), clay (<0.002 mm).
a From Vennik, Kukk, Krebstein, and Reintam (2016).
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In addition to CI and RI measurements, soil samples from

topsoil and subsoil were collected at each site. Soil organic

carbon content (SOC) was determined by the Tjurin method

(Vorobyova, 1998) and the soil organic matter content (SOM)

was calculated as SOM ¼ 1.724 SOC. Soil particle size distri-

bution was analysed using the pipette method (Robinson,

1922). The Atterberg limits, i.e., the water contents at the

liquid limit (LL) and plastic limit (PL), were determined by

means of a Casagrande apparatus and the rolling method

(McBride, 1993). The plasticity index (PI) was calculated as

LL e PL. The physical andmechanical soil properties are given

in Table 1.

In order to compare the moisture and compactness of the

soils across soil textures (across experimental sites), a relative

water content (w/PL) and a relative bulk density (BDrel) were

calculated. The BDrel was calculated as actual bulk density

divided by the Proctor density. We estimated the Proctor

density based on soil organic matter and clay content ac-

cording to Naderi-Boldaji, Weisskopf, Stettler, and Keller

(2016): r ¼ 1:9� ð0:00342 SOMÞ � ð 0:000529 CCÞ; where r is

the Proctor density, SOM is organic matter content in g kg�1,

and CC is the clay content in g kg�1.

Statistical analyseswere performed using the free software

environment R (R Core Team, 2015) and MS Excel. The Tukey

HSD post-hoc test was used for comparisons of measured

mean rut depth between sites. The results after one and ten

passes were analysed separately. Calculated rut depths were

compared with measured rut depths using root mean square

differences (RMSD). In addition, the predicted rut depths using

the Willoughby and Turnage (1990) equation were compared

with measured rut depth with help of regression analysis.

3. Results and discussion

3.1. Measured rut depths

Measured rut depths after one and 10 passes are shown in

Table 2. After one pass, the variability of rut depth formed

under the light test vehicle is rather small. The heavier test

vehicle used at Saverna induced significantly deeper ruts. The

mean rut depths after 10 passes can be arranged into three

groups: deeper ruts were found after repeated passes in soils

with higher clay content (Laeva I and II) than in lighter soils

(Kesa and Kaimi). The rut depth in the peat soil (Ilmatsalu),

which was relatively dry during the experiment, was

intermediate.

The rut depth formed after one pass was 58% of the total

rut depth that was formed after 10 passes at Ilmatsalu. At both

sites of Kaimi, this proportion was approximately 44%, and at

Kesa it was 35%. In the Laeva soil, the proportion was 20% and

32% at Laeva I and Laeva II, respectively. The topsoils of all

testedmineral soils had water contents larger than the plastic

limit (w/PL in the range 1.0e1.8) (Table 1). The subsoils had w/

PL < 1.0 (i.e., subsoils were in the brittle consistency range)

except for Kesa and Saverna where w/PL was 1.4 and for Sir-

vaku where w/PL was 1.1. We could not find a direct rela-

tionship between w/PL and rut depth after either 1 or 10

passages. For example, w/PL for Kaimi I and Kaimi II, Laeva I

and Laeva II were similar (Table 1) but rut depth especially

after 10 passages were different between these sites (Table 2).

The water content was larger than the liquid limit in both the

topsoil and subsoil at Kesa, but rut depths were similar to

those measured at Kaimi I and II that were drier (Tables 1 and

2).

The relative bulk density was low for the topsoil of Sirvaku,

Kaimi II, Laeva II and Ilmatsalu (BDrel in the range 0.4e0.6)

(Table 1). However, BDrel of the topsoil was not directly related

to rut depth, which was much smaller at Sirvaku and Kaimi II

than at Laeva II and Ilmatsalu (Table 2). The relative bulk

density of the subsoil at Kaimi I and Sirvaku was relatively

high (with values for BDrel of 0.9 and 1.0) (Table 1), which may

be a reason for the limited rut depths after 10 passages (Table

2) and hence may has prevented deep sinkage of the vehicle.

The relative water content and BDrel could not explain all

the differences in rut depth between sites. For example, Kaimi

I and Laeva I had similar w/PL (w/PL ¼ 1.0e1.1) and similar

BDrel (BDrel ¼ 0.7e0.8) (Table 1), but the rut depth after ten

passes was much larger at Laeva I (Table 2). A possible

explanation is the higher clay content at Laeva I (Table 1). Our

results are supported by Saarilahti (2002) and Meek (1996),

who showed that the first wheel pass compacts the soil the

most in frictional soils, but that in cohesive soil, the bindings

between particles break gradually and rut depth increases

almost linearly with increasing passes for the first few passes.

Rut depth after ten passes was 7.3 cm at Kaimi I and

20 cm at Laeva II, although these two sites had a similar

texture and a similar BDrel. The reason for this difference

could be the differences in soil organic matter content. The

soil organic matter content was low at Kaimi I (0.9% in the

topsoil and 0.1% in the subsoil; Table 1). At Laeva II the cor-

responding valueswere 2.8% (topsoil) and 1.5% (subsoil) (Table

1). Soil organic matter increases porosity and water retention,

and thus increases soil compressibility (D�efossez et al., 2014).

Our study revealed that high organic matter content espe-

cially in the subsoil can induce deep ruts.

Rut walls are one of the main visual indicators of soil

disturbance, and they act as obstacles for movement. At Sir-

vaku, Kesa, Kaimi I, Saverna, Laeva I and Laeva II, the walls

were negligible or moderate: After one pass, the walls were in

the range of 0e5.0 cm, and after 10 passes, they were in the

range of 0e17.0 cm. At Ilmatsalu (peat soil), one passage

induced walls of 1e8.5 cm, and 10 passages induced walls of

2.3e15.0 cm. After 10 passes at Kaimi II, wall heights were in

the range of 3.4e29.5 cm, which reached the clearance of the

vehicle; therefore, the vehicle bottom started to scratch higher

soil piles down. Soil pile formation can be associated with

higher organic matter content of soils of Kaimi II and Ilmat-

salu. Organicmaterial behavesmore elastically under running

gear, and soil is moved outside the tyre path rather than being

compacted under the tyres. This trendwas evenmore obvious

at the Kaimi II site, which had a weak topsoil over a strong

subsoil as compared to site of Ilmatsalu.

3.2. Rut depth estimations

The multi-pass coefficient a was calculated based on Eq. (12)

for the experimental sites, and the results are as follows 2.21

for Kesa, 2.93 for Kaimi I, 2.76 for Kaimi II, 1.45 for Laeva I, 2.00

for Laeva II and 4.27 for Ilmatsalu. The coefficient are in the
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range proposed by Abebe et al. (1989). The Ilmatsalu peat soil

showed a notably higher multi-pass value which refers to

small changes in rut depth with repeated passages than ex-

pected. The reason for the higher a value than expectedmight

be the elastic behaviour of peat. The peat was in a relatively

dry state, and the repeated vehicle passages did not perma-

nently compress or deform the peat, and we observed a strong

rebound after vehicle passage. For the rut depth predictions at

Sirvaku and Saverna given in Table 2, the multi-pass co-

efficients of the Kesa site were used for calculations, as these

soils have similar physical properties (Table 1).

Table 2 shows that all three models tend to overestimate

the rut depths. This applies for both the mean and maximum

rut depths, as well as both for one and 10 passes. Neverthe-

less, the use of CI and RCI values from the 15e30 cm layer also

lead to underestimated the mean and maximum rut depths,

especially in soils with low clay content. The highest over-

estimations of the mean and maximum rut depths with all of

the tested models and for different passages were obtained

when using the CI and RCI values of the 0e15 cm layer.

In Table 3, the root mean squared differences (RMSD) be-

tween measured and calculated rut depths are presented.

Average RMSD and standard deviation (SDV) of RMSD for all

measured sites were the lowest after one pass (average

RMSD ¼ 2.0 cm and SDV of RMSD ¼ 0.7 cm) when the Wil-

loughby and Turnage model with RCI values from the

7.5e23 cm layer was used and the highest (average

RMSD ¼ 19.6 cm, SDV of RMSD ¼ 19.3 cm) when applying the

ERDCmodel with RCI values from the 0e15 cm layer. In fact all

the three tested models with RCI or CI values from the

15e30 cm layers predicted rut depth after the first pass in the

same range. The average RMSD values was 2.5 cm for Wil-

loughby and Turnage model, 2.7 cm for Maclaurin model and

2.8 cm for ERDC model. However SDV of RMSD were much

larger: 1.9 cm, 1.9 cm and 1.2 cm, respectively, for Willoughby

and Turnage model, Maclaurin and ERDC model than for

Willoughby and Turnage model with measured data from the

7.5e23 cm layer. For the heavier test vehicle, the RMSD was

generally higher for all models. The only exception (i.e. higher

RMSD for the lighter test vehicle) was for the Maclaurin's
model with CI values for the critical layers of 7.5e23 cm. The

latter outcome is consistent with results from Pirnazarov et al.

(2012), who carried out testswith a forwarder of similarweight

(unloaded weight of 19 170 kg) and found close similarity be-

tween measured and calculated rut depths after one pass by

applying the Maclaurin's model.

RMSD values after 10 passes were higher than after one

pass: between 2.2 and 32.7 cm. Average RMSD was the lowest

(RMSD ¼ 2.2 cm) when using the Willoughby and Turnage

model with RCI values from the 15e30 cm layer. The values

are particularly high for the Maclaurin's and ERDC models for

soils with high clay content (Laeva I and II). It can be inferred

that models developed for cohesive soils are not directly

applicable for clay soils in our study region. There was no

apparent difference between RMSD values of natural grass-

lands and arable land for the different models used for either

one or 10 passes. RMSD values of peat soil were similar to

those obtained for mineral soils.

Table 3 e Root mean squared difference (RMSD) between measured and calculated rut depth.

RMSD between measured and
calculated rut depth Willoughby
and Turnage (1990) method and

multi-pass coefficient, cm

RMSD between measured and
calculated rut depth Maclaurin
(1990) method and multi-pass

coefficient, cm

RMSD between measured and
calculated rut depth ERDC method

and multi-pass coefficient, cm

Critical layer 0e15 cm 7.5

e23 cm

15

e30 cm

0e15 cm 7.5e23 cm 15e30 cm 0e15 cm 7.5e23 cm 15e30 cm

Passes 1 10 1 10 1 10 1 10 1 10 1 10 1 10 1 10 1 10

Site

Sirvaku 10.8 e 1.8 2.2 e 12.0 e 3.9 e 1.5 e 22.5 e 2.1 e 2.8 e

Kesa 4.5 15.0 1.2 4.0 0.9 2.0 6.7 18.6 2.9 8.0 1.4 3.6 6.3 17.2 1.4 3.2 1.6 4.3

Kaimi I 1.7 9.1 1.3 0.5 2.1 3.2 5.4 11.9 1.6 3.2 0.7 0.4 1.8 4.7 2.1 4.4 2.8 6.0

Kaimi II 6.2 21.4 1.1 4.6 0.9 1.3 10.7 23.9 4.2 9.1 2.0 4.0 9.6 21.6 0.5 0.7 1.6 4.1

Saverna 13.8 e 3.2 e 6.8 e 14.7 e 1.5 e 6.3 e 66.2 e 9.6 e 4.3 e

Laeva I 4.6 8.2 2.7 3.0 1.6 2.1 8.7 43.8 6.6 33.4 5.2 26.7 9.7 48.1 5.7 28.4 3.7 18.5

Laeva II 9.9 31.8 2.4 8.9 1.2 2.3 11.0 35.6 4.9 16.5 2.3 7.5 27.4 83.1 6.1 20.7 1.2 5.2

Ilmatsalu 4.8 23.6 2.0 6.8 3.9 2.2 7.3 11.1 2.6 3.2 2.0 3.2 13.3 21.3 2.6 4.7 4.6 8.4

Fig. 1 e Measured vs. predicted rut depth, z, after one pass

of the test vehicle. Predictions were made using the

Willoughby and Turnage model, with RCI values from the

critical layer of 7.5e23 cm (black circles and dotted line;

p < 0.0001, R2 ¼ 0.83, zpredicted ¼ 0.704 zmeasured þ 2.01), and

15e30 cm (open circles and dashed line, p < 0.0001;

R2 ¼ 0.78, zpredicted ¼ 0.605 zmeasured).
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The measured mean rut depths after one pass and after 10

passes were according to RMSD values best estimated by the

Willoughby and Turnage model. Comparison between the

measured and calculated rut depth after one and 10 passages

are shown in Figs. 1 and 2. The calculations were made using

the Willoughby and Turnage's model with RCI values for the

critical layers of 7.5e23 cm and 15e30 cm, respectively. The

coefficient of determination between the measured and pre-

dicted rut depth obtained for one pass was slightly higher

when using RCI values from the 7.5e23 cm layer than when

using RCI values from the 15e30 cm layer. For 10 passesmodel

predictions were better when using RCI values from the

15e30 cm layer, as shown by the higher coefficient of deter-

mination between measured and predicted rut depth (Fig. 2).

Both regression equations were statistically significant

(p < 0.0001). Obviously rut depth increase with repeated pas-

sages mobilises bearing capacity of deeper layer. Mean rut

depth was predicted with an average error of 1.6 cm after one

pass and 1.0 cm after 10 passes if RCI values from the

7.5e23 cm layer and 15e30 cm layer, respectively, were used.

In trafficability predictions the maximum rut depth are even

more important: For one pass, it was predictedwith an error of

3 cm, and for 10 passes, it was predicted with an error of 4 cm.

These findings are consistent with Anttila (1998), who noted

that the cone index values at 15 cm depth had the highest

predictive power in rut depth estimations in Finish moraine

soil (Anttila, 1998; Saarilahti, 2002).

3.3. Estimation of immobilisation sinkage

In general, the standard deviations of predicted rut depths

after one pass and 10 passes (calculated according to the

Willoughby and Turnage model using RCI values from 7.5 to

23 cm and 15e30 cm layers respectively, were smaller than the

standard deviations ofmeasured rut depths as shown in Table

4. Most of the experiments were far from vehicle immobili-

sation conditions. Only in the Ilmatsalu peat soil, the clear-

ance height of the vehicle reached to the soil surface after four

passes along a part of the wheel track that was 1e1.5 m long.

At Laeva I, deeper ruts than vehicle clearance were measured

after 10 passes in a track segment of 3 m, with rut depths in

the range of 29.6e33 cm. Nevertheless, the test vehicle could

move without getting stuck. It can be concluded that a

segment with deeper ruts than the clearance height of a few

metres does not cause vehicle immobilisation.

As shown in Table 4, the predictedmaximumrut depths for

Ilmatsalu and Laeva I after 10 passes were larger than the

vehicle ground clearance, but the upper quartile values of both

measured and predicted rut depth were still lower than the

vehicle's ground clearance. Based on limited number of the

experiments it can be concluded that the calculatedmaximum

rut depth is not a good measure of vehicle immobilisation. As

long as the upper quartile of the rut depth is smaller than the

clearance, vehicle immobilisation will not occur.

4. Conclusions

Our results from rutting experiments in a wide range of

Estonian soils with different textures, organic matter content,

Table 4eMeasured and predicted rut depth upper quartile and standard deviation (SD) values after one pass and 10 passes.
Rut depth values are calculated by theWilloughby and Turnagemodel, using RCI values from 7.5 to 23 cm for one pass and
RCI values from 15 to 30 cm for 10 passes.

Site Measured (cm) Predicted (cm)

1 pass 10 passes 1 pass 10 passes

Upper quartile SD Upper quartile SD Upper quartile SD Upper quartile SD

Sirvaku 6.0 2.2 e e 7.3 1.8 e e

Kesa 3.0 0.2 9.3 1.6 3.9 1.0 7.7 2.6

Kaimi I 3.5 1.0 8.0 1.1 2.4 0.4 4.7 0.8

Kaimi II 2.8 1.1 8.2 2.5 4.1 0.9 6.9 1.6

Saverna 17.0 2.2 e e 15.8 4.9 e e

Laeva I 5.0 1.4 24.0 6.6 8.6 1.7 21.8 5.7

Laeva II 7.8 2.2 22.0 2.4 10.1 2.2 21.8 4.5

Ilmatsalu 10.0 3.7 16.5 5.6 7.0 3.1 14.2 6.0

Fig. 2 e Measured vs. predicted rut depth, z, after 10 passes

of the test vehicle. Predictions were made using the

Willoughby and Turnage model, with RCI values from the

critical layer of 7.5e23 cm (black circles and dotted line;

p < 0.0001, R2 ¼ 0.83, zpredicted ¼ 1.263 zmeasured), and

15e30 cm (open circles and dashed line; p < 0.0001,

R2 ¼ 0.92, zpredicted ¼ 0.946 zmeasured e 0.347).
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bulk density and plastic properties, suggest that the rut depth

caused by off-road vehicles on typical Estonian soils at or near

the plastic state can be well predicted with the Willoughby

and Turnage'smodel. For one pass prediction, RCI values from

the 7.5e23 cm layer should be used, whereas for 10 passes,

values from the 15e30 cm layer yielded the best predictions.

However, for the heavier test vehicle, the Maclaurin model

performed better, although this was tested only on one soil,

and therefore, further tests will be required.
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A B S T R A C T

Accurate prediction of rut depth caused by military vehicles trafficking is crucial for the success of their mission.
In addition to the operational aspect of trafficability and mobility, military vehicle traffic can lead to severe
degradation of soil functions. The objective of this study was (i) to examine rut depth formation and bulk density
changes after one and repeated passages of a military vehicle on different soils and land uses, and (ii) to assess
the ability of an analytical soil compaction model to predict these changes. The wheeling tests were carried out
with a 7Mg military truck at seven sites in Estonia covering soil textures from sand to clay and a peat soil. Rut
depths and bulk density at various depths were measured after one and ten vehicle passes. Undisturbed soil
samples were collected next to the tracks for determination of initial soil compressive properties used for
parameterisation of the model. The smallest rut depths were measured on arable soils, both after one and ten
vehicle passes. The largest rut depth after one pass was obtained on the peat soil, while the largest rut depths
after ten passes were measured on the grassland soils. The model overestimated rut depths on the peat soil, and
underestimated the increase in rut depth from the first to the tenth pass on the grassland soils, while predictions
for the arable soils were adequate. We identify a need for studies on the mechanical behaviour of peat soils
during wheeling and for better quantitative description of multi pass effects, especially on soft soils.

1. Introduction

Military vehicles in operation have to travel over soil of different
texture, ranging from sandy to clayey soils and including organic soils.
The soils travelled by military vehicle can be under different land use,
including arable land, abandoned land, grasslands and bogs. For the
success of their mission, it is essential that the vehicles (be it in a one-
pass situation or multi-passes of several vehicles after each other run-
ning on the same track) stay mobile, i.e. are able to maintain an ac-
ceptable speed and traction, on different kinds of cross-country terrain
(Margiotta, 2000). This implies that ruts must not become too deep.
Rolling resistance increases with increasing rut formation (Bygdén
et al., 2004; Kurjenluoma et al., 2009). When rut depth becomes larger
than vehicle clearance, immobilization of vehicles occurs. Hence, pre-
dicting the rut depth caused by one or several vehicle passes is a key to
successful planning of vehicle operations and traffic routes.

In addition to trafficability that is primarily an operational aspect,

the impacts of military vehicle traffic can lead to severe degradation of
soil functions that are potentially long-lasting (Anderson et al., 2005).
Soil functions like agriculture and forestry production, filtering and
storage of water, and habitat for plants and soil fauna can be adversely
affected by vehicular traffic. Rut formation involves processes such as
compression and displacement of soil particles, resulting in a decrease
in soil porosity and disrupted pore continuity. This, in turn reduces
hydraulic conductivity (Halvorson et al., 2001; Braunack, 1986), which
increases the susceptibility to wind and water erosion (Diersing et al.,
1988; Retta et al., 2014; Halvorson et al., 2001). Tracks left behind by
machinery may concentrate flow of surface water (Halvorson et al.,
2001; Voorhees et al., 1979), damage root system of plants and de-
crease plant development (Ayers, 1994; Wolkowsky, 1990; Palazzo
et al., 2005), and hinder subsequent passages of off-road vehicles.
Harmful effects on soil functions can be long lasting: the compacted
state in soil profile after first passage of tank or at military campsites
can persist for decades (Prose, 1985; Trumbull et al., 1994) or even
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centuries (Webb, 2002).
The magnitude of the rut depth is a function of vehicle weight

(Braunack and Williams, 1993; Liu et al., 2011; Liu et al., 2010; Pytka
et al., 2006) and running gear parameters. Besides the number of ve-
hicle passes (Braunack and Williams, 1993; Liu et al., 2011; Botta et al.,
2009; Lyasko, 2010), vehicle speed (Horn et al., 1989; Liu et al., 2010)
and type of movement, i.e. turning or straight movement (Ayers, 1994;
Liu et al., 2009) will influence the rut formation. Soil moisture is a key
variable in off-road trafficability estimation (Stevens et al., 2016). Soils
are most compactable when the water content approximates the plastic
limit, and the shear strength of the soil vanishes around the liquid limit
(Lal and Shukla, 2004). Deeper ruts are generally measured when soil
moisture is high (Défossez et al., 2003; Braunack and Williams, 1993;
Liu et al., 2010). Additionally, the magnitude of ruts depends on soil
texture and organic matter content. Based on findings of Meek (1996);
Saarilahti (2002) stated that rut formation on frictional and cohesive
soils develops differently. On frictional soils, the first vehicle pass
compacts the soils and the rut depth increases in a logarithmic way with
number of vehicle passes, while repeated loadings cause gradual
breaking of cohesive bindings and therefore the rut depth increases
gradually with increasing number of vehicle passes in cohesive soils.
The different rut formation processes in frictional and cohesive soils are
supported by the fact that different formulas for rut predictions have
been developed and used for frictional and cohesive soils (Jones et al.,
2005). However, the interactions between soil mineral particles, or-
ganic material and soil moisture, and the mechanical behaviour of soil
are complex, and results reported in the literature are not unanimous.
For example, soil strength was found to increase wit clay content
(Lebert and Horn, 1991), in contrast Hillel (1998) and Fisher and
Binkley (2000) reported that fine textured soils are more vulnerable to
compaction than coarse texture soils, while yet other studies found no
clear relationship between soil strength and texture (Keller et al., 2011).
Soil organic material is the main binding material that makes soil be-
have more elastically, which may decrease soil compressibility (Cambi
et al., 2015; Aragon et al., 2000). On the other hand, organic matter
increases porosity and water retention, and thus increases soil com-
pressibility (Défossez et al., 2014). Moreover, land use may sig-
nificantly influence rut formation. Soil physical and mechanical prop-
erties and conditions, and plant cover, may differ between land use
even for soils with similar texture.

Soil rut depth prediction models can be divided into three groups.
Firstly, numerical models such as finite element and discrete element
models could be used to simulate the impact of vehicular traffic on soil
deformation (Hambleton and Drescher, 2008, 2009; Yong and Fattah,
1976). However, such models are not simple enough for “practical” use

to plan operations and minimize soil degradation. Models typically used
in military applications predict rut depth from vehicle parameters and
soil cone index measurements (Jones et al., 2005; Mason et al., 2016;
Willoughby and Turnage, 1990; Maclaurin, 1990). These models are
simple and robust, and applicable for soils of different types. However,
such models do not calculate deformation within the soil profile, and
can therefore only provide very limited information on soil degradation
caused by vehicular traffic. In agricultural applications, “semi-analy-
tical” models to predict the impact of agricultural field traffic on soil
deformation have been developed and used (Defossez and Richard,
2002). These models are simple enough to be applied for practical use
by farmers and advisers. Although such models can be used to simulate
rut depth, their focus is on (prevention of) subsoil compaction (typically
depths> 0.25m), and they are usually not applied to soft soils (arable
soils are typically “pre-compacted”) such as forest or natural grassland
soils. Moreover, there may be differences in vehicle and operational
characteristics between agricultural and military applications: for ex-
ample, multiple passes (vehicles with several axles, several vehicles
after each other) are more common for military operations than for
agricultural field operation. Hence, semi-analytical models offer great
potential for simulation of rut depth and changes in soil properties due
to the passage of military vehicles.

The primary objectives of this study were as follows. First, to
measure rut depth and changes in soil bulk density due to the passage of
military vehicles on different soils, and to examine how rut depth and
changes in bulk density are affected by the number of vehicle passes
(one vs. ten passes), the soil texture, and land use (arable vs. natural
soil). And second, to test the applicability and delineate the limits of a
soil compaction model that is developed and used for agricultural ap-
plications to predict rut depth and changes in bulk density due to
military vehicular traffic on different soils.

2. Materials and methods

2.1. Sites, soils and test vehicle

Wheeling experiments were carried out at seven sites in 2013 and
2014, during periods when a high moisture content was expected. The
sites covered different land uses, namely arable soil and natural
grassland, and different soil textures including a peat soil (Table 1). All
grassland sites had dense grass-covered surfaces. A 2-axle military
wheeled truck (MB1017) with single tyres on the front axle and dual
tyres on the rear axle was used at all experimental sites except at Sa-
verna. The MB1017 was equipped with Kormoran 11R22.5 tyres on
both the front and the rear axle. The test vehicle at Saverna was a

Table 1
Characterization and plastic properties of the experimental soils: land-use type, soil texture (by FAO), Liquid limit (LL), plastic limit (PL), plasticity index (PI), bulk
density (BD), organic carbon content (SOC), and gravimetric water content (w).

Site Land use Depth, cm Texture by FAO Claya, % Silta, % Sanda, % LLb, % PLb, % PIb, % Bulk density (Mg m−3) SOC(%) by weight w, %

Kesa arable land 0–40 sandy loam 7.8 30.7 61.5 23 19 4 1.48 0.5 23.7
40–50 loamy sand 3.6 21.4 74.9 23 12 11 1.75 0.1 16.9

Saverna grass-land 0–40 sandy loam 11.1 20.2 68.7 32 25 7 1.37 1.0 27.7
40–50 sandy loam 10.8 28.9 60.3 24 20 4 1.46 1.5 22.8

Kaimi I arable land 0–35 loam 18.0 43.3 38.7 44 30 14 1.26 1.3 26.9
35–50 silt loam 18.1 63.5 18.4 35 24 11 1.46 0.4 17.8

Kaimi II arable land 0-35 silt loam 0.4 67.8 31.8 85 71 14 0.70 11.6 72.2
35–50 silt loam 19.9 53.0 27.1 44 26 18 1.65 0.3 18.8

Laeva I grass-land 0–40 clay loam 30.4 37.5 32.1 51 37 14 1.29 1.7 40.9
40–50 loam 26.3 39.0 34.6 37 24 13 1.61 0.3 21.3

Laeva II grass-land 0–35 loam 20.9 48.8 30.3 46 34 12 1.15 2.4 38.6
35–50 loam 20.0 46.4 33.6 40 27 13 1.40 2.0 28.5

Ilmatsalu grass-land 0–40 peat – – – – – – 0.35 21.9 106.2
40–50 peat – – – – – – 0.24 33.2 245.2

Sand (2–0.063mm), silt (0.063–0.002mm), clay (< 0.002mm).
a From Vennik et al. (2016).
b From Vennik et al. (2017).
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wheeled 3× 3 Armoured Personal Carrier (APC) XA188, equipped with
Michelin 14.00R20 tyres. The technical details of test vehicles are
presented in Table 2.

At each experiment site one and ten vehicle passes were examined,
except at Saverna were only one pass was made. A straight, approxi-
mately 50–100m long distance was travelled by the test vehicles, at a
speed of 5 km h−1. The rut depth with respect to the undisturbed soil
surface was measured with a ruler. The measurements were taken after
the first pass and after 10 passes from the deepest part of the track every
1m to 5m. If walls at the sides of the tracks had formed, then the
maximum height of the walls was measured as well.

2.2. Soil core sampling

Undisturbed cylindrical soil core samples were collected with steel
cylinders (diameter 10 cm, height 3 cm) right next to the tracks, and
used for determination of initial soil mechanical properties and soil
water content in the laboratory (see Section 2.3). Samples were ex-
tracted from two topsoil layers (from soil surface and from the depth of
15 cm or 20 cm), and from one subsoil layer (from the depth of 35 cm or
40 cm), with two replications for each depth. Further samples were
taken from the topsoil and the subsoil for soil texture analysis, de-
termination of particle density, and determination of soil plastic limits.

For comparison of bulk densities of undisturbed (next to the wheel
tracks), once passed and 10 times passed areas (representing three
treatments), undisturbed soil samples were taken with steel cylinders of
88.2 cm3 (diameter 5.3 cm, height 4 cm) from 0, 5, 10, 15, 20, 30 and
40 cm depth (below the respective surface), with 4 replications per
depth. In the tracked areas, the samples were collected under the track
centre line. All together 84 samples (3 treatments × 7 depths × 4
replicates) were sampled per site, except at Saverna where 56 samples
(2 treatments × 7 depths × 4 replicates) were sampled.

2.3. Laboratory measurements of soil properties

Soil texture was determined by the pipette method (Robinson,
1922) and soil organic carbon content (SOC) was measured using the
Tjurin method (Vorobyova, 1998). Particle density was measured using
a pycnometer. The soil plastic limits were obtained as follows. The
water content at the liquid limit (LL) was measured with a Casagrande
apparatus (McBride, 1993) and the water content at the plastic limit
(PL) was measured by the rolling method (McBride, 1993). The plas-
ticity index, PI, is then easily obtained as LL-PL.

The smaller cylindrical soil core samples (with a volume of
88.2 cm3) were dried in the oven for 24 h at 105 °C and weighted. The
bulk density (BD) was then calculated for each sample from the weight
of the oven-dried soil and the volume of the soil sample.

The larger cylindrical soil core samples (with a volume of
235.5 cm3) were weighed and then subjected to uniaxial compression
tests using stepwise loading with stresses of 25, 50, 100, 200, 400,
600 kPa. Each load was applied for 30 s. The short loading time was

chosen in order to imitate the loading situation in the field. The dis-
placement was recorded at each stress level after the 30 s loading. After
completion of the compression test, the samples were dried in an oven
at 105 °C for 24 h and weighed. The water content was obtained from
the sample weights before and after drying. The initial bulk density
(BD) of every sample was obtained by dividing the weight of the oven-
dried soil by total cylinder volume. The void ratio (e) was calculated
from the recorded displacement, the initial height of the soil sample and
the particle density. The void ratio was then plotted as a function of the
natural logarithm of the mean normal stress. The mean normal stress
was determined by assuming σ2 = σ3= 0.5σ1, where σ1, σ2, σ3 are
major, intermediate and minor principal stresses, respectively (Koolen
and Kuipers, 1983). The Gompertz equation was then fitted to the
measured data of void ratio and corresponding mean normal stress as
proposed by Gregory et al. (2006), and used to calculate the compres-
sive properties λ and κ, N (O’Sullivan and Robertson, 1996). We applied
the O’Sullivan and Robertson (1996) model incorporated in SoilFlex
(Keller et al., 2007) to simulate changes in bulk density and rut depth
due to the passage of the test vehicle. This model requires two addi-
tional parameters (m and κ'), associated with the “steeper” recompres-
sion line (for details see O’Sullivan and Robertson, 1996). Following
O’Sullivan and Robertson, 1996 we set m to 1.3 and calculated κ' as κ' =
(λ × κ)0.5. The compressive properties of all experimental soils are
presented in Table 3.

2.4. Simulations of rut depth and changes in bulk density due to vehicle
passage

Simulations of rut depth at the different experimental sites was
conducted with SoilFlex, using the “uniaxial strain state” option (Keller
et al., 2007). For the vertical contact stress at the tyre-soil interface was
approximated by a parabolic distribution with a maximum contact
stress of 1.5 times tyre inflation pressure. The propagation of stress in
the soil profile is calculated based on the work of Boussinesq (1885) and
Fröhlich (1934). The Fröhlich (1934) concentration factor was set to a
value of 5 for all calculations. The volumetric strain and changes in bulk
density were calculated using the O’Sullivan and Robertson (1996)
compression model, with the parameter values as presented in Table 3.

Table 2
Parameters of the test vehicles.

MB1017 truck APC

Total weight (kN) 70 226
Weight of first axle (kN) 36.8 75.2
Weight of second axle (kN) 33.2 75.2
Weight of third axle (kN) – 75.2
Number of axles / tyres 2 axles / 6 tyres 3 axles / 6 tyres
Tyre unloaded radius (m) 0.53 0.60
Tyre unloaded section height (m) 0.24 0.35
Tyre undeflected width (m) 0.27 0.36
Tyre deflection (m) 0.02 0.06
Tyre inflation pressure (kPa) 650 650

Table 3
Compressive parameters and physical parameters used in simulations using
SoilFlex: compression index (λ), specific volume at p=1 kPa (N), recompres-
sion index (κ), bulk density (BD), particle density (PD).

Site Depth
(cm)

λ N κ BD
(Mg m−3)

PD
(Mg m−3)

Ilmatsalu 0 0.802 7.17 0.409 0.29 1.74
20 0.631 6.10 0.231 0.41 1.74
40 0.900 8.00 0.401 0.24 1.74

Kaimi I 0 0.122 2.10 0.097 1.24 2.55
10 0.125 2.14 0.055 1.28 2.55
35 0.147 2.43 0.065 1.46 2.55

Kaimi II 0 0.335 3.25 0.204 0.71 2.10
15 0.290 3.53 0.150 0.69 2.10
35 0.205 2.95 0.072 1.65 2.53

Kesa 0 0.200 2.55 0.060 1.43 2.58
15 0.100 1.96 0.030 1.52 2.58
40 0.080 1.68 0.030 1.75 2.61

LaevaI 0 0.360 3.47 0.140 1.00 2.58
15 0.130 2.24 0.076 1.32 2.58
40 0.070 3.17 0.049 1.61 2.60

LaevaII 0 0.445 4.00 0.314 0.79 2.44
15 0.115 2.10 0.043 1.37 2.62
35 0.167 2.59 0.043 1.32 2.56

Saverna 0 0.102 2.06 0.066 1.14 2.57
20 0.102 1.86 0.033 1.48 2.60
40 0.111 2.17 0.036 1.46 2.60
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2.5. Data analysis

The free software environment R was used for statistical analyses (R
Core Team, 2015). Analysis of variance was used for comparisons of the
effect of soil types and land use (alone and combination) on rut depth.

3. Results and discussion

3.1. Rut depth

The water contents at the time of vehicles passages are presented in
Table 1. The water content of most of the tested soils was near the
plastic limit (Table 1) where soil is expected to be most compressible
(Lal and Shukla, 2004). Measured rut depth after one and 10 vehicle
passes are presented in Fig. 1. The smallest rut depths after one vehicle
pass were measured at the arable sites (Kesa, Kaimi I and II) with
average rut depths in the range 2.5–3.3 cm. Slightly deeper ruts be-
tween 4.3 and 7.3 cm on average were formed in natural grassland sites
(Laeva I and II, Ilmatsalu). The range, i.e. the difference between the
minimum and maximum rut depth measured along the 50–100m long
wheel track transect, was larger for the grassland sites than the arable
sites. The highest within-site variability in rut depth was measured on
the peat soil at Ilmatsalu, with rut depths varying between 1.3
(minimum) and 18 cm (maximum). Deep ruts (average rut depth
15.6 cm) were developed due one vehicle pass at the Saverna natural
grassland site. In contrast to all other sites, Saverna was trafficked with
the heavier test vehicle (APC; Table 2). Since the maximum rut depth
exceeded 22 cm and was close to the immobilization situation, no fur-
ther passes were conducted at Saverna. The Saverna site had mostly
likely not a natural soil profile. The subsoil of Saverna had a higher SOC
than the topsoil, and the subsoil bulk density was similar to the topsoil
bulk density (Table 1). This, in combination with a sparse grass cover,
indicate signs of soil disturbance in the past. Reclaimed soil is typically
loose, and structure formation of reclaimed soils takes a long time
(Tobias et al., 2008). The high rut depths after only one vehicle pass
could therefore be because this soil was not consolidated yet.

The rut depth increased from one to 10 passes for all the sites
(Fig. 1). The increase was smallest for the arable fields, where an in-
crease of 5.4 cm, 4.0 cm and 3.8 cm, respectively, was measured at
Kesa, Kaimi I and Kaimi II. For natural grassland sites, the increases
were 15.2 cm and 13.3 cm on the loamy soils at Laeva I and II, re-
spectively, and 6.1 cm at Ilmatsalu (peat soil). Soil texture, land use, as
well as the interaction between soil texture and land use had significant
effects on rut depth after the first vehicle pass as well as on rut depth

after 10 passes (p< 0.01). Compared with the arable sites, the grass-
land sites had a higher clay content, lower bulk density, higher organic
material content, and a higher water content (Table 1). The combina-
tion of these properties resulted in the formation of deeper ruts, espe-
cially after repeated passages. The increase in rut depth from the first to
the tenth vehicle pass as a function of clay content is presented on
Fig. 2. Although the relationship explained 67% of the variation in rut
depth increase between sites, the slope was not significantly different
from zero (p > 0.05). Deeper ruts in clay and clay loam soils in com-
parison to sandy soils were also measured by Ampoorter et al. (2010)
and Watts et al. (2005). Kurjenluoma et al. (2009) demonstrated a re-
duction in rut depth in arable clay soils with the decrease in water
content.

Based on the measured rut depths after one and 10 passes and the
increase in rut depth from one pass to 10 passes, the tested soils could
be divided into three groups. The first group consists of soils from
agricultural fields (Kesa, Kaimi I and Kaimi II) that are characterized by
a small rut depth (∼3 cm) after one vehicle pass and moderate rut
depth (∼7 cm) after 10 vehicle passes. The second group represents
soils from natural grassland sites (Laeva I and Laeva II) characterized by
moderate rut depth (∼5 cm) after the first pass and a large increase in
rut depth from the first to the tenth pass (increase of ∼15 cm, final rut
depth after 10 passes ∼20 cm). The peat soil under grassland
(Ilmatsalu) forms the third group and is characterized by a moderate rut
depth (∼7 cm) after the first vehicle pass and a moderate increase in rut
depth from the first to the tenth vehicle pass (final rut depth after 10

Fig. 1. Measured rut depth after one pass and ten vehicle passes.

Fig. 2. Increase in rut depth from one to ten vehicle passes as a function of
topsoil clay content.
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passes ∼13 cm). The Saverna grassland site was not included in this
classification because the vehicle used at Saverna was heavier than the
one used at all the other sites.

Fig. 3 compares the simulated with the measured rut depth as a
function of vehicle passes for the three groups, represented by Kesa
(arable soil, group 1), Laeva I (grassland soil, group 2) and Ilmatsalu
(peat under grassland, group 3). The rut depth as well as the evolution
of rut depth from the first to the tenth vehicle pass were well predicted
for the arable site (Kesa). There was no difference between measured
and modelled rut depth after one pass, and there was only a small
difference (1.6 cm) between measured and simulated rut depth after 10
passes. Similar results were obtained for the other two arable sites
(Kaimi I and II). At the grassland site Laeva I, the rut depth after one
pass was well predicted (the difference between simulated and mea-
sured rut depth was 1.3 cm), but the rut depth after 10 passes was
strongly underestimated by the model (the difference between simu-
lated and measured rut depth was −14.2 cm; Fig. 3). That is, the model
did not correctly capture the increase in rut depth from the first to the
tenth pass, and this is further discussed below. The results were similar
for Laeva II. For the peat soil (Ilmatsalu), the rut depths were largely
overestimated by the model, both the rut depth after one pass (mea-
sured rut depth: 7.3 cm; simulated rut depth: 17.4 cm) and the rut depth
after ten passes (measured rut depth: 13.4 cm; simulated rut depth:
35.7 cm; Fig. 3). However, the relative increase in rut depth from the
first to the tenth pass were similar for the measurements and simula-
tions (increase by a factor of about two).

3.2. Changes in bulk density

Measured and simulated bulk density profiles for one example per
soil group (see previous section) are shown in Figs. 4–6. We note a
relatively large spatial variability in bulk density at all sites, which
makes comparisons of bulk densities before, after one pass and after ten
passes difficult. It lies in the nature of destructive sampling (such as for
bulk density) that it is impossible to sample the exact same location
before and after the passage of a vehicle. We therefore focus on the
general pattern of the bulk density profiles (bulk density distribution
with depth) rather than on single values.

The undisturbed (i.e. before vehicle passage) bulk density profile of
Kesa (Fig. 4) was typical for an arable soil, with relatively uniform bulk
density in the topsoil and higher bulk density in the subsoil (Table 3).
Apart from the surface bulk density, the general patterns of the bulk
density changes due to one and ten vehicle passes were adequately si-
mulated (Fig. 4). The discrepancy for the surface layer could be due to

differences between actual and simulated stress distribution at the tyre-
soil interface (Keller et al., 2007). However, because the measured
surface bulk density hardly changes due to the vehicle passes (Fig. 4),
we rather associate the difference between measured and simulated
bulk density at the surface to the fact that lateral soil movement and
shear effects (O’Sullivan et al., 1999; Antille et al., 2013; Ansorge and
Godwin, 2008) were not accounted for by the model (cf. Section 2.4).

Fig. 3. Measured and modelled rut depth as a function of vehicle passes for
Kesa, Laeva I and Ilmatsalu. Error bars indicate standard deviation. Note that
the measured rut depth data for Laeva I and Ilmatsalu are slightly displaced for
better readability.

Fig. 4. Measured and modelled bulk density (BD) as a function of depth at Kesa.
Shaded areas correspond to the range of measured bulk density.

Fig. 5. Measured and modelled bulk density as a function of depth at Laeva I.
Shaded areas correspond to the range of measured bulk density.

Fig. 6. Measured and modelled bulk density as a function of depth at Ilmatsalu.
Shaded areas correspond to the range of measured bulk density.
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Shear displacement caused by running gear (such as the driving wheels
in our case) may result in dilation of soil, i.e. expansion in volume and
corresponding decrease in bulk density. Dilation is observed when
dense granular materials undergo shear deformation (Reynolds, 1885).
The Kesa soil is coarse-textured (Table 1) and initial bulk density was
rather high for its texture (Keller and Håkansson, 2010). In addition,
the Kesa soil was wet, with a topsoil water content similar to the water
content at the liquid limit (Table 1), resulting in a low shear strength
(Lal and Shukla, 2004). The observed negligible changes in bulk density
due to the vehicle passes may therefore be a combination of compaction
and shear-induced dilation.

The initial bulk density profile of the Laeva I grassland soil (Fig. 5)
had a similar shape as the arable soil (Fig. 4), but the bulk density was
generally lower due to the higher clay content (Table 1). The increase in
bulk density due to one vehicle pass was well predicted (Fig. 5), as also
shown by the close agreement between simulated and measured rut
depth after one pass (Fig. 3). The increase in bulk density caused by ten
vehicle passes was also rather well predicted for depths greater than
20 cm (Fig. 5). However, the rut depth was largely underestimated
(Figs. 3 and 5), which we associate with lateral soil movement that is
not accounted for by the model as mentioned above. Cohesion between
particles is negligible in fine-textured soils with high water content (Lal
and Shukla, 2004), and therefore the resistance to withstand vehicle
traffic is small. On the other hand, meso- and micropores typical to this
type of soils are filled with water. As the water cannot be compressed,
the lateral displacement will dominate and as a result deeper ruts are
formed (Ampoorter et al., 2010).

The Ilmatsalu soil had a very low bulk density, as is typical for a
peat soil (Fig. 6). In contrast to the mineral soils discussed above, the
bulk density of the subsoil (40 cm depth) was lower than that of the
topsoil (Table 3). The measured bulk density after either one or ten
vehicle passes was similar to the bulk density before trafficking, al-
though rut depths were significant (Figs. 3 and 6). According to Kuan
et al. (2007) soils with higher organic material content are vulnerable
to compaction but their resilience is significantly higher. The large rut
depths were caused by lateral soil movement: we observed up to 15 cm
high bulges at the rut edges. The model overestimated changes in bulk
density due to the vehicle passages, and also largely overestimated rut
depths (Figs. 3 and 6).

3.3. The model used for simulations: applicability, limits, and future
development needs

In this work we used SoilFlex (Keller et al., 2007) to simulate the
evolution of bulk density and the rut depth due to the passage of the
military vehicle. SoilFlex belongs to the class of analytical (sometimes
also referred to as semi-analytical) models developed for prediction of
compaction due to vehicular traffic, primarily used for simulation of
compaction of arable soil due to agricultural machinery traffic but oc-
casionally also in the context of forestry operations. These models
employ three sequential simulation steps: (i) generation of the contact
area and the stress distribution in the contact area, (ii) simulation of soil
stress by applying the Boussinesq (1885) equation (often modified by
the Fröhlich (1934) concentration factor) using the Söhne (1953)
summation procedure, and (iii) calculation of changes in bulk density
(or void ratio) by applying a stress-strain relationship. Here, we used
the O’Sullivan and Robertson (1996) stress-strain relationship to si-
mulate changes in bulk density, with the mechanical properties given in
Table 3. We incorporated a new routine in SoilFlex so that it was pos-
sible to simulate up to 10 passes of a two-axle vehicle.

Although our study only includes one site with peat soil and hence
generalisation may not be possible, our work shows that the mechanical
behaviour of the peat soil during wheeling was not well simulated by
the model. We measured a very low bulk density, a high water content,
a high compression index and a high recompression index for our peat
soil (Ilmatsalu, Table 3), which is in agreement with the general

description of peat as a soft material with high values for compressi-
bility and elasticity, respectively (Price, 2003; Mesri and Ajlouni,
2007). Secondary compression is known to be important in peat (Mesri
et al., 1997). In contrast to particles in mineral soils that are assumed
incompressible, organic particles in peat soils can deform and are not
incompressible (Yang et al., 2016). According to Yang et al. (2016), it is
therefore important to consider the viscous and rate-dependent beha-
viour of peat when modelling the mechanical behaviour of peat. The
model used in our study does not consider either of these. The me-
chanical properties were obtained in this study from uniaxial confined
compression tests using 30 s loading time per stress level. The vertical
stress induced by the military vehicle was simulated to be c. 100 kPa at
0.5 m depth and c. 500 kPa at 0.2 m depth (not shown). The loading
time to reach these stresses was about 90 s (three loading steps, cf.
Section 2.3) and 150–180 s (between five and six loading steps) during
the uniaxial compression tests, which is two orders of magnitude longer
than the loading time due by the passage of a tyre (1–2 s; Keller et al.,
2012). It was shown by Or and Ghezzehei (2002) that the ratio of elastic
to viscous strain increases with decreasing loading time. Peat soils cover
significant parts of agricultural land, e.g. in Northern Europe. Accurate
prediction of deformation of peat soils due to wheeling would therefore
be highly relevant, but the mechanical behaviour of peat during vehi-
cular traffic is little studied. We suggest that this could be a subject for
future research. Such research should take into account the wide range
of peat soils reflecting different originating material and formation
processes (British Standards Institution, 1999, 2002).

Our results further highlight that multi-pass effects are not well si-
mulated. In our study, this was especially pronounced for the grassland
soils, where the increase in rut depth from one to ten vehicle passes was
largely underestimated. During the passage of a tyre, soil is not only
moved in vertical direction but also in horizontal direction (Horn and
Baumgartl, 1999; Way et al., 2005). Horizontal displacements may be
larger than vertical displacements at shallow depths close to the tyre-
soil interface (Horn et al., 2000). The combination of vertical and
horizontal deformation results in a kneading process during repeated
loading, which may result in a homogenisation of soil once its strength
is exceeded (Horn, 2003). Soil strength decreases during repeated
wheeling-induced deformation due to two effects. First, because the
degree of saturation increases due to the decrease in porosity (Peth
et al., 2010). And second, because the homogenisation caused by
kneading is a strain softening process (Richards et al., 1997; Horn,
2003). Under these conditions, deformation will not induce volume
change (i.e. no compaction) but the soil will flow laterally away from
the centreline of the rut (Way et al., 2005). This is consistent with the
bulges of up to 15 cm height that we observed next to the ruts on the
grassland soils (Laeva I and II, Ilmatsalu) after ten vehicle passes, and
probably explains the poor prediction of rut depth evolution from the
first to the tenth vehicle pass for these sites (Fig. 3). Especially the top
layer (0–15 cm depth) of these soils were weaker (i.e. larger N and λ;
Table 3) than those of the arable soils (Kaimi I and II, Kesa). In addition,
the higher clay content of the Laeva sites compared with the arable sites
(Table 1) may have induced a stronger decrease in soil strength with
increasing degree of saturation caused by deformation. Hence, fewer
wheel passes were needed on the grassland soils to initiate soil plastic
flow.

We identified three features that deserve attention in future studies
and model development: (i) the rate-dependent viscous nature of soil
behaviour, (ii) soil plastic flow at constant volume, and (iii) coupling of
hydraulic and mechanical processes. The model used here was devel-
oped for estimating compaction risks of field traffic on arable soils and
does not account for any of these features. The fact that arable soils are
typically rather strong (compared with natural and forest soils), that
multiple vehicle passes in the same track within short time are atypical
(except perhaps on headlands during transportation of harvest products
from the field), and that risk assessment of agricultural field traffic is
mainly concerned with prevention of subsoil compaction rather than
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rut formation may explain why these processes are not considered.
Compression may be the dominant process in arable subsoils under
loading with agricultural vehicles (Alakukku et al., 2003). However,
shear deformation and plastic flow, may be highly relevant processes on
soft soils (Wong, 2008). Nevertheless, Schjønning et al. (2016) recently
highlighted the need for better mechanistic understanding of multiple
wheel pass effects on arable soil. We infer that the above-mentioned
features be particularly important for accurate quantification of soil
deformation involving multiple wheel passes on weak soil, such is the
case during forestry operations and military manoeuvres. The in-
corporation of these aspects is not primarily a question of model type
(i.e. analytical or numerical approach). Lateral flow can be included in
analytical compaction models (Keller et al., 2007), although finite or
discrete element models are better suited for this, especially when
plastic flow is a dominant part of soil deformation. Rate-dependency
was considered in the analytical modelling framework of Or and
Ghezzehei (2002) for quantification of the deformation of aggregates
due to capillary forces and external stresses. Numerical models that
couple hydraulic and mechanical processes have been developed by
Richards as described in Richards et al. (1997) and Richards and Peth
(2009), and by Klubertanz et al. (1997) described in Gysi et al. (2000).
Rate-dependency of soil behaviour, soil plastic flow and soil hydraulic-
mechanical coupling are complex processes. Modelling these requires
sophisticated approaches (cf. the examples mentioned here) and para-
meterization is not simple.

4. Conclusions

The lowest rut depths were measured on the arable soils, both after
one and ten vehicle passes. The highest rut depths after one vehicle pass
were observed on the peat soil, and the highest rut depths after ten
vehicle passes were measured on the grassland sites. The analytical soil
compaction model used here was able to adequately predict rut depth
after both one and ten vehicle passes on the arable soils and rut depth
after one vehicle pass on the grassland soils, but largely underestimated
the increase in rut depth from one to ten passes on the grassland sites
and overestimated rut depths on the peat soil. Better quantitative de-
scription of multi pass effects, especially on soft soils, is needed.
Moreover, we identify a need for studies on the mechanical behaviour
of peat soils during wheeling.

Acknowledgements

The last author (T.K.) would like to acknowledge financial support
from the Bio Based Industries Joint Undertaking under the European
Union’s Horizon 2020 research and Innovation Framework Programme
for the project “Efficient forestry for sustainable and cost-competitive
bio-based industry (EFFORTE)” under grant agreement No 720712.

References

Alakukku, L., Weisskopf, P., Chamen, W.C.T., Tijink, F.G.J., van der Linden, J.P., Pires, S.,
Sommer, C., Spoor, G., 2003. Prevention strategies for field traffic-induced subsoil
compaction: a review part 1. Machine/soil interactions. Soil Tillage Res. 73,
145–160.

Ampoorter, E., Van Nevel, L., De Vos, B., Hermy, M., Verheyen, K., 2010. Assessing the
effects of initial soil characteristics, machine mass and traffic intensity on forest soil
compaction. For. Ecol. Manag. 260, 1664–1676.

Anderson, A.B., Palazzo, A.J., Ayers, P.D., Fehmi, J.S., Shoop, S., Sullivan, P., 2005.
Assessing the impacts of military vehicle traffic on natural areas. Introduction to the
special issue and review of the relevant military vehicle impact literature. J.
Terramech. 42, 143–158.

Ansorge, D., Godwin, R.J., 2008. The effect of tyres and a rubber track at high axle loads
on soil compaction—part 2: multi-axle machine studies. Biosyst. Eng. 99, 338–347.

Antille, D.L., Ansorge, D., Dresser, M.L., Godwin, R.J., 2013. Soil displacement and soil
bulk density changes as affected by tire size. Trans. ASABE 56 (5), 1683–1693.

Aragon, A., Garcia, M.G., Filgueira, R.R., Pachepsky, Ya.A., 2000. Maximum compact-
ibility of Argentina soils from the Proctor test: the relationship with organic matter
and water content. Soil Tillage Res. 56, 197–204.

Ayers, P.D., 1994. Environmental damage from tracked vehicle operation. J. Terramech.

31, 173–183.
Botta, G.F., Tolon Becerra, A., Bellora Tourn, F., 2009. Effect of the number of tractor

passes on soil rut depth and compaction in two tillage regimes. Soil Tillage Res. 103,
381–386.

Boussinesq, J., 1885. Application des Potentiels l’étude de l’équilibre et du Mouvement
des Solides Élastiques. Gauthier-Villars, Paris, pp. 30.

Braunack, M.V., 1986. Changes in physical properties of two dry soils during tracked
vehicle passage. J. Terramech. 23 (3), 141–151.

Braunack, M.V., Williams, B.G., 1993. The effect of initial soil water content and vege-
tative cover on surface soil disturbance by tracked vehicles. J. Terramech. 30 (4),
299–311.

British Standards Institution, 1999. Code of Practice for Site Investigation, BS 5930:1999.
Her Majesty’s Stationary Office, London.

British Standards Institution, 2002. Geotechnical Investigation and Testing –
Identification and Classification of Soil, BS EN ISO 14688-1: 2002. Her Majesty’s
Stationary Office, London.

Bygdén, G., Eliasson, L., Wästerlund, I., 2004. Ruth depth, soil compaction and rolling
resistance when using bogie tracks. J. Terramech. 40, 179–190.

Cambi, M., Certini, G., Neri, F., Marchi, E., 2015. The impact of heavy traffic on forest
soils: a review. Forest Ecol. Manag. 338, 124–138.

Defossez, P., Richard, G., 2002. Models of soil compaction due to traffic and their eva-
luation. Soil Tillage Res. 67, 41–64.

Défossez, P., Richard, G., Boizard, H., O’Sullivan, M.F., 2003. Modeling change in soil
compaction due to agricultural traffic as function of soil water content. Geoderma
116, 89–105.

Défossez, P., Richard, G., Keller, T., Adamiade, V., Govind, A., Mary, B., 2014. Modelling
the impact of declining soil organic carbon on soil compaction: application to a
cultivated Eutric Cambisol with massive straw exportation for energy production in
Northern France. Soil Tillage Res. 141, 44–54.

Diersing, V.E., Shaw, R.B., Warren, S.D., Novak, E.W., 1988. A user’s guide for estimating
allowable use of tracked vehicles on nonwooded military training lands. J. Soil Water
Conserv. 43 (2), 191–195.

Fisher, R.F., Binkley, D., 2000. Ecology and Management of Forest Soils. Wiley, New
York.

Fröhlich, O.K., 1934. Druckverteilung im Baugrunde. Springer Verlag, Wien, pp. 178.
Gregory, A.S., Whalley, W.R., Watts, C.W., Bird, N.R.A., Hallett, P.D., Whitmore, A.P.,

2006. Calculation of the compression index and precompression stress from soil
compression test data. Soil Tillage Res. 89, 45–57.

Gysi, M., Klubertanz, G., Vulliet, L., 2000. Compaction of an Eutric Cambisol under heavy
wheel traffic in Switzerland – field data and modeling. Soil Tillage Res. 56, 117–129.

Halvorson, J.J., McCool, D.K., King, L.G., Gatto, L.W., 2001. Soil compaction and over-
winter changes to tracked-vehicle ruts, Yakima Training Center, Washington. J.
Terramech. 38, 133–151.

Hambleton, J.P., Drescher, A., 2008. Modeling wheel-induced rutting in soils: indenta-
tion. J. Terramech. 45, 201–211.

Hambleton, J.P., Drescher, A., 2009. Modeling wheel-induced rutting in soils: rolling. J.
Terramech. 46, 35–47.

Hillel, D., 1998. Environmental Soil Physics. Academic Press, San Diego.
Horn, R., 2003. Stress-strain effects in structured unsaturated soils on coupled mechanical

and hydraulic processes. Geoderma 116, 77–88.
Horn, R., Baumgartl, T., 1999. Dynamic properties of soils. In: Sumner, M.E. (Ed.),

Handbook of Soil Science. CRC Press, Boca Raton, pp. A19–A51.
Horn, R., Blackwell, P.S., White, R., 1989. The effect of speed of wheeling on soil stresses,

rut depth and soil physical properties in an ameliorated transitional red-brown earth.
Soil Tillage Res. 13, 353–364.

Horn, R., Rostek, J., Horn, R., 2000. Subsoil compaction processes – state of knowledge.
In: In: van den Akker, J.H., Arvidsson, J. (Eds.), Subsoil Compaction – Distribution,
Processes and Consequences. Adv. Geoecol. 32. pp. 44–55.

Jones, R., Horner, D., Sullivan, P., Ahlvin, R., 2005. A methodology for quantitatively
assessing vehicular rutting on terrains. J. Terramech. 42, 245–257.

Keller, T., Håkansson, I., 2010. Estimation of reference bulk density from soil particle size
distribution and soil organic matter content. Geoderma 154, 398–406.

Keller, T., Defossez, P., Weisskopf, P., Arvidsson, J., Richard, G., 2007. SoilFlex: a model
for prediction of soil stresses and soil compaction due to agricultural field traffic
including a synthesis of analytical approaches. Soil Tillage Res. 93, 391–411.

Keller, T., Lamandé, M., Schjønning, P., Dexter, A.R., 2011. Analysis of soil compression
curves from uniaxial confined compression tests. Geoderma 163, 13–23.

Keller, T., Arvidsson, J., Schjønning, P., Lamandé, M., Stettler, M., Weisskopf, P., 2012. In
situ subsoil stress-strain behavior in relation to soil precompression stress. Soil Sci.
177, 490–497.

Klubertanz, G., Laloui, L., Vulliet, L., 1997. Numerical modeling of the hydro-mechanical
behaviour of unsaturated porous media. Proceedings of the NAFEMS World Congress
1997.

Koolen, A.J., Kuipers, H., 1983. Agricultural Soil Mechanics. Advanced Series in
Agricultural Sciences 13. Springer-Verlag, Berlin.

Kuan, H.L., Hallett, P.D., Griffiths, B.S., Gregory, A.S., Watts, C.W., Whitmore, A.P., 2007.
The biological and physical stability and resilience of a selection of Scottish soils to
stresses. Eur. J. Soil Sci. 58, 811–821.

Kurjenluoma, J., Alakukku, L., Ahokas, J., 2009. Rolling resistance and rut formation by
implement tyres on tilled clay soil. J. Terramech. 46, 267–275.

Lal, R., Shukla, M.K., 2004. Principles of Soils Physics. Marcel Dekker Inc., NY.
Lebert, M., Horn, R., 1991. A method to predict the mechanical strength of agricultural

soils. Soil Tillage Res. 19, 275–286.
Liu, K., Ayers, P., Howard, H., Anderson, A., 2009. Influence of turning radius on wheeled

military vehicle induced rut formation. J. Terramech. 46, 49–55.
Liu, K., Ayers, P., Howard, H., Anderson, A., 2010. Influence of soil and vehicle

K. Vennik et al. Soil & Tillage Research 186 (2019) 120–127

126



124

parameters on soil rut formation. J. Terramech. 47, 143–150.
Liu, K., Ayers, P., Howard, H., Anderson, A., Kane, J., 2011. Multi-pass rutting study for

turning wheeled and tracked vehicles. Trans. ASABE 54 (1), 5–12.
Lyasko, M., 2010. Multi-pass effect on off-road vehicle tractive performance. J.

Terramech. 47, 275–294.
Maclaurin, E.B., 1990. The use of mobility numbers to describe the in-field tractive

performance of pneumatic tyres. Proceedings of 10th International Conference of the
ISTVS/Kobe.

Margiotta, F.D., 2000. Brassey’s Encyclopedia of Land Forces and Warfare. Brassey’s Inc.,
Brassey’s Washington.

Mason, G.L., Vahedifard, F., Robinson, J.D., Howard, I.L., McKinley, G.B., Priddy, J.D.,
2016. Improved sinkage algorithms for powered and unpowered wheeled vehicles
operating on sand. J. Terramech. 67, 25–36.

McBride, R.A., 1993. Soil consistency limits. In: Carter, M.R. (Ed.), Soil Sampling and
Methods of Analysis. FL: Lewis Publishers, Bosa Raton, pp. e519–e529.

Meek, P., 1996. Effects of Skidder Traffic on Two Types of Forest Soils. Forest Research
Institute of Canada, FERIC. Technical Report TR-117.

Mesri, G., Ajlouni, M., 2007. Engineering properties of fibrous peats. J. Geotech.
Geoenviron. 137, 850–866.

Mesri, G., Stark, T.D., Ajlouni, M.A., Chen, C.S., 1997. Secondary compression of peat
with or without surcharging. J. Geotech. Geoenviron. 123, 411–420.

O’Sullivan, M.F., Robertson, E.A.G., 1996. Critical state parameters from intact samples of
two agricultural topsoils. Soil Tillage Res. 39, 161–173.

O’Sullivan, M.F., Henshall, J.K., Dickson, J.W., 1999. A simplified method for estimating
soil compaction. Soil Tillage Res. 49, 325–335.

Or, D., Ghezzehei, T.A., 2002. Modeling post-tillage soil structure dynamics: a review.
Soil Tillage Res. 64, 41–59.

Palazzo, A., Jensen, K., Waldron, B., Cary, T., 2005. Effect of tank tracking on range
grasses. J. Terramech. 42 (3–4), 177–191.

Peth, S., Rostek, J., Zink, A., Mordhorst, A., Horn, R., 2010. Soil testing of dynamic de-
formation processes of arable soils. Soil Tillage Res. 106, 317–328.

Price, J.S., 2003. Role and character of seasonal peat soil deformation on the hydrology of
undisturbed and cutover peatlands. Water Resour. Res. 39, 1241. https://doi.org/10.
1029/2002WR001302.

Prose, D.V., 1985. Persistent effects of armored military maneuvers on some soils of the
Mojave Desert. Environ. Geol. Water. Sci. 7 (3), 163–170.

Pytka, J., Dąbrowski, J., Zając, M., Tarkowski, P., 2006. Effects of reduced inflation
pressure and vehicle loading on off-road traction and soil stress and deformation
state. J. Terramech. 43, 469–485.

R Core Team, 2015. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/.

Retta, A., Wagner, L.E., Tatarko, J., 2014. Military vehicle trafficking impacts on vege-
tation and soil bulk density at Fort Benning, Georgia. Trans. ASABE 57 (4),
1043–1055. https://doi.org/10.13031/trans.57.10327.

Reynolds, O., 1885. LVII. On the dilatancy of media composed of rigid particles in con-
tact, with experimental illustrations. Phil. Mag. 5, 469–481.

Richards, B.G., Peth, S., 2009. Modelling soil physical behaviour with particular reference
to soil science. Soil Tillage Res. 102, 216–224.

Richards, B.G., Baumgartl, T., Horn, R., Gräsle, W., 1997. Modelling the effects of re-
peated wheel loads on soil profiles. Int. Agrophys. 11, 177–187.

Robinson, G.W., 1922. A new method for the mechanical analysis of soil and other dis-
persions. J. Agric. Sci. 12, 306–321.

Saarilahti, M., 2002. Soil interaction model. Project deliverable D2 (Work package No. 1)
of the development of a protocol for ecoefficient wood harvesting on sensitive sites
(ECOWOOD). EU 5th Framework Project (Quality of Life and Management of Living
Resources) Contract No.QLK5-1999-00991 (1999–2002).

Schjønning, P., Lamandé, M., Munkholm, L.J., Lyngvig, H.S., Nielsen, J.A., 2016. Soil
precompression stress, penetration resistance and crop yield in relation to differently-
trafficked, temperate-region sandy loam soils. Soil Tillage Res. 163, 298–308.

Söhne, W., 1953. Druckverteilung im Boden und Bodenverformung unter
Schlepperreifen. Grundlagen der Landtechnik 5, 49–63.

Stevens, M.T., McKinley, G.B., Vahedifard, F., 2016. A comparison of ground vehicle
mobility analysis based on soil moisture time series datasets from WindSat, LIS, and
in situ sensors. J. Terramech. 65, 49–59.

Tobias, S., Haberecht, M., Stettler, M., Meyer, M., Ingensand, H., 2008. Assessing the
reversibility of soil displacement after wheeling in situ on restored soils. Soil Tillage
Res. 98, 81–93.

Trumbull, V.L., Dubois, P.C., Brozka, R.J., Guyette, R., 1994. Military camping impacts on
vegetation and soils of the Ozark Plateau. J. Environ. Manage 40, 329–339.

Vennik, K., Kukk, P., Krebstein, K., Reintam, E., 2016. The relationship between pre-
compression stress and rut depth of different soil types in Estonia. Agron. Res. 14 (2),
624–634.

Vennik, K., Keller, T., Kukk, P., Krebstein, K., Reintam, E., 2017. Soil rut depth prediction
based on soil strength measurements on typical Estonian soils. Biosyst. Eng. 163,
78–86.

Voorhees, W.B., Young, R.A., Lyles, L., 1979. Wheel traffic considerations in erosion re-
search. Trans. ASAE 22, 786–790.

Vorobyova, L.A., 1998. Chemical Analysis of Soils. Moscow University Press, Moscow.
Watts, C.W., Clark, L.J., Chamen, W.C.T., Whitmore, A.P., 2005. Adverse effects of si-

mulated harvesting of short-rotation willow and poplar coppice on vertical pressures
and rut depths. Soil Tillage Res. 84, 192–199.

Way, T.R., Erbach, D.C., Bailey, A.C., Burt, E.C., Johnson, C.E., 2005. Soil displacement
beneath an agricultural tractor drive tire. J. Terramech. 42, 35–46.

Webb, R.H., 2002. Recovery of severely compacted soils in the Mojave Desert, California,
USA. Arid Land Res. Manag. 16, 291–305.

Willoughby, W.E., Turnage, G.W., 1990. Review of a Procedure for Predicting Rut Depth.
Internal Working Document.

Wolkowsky, R.P., 1990. Relationship between wheel-traffic-induced soil compaction,
nutrient availability, and crop growth: a review. J. Prod. Agric. 3, 460–469.

Wong, J.Y., 2008. Theory of Ground Vehicles, 4th ed. John Wiley and Sons, Inc., NJ.
Yang, Z.X., Zhao, C.F., Xu, C.J., Wilkinson, S.P., Cai, Y.Q., Pan, K., 2016. Modelling the

engineering behaviour of fibrous peat formed due to rapid anthropogenic terres-
trialization in Hangzhou, China. Eng. Geol. 215, 25–35.

Yong, R.N., Fattah, E.A., 1976. Prediction of wheel-soil interaction and performance using
the finite element method. J. Terramech. 13 (4), 227–240.

K. Vennik et al. Soil & Tillage Research 186 (2019) 120–127

127



125

CURRICULUM VITAE

First name:   Kersti 
Last name:   Vennik
Date of  birth:  14.04.1975

Education:
2012–2019   PhD studies in Agricultural Sciences, Estonian  
   University of  Life Sciences, Institute of   
   Agricultural and Environmental Sciences
2000–2007  MSc studies in geoinformatics and cartography, 
   University of  Tartu
1993–1999   BSc studies in geography, University of  Tartu 
1990–1993   Nõo Reaalgümnaasium 

Additional education 
2013    course „Learning and Teaching in Science  
   Higher Education“, University of  Tartu 
2012    course „Jalaväepataljoni taktika ja  
   nooremstaabiohvitseride kursus – NSOK“,  
   Estonian National Defence College 
2009    course „Üliõpilaste uurimistööde juhendamine  
   ja tagasiside andmine“, University of  Tartu 

Professional Employment 
2001–…   Estonian National Defence College, Department  
   of  Academic Affairs, lecturer of  geoinformatics 
1999–2001   Spadec Systems (GIS2B), GIS specialist 
1999–1999   AS Regio, GIS specialist
1999–1999   Peipsi Järve Projekt, GIS specialist  
1998–1999   Spadec Systems, GIS specialist 

Participation in research projects:
2012–2015    Lahingusoomukite liikumisvõimaluste  
   hindamine Eestis (8-2/T12111PKML)



126

Scientific work: 
The main research interests:
- Soil physical properties and mechanical behaviour under running 
 gear, soil-vehicle interaction.  
- Digital map analysis for optimal cross-country movement route  
 selection. 



127

ELULOOKIRJELDUS 

Eesnimi:   Kersti  
Perekonnanimi:  Vennik  
Sünniaeg:   14.04.1975

Haridus:
2012-2019   doktoriõpe põllumajanduse õppekaval, Eesti  
   Maaülikool, Põllumajandus- ja keskkonnainstituut
2000-2007  magistriõpe geoinformaatika ja kartograafia  
   erialal, Tartu Ülikool 
1993-1999   bakalaureuseõpe geograafia erialal,  
   spetsialiseerumine loodusgeograafia ja  
   maastikuökoloogia erialal, Tartu ülikool
1990-1993   Nõo Reaalgümnaasium, matemaatika-füüsika  
   süvaklass  

Erialane täiendõpe  
2013    Reaalteaduste didaktika, Tartu Ülikool 
2012   Jalaväepataljoni taktika ja nooremstaabi- 
   ohvitseride kursus – NSOK, Kaitseväe  
   Ühendatud Õppeasutused
2009   Üliõpilaste uurimistööde juhendamine ja  
   tagasiside andmine, Tartu Ülikool 

Teenistuskäik
2001-…   Kaitseväe Ühendatud Õppeasutued,  
   Õppeosakond, GIS lector
1999–2001   Spadec Systems (GIS2B), GIS specialist 
1999–1999   AS Regio, GIS spetsialist 
1999–1999   Peipsi Järve Projekt, GIS spetsailist   
1998–1999   Spadec Systems, GIS spetsialist 

Osalemine uurimisprojektides: 
2012-2015    Lahingusoomukite liikumisvõimaluste  
   hindamine Eestis (8-2/T12111PKML)



128

Teadustegevus: 
Teadustöö põhivaldkonnad:
- Mulla füüsikalised omadused ja mulla mehaaniline käitumine  
 sõiduki liikumisel. 
- Digitaalse kaardi analüüs sõiduki optimaalse teekonna leidmisel  
 maastikul.



129

LIST OF PUBLICATIONS

1.1. Articles indexed by Thomson Reuters Web of  Science

Vennik, K., Kukk, P., Krebstein, K., Reintam, E., Keller, T., 2019. 
Measurements and simulations of  rut depth due to single and 
multiple passes of  a military vehicle on different soil types. Soil and 
Tillage Research, 186, 120-127. 

Vennik, K., Keller, T., Kukk, P., Krebstein, K., Reintam, E., 2017. Soil 
rut depth prediction based on soil strength measurements on typical 
Estonian soils. Biosystems Engineering, 163, 78–86.

Reintam, E., Vennik, K., Kukk, L., Kade, S., Krebstein, K., Are, M., 
Astover, A., 2016. Measuring and predicting soil moisture conditions 
for trafficability. Acta Agriculturae Scandinavica, Section B – Soil & 
Plant Science, 66(8), 698–705.

Vennik, K., Kukk, P., Krebstein, K., Reintam, E., 2016. The relationship 
between precompression stress and rut depth of  different soil types 
in Estonia. Agronomy Research, 14(2), 624-634. 

1.2. Articles published in International peer-reviewed journals 
not indexed by Thomson Reuters or Scopus

Reintam, E.; Vennik, K.; Krebstein, K.; Kukk, L., 2015. Predicting Soil 
Freezing Depth For Trafficability. KVÜÕA Toimetised, 21, 30−38.

3.2. Articles published in international conference proceedings

Vennik, K., Krebstein, K., 2014. Trafficability conditions on the typical 
soil type in Estonia.  In: Proceedings of  the 18th international 
conference of  the ISTVS. Convention Center, Hoam Faculty House, 
Seoul National University, 1-9.



130

5.2. Conference abstracts

Reintam, E., Vennik, K., Kukk, L., Krebstein, K., Raet, J., 2016. Soil 
trafficability mapping in Estonia. Abstract Book: EUROSOIL 2016, 
Istablul, Turkey, 16-21 October, 2016. Istanbul: Soil Science Society 
of  Turkey, 51−51.

Krebstein, K., Tõnutare, T., Rodima, A., Kõlli, R., Künnapas, A., 
Rebane, J., Penu, P., Vennik, K., Soobik, L., 2015. Determination 
of  soil micronutrients (Fe, Cu, Mn, B) extracted by Mehlich 3 using 
MP-AES. 17: European Geosciences Union General Assembly 2015 
Vienna, Austria, 12-17 April. (EGU2015-3914).

Vennik, K., Tõnutare, T., Krebstein, K., Keller, T., 2015. Measuring 
soil particle density using the ultrasonic method. 17: European 
Geosciences Union General Assembly 2015 Vienna, Austria, 12-17 
April. (EGU2015-3521).

Tõnutare, T., Krebstein, K., Rodima, A., Kõlli, R., Künnapas, A., Rebane, 
J., Penu, P., Vennik, K., Soobik, L., 2015. The influence of  soil pH 
and humus content received by Mehlich 3 method nutrients analysis 
results. 17: European Geosciences Union General Assembly 2015 
Vienna, Austria, 12-17 April. (EGU2015-3932).

6.3. Popular science articles

Vennik, K., 2014. Pinnase- ehk mullaluure näppude vahel ja silmaga 
hinnates. Sõdur: Eesti sõjandusajakiri, 1, 39−44.



THE EFFECT OF MILITARY VEHICLES ON RUT 
FORMATION ON ESTONIAN SOILS AND NATURAL 

RECOVERY OF THE RUTS

EESTI MULDADEL MILITAARSÕIDUKITE 
ÜLESÕITUDE TULEMUSENA KUJUNENUD 

ROOPAD JA NENDE LOODUSLIK TAASTUMINE

KERSTI VENNIK

A Thesis
for applying for the degree of Doctor of Philosophy

in Agriculture

Väitekiri
filosoofiadoktori kraadi taotlemiseks põllumajanduse erialal

Tartu 2019

T
H

E EFFEC
T

 O
F M

ILITA
R

Y V
EH

IC
LES O

N
 R

U
T

 FO
R

M
AT

IO
N

 O
N

 EST
O

N
IA

N
 SO

ILS A
N

D
 N

AT
U

R
A

L R
EC

O
V

ER
Y O

F T
H

E R
U

T
S

K
ER

ST
I V

EN
N

IK

VIIS VIIMAST KAITSMIST

SERGEY KASK
VIRTUAL REALITY IN SUPPORT OF SUSTAINABLE TOURISM: EXPERIENCES 

FROM EASTERN EUROPE
VIRTUAALNE REAALSUS TOETAMAS SÄÄSTLIKKU TURISMI: IDA-EUROOPA 

KOGEMUSED
Professor Tiiu Kull, teadur Kati Orru (Tartu Ülikool)

30. jaanuar 2019

MAREK MAASIKMETS
DETERMINATION OF EMISSION FACTORS FROM ANTHROPOGENIC PARTICLE 

SOURCES FOR AIR EMISSION AND HEALTH IMPACT ASSESSMENT
INIMTEKKELISTE PEENOSAKESTE ERIHEIDETE MÄÄRAMINE 

ÕHUEMISSIOONIDE JA TERVISEMÕJUDE HINDAMISEKS
Professor Valdo Kuusemets, Erik Teinemaa (PhD, Eesti Keskkonnauuringute Keskus OÜ), 

dotsent Hans Orru (Tartu Ülikool)
11. märts 2019

MARJU TAMM
PIGMENT-BASED CHEMOTAXONOMY – EFFICIENT TOOL TO QUANTIFY 

PHYTOPLANKTON GROUPS IN LAKES AND COASTAL SEA AREAS
PIGMENTIDEL PÕHINEV KEMOTAKSONOOMIA – TÕHUS VAHEND 

FÜTOPLANKTONI KOOSSEISU SELGITAMISEKS JÄRVEDES JA RANNIKUMERES
Professor Tiina Nõges, teadur René Freiberg

21. mai 2019

MARGOT SEPP 
ORGANIC MATTER IN TEMPERATE LAKES – MONITORING AND 

CONNECTIONS WITH CATCHMENT
ORGAANILINE AINE PARASVÖÖTME JÄRVEDES – SEIRE NING SEOSED 

VALGALAGA
Professor Tiina Nõges 

21. mai 2019

JIAYAN YE 
QUANTITATIVE SCALING OF FOLIAGE PHOTOSYNTHETIC CHARACTERISTICS 
AND RELEASE OF CONSTITUTIVE AND INDUCED VOLATILES WITH SEVERITY 

OF BIOTIC STRESS
BIOOTILISE STRESSI KVANTITATIIVNE MÕJU LEHTEDE FOTOSÜNTEESILE 
NING KONSTITUTIIVSETE JA INDUTSEERITUD LENDUVATE ÜHENDITE 

EMISSIOONILE
Professor Ülo Niinemets 

6. juuni 2019

ISSN 2382-7076
ISBN 978-9949-629-73-2 (trükis)
ISBN 978-9949-629-74-9 (pdf) 


