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Abstract

To explain the soil deformation processes under the influence of logging machines, average
values of various indicators are often used. One of these indicators is the rut depth formed
during tractor passages. The average values do not fully describe the consequences of pas-
sages on the skidding trails, for example, the rut depth varies along the track. This variability
includes both random and reqular components. The stump-root systems of trees located on
the skidding trail and along its border act as a factor that introduces a pattern. To determine
the degree of influence of stumps on 8 sections of skidding trails with the length of 25 and
50 m, located on peat soils (the average mass fraction of water is 82.3%), the rut depth was
measured at intervals of 0.5 m and the locations of stumps were noted. The resulting arrays
of vertical marks represent the microprofiles of the experimental sections. Measurements were
taken after 2 harvester passages and 2 forwarder passages. The stumps were divided into two
groups: located inside the tractor track and outside it. Statistical processing of the data showed
a wide spread of the rut dimensions in each array. Average values at the sections (standard
deviations) in cm were: 21.6(17.7); 30.6(21.6); 37.7(22.7); 46(20.3); 36.4(15.0); 36(15.4);
30.6(21.0); 34(21.0). The autocorrelation functions, constructed for the series of values, showed
surges with moderate correlation coefficients on the lags where stumps were noted. An increase
in stumps per a length unit of the skidding trail shows an increase in the number of such
surges. A decrease in the rut dimensions, in relation to the places where the influence of the
roots was absent, averaged: in points 0.5 m away from the stump — 44% (22.6); 1 m away
—32% (20.4); 1.5 m away —22% (14.2). The spatial influence factor of the roots explains 21%
of the variability of the rut dimensions along the skidding trail. The factor of the stump location
relative to the track is 19%. The combined influence of these factors is 25%. Further identifi-
cation of regularities in the rut formation processes is associated both with the continuation
of studies of the root system influence, but with the inclusion of factors of the stump size and
variety, and with the study of the variability of the soil physical properties along the skidding
trails, analysing how this is found in the microprofile structure.
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1. Introduction

Research in the field of deformation processes and
destruction of forest soils during the movement of log-
ging machines in the course of logging operations has
along history. Interest in this issue does not wane even
at present. Thus, various studies in this area, present-
ed by scientists in recent years, show that the research
in this field is still relevant. The scientific works, car-
ried out in the last 10 years, include the results of stud-
ies dedicated to the influence of various factors on the

processes of mechanical deformation of forest soils in
the places where wheeled and crawler tractors pass
through logging areas; the results of testing alternative
methods for measuring formal criteria used to analyze
the mechanical damage to soils; alternative methods
for modelling and predicting the soil damage caused
by the passage of technological machines.

The results of studies on the effects of various log-
ging systems on forest soil damage are presented in
the work by Cudzik et al. (2017). The technology of
logging operations influences the area of the damaged
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logging section and the rut formation in the places
where logging machines pass. A study of the use of
various technologies in thinning revealed that, com-
pared with the tree-length technology, for the cut-to-
length technology, the skidding trail system occupied
70% more logging area, but the intensity of rutting for
this technology turned out to be much less. Thus, for
example, after the cut-to-length technology, the num-
ber of sections with a rut depth of 0.16-0.25 m turned
out to be three times less than after the tree-length
technology, and sections with a rut of more than
0.25 m were not found at all, while after the tree-length
technology the length of such sections was 4-6% of the
total length of skidding trails.

The study by Picchio et al. (2020) presents the re-
sults of a systematic analysis of a large corpus of sci-
entific publications dedicated to the impact of logging
on forest ecosystems. The authors set out to find out
how modern scientific research contributes to reduc-
ing the impact of logging on soil damage, natural re-
forestation and damage to a forest stand. The authors
note that only 2 countries (Poland and Finland) apply
legal norms regulating the maximum possible level of
damage to forest stands. In case of exceeding the reg-
ulated indicators, penalties may be imposed on timber
merchants. With regard to soil damage and the cre-
ation of obstacles to natural reforestation due to log-
ging operations, there is no experience of applying
legal and regulatory control yet.

A meta-analysis on the effect of soil compaction
associated with logging operations on the physical
properties and microbial biomass carbon of forest soil
is presented in the study by Nazari et al. (2021). The
authors studied the effect of weight and the number
of machine passages on the total porosity, bulk den-
sity, and saturated hydraulic conductivity of the soil.
The properties of soils with different textures and at
different depths were studied. The paper notes that
the greatest damage to soils occurs at 20 or more pas-
sages of a logging machine. In addition, the authors
point out that the analyzed physical characteristics of
the soil are not restored to their original values within
3-6 years. The authors recommend a more careful ap-
proach to the choice of logging machines and the log-
ging season, as well as minimizing the area of skid-
ding trails in the cutting area.

Soil moisture has a significant effect on soil damage
(Jourgholami and Majnounian 2011) and if there is a
seasonal change in soil moisture, then this is a factor
influencing the intensity of soil deformation. Changes
in the intensity of rutting at the same section in
September, November and December when the soil
moisture changes are shown in the work by Toivio et
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al. (2017). The authors studied multiple passages (up
to 10 passages) of a forwarder along one track and
concluded that, under the conditions studied, the first
three passages of the tractor caused the greatest soil
compaction and up to 70% of the maximum rut size,
with the first passage having the strongest impact.

The influence of the skidding trail slope on the
change in the physical properties of the soil after the
passage of a forwarder was noted in the work of
Cambi et al. (2016). The authors note that in the section
of the skidding trail with a slope of 31%, after two
passages of the tractor, such a parameter as the soil
shear resistance increased by 82%, while in the section
with a slope of 3% after 10 passages, the shear resis-
tance increased only by 19%. An increase in the width
of the skidding trail as a way to reduce the rut depth
when driving a forwarder on peat soils is considered
in the work of Uusitalo et al. (2015). For example, an
increase in the width of the skidding trail from 4.5-6 m
made it possible to reduce the maximum rut depth by
an average of 5 cm after 34 passages of the forwarder.
However, this study does not show how much a wider
skidding trail allows to increase the maximum possible
number of the forwarder passages along this skidding
trail.

Among the articles prepared in recent years on the
issues of mechanical deformation of soils from the pas-
sage of logging machines, we have selected a group of
works that offer the results of studies of the protective
properties of logging waste used as a coating on the
skidding trails. The properties of the coatings on
which the forwarder and skidder were moving were
studied. Concerning the forwarder, the structures
were studied, both in the form of bulk waste with the
density of 35-50 kg/m” and in the form of logging mats
with the dimensions of 5x1x0.2 m (Ring et al. 2021).
Concerning the skidder, the structures with the den-
sity of 10 and 20 kg/m* were studied in the form of
bulk waste; the structures formed from sawdust deliv-
ered from a sawmill; the structures consisting of a
mixture of logging residues and sawdust (Solgi et al.
2018). The average rut depth in the areas without a
protective coating in the presented results significant-
ly exceeded the size of the rut, which was formed in
the areas with a protective coating. After 6 passages of
the forwarder in the studied areas, the average rut
depth in places where there was no protective coating
exceeded 0.2 m. In the areas where the logging residue
coating was formed, the average rut depth was no
more than 0.1 m. After 10 passages of the skidder, the
greatest protective effect was shown by the coating of
logging residues with the density of 20 kg/m’ (depend-
ing on the conditions, it was possible to achieve a
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reduction in the rut depth by 67-75% compared to the
area without a protective coating). Experimental
confirmation of the protective properties of logging
residues used as a coating for skidding trails was also
obtained in the work of Matangaran (2012). After 10
passages of the forwarder, a rut with the depth of
24 cm was formed in the areas without coating, the soil
density increased by an average of 41%, no rutting was
noted in the coated areas, the density increased only
by 27%.

The design of a forwarder transmission, steering
control and travel system are also studied by scientists
as a factor influencing soil damage. Studies have
shown that the forwarder equipped with a transmis-
sion system with axles and wheels that can be steered
individually (for example, the El-forest F15 model
with three separate steerable axles without tandem
drive beams) has advantages under multiple passage
conditions and allows to reduce the rutting intensity
compared to conventional forwarder arrangements
(Edlund et al. 2012). A noticeable reduction in the in-
tensity of rutting was observed during multiple pas-
sages of the forwarder equipped with double tandem
drive beams and an additional secondary rear axle
compared to the forwarder equipped with only dou-
ble tandem drive beams (Ala-Ilomaki et al. 2011, Fjeld
and Ustby-Berntsen 2020, Starke et al. 2020)

The results of the studies dedicated to the advanced
designs of forwarder travel systems are presented in
the work (Gelin and Bjorheden 2020). Three designs
were considered. The first design is a Xt28 forwarder
(Extractor AB, Sweden). The frame is connected by
two hinges, and six wheels are mounted on pendulum
levers. The second design is a Gentle forwarder based
on the Komatsu 845 model with a crawler travel sys-
tem from a BvS10 all-terrain vehicle (BAE Systems
Hagglunds, Sweden). The third design is an OnTrack
forwarder with rubber crawler tracks based on the
Ponsse Buffalo long-frame forwarder. Testing of the
concepts showed promising results for their further
application on soft, sensitive soils (Gentle and OnTrack
models) and for work on rough terrain with slopes
(Xt28 model). Compared to traditional forwarder
layouts, the use of advanced machine designs has
shown noticeable improvements in terms of the impact
on soil, operator comfort and fuel consumption.
However, the authors note that more work needs to
be done before the concepts are ready for testing in a
real logging process.

Among the articles concerning the issues of study-
ing the impact of passage of logging machines on the
forest soil, a group of works, devoted to alternative
methods of measuring the results of this impact, stand
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out in relation to the manual data collection. For ex-
ample, the study of Salmivaara et al. (2018) provides
information on the use of a method for measuring the
rut depth based on a light detection and ranging sys-
tem (LIDAR). As the authors note with the help of a
lidar sensor mounted on the tractor frame, it becomes
possible to obtain a large array of correct data on
changes in the rut dimensions that occur in the places
where the tractor passes during logging operations.
This method has good prospects to become an integral
element of a system that allows to form a dataset for
building predictive models describing the damage to
skidding trails from logging machines (Niemi et al.
2017). A promising method for measuring soil defor-
mation caused by the passage of logging machines is
associated with photogrammetric survey and photo-
grammetric image processing. The results of approba-
tion of this method for measuring the rut dimensions
are presented in the works of Pierzchata et al. (2016),
Haas et al. (2016), Marra et al. (2018).

A method for obtaining data on the processes oc-
curring on skidding trails as a result of multiple pas-
sages of logging machines, based on the measurement
of the clearance of these machines using ultrasonic
distance sensors, is described in the work of Jones et
al. (2018). Despite the fact that the noise, associated
with the presence of displaced soil, stones, stumps and
logging waste in the places where machines pass, pre-
vents obtaining correct data on the deformations of
skidding trail surfaces, this method has prospects for
obtaining information that allows to investigate the
consequences of passages of machines on forest soil
by indirect evidence. The use of two Kinect V2 cam-
eras for data collection demonstrated the ability of this
technology to obtain adequate information about the
rut depth that occurs during the passage of a forward-
er along the skidding trail. The authors of Melander
and Ritala (2018) show that the data obtained with
these cameras are in agreement with the data obtained
by traditional manual measurements.

The continuation of research in the direction of
searching for new parameters and clarifying tradi-
tional parameters for the formal assessment of the
mechanical and physical properties of the soil and
their changes caused by the passage of logging ma-
chines, with a view to using these parameters as a tool
for predicting soil deformations, including the rut for-
mation, found reflection in the work of Schonauer et
al. (2021). The authors point out the need to have reli-
able parameters for predicting the rut formation even
at the planning stage of logging operations, before the
movement of logging machines in the logging areas.
4 terramechanical parameters (cone Index, penetration

Croat. j. for. eng. 44(2023)2

219



M. Piskunov

depth, cone penetration and shear strength) and 2 car-
tographic parameters (topographic wetness index and
depth-to-water) have been considered. It is concluded
that cartographic parameters cannot yet be considered
as reliable parameters for predicting the rut dimen-
sions, but additional attention should be paid to two
terramechanical parameters: penetration depth and
cone penetration. The study has also noted that the rut
depth after the first passage of a logging machine is a
reliable indicator for further predicting the rut for 4
subsequent passages of logging machines along one
track, but this indicator is not fully suitable for pre-
liminary forecasting.

As an alternative to predicting soil deformation
based on field parameters reduced to some averaging
models, it is proposed to model the soil deformation
caused by the passage of technological machines using
the discrete element method and build computer sim-
ulations and software systems based on this method.
(Wiberg et al. 2021). The same method has advantages
for studies that are difficult to organize and perform
in the field, and for the development of new designs
of logging machines.

Scientific articles, prepared in recent years in the
field of mechanical soil damage caused by the passage
of logging machines, show that researchers continue
to conduct their studies, including those on the basis
of approaches and rules that have been already his-
torically developed and become traditional. Most re-
search works use some average indicators: the average
rut depth, the average soil density, etc. However, the
works in the field of applying new methods for col-
lecting experimental data, methods of computer mod-
elling of deformation processes, as well as the im-
provement of tools for manual measurements, show
that it is advisable to expand research work towards
studying the patterns of rut formation, which occurs
not in some separate areas with fixed values, influenc-
ing factors, but in the space of the entire system of
transport routes of the logging area (system of skid-
ding trails).

Some directions for such researches can be, for ex-
ample, an analysis of how certain factors affect the
length of sections with a rut of certain dimensions; in
what interval the change in the rut dimensions occurs
within individual sections and what affects this vari-
ability; analysis of surface deformation statistics, etc.
The prerequisites for such studies are: variability of
soil properties within the boundaries of logging areas;
variability of the traffic of logging machines in the dif-
ferent sections of the skidding trail system; variability
of the logging area relief, as well as the results already
reflected in scientific articles. In particular, it has been
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shown that even over a 20 m length of a skidding trail,
the rut dimensions can change significantly (Melander
and Ritala 2018, Ring et al. 2021).

One of the factors that affects not only the rut for-
mation in a single section, but also how the rut will
change and spread along the skidding trail, as a spe-
cific transport route, in the places where technological
machines pass, is the stump-root system of trees.
Stumps and roots penetrating the soil (Nadezhdina
and Cermak 2003) have reinforcing properties that
prevent the formation of ruts and affect the length and
size of the ruts on the skidding trail. A clear reinforcing
effect is found when tractors operate on soils with a
weak bearing capacity, on peat soils and soils with
high moisture content. Thus, the aim of the work is to
study the influence of the stump-root system on the
processes of the rut formation and changes in its di-
mensions along the length of the skidding trail on sen-
sitive (peat) soils under the conditions of cut-to-length
logging technology, and the reflection of this influence
in the formal analysis of experimental data.

The main hypothesis of the study is the following;:
the rut size changes along the skidding trail and this
variability contains both a random component and a
regular one. The regular component is introduced by
the stump-root systems of trees located directly on the
skidding trail or on its border. This regular component
can be detected and taken into account in further stud-
ies of soil deformation on the skidding trails as a result
of the passage of a logging machine.

2. Materials and Methods

The studies were conducted in the logging area,
where harvesting was carried out according to the cut-
to-length technology using a John Deere 1270D har-
vester and a John Deere 1110D forwarder. The rut
measurement was carried out after 2 passages of a
harvester and 2 passages of a forwarder. The forward-
er was equipped with tracks on the wheels of the rear
axle. The harvester was equipped with tracks on the
wheels of the front axle. Tractors used Clark Terra
tracks. The harvester used the tyres: on the front axle
— Nokian 700/50-26.5; on the rear axle — Nokian
600/65-34. The pressure in the tyres of the front axle
wheels is 460 kPa; in the tyres of the rear axle wheels
— 290 kPa. The forwarder used the tyres: on the front
and rear axles — Nokian 700/50-26.5. The pressure in
the tyres of the front axle wheels is 310 kPa; in the tyres
of the rear axle wheels — 460 kPa.

The type of felling — evenly-gradual felling of ma-
ture and over-mature trees. The form of felling is selec-
tive. The intensity of felling is 22% of the volume. Rut
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formation in selective cuttings is explained by the fact
that in this case a minimum of logging waste accumu-
lates on the skidding trails and extended areas free
from protection in the form of logging waste coating
are formed on the skidding trails. The type of soil in
the studied sections of the logging area is peat soils
with excessive moisture. The month of the experi-
ments is October 2021. Territory — Russia, Republic of
Karelia, Pryazhinsky district, Urochishe (plot of land)
- Kutizhemskoye.

On the skidding trails, long straight sections were
selected by visual inspection. They were characterized
by a minimum accumulation of logging waste in the
places where the forwarder wheels passed and where
there were no local differences in heights and slopes.
8 sections, located on different skidding trails, in dif-
ferent parts of the logging area, were investigated. Six
sections were 25 m long, 2 sections had the length of
50 m. The total length of the measurements was 250 m.

In the studied areas, the rut depth was measured
in the places where the wheels of a logging machine
were passing. The rut was measured using a Condtrol
Neo X200 laser level and a Biber Profi level with a
measurement range of up to 2000 mm. The rut depth
was measured every 0.5 m. The length control was
carried out using a Condtrol XP1 laser rangefinder.
The obtained arrays of vertical marks represent the
microprofiles of the experimental sections.

In the process of measurements in the studied sec-
tions, the location of the stumps that influenced the rut
formation was noted. According to their location on
the skidding trail, these stumps were classified into
groups:

= stumps located in the rut (in the places of direct

passage of the tractor wheels)

= stumps located in the center of the skidding trail

(between the ruts). In this group, for each stump,
it was additionally noted to which rut (right or
left) this stump was located closer

= stumps located on the outer side of the skidding

trail along the rut.

In addition to measuring the rut and fixing the lo-
cation of the stumps, additional external objects affect-
ing the rut formation were noted in the studied areas.
Such objects included local accumulations of logging
waste, preventing the rut formation; thin fragments of
tree trunks laid in the rut; large stones that come to the
surface.

Soil samples were taken in the studied sections of
the skidding trails. Soil samples were taken directly
from the side wall of the rut, below the level of the
forest floor. The samples were weighed, dried, and
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then the weight moisture content of the soil was deter-
mined as the ratio of the weight of water in the soil to
the weight of completely dry soil, as well as the weight
fraction of water in the total weight of the entire sam-
ple. The total number of samples for all experimental
sections was 31. The number of samples for sections
No. 14 was 16; for sections No. 5-8 it was 15. The
sampling sites along the experimental sections of skid-
ding trails were located at a distance of 6 m relative to
each other, but if the influence of a stump or branches
was observed at the proposed sampling site, then the
sampling site was shifted to the nearest free point. The
soil moisture content by weight for experimental sec-
tions No. 1-4 was in the range of 293-542% (average
—450%, standard deviation — 86.4), weight fraction of
water — 75-84% (average — 81.2%, standard deviation
—3.41), for experimental sections No. 5-8 it was in the
range of 420-600% (average — 486%, standard devia-
tion — 50.2), weight fraction of water in samples was
81-86% (average — 82.8%, standard deviation — 1.4).
Not high values of standard deviations make it pos-
sible to conclude that the samples are representative.
The data obtained adequately assess the moisture con-
tent of the experimental section, as the experimental
sections were specially selected in places characterized
by a homogeneous structure and physical and me-
chanical properties of forest soil and forest stands
growing in the experimental sections. However, the
author admits that with a larger number of samples,
outliers of moisture values may be detected, which in
general will affect the variability of the rut depth, but
at the same time will not block the influence of the
stump-root system.

Sampling was carried out the next day after the
completion of the forestry equipment work. Moreover,
the sections were examined where both the harvester
and the forwarder started and finished their operations
during the same work shift (after the harvester, the for-
warder started and finished its work in the experimen-
tal section on the same day). Weather conditions and
ambient temperature during the experiments, the fea-
tures of the cutting area relief and the soil state could
not have a fundamental effect on the soil moisture in
the experimental sections during the day.

The collected data were subjected to statistical pro-
cessing. The statistical processing was carried out us-
ing Excel 2010 and Stadia 8.0 software packages. The
investigated sections of skidding trails were consid-
ered as transport routes. For roads with different coat-
ings, such as a skidding trail used as a transport route,
itis advisable to consider the nature of the distribution
of damage through a statistical analysis of surface
roughness, similar to the analysis of roughness that is
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performed for public roads (Parkhilovski 1968, Dodds
and Robson 1973). It is only necessary to take into ac-
count that skidding trails are distinguished by a small
length (50-250 m) compared to roads, the length of
which ranges from several kilometers to hundreds of
kilometers; different sections of the same skidding trail
experience different traffic of logging machines; in
conditions of soils with high humidity, the surface of
skidding trails is strongly deformed when logging
machines pass, so that the next passages of the ma-
chines can be carried out already in the changed condi-
tions. That is, the formal statistics of the surface rough-
ness will show a different state of the transport way.
These peculiarities impose restrictions on the forma-
tion of experimental data. Thus, for skidding trails in
the cutting strip, it seems difficult to form a series of
microprofile values for very long sections due to the
fact that the trails themselves are short transport routes
and often, even in these short sections, under a strong
influence of relief features. In this regard, this study
used the data obtained on the sections located on dif-
ferent skidding trails but having relatively similar
characteristics, and the analysis was carried out on a
set of sections.

The microprofile of the skidding trail surface was
considered as a random function. An array of the rut
measurements in each experimental section formed a
sample. For each sample, a normalized autocorrela-
tion function was determined and a correlogram was
constructed, with the help of which the analysis of the
sample structure was carried out (Silaev 1972). Based
on the values of the autocorrelation coefficients, a con-
clusion was made about the presence or absence of a
trend in the sample (if the highest coefficient was a
first-order coefficient, a conclusion was made about
the presence of a trend) and about the presence of a
cyclical component with a certain period (if the highest
coefficient of autocorrelation accounted for a non-first-
order coefficient). The hypothesis was accepted that
the effect of stumps on the rut formation in the data
array of the rut dimensions should be reflected in the
presence of cyclicity. The period of this cyclical com-
ponent should be associated with the location of
stumps on the skidding trail.

In addition to external factors that could be ob-
served visually in the experiment, the rut formation is
also influenced by factors hidden from external obser-
vation, for example, such as the depth of groundwater,
presence of an underlying layer, height of the peat
layer, large stones hidden deep in the soil and others.
The influence of these factors leads to some data asym-
metry. To smooth this asymmetry, the logarithm of a
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series of values was taken, and autocorrelation func-
tions were determined for the resulting values.

In addition to constructing autocorrelation func-
tions to identify the influence of stumps and their root
system on the rut formation, an analysis of the relation-
ship between the rut depth and the distance to the loca-
tion of a stump was also made. Correlation analysis
was performed for the data presented both in absolute
values of the rut depth and in adjusted values, when
the excess of the rut depth over the value recorded in
the place where the stump was located was taken as
the rut size, that is the rut depth at the location of the
stump was taken as zero. The analysis was carried out
for measurements taken at points along the rut no
more than 2 m away from the location of the stump.

The rut measurements were carried out along the
machine track in the direction of its movement. If in
the course of measurements a stump was encountered
inside the rut, its location was taken as a zero point. If
the stump was not located inside the track, but along
its border, then the point located next to this stump,
but inside the track, was taken as a zero point, and the
reading of measurement was carried out, precisely,
from that point. The data were grouped depending on
the location of the measurement sites relative to the
stump location. The distances to the places of mea-
surement of the rut depth, located in front of the stump
in the direction of a tractor, were taken as negative
values, and behind the stump — as positive values.

Regression analysis was performed for the ob-
tained experimental data. The dependent variable was
the rut depth measured in the experimental sections;
the independent variables were:

= the distance from the stump location to the place

where the control of the rut dimensions was car-
ried out. In contrast to the correlation analysis,
the regression analysis considers the distance
data without the factor of their location relative
to the stump, that is, all distance values were
taken as positive

= the stump location relative to the track (rut) of a
logging machine. This independent variable
took three values: 0, 1, 2. The variable took value
0 in cases where the distance of measurement
from the stump location was more than 1.5 m
and/or the influence of the stump-root system
on the rut formation was not detected. Value 1
was in the case when there was the influence of
the stump, which was located next to the ma-
chine track (on the outside of the track or in the
skidding trail centre — between the machine
tracks). Value 2 appeared when the stump was
located directly inside the rut.
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The calculation excluded the places where the rut
formation was carried out under the influence of not
only the stump-root system, but also under the influ-
ence of other factors, such as the presence of logging
waste at the measurement site. Also, the values ob-
tained in areas away from the location of the stumps
by more than 2.5 m, were not taken into account.
Regression analysis was carried out to analyze the
influence of each independent variable on the varia-
bility of the rut dimensions. The multiple linear regres-
sion was also built to analyze the combined influence
of factors on the dependent value.

3. Results

Fig. 1-2 show the results of measurements of the
rut depth in the experimental sections. On the graphs,
the reverse order of values is chosen. Each graph high-
lights the location of stumps and other artifacts that
prevent the rut formation. Other artefacts included
places that were reinforced with logging waste or with
transverse flooring made of thin wood. If on the graph,
at the locations of the stumps, the values go above the
zero mark, it means that in this place the stump is lo-
cated directly in the rut. Otherwise, it is situated on
the side of the rut. The graphs additionally highlight
the values at the intervals for which high correlation
coefficients were obtained when constructing autocor-
relation functions for the skidding trail profile as a
random function. Fig. 3 shows the autocorrelation
functions themselves for each experimental plot. Table
1 presents the average rut depths and standard devia-
tions for the data series obtained in the experimental
areas. The sample amounts for sections 3 and 4 were
100 measurements, for the rest — 50 measurements
each. Since the number of measurements for the

Table 1 Average values of rut depth and standard deviations

Number of Standard
section MEETL G0 deviation
Section 1 216 17.7
Section 2 30.6 21.6
Section 3 37.7 22.7
Section 4 46.0 20.3
Section 5 36.4 15
Section 6 36.0 15.4
Section 7 30.6 21
Section 8 34.0 21
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experimental sections of the selected length (25 and
50 m) is sufficient for an adequate statistical analysis
of the change in the rut depth, a large spread of data
(increased values of standard deviations) confirms
that there is an influence of some objective factors
related to the environment and features of the manu-
facturing process rather than factors related to the data
collection procedure.

The autocorrelation function constructed for sec-
tion 1 (Fig. 1a and 3a) shows relatively high correlation
coefficients of 0.47 and 0.62 on lags 5 and 9. Lags 5 and
9 correspond to the intervals for measuring the rut
depth after 2.5 and 4.5 m, respectively, along the
length of the skidding trail. Thus, the rut dimensions
chart contains 2 cyclical componentswith periods of
2.5m and 4.5 m, respectively. The cyclicity on lag 5 is
explained by the influence of the stump and its root
system on the rut formation in the measurement plac-
es. The rut dimensions on lag 5 in most measurements
coincide with the locations of the stumps. On the con-
trary, the cyclicity on lag 9 is connected with the areas
for which the influence of the stump-root system on
the rut formation is not significant, and the rut in these
places tends to be the largest.

In section 2 (Fig. 1b and 3b), there is a surge in the
value of the autocorrelation function on lag 10. Here,
the correlation coefficient is 0.286, which is not strong,
but there is a surge on lag 10, which corresponds to an
interval along the length of the skidding trail of 5 m,
and compared with other intervals it is mainly associ-
ated with places where the waste preventing the rut
formation accumulates. The influence of the root sys-
tem on the rut formation of this lag was noted only in
one place. The root system of the stumps influences
the rut formation in this section, but the distance be-
tween the stumps along the length of the section is
different, that is, there are no repeating intervals be-
tween the stumps, and therefore, the autocorrelation
function does not reveal a distinct cyclicity in the re-
sulting series of rut depth values.

In section 3 (Fig. 1c and 3c), the cyclical component
is not clearly manifested, but is masked by the pres-
ence of a non-linear trend. Visual observations did not
reveal external factors influencing the nature of rut-
ting. The hidden factors, which are associated with the
emergence of the trend, however, have not fundamen-
tally affected the way how the stump-root system of
individual trees influences the rut formation. If the rut
depth is considered individually in the places where
the influence of the stump-root system is found, then
there is clearly a noticeable decrease in the rut dimen-
sions, compared with places located far from the
stump.
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For section 4 (Fig. 1d and 3d), there is a surge in the
values of the correlation coefficients on lags 11 and 12
(intervals along the experimental sections are 5.5 and
6 m). The correlation coefficients on these lags are 0.27.
The correlation is not strong, but noticeable. The cor-
relation surge is due to the fact that along the length
of the section, after 5.5-6 m, there are places where the
influence of the stump-root system on the rut forma-
tion is noticeable. Since stumps are not found in every
interval, but only in separate places, this explains the
low value of the correlation coefficient.

For section 5 (Fig. 2a and 3e), a relatively high cor-
relation coefficient of 0.41 was noted on lag 5, which
corresponds to an interval of 2.5 m in the experimental
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section. The chart shows that, among all places form-
ing a cycle with a period of 2.5 m, the influence of the
stump-root system or logging residues on the rut for-
mation was noted on about 60% of the places.

In section 6 (Fig. 2b and 3f), a high correlation coef-
ficient was noted at lag 8 (the correlation coefficient of
0.61). The increased correlation coefficient on this lag
is due to the fact that after 4 m there are sections where
factors that reduce the intensity of rut formation are
observed: logging residues and the stump-root sys-
tem. High correlation coefficients can also be noted on
lag 9 (0.51) and 7 (0.57). On these lags (the intervals of
4.5 m and 3.5 m) there are also stumps and the areas
reinforced with waste.
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In section 7 (Fig. 2c and 3g), the autocorrelation
function does not show the presence of a cyclical com-
ponent after the second lag. This is due to the fact that
the location of the stumps in this area is random. The
distances between the stumps that affect the rut forma-
tion and the areas reinforced with waste are different
and do not form a periodicity that would be reflected
in the autocorrelation diagram. However, considering
individually the locations of the stumps, one can notice
that in these places the rut depth is noticeably smaller
compared to places that are far from the stump.

For section 8 (Fig. 2d and 3h), on lag 8 (the interval
of 4 m), the correlation coefficient is 0.3. On this lag, in
accordance with the rut depth distribution chart, the
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cyclicity is not associated with the places where the
direct presence of a stump or waste is noted, but with
the influence of these artefacts on the rut formation,
which extends to a certain length of the skidding trail.
At intervals of 4 m, there are areas located no further
than 1 m from places in which the presence of stumps
or waste is noted. At the same time, the rut depth values
in these places take on some intermediate values, rela-
tive to the largest and smallest dimensions of the rut.

Also, the correlograms for all sections showed high
correlation coefficients on the second lag, since the
measurements were carried out at an interval of 0.5 m,
and the distance between the stumps was a multiple
of this interval. However, for this study, surges in the
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a) the rut depth in absolute values
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Fig. 4 Rut depth depending on the distance from the stump

values of correlation coefficients on other lags are of
greater interest.

Fig. 4 shows the change in the rut depth depending
on the distance from the location of a stump. Fig. 4a
presents the data as absolute values. In Fig. 4b the data
are presented as values of the rut dimensions showing
the change in the rut depth relative to the rut dimen-
sions obtained at the stump location, i.e. the rut depth
at the stump location was taken as zero. Experimental
data have shown that the stump-root system reduces
the intensity of rut formation and its size. Correlation
analysis shows that the change in the rut depth (as you
move away from the stump) is described by a qua-
dratic dependence and the influence of the stump-root
system can be traced at a distance of up to 1.5 m from
the stump. The rut dimensions in relation to the plac-
es where the influence of the root system was absent,
decreased on average: in points 0.5 m away from the
stump by 44% (standard deviation (SD) —22.6%); 1 m
away —32% (SD —20.4); 1.5 m away —22% (SD - 14.2).
In the zero point, in case if the stump was not inside
the track, but outside, the decrease in the rut depth
averaged 61% (SD —21%). To make a comparison, the
places were taken where there was no influence of the
root system on the rut formation, but as close as pos-
sible to the calculated points and located no further
than 2 m from the zero points. However, it should be
noted that the present analysis did not take into ac-
count the factor of the stump location relative to the
tractor track.
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b) an increase in the rut dimensions relative to
its dimensions at the location of a stump
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The rut depth was measured at the places where
the tractor passed, and the stumps were located both
directly in the rut and on the side of the rut along its
border or a little further from the border. This explains
the wide spread of experimental data values. The
stumps that got inside the tractor track protruded
above the skidding trail surface. The average height of
the stumps located inside the track was 12 cm (mini-
mum — 0.5 cm; maximum —29.5 cm), the standard de-
viation was 9.9 cm.

The outcome of the regression analysis showed the
following results. There is a moderate linear relation-
ship between the rut depth on the skidding trail (vari-
able Y) and the distance from the stump to the place
where the rut dimensions are controlled (variable X;).
The parameters and type of regression are presented
in Table 2, line 1. The determination coefficient shows
that 21% of the variability of the rut dimensions is ex-
plained by variable X, that is, the rut size changes
along the length of the skidding trail are moderate, but
depend on the location of the stumps on the skidding
trail.

A moderate relationship was also obtained be-
tween the rut depth and the stump location relative to
the machine track (variable X,). In this case, 19% of the
variability in the rut dimensions is explained by vari-
able X,. The parameters and type of regression are
presented in Table 2, line 2.

Multiple linear regression showed a stronger com-
bined effect of factors on the rut depth compared to a
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Table 2 Regression equations

Line Regression Sum of square Mean square F-statistic P-value R?

1 ¥Y=21.95+13.75%, 23,3323 23,3323 63.50 <0.001 0.213

2 Y=48.6-15.34X, 20,824.9 20,824.9 55.04 <0.001 0.19

3 Y=233.64+9.28X,-8.67X, 27519.2 13,759.6 39.20 <0.001 0.252

Variables Coefficient Standard error {-statistic Standardized coefficient | P-value Variance inflation factor

33.64 3.98 8.43 0 <0.001 -

: 9.28 2.12 437 0.31 <0.001 1.59

) -8.67 251 —-3.45 -0.25 <0.001 1.59

single-factor analysis. The combined influence of the
independent variables explains 25% of the variability
in the rut dimensions. The studied factors are signifi-
cant predictors in the model. The multiple correlation
coefficient (R?) is 0.5. The parameters and type of re-
gression are presented in Table 2, line 3.

4, Discussion

The use of average values of the dimensions of the
rut, which is formed during the passage of logging
machines, to describe the deformations of forest soils,
often used in research practice, does not fully reflect
the real picture of the consequences of these passages.
Thus, the analysis of standard deviations (Table 1)
shows a large spread of values of the rut dimensions
along the machine track. Average values can be used
in the relatively short sections, where homogeneous
characteristics of the soil and other natural and pro-
duction factors are recorded. In case of movement
along the long sections of skidding trails, both the va-
riety of the influencing factors themselves and the het-
erogeneity of their values are included, which makes
a significant impact on the rut variability. If the rut
variability is slight on the weakly deformed soils, that
is, the influence of a variety of factors is hardly notice-
able or not noticeable at all, then in conditions of weak
soils, slight fluctuations in the values of the influencing
factors are sharply reflected in the overall picture of
the rut variability. Thus, stumps on the skidding trail
occur periodically, that is, they introduce some hetero-
geneity into the natural and production environment.
With the help of regression analysis, it was shown that
the influence of factors associated with the presence of
the root system in the places where tractors pass by
explains the variability of the rut dimensions by 25%.
Moreover, the combined influence of two factors (the
stump location relative to the track and the spatial in-

fluence of the root system) showed a more significant
effect in the rut changes than the influence of factors
separately (19 and 21%, respectively). In this regard, a
promising direction for studying the deformations of
forest soils is the study of particular factors making a
significant contribution to the rut variability, the study
of their joint contribution and the relationship between
the variability of factors and the variability of the rut
depth.

Analyzing the values of the rut dimensions ob-
tained in the form of numerical series, it can be seen
that these series do not represent series of only random
values (unlike general transport routes, Parkhilovski
(1968)). Statistical processing of data in the form of
constructing autocorrelation functions shows that
the series can include both a trend component and a
cyclical component.

Trend components appeared for the data obtained
in all experimental sections. Visual observations did
not make it possible to determine with which factors
the manifested trends were associated, and the pur-
pose of this work did not extend to finding out what
the trend was associated with. However, the studies
of other authors confirm the influence on the rut for-
mation by factors such as: the depth of groundwater
(Ring et al. 2021); relief peculiarities (Najafi et al. 2009);
mosaic of mechanical and granulometric properties of
soil or distribution of soil classes (Mohtashami et al.
2017); thickness of a peat surface layer (Ala-Iloméki et
al. 2011); difference in logging machine traffic along
the skidding trail length (Zenner et al. 2007). The vari-
ation of values of these factors along the length of the
skidding trail (in this work, along the length of the
experimental section) reveals the presence of a trend
component in changes in the rut dimensions.

Analyzing the presence of a cyclical component in
the obtained series of values of the rut dimensions,
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attention should be paid to the fact that the lags, for
which an increased value of the correlation coefficients
on the correlogram are observed, are associated with
the frequency of sections where the influence of the
stump-root system and the protective coating from
logging waste is noted for the rut formation. If these
places are repeated along the length of the experimen-
tal section at equal intervals, that is, a cycle is formed,
then this appears on the correlogram. Moreover, the
more such places occur with a certain period in the
experimental section, the higher the correlation coef-
ficients on the corresponding lags of the correlograms
are. If such places along the length of the skidding trail
occur at different random intervals, then the correlo-
grams show the absence of a cyclical component for
the experimental section.

The cyclical component manifests itself not only for
the places where the influence of the stump-root sys-
tem on the rut formation is observed, but also for the
places where such influence is absent. For example, if
the places are equidistant from the locations of the
nearest stumps, for which the rut size tends to the larg-
est value in some local neighborhoods placed with
some periodicity along the length of the experimental
section, then this is also reflected in the correlogram.

An analysis of correlograms in conjunction with a
graph showing the change in rut dimensions depend-
ing on the distance of the measurement sites from the
location of the stump shows that as the distance from
the stump increases, the rut depth increases. This in-
crease in a formalized form over the entire data array
is close to a parabolic regularity. Repeating parabolic
segments along the length of the experimental sections
also contribute to the cyclical change of the rut on the
skidding trails.

Further elucidation of the influence of the stump-
root system on the formation of the microprofile of a
skidding trail located on soft soils is associated with
an analysis of the distribution (spatial orientation) of
the root system depending on the size and variety of
the tree. These factors were not identified in the pres-
ent study.

Attention should be paid to the fact that trend and
cyclical components were found for the data obtained
for the areas of skidding trails that were not reinforced
with logging waste and located on peaty, highly
moistened soils. The movement of logging machines
under these conditions is associated with the forma-
tion of a deep rut already during the first passages,
and the range between the values of the largest rut and
the smallest one is such that it makes it possible to
show the influence of the stump-root system on the
change in the skidding trail microprofile using the
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methods of statistical data processing used for analysis
of random functions. Under certain conditions of
weakly deformable soils and strengthening the entire
length of the skidding trail with logging waste, the
influence of the stump-root system in the structure of
the series showing the change in the skidding trail mi-
croprofile does not manifest itself as a cyclic compo-
nent, that is, the microprofile is described only by a
sequence of random numbers.

Understanding the patterns of the rut changes
along the machine track provides additional informa-
tion for developing recommendations for the rational
distribution of branches along the skidding trail in
order to strengthen it when logging machines move in
conditions of the soils subject to heavy deformation.
The root system not only prevents the rut formation,
but also makes a significant contribution to the tractor
dynamics. A significant spread of vertical points of the
longitudinal profile of the skidding trail causes addi-
tional dynamic loads on the machine running system.
Predicting the rut variability along the skidding trail,
taking into account the influence of stump-root sys-
tems, opens up opportunities for modernization and
refinement of the methods for designing the chassis
and suspension systems of logging machines, as well
as the typing of natural and production conditions ac-
cording to the degree of dynamic impact of the surface
of the skidding trails on tractors and the substantiation
of speeds of tractors in conditions of mechanically
weak forest soils. The use of the obtained data on the
variability of the rut dimensions in the digitized maps
of forest areas makes it possible to model rational
schemes for the placement of skidding trails in the cut-
ting areas based on the condition of reducing the dy-
namic effects on a tractor or based on the condition of
reducing the areas with long ruts. Moreover, a prom-
ising direction of research practice concerning the de-
scribed problems is the determination in the total soil
deformation of the component due to the dynamic
effect caused by the tractor vertical vibrations when
driving in conditions of the changing rut size.

5. Conclusion

The hypothesis about the regular contribution of
the stump-root system to the variability of the rut
depth, in which the rut depth acts as a formal criterion
for the analysis of soil deformation, was confirmed.
The experimental data showed a wide spread of val-
ues of the rut dimensions along the tractor track on the
skidding trail. The wide range of values is confirmed
by the high values of the standard deviations calcu-
lated for the array of measurements obtained in each
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experimental section; the values of these deviations
vary between 41 and 82% of the average rut dimen-
sions. This variation is not related to the data collection
procedure and sample amount. The analysis of auto-
correlation functions built on the series of values of the
rut dimensions measured along the tractor track
showed the appearance of surges in the functions on
the lags where stumps were noted. The number of
surges and their severity are related to the number of
stumps in the experimental section. The regression
analysis found that 25% of the variability of the rut
depth along the skidding trail is explained by the pres-
ence of stumps in the track or along the border of the
tractor track and the spatial influence of the root sys-
tem on the rut formation, and this influence extends
from the location of the stump to a length of up to
1.5 m along the track. In the places on the skidding
trail where the influence of the stump-root system is
noted, a decrease in the rut dimensions is observed
due to the soil reinforcement with roots.
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