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Abstract. In daily logging practice, there are many cases, when it is not possible to choose the right forwarder
type for the working conditions in the felling area and the amount of timber transported. Then consequences are
unacceptable: too deep ruts made by the wheels of the forwarder or complete impossibility to use the forwarder
as a timber transport vehicle. That is a problem difficult to solve, because the amount of previous research is not
sufficient to create a universal and practically available method to obtain credible characteristic of ground
bearing capacity. To determine the effect of the timber forwarder on peat soil by various methods, depending on
its payload utilization and the amount of branches used to reinforce the road, the observation method takes place
in the felling area purposely prepared for such research. Measurements of soil resistance and depth of the ruts in
the study site with the amount 50 kg-m™ of logging residues for the strengthening mat on technological strip
show that the forwarder movement is possible. To predict the possibility of round timber primary transport by a
forwarder under production conditions, it is necessary to evaluate the soil shear resistance, as a positive
correlation between this parameter, and the depth of the ruts in the given study.
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Introduction

The determinants of rut formation caused by the forest machine are mentioned in several
publications [1-2]. Information obtained from a closer examination of the process of formation of the
ruts is also available [3-5]. Separate research works are devoted to ruts pressed into soil above the peat
layer [6], or in mineral soil [7-8]. Vast number of different conditions influences forwarder rut
formation, and this is a reason for the large diversity of their cross section profiles [9].

In evaluating the forest machine impact on the forest soil as a clear indication of soil damage
degree, the ruts pressed into ground surface by wheels (wheel tracks, caterpillar tracks) [10-13], and
their measurements [15-16] are used. Nowadays, trials of innovative methods are often used to
determine the parameters of ruts [17-18]. The total negative effects of undesirable risks depend on
their incidence [12; 19]. Mathematical modelling methods are also used to predict the soil damage
risks caused by forest machine impact [20-21]. Information on soil compaction beneath ruts can be
found in several studies [22-24].

Since the introduction of mechanized primary transport of timber using tractor machinery in
logging, the question of the terrain overcoming capability of this machinery to various forest soils has
become a pressing issue. One of the first studies on soil bearing capacity was published in 1959 [31].
First, the physical properties of the forest soil were analysed. Different values of forest soils were
already published in 1961. Part of the values characterizing forest soils in connection with the project
theme is presented below (the project only analyses forest soils belonging to the peat soil group).

An external load, such as the wheel of a logging machine, causes both compression and
displacement of soil along the lateral sides of the wheel, as well as elastic bending of it. In the
literature on soil mechanical properties [32], it is noted that the larger the total contact area of the tires,
the less the soil load plot is affected at the deeper layers of the soil. Studies at the Karelian University
(2010-2015) have shown that in order to improve the bearing capacity of forwarding roads, it is
necessary to lay logging residues of 0.02 m®m™-0.06 m3m™ on peat soil, and thus ensure for the forest
machine sufficient terrain overcoming [33].

The available amount of logging residues per one m? of stem wood: 50-70 kg in spruce stand, 80-
100 kg in pine stand, 90-110 kg in birch stand, and 110-140 kg in aspen stand. Depending on the
season, the logging technology and other circumstances, 50-70 % of the quantities just mentioned can
be considered as actually obtainable [34].
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Because of the investigations of forest machine use, the topic of the formation of ruts is widely
reflected in the research program of the St. Petersburg Forestry University. As a result, there are two
dissertations (defended in 2013 and 2014) related to teh research on the creation of forest soil ruts,
made during the crawler tractor operation [35]. Historically great attention is paid to the soil bearing
capacity, but the specific novelty is the analysis of the forest soil bearing capacity index. The focus of
the above-mentioned works is on the bearing capacity of forest soil above mineral ground with
different moisture content. Changes in the physical-mechanical properties of forest soil in the risk area
of the running gear and mathematical models of these changes were analysed and compared with the
penetration rates obtained in practice.

However, these studies do not assess the dynamics and physical-mechanical properties of running
gear ruts formation on topsoil above the thick layer of peat. Kiselov D.S in his work reviews the
changes of physical-mechanical properties of plastic forest soils in the running gear impact risk area
without any felling residue mat [36]. In the works mentioned there are calculations of soil deformation
developed by the wheel running part, and the wheel-crawler tandem on mineral soils is proposed.

At the Belarusian State Technological University, A.S. Fedorencik etc. proposed a mathematical
model for analysing the formation of ruts in logging strip-roads strengthened with tree felling residues
[37]. The use of this model makes it possible to determine the impact of loads caused by the rolling of
wheels and wheel tracks on forest soil. Depending on the plasticity and bearing capacity of the forest
soil, an increase in the depth of the ruts can be determined after each logging tractor trip along the
strengthened strip-road. However, the article does not provide information on the reaction of peat soils
to the impact of the running gear, and there is a note that this methodology is not tested on peat soils.

Materials and methods

Logging operations at the felling area designated for rut formation observations, including
primary transport of round timber to the upper landing, were going on until 07.10.2019. There were
left approximately 15 m’ of spruce pulpwood at the upper landing needed for the planed experimental
studies.

In the felling area, between the 3rd, 4th and Sth strip roads, 8 sample plots has been arranged.
Sample plots along the forwarder experimental route (see Fig. 1) are located in half-strips between
strip-roads 3 and 4 and between strip-roads 4 and 5. The length of each plot is 30 m; the figure (see
Fig. 1) shows their arrangement. For the sake of strengthening, a special spruce branch mat on the
strip-road surface has been created manually in every sample plot (see Fig. 1). To get observation data
for control comparisons, approx. 20 m long breaks without any strip-road surface strengthening mat
have been left between the sample plots. The forwarder experimental route arrangement in the sample
plots should be so that they do not contain tree stumps, dead wood pieces, etc. obstacles that could
impede the forwarder’s smooth movement.

To determine the amount of spruce branches needed for the technological strip-road
strengthening, the mass method is used. At first, it is necessary to obtain the mass of a single branch
supposed as the strengthening material for the strip-road mat. The mass is determined by using a
tripod with scales and a hook attached to allow the weighing of a single branch. The diameter of the
branch is measured at the point of its cutting, i.e. at the connection point with the tree trunk. All
branches make 5 groups according to their average diameter. In the 1st group there are branches up to
2 cm, in the 2nd group — 2.1 to 3.0 cm, in the 3rd group — > 3 cm, in the 4th group — treetops of a
diameter under 3 cm, and in the 5th group — treetops of a diameter 3 cm or over. The length of a
branch has a minimum limit equal to the width of the forwarder tire (40 cm). The number of branches
per a sample plot depends on three determinants (see exp. 1).

PLxA, (1)
z

Zsk =
where Zy — number of branches, pcs;
PL — covered area in the plot, m2;
A — mass of branches for the mat on strip-roads, kg-m’z;
Z,, —mass of a single branch, kg.
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Fig. 1. Part of the felling area where the loaded forwarder’s experimental route took place

The soil shear resistance measuring device uses a NORBAR TORQUE (Model: NorTronic 330)
torque wrench, which provides a measurement accuracy of + 3 %, according to the factory certificate
(ISO 6789-2: 2017). The measuring range is up to 400 Nm. The device requires self-calibration, which
takes up to 20 seconds before making measurements. As a further step, the device should be set to
30 Nm as the starting value, as well as the turning angle at which the measurement is recorded. The
angle is set equal to 45° (T'= 30 + 45).

Measurements should be made on the strip-road branch mat, and in control areas without
branches, to obtain data to assess the effect of the branch mat on the soil bearing capacity. A
conversion factor of 0.496, which describes the number of bars used in the measurements and their
location on the device, is used to calculate the soil shear resistance. The shear resistance is calculated
from the equation (see exp. 2).

g =0.496xJ (Nm). 2)

Trials began with the arrival of logging equipment at the end of September and the start of timber
harvesting technological operations. There has been practically unforeseen interruption of almost a
month after the completion of the full-mechanized logging work until the start of the study in early
November. The study initially aimed to determine the effect of the forwarder on the soil by various
methods, depending on the payload utilization and the amount of branches used to reinforce the road.

Data processing is performed in RStudio software, sample conformance to normal distribution is
determined by the Shapiro-Wilk Normality test. One-factor ANOVA analysis of variance is used to
determine whether the shear resistance varies significantly with the amount of branches placed in the
technological strip-road.

Results and discussion

The reinforcement of the technological strip-road is going on manually according to the planned
scheme. In accordance with the methodology described above to determine the individual weight of
the branches, the required number of them found in the mass calculation has to be corresponding to the
necessary amount for the strip-road strengthening process.

Totally 221 branches are weighed, which are divided into 5 groups. Group 1 accounts for 25 % of
total volume, group 2 — for 41 %, group 3 — for 25 %, group 4 — for 5 % and group 5 — for 4 % of total
volume. The resulting percentage corresponds to the total of a given group. For example, groups 4 and
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5 consist of treetops that make a small part in total volume, because they relate to the total number of
trees in the stand. The Quartile method reflects the total weight of the branches.

Based on the results obtained for the average branch weight, a combination of different branch
diameters is the most appropriate solution to ensure the intended strip-road mat durability: 40-50
kg-m™ in the first variant and 20 kg-m™ in the second variant. The total covered area by one method is
960 m”. Depending on the planned amount of branches per one m’, the required number for total area
is from 1012 pieces up to 21792 pieces (Tablel).

Tablel
Distribution of volume of branch material required by groups

Mass required, Number of branches required, pieces
kg-m™ 1.group | 2. group | 3. group | 4. group | 5. group
40 21792 13755 10085 3952 2023
50 27240 17193 12606 4940 2529
20 10896 6877 5042 1976 1012

Shear resistance measurements in the forest industry characterize different driving conditions,
justifying their classification, as well as developing recommendations for choosing the most
appropriate forest harvesting technique for use in machine operations. In general, the shear resistance
has to be analysed in a complex way, since the data obtained are affected by the tree roots (their nets),
felling residues and the undergrowth left after it has been cut, which generally affects the soil overall
resistance against pressure [38].

In verification of the shear resistance data compliance with normal distribution it has been found
that p = 0.32 in the technological strip with the branch mat, and in the technological strip without any
strengthening — p = 0.86. This confirms that the data sample corresponds to the normal distribution,
since the p value in both cases is numerically greater than 0.05.

The measurements carried out in the study show the highest shear resistance in those
technological strips without the ruts. In the ‘0’ group (no ruts caused by the forwarder), the shear
resistance reading is 127 £ 55 kPa. In contrast, according to the current regulatory framework, where
only cavities pressed into ground by the running gear are deeper than 20 cm, are considered to be a rut
(group 4 in the study), consequently, formation of ruts could be expected starting with a numerical

decrease in the shear resistance only below 45 + 10 kPa (Fig. 2).
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Fig. 2. Shear resistance in the distribution of risk groups

Comparison of the shear resistance values between the technological strips shows that the branch
mat cover has a statistically significant effect on the technical feasibility (p = 0.01). The study found
that the use of properly arranged branch mats could successfully secure the planned primary transport
of round timber to the upper landing site. It is possible, as the pressure on the soil, exerted by the
forwarding vehicle, is lower than the soil resistance (Fig. 3).

Measurements of soil resistance and depth of the ruts in the study site with the amount 50 kg-m™
of logging residues for the technological strip strengthening mat show that forwarder movement is
possible.
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Fig. 3. Shear resistance depending on the technological strip strengthening

Improvements in terrain overcoming capability of a forwarding vehicle that could be explained
with a strengthening mat on the technological strip result in an average of 67 % increase in the soil
resistance compared to the control area, i.e. at the technological strip without any strengthening.
During the experimental trials, the timber forwarder pressure onto the ground surface equals 0.35 MPa
(fully loaded) and 0.33 MPa (half loaded).

The obtained data show a close relationship between the soil resistance and the transport vehicle
ground pressure. Few similar soil-related studies in Latvia use shear resistance measurements as input
data. At the global level, there are relatively more such studies in Sweden. In general, it can be
concluded that the shear resistance and rut depth indicators can be used in practice to characterize the
driving conditions at a felling area and thus avoid the downtime of the machinery in case of its stuck
into ground. The equation obtained in the study (y=2.8156x>-30.88x + 119.16) is useful for
determining the potential depth of the ruts depending on the soil shear resistance index.

Conclusions

1. Driving the vehicle for timber forwarding along the technological strip without the strengthening
mat on it is difficult. In some places, it is not possible even once.

2. Using support tracks for all running gear tandem equipment and with the strengthening of the
technological strip by a branch mat in the felling area ensures successful forwarding of timber
with the forwarder.

3. In order to predict the possibility of round timber forwarding under production conditions, it is
necessary to evaluate the soil shear resistance, as a close correlation between this parameter and
the depth of the ruts takes place in the given study.
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