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Abstract

Terrain roughness and local unevenness are included in the classifications of technological
accessibility of stands, which are the starting point for functional classifications. The aim of
research was to determine the impact exerted on the time consumption of timber harvesting
and forwarding by linear terrain unevenness remaining after soil preparation for planting in
the form of trenches and ridges with a depth ranging from 0.2 m to 0.6 m. The research was
conducted in pine stands where early thinning was being carried out applying harvesters,
forwarders and agricultural tractors with forestry trailers. The share of main work time and
complementary work time for harvesters amounted to approx. 50%, of which delimbing and
bucking accounted for 35%, and tree felling for 15%. The times of forwarding and unloaded
journeys amounted to 28% for forwarders and were shorter by approx. 17% as compared to
forest trailers. The share of loading and unloading times amounted to approx. 50%. Higher
moving time was noted in the case of harvesting in stands with deeper linear unevenness of
the terrain and when machines ran on skid trails perpendicular to unevenness. In the Eco
Wood land accessibility classification applied in forest practice, we propose the use of a new
factor, linear unevenness of terrain.

Keywords: forest utilization, method of soil preparation for planting, harvester, forwarder,

forest trailer, effectiveness

1. Introduction

The machine harvesting model has had a long history.
The first harvesters appeared in North America and
Europe over half a century ago (Moskalik 2004, Nor-
dfjeld et al. 2010). Although harvesters are normally
used in one-storey felling and thinning of coniferous
stands, these machines have already been used suc-
cessfully in stands of various structures, deciduous
and mountain ones (Heinimann 1999, Moskalik and
Stampfer 2003, Frutig et al. 2007, Szewczyk and Kulak
2013, Szewczyk 2014a, Szewczyk 2014b, Garland et al.
2019, Kormanek and Dvorak 2022, Mederski et al.
2022). The number of harvesters in Poland has in-
creased several times since 2000 and currently amounts
to approx. 600 (Mederski et al. 2016, Bodyt 2019). Sim-
ilar tendencies are visible in most European countries
(Moskalik et al. 2017). The operation of these machines
requires access to tree stands by means of skid trails.

Their course, especially in older stands, considers their
structure and local terrain conditions (Ghaffariyan
2014). Although the principles of providing access to
forest areas and performing treatments in thinning
stands are well documented (Dvorak et al. 2011, Za-
sady 2020), their implementation encounters many
barriers in practice. These include the lack of skid
trails, underestimated standards of tree felling times
that lower the labor costs, undercapitalization of forest
enterprises that perform thinning operations and the
related lack of appropriate harvesters. Due to the
probable increase in personal labor costs and the grad-
ual, increasing availability of machines, mechanical
timber harvesting in Poland will probably exceed 50%
of the total timber harvest in the closest future (2-3
years), because, according to Body? (2019, 2022), in just
three years in the last five years, the share of timber
harvested with harvester-forwarder sets in Poland in-
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creased from 37% to 46% at the expense of motor-
manual logging.

Scots pine (Pinus sylvestris L.) is common in most
countries with the temperate climate and is of great
economic importance (Jaworski 2011). It is a key spe-
cies of most European forest stands in terms of area
and volume resources. The tending of pine stands is
particularly important in their middle age classes, in
thinnings. Its goal is primarily to protect the most
valuable components of the stand, to improve its qual-
ity and sanitary condition, to intensify the thickness
increase of the supported trees and to improve stabil-
ity (Burschel and Huss 1997). The area of thinning
treatments in the state forests in Poland has increased
in the last 10 years by approx. 10%, i.e. 40,000 ha
(Anon. 2022). This increase is caused by intensive af-
forestation carried out since the 1950s and the transi-
tion of successive forest generations to the group of
middle-aged stands. In thinning stands, approx.
15,822,000 m’ of large timber are obtained, including
mainly medium-sized assortments important for tim-
ber industry. Due to its economic and ergonomic ad-
vantages, the model of mechanized timber harvesting,
promoted in the State Forests, has its particular justi-
fication in thinning stands.

In thinning stands, the performance of work re-
lated to timber harvesting is particularly difficult, es-
pecially within the stand, during the operations of
harvesting and forwarding the wood to the skid trail.
This is influenced by both the spatial structure of such
stands, as well as by small tree dimensions and vol-
umes (Kédrhad et al. 2004, Szewczyk et al. 2014,
Staniczykiewicz et al. 2023). For this reason, among
other things, it is in middle-aged stands that the great-
est difficulties occur in agreeing on the appropriate
levels of time standards used in harvesting procedures
concerning the performance of services in the State
Forests (Szewczyk 2014a, Szewczyk et al. 2014).

The terrain slope and the load-bearing capacity of
the ground are factors often indicated as important de-
terminants of achieving the appropriate effectiveness of
timber harvesting and forwarding (Visser et al. 2014,
Visser and Berkett 2015, Visser and Stampfer 2015,
Jodtowski and Kalinowski 2018, Cavalli and Amishev
2019, Kormanek and Dvofak 2021). Ground uneven-
ness: large stones, stumps of fallen trees or local depres-
sions can also affect the time-consumption of the work
(Pentek et al. 2008, Puka et al. 2017). Such impediments
are classified as roughness or local unevenness. The
main problem of timber harvesting in stands of young-
er age classes are linear unevenness of various depths,
trenches and ridges of various depths, created during
the preparation of the soil for planting. In such an area,
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the time-consumption of machine travel may depend
on the type of device and the location of skid trails,
perpendicular or parallel to the linear unevenness, and
thus to the rows of trees. The main aim of our research
was to determine the influence of the depth and the
arrangement of linear terrain unevenness on the har-
vesting time consumption and forwarding time con-
sumption of harvested timber. Therefore, we hypoth-
esized that the harvesting time consumptions based on
harvesters and forwarding time consumptions using
forwarders achieved in stands with linear unevenness
up to 0.2 m, 0.2-0.4 m and 0.4-0.6 m in depth, and
achieved by moving along and across linear uneven-
ness, differed significantly from each other.

We conducted the research in pine stands where
early thinning was being performed using the model
of mechanical timber harvesting and forwarding.

2. Materials and Methods

The research was conducted in southern Poland, in
the Rudy Raciborskie Forest District, which is part of
the Regional Directorate of State Forests in Katowice
(Fig. 1).

In 1992, a large fire damage occurred in the ana-
lyzed area. In the Rudy Raciborskie Forest District, the
fire covered an area of 4480 ha. In the post-fire areas,
during their afforestation in the years 1993-1997, stan-
dard methods of soil preparation were applied with
the use of a plow, i.e. plowing either ground strips or
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Fig. 1 Location of research plots, Rudy Raciborskie Forest District
(50°16"N, 18°21" E), Poland
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the entire surface. As a result, the area was prepared
for planting e.g. in the form of trenches and ridges
with the depth of 0.4-0.6 m, and with a distance be-
tween them of approx. 1.5 m. Part of the surface was
left without mechanical soil preparation and was ei-
ther artificially regenerated or self-seeding was used.

Field work was carried out in those forest divisions
where linear unevenness of various depths occurred:

class 1 upto0.2m
class 2 0.2-04 m
class 3 0.4-0.6 m.

Within class 1, stands without any terrain obsta-
cles, from natural regeneration (0 nr) and from plant-
ing (0 para) were additionally included.

In the species composition of the examined stands
with a volume of approx. 70 m*/ha, the prevailing spe-
cies was pine (60-80%), aged 25 to 27 years, with an
average diameter at breast height (DBH) of 12 cm and
an average tree height of 13 m. In those parts of stands
that were uniform as to their structure and species
composition, we established 38 research plots. Within
the research plots, the State Forests employees desig-
nated the trees to be removed in accordance with the
principles of selective crown thinning based on Shade-
lin’s method (Zasady 2012). The size of the study area
in which each technology variant was tested depend-
ed on the number of trees designated for removal (fell-
ing by harvester). Based on previous experience (Sze-
wcezyk et al. 2016, Szewczyk and Sowa 2017,

Avalilable by skid trails along linear
& unevenness during thinning in 2019

Fig. 2 Stands introduced in post-fire areas

Linear unevenness within class 2 — depths of 0.2-0.4 m
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Leszczynski et al. 2021), we determined that the num-
ber per research plot had to be in the range of 80-100
trees. For the timber harvested from such a number of
trees, observations were made of forwarding by for-
warders and tractors with forest trailers.

We analyzed the time-consumption of the process-
es of mechanized timber harvesting in the cut-to-
length (CTL) method, with tree felling and production
of 2.5 m long assortments as well as timber forward-
ing. The forest stands in which the research was car-
ried out had not been previously accessible by skid
trails. In the stands where linear unevenness were vis-
ible, the skid trails spaced approx. 10-20 m apart were
designed to be perpendicular and parallel to the rows
of trees (linear unevenness) (Fig. 2).

The study was conducted in May—July during rain-
free weather or with short but not intense rainfalls. In
selected stands growing in flat terrain with equal bear-
ing capacity and soil compaction (CI 2.02-2.32 MPa)
(Kulak et al. 2020), such weather conditions did not
affect the effectiveness of the technologies analyzed.
Classic harvesters as well as felling and delimbing de-
vice (stroke head) built on the chassis of construction
machine were selected for the study. In order to ensure
that the results achieved by the machine operators are
comparable, stands with the largest possible area were
selected for the study, so that on sample plots with
linear unevenness in all three classes it was possible to
apply the technologies side by side, but in separate
working plots, as follows:
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=with class 1 and 2 unevenness: SAMPO, VIMEK,
FAO-FAR harvesters, and VIMEK forwarder and
two forwarding units with FAO-FAR trailers,

=>with class 3 unevenness: SAMPO, VIMEK,
PONSSE harvesters and PONSSE forwarder.

The analyses were carried out considering the trac-
tion capabilities of individual machines. Table 1 charac-
terizes the most important parameters of the tested
machines and summarizes the variants of the experi-
ment. Due to the attractive purchase prices on the Polish
market (also secondary market) and the availability of
professional service, all the logging machines and units
(farm tractor with forestry trailer) observed in the
study, are among the most widely used by Polish con-
tractors carrying out early thinning in pine stands.

All harvesters, forwarders and mid-range forward-
ing units worked in the sample plots moving on skid
trails located both parallel and perpendicular to the
class 1 and class 2 linear unevenness, while in the
sample plots with class 3 linear unevenness, small har-
vesters worked only on parallel trails and mid-range
harvesters and forwarders worked on trails parallel
and perpendicular to the linear unevenness.

The tasks were carried out by experienced contrac-
tors, with work experience of 3-5 years at the worksta-
tions under research.

Table 1 Technical parameters of machines and devices tested
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The time consumption of timber harvesting and
forwarding at the analyzed workstations was deter-
mined for the repeated work cycles measured during
the tests as productive time (PW). In further proceed-
ings, supportive times (SW) were also considered
and determined on the basis of analyses of the work-
ing day structure, therefore the final levels of time
consumption were increased by 20% and as such
represented the work time (WT) (Rickards et al.
1995).

The studies of duration of timber harvesting and
forwarding were performed using Motorola’s Work-
about PRO microcomputers (Mississauga, Ontario,
Canada) with TIMING 2° software to measure the
times. The large size of the tasks required full digi-
tization of the measurement data. The application
designed for PDA devices (-handheld« computers) of
Motorola Workabout PRO was developed using the
Microsoft Compact Framework technology provided
by the company, using the Visual Studio 2008 devel-
opment environment in the C# language. Due to the
rapid changes of the observed activities in work cy-
cles at selected workstations, the measurement was
verified by video time study analyses using the TIM-
ER PRO PROFESSIONAL software for the analysis of
film materials. Boundary points, precisely defining
the beginning and end of each observed activity,
were imposed on the film track.

Harvesters
Model Range Power | Ground clearance Weight Crane Range Head
kW/rpm cm kg m
VIMEK 404 T5 Small 44/2700 40 1.8/2.15 4100 MQVI 2046 46 KETO Forst Silver
FAO-FAR 6840 Small 57/2200 47 5760 FAO-FAR 75 ARBRO 400S
construction machine
SAMPQ HR46 Small 124/2100 67 7450 KESLA 671H 7.1 KETO 51 Eco Supreme
tilt
PONSSE Beaver Medium | 129/1600 67 2.65/2.93 14,900 PONSSE C2 10.0 H5
Forwarders/Forwarding units
Model Class Power | Ground clearance Weight | Load capacity | Length Crane Range

kW cm kg kg m m
VIMEK 606 TT Small 18 40 2960 3000 6.20 MOVI 2046 4.6
PONSSE Elk Medium 129 67 2.69/2.99 15,900 13,000 9.15 PONSSE 10.0

K70+

URSUS C-330 Small 22 48 1880 - 3.08 - -
FAO-FAR 51 - 47 1700 5000 3.40 FAO-FAR 4.6
forest trailer 2241
DEUTZ DX 90 Medium 65 56 4830 - 4.36 - -
FAQ-FAR 842 - 52 2500 8000 4.40 FAO-FAR 6.4
forest trailer 3264
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Table 2 Characteristics of activities observed during logging and their boundary points

G. Szewczyk et al.

T ; Machine
e R Harvester Forwarder/Forwarding unit
Work time | Productive | Main work | Felling — from the beginning of setting the harvester Loading — from pointing the grapple towards the
(WT) work time | time (MW) head at the base of the tree trunk to the first wood in the packet until the moment when the
(PW) movement of the trunk through the feeding rollers in grapple is immobilized on the log placed on the
the head loading box
Processing — from the first movement of the trunk | Forwarding — from the moment of moving from the
through the feeding rollers until the removal of the | place of loading to stopping the tractor at the place
tree top, remaining after delimbing of the next loading of timber in the stand
Comple- | Moving — from the moment of starting the machine | Travel — from the moment of starting the tractor with
mentary after the removal of the top of the processed tree, | an unloaded trailer within the research plot until the
work time moving to the next tree, until stopping the head moment when the tractor is in the place of the first
(CW) before felling loading
Supportive Repair time (RT)
work time Refuel time (RF)
(SW) Maintenance time (MT)

Timber harvesting and forwarding observed on the
research plots had a smooth course, there were no
breaks related to possible repairs, maintenance activi-
ties or rest. The measurement of the forwarding time
was carried out only within the research plots. Time
studies were carried out with an accuracy of 1 second.
The following boundary points of the activities ob-
served within the work cycles were distinguished
(Table 2).

The structure of the working day of the operators
of individual machines was determined during the
use of those machines in stands analogous to the ex-
amined ones, based on snapshot observations made in
a five-minute interval (Szewczyk 2014b, Pszenny et al.
2019).

The total volume of timber harvested in a single
work cycle was determined on the basis of the average
volume of a log on each research plot and the number
of harvested/forwarded rollers (Kulak et al. 2023). The
average volume of rollers on each research plot was
estimated on the basis of measuring the diameters
over bark of 100 rollers and calculating the volume of
each of them using the Huber formula.

A Generalized Additive Mixed Model (GAMM)
was used to assess the effect of the machine used on
the amount of time consumption. The Generalized
Additive Mixed Model is used to fit generalized addi-
tive mixed models. It allows the modeling of complex
relationships when there is a need to include both
smooth functions of variability (as in generalized ad-
ditive models, GAM) and random effects (as in mixed
models). The variable large timber is treated as a fixed
effect with a default smooth basis function (thin plate
spline basis functions), while machine type and terrain
conditions are random effects (Wood 2017).

Investigations of differences in the effectiveness of
the machines in use were carried out for the time of
the machines (harvester — moving, forwarder — for-
warding). This category of machine operating time
reflected the diversity of the terrain to the greatest ex-
tent. Analyses of the effect of terrain conditions on
harvester moving time and forwarder skidding time
were conducted using the Generalized Linear Model
(GLM). The Generalized Linear Model is a class of sta-
tistical models that extends traditional linear regres-
sion models to allow prediction of dependent vari-
ables that do not have a normal distribution. GLMs are
very flexible as they can handle different types of data
and relationships, including dependent variables that
take only positive values. A gamma distribution was
used as the random component and a logarithmic
function as the link function (Wood 2017).

The computational procedures were implemented
in R using, among others, the mgcv library (Wood
2017, R Core Team 2023).

3. Results

Time sequences observed during full shifts were
cleared by removing observations that had evidently
been classified either wrongly or mistakenly (re-re-
corded sequences and those with a duration of up to
55). The dataset for analyzing the duration of specified
activities comprized 3866 instances for studying time
consumption and 2665 instances for examining mov-
ing and forwarding times, involving 2093 harvesters
and 572 forwarders. The data collection spanned 225
hours. Fig. 3 presents the parameters of the estimated
shift time structures at the analyzed workstations.
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Fig. 3 Share of productive work time (PW) and supportive time
(SW) at analyzed workstations, %

The largest share among the types of non-opera-
tional work time was constituted by service time (on
average 9%). The percentage of repair time (RT), which
reveals the reliability of machines and devices, was
relatively low. The failure rate of the entire technolo-
gies amounted to approx. 8%. Both the technical con-
dition of the machines used as well as their correct
operation, which did not cause significant failures,
were at a high level.

For the analyzed workstations, a total of 3295 work
cycle time studies were performed with a total dura-
tion of almost 70 hours. The structure of the work time
(WT) is presented in Table 3.

Table 3 Structure of productive time (PW) at analyzed worksta-
tions, %

Type of machine

Time category
Harvester | Forwarder | Forest trailer

Main work time (MW) 51 72 54
Complementary work time (CW) 49 28 46

In the case of harvesters, we observed a compa-
rable share of main work times (MW) and comple-
mentary work times (CW), with the share of approx.
50%, of which delimbing and bucking accounted for
35%, and felling for 15%. A large (almost 50%) share
of moving times between successive trees being felled
reflected the difficulties in accessing individual trees

Time Consumption of Timber Harvesting and Forwarding from Pine Thinning Stands... (xx-xx)

and the need for precise positioning of machines on
the skid trail. Differences in the structure of work
cycles of forwarding machines were clear. The times
of forwarding and return journeys accounted for 28%
in the case of forwarders, and were almost 38% short-
er compared to tractors with forestry trailers. The
share of loading and unloading times for both types
of forwarding machines was over 60%.

Fig. 4 presents the time consumption observed for
the analyzed technologies in the linear unevenness
classes distinguished.

In easier terrain (unevenness 1, 2), the most advan-
tageous technological variant was the use of the
SAMPO harvester in all stands and the FAO-FAR in
stands without obstacles or with shallow unevenness,
as well as forest trailers or the VIMEK forwarder. The
time consumption of timber harvesting and forward-
ing in this case was approximately 30 min/m’ for each
analyzed stand (Fig. 4). In the other technological
variants, the time consumption was higher by sev-
eral up to several dozen percent, especially in the case
of harvesting in stands with deeper linear uneven-
ness of terrain. In stands with linear unevenness of
the third class of depth, the use of medium-sized ma-
chines was the most advantageous, although the use
of the SAMPO harvester resulted in an increase in
time consumption only by approx. 2 min/m’. How-
ever, due to the design parameters (wheelbase of only
2.74 m), this machine was tested only in a parallel
system of linear unevenness, similar to the VIMEK
harvester (wheelbase of only 2.10 m). Most likely, the
difficulties in crossing very deep terrain unevenness
caused by the relatively small clearance of the VIMEK
harvester made this variant the most time-consum-
ing.

The curves presented in Fig. 5 present the relation-
ships between the volume of harvested wood in the
work cycle and the time consumption for the tested
harvesters. The lowest position of the curve for SAM-
PO HR46 (closest to the horizontal axis) confirms its
best suitability for operation in the analyzed condi-
tions. The most time-consuming work was shown for
the thinnest and thickest shafts, the least for trees of
medium dimensions (volume from 0.05 m® to 0.15 m’).

Fig. 6 shows the medians, means and variations in
harvester moving times observed on research plots
with different depths of linear unevenness. Analysis
using the GLM model showed that passage times in-
creased compared to the comparative level (1" in-
equality class) by 15% in the case of inequality class
2 and 26% for inequality class 3. The above differ-
ences are statistically significant, p values are less
than 0.01 (for class 2 unevenness) and 0.001 (for class
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Fig. 4 Time consumption of logging performed with the use of machines tested considering the layout of skid trails in relation to linear uneven-
ness (0 —no obstacles, 1 — depths up to 0.2 m, 2 — depths of 0.2-0.4 m, 3 — depths of 0.4-0.6 m, nr — natural regeneration, para — parallel
system of unevenness, perp — perpendicular system of unevenness)

3 unevenness), respectively. As the depth of linear
unevenness increases, the time-consumption of har-
vester passes between trees designated for removal
increases significantly. The observed trend may also
influence the increase in logging unit costs in class 2,
compared to class 1 linear unevenness, e.g. from
about 20% with the VIMEK harvester, to more than
45% with the FAO-FAR harvester (Szewczyk et al.
2023).

The variability of the forwarding time observed
on research plots with different depths of linear un-
evenness is presented in Fig. 7. As in the case of har-
vesters, differences in forwarding times in the stand
were visible, in this case between subsequent pack-
ages of harvested timber (GLM model). Compared to
forwarding in easy terrain conditions (unevenness
class 1), the time of forwarder passes increased by
12% in unevenness class 2 (p=0.438, no significant dif-
ferences) and by 49% in unevenness class 3 (p=0.011,
statistically significant difference).

Fig. 8 shows the variability of moving times be-
tween successive harvester workstations observed on
research plots with a system of skid trails perpen-
dicular and parallel to the linear unevenness. The
analysis using the GLM model showed that the visi-
ble differences in moving times are statistically sig-
nificant. Passes on trails located perpendicular to
linear unevenness were 23% longer than passes on
parallel trails (p<0.001).

Fig. 9 shows the medians, means and variability
of travel times during forwarding observed on re-
search plots with a perpendicular and parallel ar-
rangement of skid trails in relation to linear uneven-
ness. Similarly, to the case of harvesters, we showed
a statistically significant extension of the travel time
of machines on trails located perpendicular to linear
unevenness (GLM model). The time of such passes
was 52% longer than that of passes on trails located
parallel to linear unevenness (p<0.001). Overcoming
parallel linear unevenness by forwarders is more dif-
ficult, especially since, as the weight of the machine
increases by adding more logs, the resistance to
movement increases when the wheels, especially
those with smaller diameters, drive out of the paral-
lel depressions in the ground made when preparing
the soil for planting. No such difficulties were ob-
served during the field tests when the forwarders
were driven along the linear unevenness.

We extended the standard classification of terrain
accessibility for machines applied for timber logging
(Gil 2007) by adding the parameter of the depth of
linear unevenness, which had a significant impact
on the time consumption at the analyzed worksta-
tions (Table 4). An example of terrain classification
would have the following designation: 2/1/1/31
(strong, even, flat, medium-deep linear terrain un-
evenness, system of skid trails parallel to the direc-
tion of linear unevenness).
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4. Discussion

The most commonly used measure of effectiveness is
the productivity level indicator, i.e. the size of produc-
tion expressed in homogeneous natural units imple-
mented per unit of time: productive hour (productive
machine hour PMH), hour of shift time (schedule ma-
chine hour SMH) or machine work hour (Jabtorski
2006, Szewczyk 2014a). In work standardization, the

indicator of unit time consumption is also used, which
is the inverse of effectiveness (Zeci¢ et al. 2005). In
practice, the measure sought for individual worksta-
tions or technologies is their time consumption be-
cause it makes it possible to determine the efficiency
of a single workstation or the entire technology which
includes several workstations (Vusic et al. 2011). Con-
sideration of labor consumption in relation to worksta-
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Table 4 Terrain classification in terms of timber harvesting and forwarding (summary)
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tions allows for the analysis of relatively freely con-
figurable technological systems. In timber harvesting
and forwarding, the examined workstations usually
do not function separately but rather complement
each other to some extent (e.g. cooperation of employ-
ees when performing specific tasks).

Measurement of productive times PW is usually
performed on the basis of time studies, i.e. time mea-
surements of repetitive work elements (Behjou et al.
2008, Szewczyk 2014a, Labelle et al. 2024); hence its
highest accuracy is achieved for workstations charac-
terized by cyclical activities, as in the case of harvesters
and forwarding (Szewczyk 2011a, Varch et al. 2023).
In our case, the high repeatability of work sequences
gave the time study measurements, performed as cu-
mulative timing (cumulative time of work operations),
appropriate accuracy (Rickards et al. 1995, Nurminen
etal. 2006, Szewczyk 2011b, Proto et al. 2017, Rosiniska
et al. 2022). In our experiment, workday structures
were defined by the method of snapshot observations,
which are an extension of the classic working day pic-
ture. The technique of studying work using snapshot
observations consists in recording events in a constant
(regular observations) or variable, random (irregular

observations) time interval (Szewczyk 2011a). A five-
minute interval between observations, used in this
study, gives a minimum error rate (Szewczyk 2014b,
Pszenny et al. 2019).

The level of operating time utilization in the ana-
lyzed technologies corresponded to the values report-
ed by other authors (Moskalik 2004). In our research,
in the case of harvesters, a comparable share of de-
limbing and bucking time (approx. 50%) was observed
in relation to the share of cutting and felling times and
machine travel. Similar data was provided by Moska-
lik (2004) and Apafaian et al. (2017), while according
to Maksymiak and Grieger (2008) in late thinnings this
share may exceed 60%. Sadowski et al. (2014) estimat-
ed that the share of main times (productive time PW)
in the structure of the harvester operation time ac-
counts for 55-60%. Compared to the data published
by Szewczyk (2011a), the share of harvester travel
times in thinning stands was higher. The longer travel
time, as compared to late thinnings, was associated
with difficulties in maneuvering the machine head in
a dense young stand. In this situation, the operator
often had to change the position of the machine.
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The main category of productive time (PW) in for-
warding was the loading time, whose share amounted
to over 35%, similarly to the study by Proto et al.
(2017). Lazdins et al. (2016) defined this share at 21%
for the Vimek forwarder, Maksymiak and Grieger
(2008) defined it at nearly 50% for the Valmet forward-
er, while Kulak et al. (2023) at approx. 40% for forest
trailers, while Apafaian et al. (2017) at 28% for Kom-
atsu 840.4 forwarder. Productive time (PW) (about
80%), including main work and complementary work,
was found to be almost identical as in other studies
(Gil 2007, Glazar and Maciejewska 2008, Spinelli and
Magagnotti 2010, Hildt et al. 2020). The unloading
time was similar to the values reported by other re-
searchers (Moskalik 2004) and amounted to about 25%
of the work cycle time. For the Valmet forwarder, the
share of unloading times ranged from 17% (Maksymi-
ak and Grieger 2008) to 34% (Grieger et al. 2016, Apa-
faian et al. 2017). For the forest trailer, depending on
its model, the share of unloading time ranged from 16
to 21%.

Classifications of forest areas in terms of timber
harvesting and logging appeared several dozen years
ago, at the time of the introduction of machines and
the possibility of choosing the most appropriate work
technology (Mellgren 1980, Terlesk 1983, Loffler 1984,
Berg 1992, Annon 1996, Howes and Kenk 1997, Pentek
et al. 2008, Dvordk et al. 2011, Puka et al. 2017). De-
scriptive (primary) classifications are used to assess
the features of the terrain important for timber har-
vesting or logging. They are usually divided into 5
main classes, which may be supplemented by sub-
classes. Certain features of the terrain are assigned a
numerical code, enabling quick identification of the
degree of accessibility. Terrain conditions are divided
into three categories: ground conditions, local uneven-
ness, terrain slope. The area in which we conducted
our research was flat, therefore the discussion of the
results will concern the other two parameters.

Ground conditions are understood primarily as
passability, i.e. the ability to maintain a vehicle in off-
road traffic. Violation of the soil structure depends on
two factors. The first is soil properties: soil grain size
and its derivatives (plasticity, porosity, texture, pres-
ence of organic matter, initial compaction) and soil
moisture as a derivative of climatic conditions and the
degree of drainage (Dvotrak et al. 2011, Puka et al.
2017). The other group of factors influencing the dis-
turbance of the soil surface are the operating param-
eters of the machines used, which include their weight,
axle load, tire width and number of passages (Kor-
manek and Gotab 2021, Kormanek and Dvorak 2022).
All these factors are reflected in the pressure of the
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machine on the soil (Kormanek et al. 2023). In previous
publications, we have shown that, in the analyzed
area, the ground bearing capacity does not in any way
limit the passability of any types of machines tested
(Kovac et al. 2020).

Local unevenness, also described as terrain rough-
ness, is defined by various directional forms and
ground obstacles, which may be a consequence of the
tasks performed, such as logging (Puka and PorSinsky
2016). Roughness can significantly reduce the stability
of vehicles, especially when combined with slopes, as
it makes parts of the machine running gear lose trac-
tion. The ability to overcome obstacles describes the
location of the obstacle in the context of terrain slope
and machine parameters: ground clearance, lateral
stability of the vehicle and the location of the obstacle
in the context of terrain slope (Kithmaier and Stampfer
2010, Kormanek and Gotlgb 2021, Kormanek and
Dvorak 2022). These features should be considered
when designing the movement of machines in areas
with terrain unevenness. The key in this respect is to
determine the lateral and longitudinal stability (Alex-
androvich 2013). The unevenness of the terrain en-
countered in our experiment was linear. The direction
of vehicle movement was perpendicular or parallel to
the course of the unevenness (a row of trees), which
affected the effectiveness of the machines. The unique
directional classification of linear terrain unevenness
constructed as a result of our research was only to
some extent consistent with the Eco Wood classifica-
tion of terrain roughness (Owende et al. 2002, Buka
and Porsinsky 2016, Duka et al. 2018). As assumed in
our experiment, the depths of unevenness in classes
1-3, up to 0.2 m, 0.2-0.4 m, 0.4-0.6 m, respectively, are
consistent with the above-mentioned classification
only inits first two classes, whereas in the third terrain
class, the height of terrain unevenness can reach as
much as 80 cm. The height of the unevenness is always
correlated with the average distance between them. In
our case, the distance between the linear unevenness
was always 1.5 m, whereas the Eco Wood classification
associated the increase in the height of the unevenness
with a greater distance. For example, for the uneven-
ness height of 60 cm, the distance was over 5 m. Com-
pared to Eco Wood, the different impact of terrain
unevenness on the effectiveness of timber harvesting
and forwarding was most likely due to the linear na-
ture of those unevenness. Machine journeys per-
formed perpendicular or parallel to terrain trenches
resulted in a more even load distribution on individ-
ual parts of the drive system in comparison with local
unevenness. As a result, the stability of the machines
and their effectiveness was greater, which translated
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into their greater efficiency as compared to the condi-
tions of local unevenness of a similar class.

5. Conclusions

Descriptive terrain classifications are the starting point
for functional (secondary) classifications, which facili-
tate the selection of machines for specific terrain condi-
tions. In the face of rapid technological progress, these
classifications require adjustments in terms of the abil-
ity of machines to work in specific field conditions.
Linear unevenness, e.g. in the form of trenches remain-
ing after planting, affect the time consumption of me-
chanical timber harvesting and forwarding. Their im-
pact is different depending on local, natural terrain
unevenness and roughness.
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