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Effect of forwarder multipassing on forest soil parameters changes
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Introduction

Vehicles used in timber harvesting pro-
cesses generally have a large mass and can
cause significant damage to forest soil
whose bearing capacity is often very poor
(Poltorak et al. 2018, Sutherland 2003). This
is especially pronounced due to repeated
passages, during which the soil is com-
pacted and ruts are formed, while the po-
rosity of the soil decreases and its density
increases (Labelle & Jaeger 2012, Cambi et
al. 2015, Vennik et al. 2019, Riggert et al.
2019, D’Acqui et al. 2020). The movement
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In the lowland part of Croatia, heavy machinery such as forwarders is mainly
used for the purpose of extracting wood from even-aged forest stands. Accord-
ing to the forest management plan, forwarders are used intensively in the win-
ter period when the soil is mostly saturated with water and when their activity
can cause significant damage to the soil. The aim of this study was to deter-
mine changes in soil characteristics as a consequence of the repeated passage
of a loaded 8-wheel forwarder on silty clay loam type of soil. The research was
conducted in an area where the forwarder usually works and in a way that did
not significantly disrupt his normal workflow. The results indicate that during
the study period the soil had a good bearing capacity and that the observed
changes in soil characteristics (bulk density, total soil porosity, soil moisture,
particle density, soil water retention capacity etc.) occurred as a result of
breaking structural soil aggregates after soil compaction by multiple passes.
Characteristic points (T) of equalized penetration curves indicate the com-
paction of the soil surface layer. Cone penetration index (C/) values did not
show a proportional increase as the number of forwarder passes increased, al-
though significant differences in their values with respect to the number of
passes were found. Shear strength (tr) did not significantly increase with in-
creasing the number of passes, but a statistically significant difference in the
measured values was detected at the soil surface, which was not observed at a
depth of 15 cm. Exceeding the rut depth limit of 10 cm occurred only after
the 20™ pass. Our results indicate that the soil at the harvesting site had a
good bearing capacity during the study period.

Keywords: Silty Clay Loam, Bulk Density, Cone Index, Shear Strength, Ruts

Depth

of machines on the ground during wood
extraction is mostly influenced by the soil
physical properties, such as composition
and structure of the soil, bearing capacity,
shear strength, soil wetness, and certain
chemical properties (Tomasi¢ 2007). Soil
bearing capacity is defined as the strength
of the soil or as the connection of soil parti-
cles. If the load on the ground is less than
its load-bearing capacity, only elastic defor-
mations will occur, while in the case of
higher load in relation to the bearing ca-
pacity, plastic deformations and formation
of the ruts will take place (Vossbrink &
Horn 2004). The decisive factor is the time
(period) when wood extraction is done,
because due to changes in weather condi-
tions, sometimes large occasional changes
in soil bearing capacity can be expected,
especially in sensitive areas. The bearing
capacity of coherent soils is directly related
to the amount of moisture in the soil. Ig-
noring this fact while doing forestry opera-
tions can lead to huge direct and indirect
damage to the soil with equally great eco-
nomic and environmental consequences
(Krpan et al. 1993, Hartmann et al. 2014, All-
man et al. 2016). Direct damage to forest
soils is easily noticeable as plastic deforma-
tions caused by compaction of soil parti-
cles, and in the case of increased humidity,
the penetration of the wheels into the
depth due to the breakdown of soil layers
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(Krpan et al. 1993, Horn et al. 2004). This
leads to physical and physiological destruc-
tion of the soil by mixing the formed soil
horizons and damaging the root system of
plants, whereby the absorption of water
and nutrients is reduced (Cermak et al.
2008, Edlund et al. 2012). In some cases,
compaction and mixing of soil layers have a
beneficial effect on nutrient absorption,
seed germination, and plant growth (Arvid-
sson 1999, Mariotti et al. 2020). The num-
ber of vehicle passes during wood extrac-
tion is one of the most influential factors of
soil compaction, where the greatest com-
paction occurs mainly in the first ten pass-
es, or in the first few passes, depending on
the bearing capacity of the soil (Lousier
1990, Han et al. 2009). Limiting the number
of passages will not prevent damage be-
cause 80% of soil compaction occurs during
the first passage of the vehicle (Holshouser
2001). The most common methods of re-
ducing the risk of damage to forest soil and
to increase the bearing capacity of the soil
in conditions of increased humidity are the
use of wood slash reinforcement (Eliasson
& Wasterlund 2007, Gerasimov & Katarov
2010, Labelle & Jaeger 2012, Jourgholami et
al. 2020, Ring et al. 2021), use of wider tires
(Myhrman 1990, Eliasson 2005, Haas et al.
2016), reducing the air pressure in the tires
(Eliasson 2005, Sakai et al. 2008, Mohseni-
manesh & Ward 2010), and the use of semi-
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tracks on bogie wheels (Sakai et al. 2008,
Haas et al. 2016). Recovery of compacted
forest soil is a long-term process and it is
not known whether it is completely possi-
ble. Recovery time after compaction can
be less than 10 years in the surface area
(Lowery & Schuler 1994), while others
stated that this process can take decades
(Froelich et al. 1985, Mohieddinne et al.
2019, Sohrabi et al. 2020). The amount of
initial compaction, type of soil, forest type
and species diversity, climate, microorgan-
isms in soil are the most influencing factors
in soil recovery time required.

The cone index (CI) is a common indicator
of soil bearing capacity at the soil depth of
15 ¢cm. It is a composite quantity that de-
pends on internal friction and bulk cohe-
sion. An advantage of the cone index is the
relative ease of doing field measurement
using a cone penetrometer. Also, the cone
index has proved useful for predicting the
depth of the ruts from a passing vehicle
with given load and wheel properties (Saa-
rilahti 2002a). In order to be relevant for
the evaluation of the risk of soil distortion
from field traffic, shear strength (t) should
reflect field conditions (Schjenning 2021).
In general, with increased water content,
the cohesion and internal friction angle of
soil typically decrease nonlinearly, which is
due to the formation of a water film be-
tween soil particles with higher water con-
tent, thus the internal friction angle and co-
hesion are reduced (Liu et al. 2021).

Bearing capacity and shear strength are
the most important physical characteristics
of the soil over which the soil moisture has
a significant impact. The granulometric
composition and structure of the soil, ie.,
the ability of soil particles to bind water
molecules, have a significant effect on soil
moisture. Due to the higher moisture con-
tent in the soil when a loaded wheel passes
through, it causes greater soil compaction
and the formation of deeper ruts, which re-
sults in higher wheel rolling resistance,
wheel slip, higher energy consumption,
and ultimately lower efficiency. The bear-
ing capacity of coherent soils, to which the
soil of the investigated site belongs, great-
ly increases when the share of soil mois-
ture is low (mainly summer period) or in
winter when the water in the soil pores
freezes due to low air temperatures.

The aim of this study is to determine the
relationship between the soil characteris-
tics (soil density, porosity and moisture, Cl,
T, ruts depth) caused by the effect of traffic
intensity of a loaded 8-wheel forwarder on
silty clay loam type of soil.

Materials and methods

Site description

The research was conducted in compart-
ment 64f (44° 57" 11.6" N, 19° 02’ 56.2" E),
Forest Administration Vinkovci, lowland
part of Croatia. The research was carried
out during the final felling in a stand of pe-
dunculate oak (Quercus robur L.) and com-

477

mon hornbeam (Carpinus betulus L.). The
terrain was flat with an altitude between
79-81m a.s.l. The type of the soil on the site
was silty clay loam according to USDA Tex-
tural soil classification (USDA 1987) and
FAO (2006) classification. The age of the
stand was 140 years, and a total of 203
trees were marked for the final cut com-
prising to a volume of 1.221 m3. Density of
the harvesting was 246 m3 ha'. The DBH
(tree diameter at breast height) ranged be-
tween 42.5 and 100 cm, and the average
height of the trees was over 40 m. Felling
and processing were made with a chainsaw
and were time-separated from extracting.
Extraction of logs was done by 8-wheel for-
warder Valmet 860.4. The average weight
of the unloaded and loaded forwarder was
18,750 kg and 32,850 kg, respectively
(weighted with a large platform scale on
the field). Forwarder was equipped with
standard tires (600/55 x 26.5) without
chains or tracks on bogie wheels. Soil sam-
pling and soil measurements were per-
formed on a separate part of the stand so
that the normal course of wood extracting
was not disturbed, but the forwarder was
only redirected to the part of the stand
where sampling was performed.

During the measurement period (March
12-14, 2018), there was no precipitation,
and air and soil temperatures at depth of 5
cm were slightly increased as the research
was conducted, from 6 to 14 °C and 5 to 12
°C, respectively. This period was unusual
for extremely sunny weather all days. The
sun’s rays affected the heating and drying
of the surface part of the soil (up to 10 cm
deep), which was most pronounced in
compacted soil in ruts, and in such condi-
tions, it was hardy possible to press the
penetrometer cone and vanes from vane
tester into the upper surface layer of com-
pacted soil, due to formation of crusts on
its surface. Measurements were performed
on the ground for each passage and only
for the loaded forwarder. Its total mass
was known and ranged between 26,860 kg
and 36,450 kg, or an average of 32,850 kg.

Measurement of soil characteristics

Soil sampling

In order to determine the soil parame-
ters, samples of undisturbed soil were
taken with steel cylinders with a volume of
100 cm? (height 4.4 cm and diameter 5.5
cm). Soil samples were taken in the ruts af-
ter each pass of the forwarder on the sur-
face of the soil (without undecomposed or-
ganic material) and at a depth of 30 cm.
Samples of undisturbed soil were taken
only at the beginning of the research on
the soil surface and at a depth of 30 cm
due to the fact that there was no precipita-
tion during the research, so changes in soil
characteristics were negligible. No soil
samples were taken on undisturbed soil be-
tween the ruts. Four samples in total were
taken after each pass of forwarder at both
depths of the ground in both ruts. By labo-

ratory analysis of samples, the following
soil parameters were determined: soil
moisture, Oy,; bulk density, p,; particle den-
sity, pp; total soil porosity, ®; and soil water
retention capacity, ®y. These parameters
were measured outside the ruts for the
purpose of comparison with the same
characteristics of disturbed soil. The analy-
sis of samples was performed in the Eco-
logical and Pedological Laboratory of the
Faculty of Forestry in Zagreb in accordance
with 1SO-11272 (2017) standard.

Cone penetration resistance

Measurements of changes in the physical
and mechanical characteristics of the soil
were performed in ruts and on undisturbed
soil outside and between ruts. Cone pene-
tration resistance shows the dependence
of the resistance on the depth of penetra-
tion of the cone into the soil and was mea-
sured with a digital cone penetrometer
Penetrologger® (Royal Eijkelkamp, Gies-
beek, Netherlands) to a depth of 80 cm.
For the measurement, a steel cone with a
base area of 2 cm? and a top angle of 30°
was used, which was manually pressed into
the ground at a speed of 2 cm s according
to the ASAE standards S313.3 (ASAE 1999a)
and EP542 (ASAE 1999b). After each pas-
sage of the forwarder, fourteen measure-
ments were performed with the penetrom-
eter, eight measurements in ruts, four
measurements on undisturbed soil outside
the ruts, and two measurements on undis-
turbed soil between ruts.

Changes in the flow of value of the pene-
tration resistance of the cone depending
on the depth of the measurement with the
repeated passage of the forwarder on the
same tracks show the resulting changes in
soil compaction. Based on the cone pene-
tration resistance, the depth in the soil to
which the changes occurred can also be
observed.

For the purpose of equalizing the data of
measured penetration curves, an exponen-
tial correlation model was used (Horvat
1994 — eqn. 1):

p=A-(B"-1) Q)

where p is the soil cone resistance (MPa),
A and B are the parameters to be calcu-
lated, z is the penetration depth (cm).
Based on the parameters A and B ob-
tained by this model, the coordinates of
the characteristic point T (x, y) defined by
the intersection of the horizontal asymp-
tote and the tangent of the curve at the
origin of the coordinate system were calcu-
lated (Fig. 1). The role of the characteristic
point T is the numerical determination and
assessment of the bearing capacity of the
soil of the entire cone penetrating feature,
but also the assessment of soil compaction
in the repeated passage of forwarders on
the same tracks (eqn. 2, egn. 3):
-1
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y=|A| (3)

The characteristic point T has coordinates
(eqgn. 4):

T(ﬁ,IAI) (4)

Horvat (1994) showed that the penetra-
tion curve can be well described by the
above exponential correlation model and
stated that the characteristic point T at
which the horizontal asymptote and the
tangent of the curve intersect at the origin
of the coordinate system can be used to
numerically determine and assess the pen-
etration characteristics of soil condition.

The shift of the characteristic point T in
the y axis upwards represents the com-
paction of the soil in deeper layers, while
its shift in the direction of the x axis to-
wards the origin of the coordinate system
represents an increase in the compaction
of the surface part of the soil.

Shear strength

The shear strength of the soil was mea-
sured with an Eijkelkamp field inspection
Vane tester. The dimensions of the probe
vane were 20 x 40 mm, and the measuring
range varied from o to 260 kPa, with a
reading accuracy of 2 kPa. The obtained
measurement results represent the shear
resistance at the moment of its failure.
Measurement of shear strength of the soil
was performed in the same order as the
measurement of soil bearing capacity with
a cone penetrometer. In that case, four
measurements were made on undisturbed
soil on each side of the ruts, eight measure-
ments in the ruts, and two between the
ruts. The measurements were performed
at two depths in the soil, on the soil sur-
face (soil depth from 0 to 4 cm) and at a
depth of 15 cm (depth from 11 to 15 cm).

The purpose of measuring the shear
strength on the ground surface is because
it has a significant impact on the mobility
of the vehicle, that is, on the amount of
slippage of the drive wheels, while the
shear strength in the subsoil at a depth of
15 cm was measured exclusively due to the
influence of the passage of the forwarder
wheels on soil compaction and the influ-
ence of compaction on the change of soil
shear strength.

Ruts depth

Damage to the ground in the form of ruts
was determined by measuring the profile
and depth of the ruts at the site of re-
peated passage of the forwarder using a
geodetic bar 5 m long placed on two fixed
supports located next to the ruts. The mea-
surements were carried out with an inten-
sity of 10 cm along the entire width of the
forwarder track between the anchored
supports.
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Fig. 1- Position of the char-
acteristic point T of the
equalized penetration
curve.
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Results

Changes in soil parameters

Soil moisture

In the surface part of the soil, the mois-
ture (O, %) ranged between 32.6% and
40.3%, while at a soil depth of 30 cm
ranged between 20.0% and 26.4%. One-way
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ANOVA showed significant differences in
measured values of soil moisture between
forwarder passes at both soil depth (p <
0.00001 — Fig. 2a). On the surface, after the
5t and 10t pass, a sudden increase in the
soil moisture was measured, and a similar
situation was happened at a depth of 30
cm after the 9" pass.
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Fig. 2 - One-way ANOVA of the soil parameters dependence on the number of for-
warder passes. (a) Soil moisture (Wilks A=0.06785; p<0.0001); (b) bulk density
(A=0.41738; p=0.0329); (c) total soil porosity (A=0.08107; p<0.0001); (d) soil water
retention capacity (A=0.08342; p<0.0001). Vertical bars denotes 0.95 confidence inter-

vals.
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Undisturbed soil - Outside the ruts

Undisturbed soil - Between ruts

Fig. 3 - Changes in the pen-
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Bulk density

The measured values of bulk density (ps,
g cm?) were higher at a depth of 30 cm in
relation to the surface part of the soil due
to the lower content of humus, the share
of which decreases with increasing depth.
According to Fig. 2b, changes of bulk den-
sity in the surface part coincides with the
changes in soil moisture shown in Fig. 2a.
In the surface part, the bulk density gener-
ally had values around 1.1 g cm3. Bulk den-
sity measured at a soil depth of 30 cm
shows a slight variation around 1.4 g cm3.
One-way ANOVA showed a significant dif-
ference between the number of forwarder
passes at both measured soil depth (p =

0.03291).

Particle density

Changes in the values of the particle den-
sity (0p, g cm?3) are associated with changes
in bulk density with the same number of
forwarder passes, but the impact on these
changes is much smaller. The particle den-
sity ranged between 2.3 and 2.4 g cm?3 on
average on the surface part of soil, while at
a soil depth of 30 cm the values were
slightly higher and ranged on average
around 2.5 g cm?.
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Depth -z, cm

Total soil porosity

With the increase in the number of for-
warder passes, the soil became more com-
pacted, while at the same time the interag-
gregate spaces in the soil, the amount of
pores, and the volume of the soil, that is
the total soil porosity (@, vol. %), de-
creased. For example, we found that after
a certain number of passes of the for-
warder (after the 5™ and 10*) there was a
breakdown of structural aggregates of the
soil with an increase in total soil porosity,
as displayed in Fig. 2c. One-way ANOVA
showed a significant difference in total soil
porosity between number of forwarder
passes at both measured depth of soil (p <
0.00001).

Soil water retention capacity

According to the diagram in Fig. 2d, we
observed a trend of decreasing soil water
retention capacity (®ys, vol. %) with a larger
number of forwarder passes (up to 8
passes) at a soil depth of 30 cm, except in
the case when the structural aggregates of
the soil are broken, which consequently in-
creases the total soil porosity. With a larger
number of passes, soil compaction oc-
curred and the share of micropores in the
total soil porosity decreased. Significant

differences in measured soil water reten-
tion capacity between the number of for-
warder passes at both soil depth (p <
0.00001) were found by one-way ANOVA.

Physical-mechanical characteristics
changes of soil

Penetration curve and cone index

The mean value of the cone index (CI) of
undisturbed soil outside the ruts (Fig. 3a)
was 1.35 MPa, while it was 1.25 MPa be-
tween ruts (Fig. 3b). According to the pen-
etration resistance curves (Fig. 3¢), the CI
of the soil in ruts ranged between 1.38 and
1.79 MPa.

The diagram in Fig. 3d shows the overlap
of the characteristic points T, but the shift
of the group of points of disturbed soil to-
wards the ordinate of the coordinate sys-
tem is also noticeable. This shift indicates
soil compaction in its upper (surface) part.
Regarding the ordinate axis, the position of
the characteristic points T indicates the
lowest compaction of the disturbed soil in
the ruts, which should be considered with
caution because the tangents of the equal-
ized penetration resistance curves are in-
fluenced by the penetration resistance of
the cone at greater depths.

iForest 15: 476-483



The t-test of cone index of undisturbed
soil outside and between ruts showed no
statistically significant difference between
them (p = 0.8489).

A one-way ANOVA (Fig. 4a) of undis-
turbed soil outside and between ruts did
not reveal any significant difference in
measured Cl depending on the number of
forwarder passes (p = 0.4763).

According to Fig. 4b, an increase in the
amount of CI on disturbed soil can be ob-
served up to the 4t pass, and the trend de-
creases until the last pass with slight jumps
in measured values after the 8%, 20t and
39t pass of the forwarder. Comparing the
(I value of disturbed and undisturbed soil
(Fig. 4a, Fig. 4b), the higher value of undis-
turbed soil (0.1 MPa) was measured after
the 30% pass of the forwarder.

In the case of disturbed soil in ruts, a one-
way ANOVA (Fig. 4b) showed that there
was a difference in the measured values of
Cl depending on the number of passes of
the forwarder (p = 0.0107).

Soil shear strength

No significant difference was found be-
tween the soil shear strength measured on
undisturbed soil outside and between the
ruts on the surface and at a soil depth of 15
cm after t-test (p = 0.6242, p = 0.6213, re-
spectively). The mean values of shear
strength of undisturbed soil outside and
between the ruts on the surface and at the
soil depth of 15 cm were 23 kPa and 136
kPa, respectively. In further analysis, the
values of shear strength of undisturbed soil
outside and between ruts were used under
the term undisturbed soil.

In the surface part of the soil after the
second pass, a significant decrease in the
soil shear strength was measured not only
in the ruts but also outside them (Fig. 53,
Fig. 5b). This was followed by a slight
growth trend with small changes until the
25% pass, followed by a decline and again
growth after the 39 pass for disturbed
soil in the ruts (Fig. 5b).

At a soil depth of 15 cm, based on the ob-
tained results (Fig. 5d), it cannot be stated
with certainty that due to the increase in
the number of forwarder passes, there was
an increase in the soil shear strength. It is
interesting to note that after the second
pass, the highest value of the shear
strength of the disturbed soil was mea-
sured at a depth of 15 cm (Fig. 5d), while at
the same time the lowest value was mea-
sured on the surface part of the soil (Fig.
5b).

Using one-way ANOVA, significant differ-
ences were detected only in the shear
strength measured on the soil surface in
ruts (p = 0.0019 — Fig. 5¢). There was a sig-
nificant difference between the soil shear
strength measured after the second and
20" passes of the forwarder (Fig. 5b).

Diagrams in Fig. 5 show the influence of
the number of forwarder passes on the soil
shear strength measured at both depths in
the soil. Shear strength values in the sur-
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Cone Index - CI, MPa
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Fig. 4 - One-way ANOVA of cone index dependence on the number of forwarder
passes in undisturbed soil (a — p=0.4764) and disturbed soil in ruts (b - p=0.0107).
Vertical bars denotes 0.95 confidence intervals. Different letters above the bars indi-
cate significant (p<0.05) pairwise difference between forwarder passes after Tukey

HSD post-hoc test.

face part of the undisturbed soil ranged on
average from 1 to 50 kPa, while at a depth
of 15 cm these values averaged between
111 and 171 kPa. The reason for the low val-
ues in the surface part of undisturbed soil
is the thick humus-accumulating horizon of
the soil. For this reason, these values are
not suitable for soil classification, while val-
ues measured at a soil depth of 15 cm are
much more suitable for this purpose.

300

The measured values of shear strength of
undisturbed soil at a depth of 15 cm were
above 60 kPa, and according to the Eco-
Wood classification (Owende et al. 2002),
these soils are classified in the class of
strong soils.

At both sampled depths, a large variabil-
ity of the measured values on undisturbed
soil was observed, although there were no
significant changes in weather conditions
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Fig. 5 - One-way ANOVA of soil shear strength dependence on the number of for-
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Fig. 6 - Changes in the depth of ruts during repeated forwarder passing.

that would affect the change in soil charac-
teristics during the research period. The
reason for the high variability of the mea-
sured data is mainly the heterogeneous soil
structure due to the intertwining of plant
roots and its stratification.

Ruts depth

According to the diagram shown in Fig. 6,
an increase in the depth of the ruts with
the number of passes of the forwarder
wheels was found. The largest change in
ruts depth occurred after the first pass.
The limit value of 10 cm (Owende et al.
2002) was reached after the 20t and at the
end of the wood extraction after the 39t
forwarder pass. During the research, the
soil had good bearing capacity and there
was no precipitation which would lead to
changes in bearing capacity and soil shear
strength. The highest soil distribution was
measured from the outside of the left track
after the 39t pass and it was 5 cm. The
measured ruts depths were slightly above
the recommended limit of 10 cm (Owende
et al. 2002) after the 20t pass of the for-
warder.

Discussion

Soil parameters

The number of forwarder passes nega-
tively affected the change of soil parame-
ter values (soil moisture, Oy,; bulk density,
pv; particle density, p,; total soil porosity,
®; and soil water retention capacity, ®ys)
obtained by laboratory analyses from soil
samples taken on the surface and at a soil
depth of 30 cm. One-way ANOVA showed
significant differences in all soil parameters
between number of forwarder passes at
both soil sampling depth (Fig. 2a-d). The
phenomena occurring in the soil after mul-
tiple passes of the forwarder resulted in
changes in soil structure, i.e., crushing of
soil structural aggregates, and the analysis
of soil samples revealed cyclical changes in
the values of the analyzed parameters
(Ampoorter et al. 2012).

We observed that soil bulk density at a
depth of 30 cm on undisturbed soil was
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1.37 g cm3 and changed slightly with the
number of passes of forwarder, while on
the soil surface it was 0.98 g cm3 and was
more susceptible to changes caused by for-
warder passes (Fig. 2b). These results are
in accordance with the statement of Pow-
ers et al. (2005) that the soils with initial
bulk densities greater than 1.4 g cm?3 are
rather resistant to compaction. The investi-
gated soil at the time of sampling was less
saturated with water (about 35% on the
surface, or about 25% at a depth of 30 cm)
and in such soils, the water retention ca-
pacity is less sensitive to soil compaction
(Porsinsky 2005).

Cone penetration resistance

Soil compaction determined by the cone
penetration resistance allowed to derive
the characteristic point T of the equalized
penetration curve. However, the values of
the characteristic point on the y-axis were
not sufficient to describe the soil com-
paction caused by repeated passes of the
forwarder in the same place. According to
the values of the characteristic points on
the x-axis, their shift towards the origin of
the coordinate system can be observed as
the number of forwarder passes on the dis-
turbed soil increases. This shift indicates
greater compaction of the surface part of
the soil to a depth of about 15 cm. The
compaction process is slower in deeper soil
layers compared to the upper soil layer
(Shetron et al. 1988).

The measured values of Cl indicate higher
soil compaction in the ruts as compared to
undisturbed soil and the soil between the
ruts. This parameter did not show an in-
creasing trend with increasing the number
of forwarder passes, as it was expected.
The explanation for this may be that after a
certain number of forwarder passes there
was a change in the soil structure, i.e., the
crushing of structural aggregates in the soil
(Ampoorter et al. 2012), but soils with good
bearing capacity are less susceptible to
changes due to compaction by repeated
vehicle passes.

For medium to fine textured soils (such as
silty clay loam in our study), maximal cohe-

sion between soil particles occurs under
very dry conditions, leading to negligible
compaction and to minimal or no rutting.
As the moisture content rises, the cohesion
between the soil particles decreases and
the soils reach the maximal vulnerability to
compaction at an intermediate critical wa-
ter content. Meanwhile, a growing number
of pores are filled with water that cannot
be compressed. This means that above the
critical water content, machine forces are
transformed into profile disturbances and
deep rut formations, rather than into soil
compaction (Williamson & Neilsen 2000,
Ampoorter et al. 2012).

Shear strenght

The results of shear strength measured at
the surface and at a soil depth of 15 cm did
not show a constant increase with increas-
ing number of forwarder passes at both
sampled depths. Due to changes in soil
structure after a certain number of for-
warder passes, cyclic changes in shear
strength have been observed, as was the
case with the cone index. In order to deter-
mine why these cyclic changes occur, a
higher number of repetitions of measure-
ments is recommended.

According to the measured values of
shear strength of undisturbed soil on the
surface and at a soil depth of 15 cm, it is
recommended to take into account the val-
ues measured at a depth of 15 cm due to
the lower measurement variability ob-
served. Indeed, at this depth the shear
strength values better describe the condi-
tion of the soil in relation to the values
measured on the soil surface, where the
measured values were greatly influenced
by the presence and amount of humus -
accumulative horizon of undecomposed
organic material.

Based on the values of cone index and
shear strength of the soil measured at a
soil depth of 15 cm, the soil of the investi-
gated site was classified into strong soil
class (CI> 0.5 MPa, t> 60 kPa), according to
the EcoWood classification of soil bearing
capacity (Owende et al. 2002).

Ruts depth

The intensity of machine traffic (i.e., the
number of passes) is a main driving factor
of ruts depth, as demonstrated by several
authors (Bygdén et al. 2003, Eliasson 2005,
Eliasson & Wasterlund 2007), and con-
firmed by this study (Fig. 6). The largest
change in ruts depth was observed after
the first pass. The reason for this is that
undisturbed soils have a low initial bulk
density with many macropores and as such
are easily compactable (Hillel 1998, Shet-
ron et al. 1988, Berli et al. 2003). When bulk
density increases, the macropores become
micropores that exert a higher resistance
and are thus less prone to compaction. The
measured ruts depths were slightly above
the recommended limit of 10 cm (Owende
et al. 2002, Saarilahti 2002b) and only after
the 20t forwarder pass. The difference be-
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tween 20, 30* and 39" pass in soil depth
is only because of the top soil layer de-
struction and influence of the height of
tyre ribs. During usual wood extraction, it
is rare for the productive soil of the stand
to be loaded with so many forwarder
passes on the same tracks. Further, from
the obtained results it can be concluded
that the soil at the study site had good
bearing capacity and that the depth of the
ruts was acceptable.

Conclusions

The negative consequences of wood ex-
traction with a heavy forwarder at the in-
vestigated forest site were very weak due
to the low saturation of the soil with water
and its very good bearing capacity. Multi-
ple passes of loaded wheels of a heavy for-
warder had slightly negative effect on
changes in soil parameters at both depth
of soil. In order to obtain more relevant
data, it is recommended to take more soil
samples.

Changes in the bearing capacity of the
soil in ruts measured with a cone pen-
etrometer were recorded in the surface
part of the soil, while no changes were ob-
served in the deeper layers of soil. The dif-
ferences in the values of the cone index of
undisturbed and disturbed soil in ruts were
not large, but statistically significant
changes in relation to the number of for-
warder passes were observed in the dis-
turbed soil in ruts. Due to the type of soil
and its properties in the study period, it
was considered that there was a break-
down of structural aggregates of soil and,
consequently, changes in its bearing capac-
ity. Similar changes were observed measur-
ing shear strength and other soil parame-
ters, such as bulk density and porosity, but
mainly in the surface part of disturbed soil
inruts.

Stress distribution in the subsoil below
the ruts did not impact the parameters of
soil between the ruts and therefore these
showed values similar to those of the
undisturbed soil outside the ruts.

To reduce harmful impact on forest soil of
heavy forest machinery like forwarders it is
recommended to optimize the operational
planning according to weather and the
conditions of the forest soil. Frozen sail,
soil with less water saturation, use of wider
tyres and/or bogie tracks to reduce high
wheel pressure on the soil, reduce of load
in a case of low soil bearing capacity are
some of the recommendations. Further-
more, we recommend to carry out some
preparatory works at the harvesting site,
as marking the extracting lanes and their
evenly distribution along the working site,
with a distance between them which is
equal to twice the reach of the hydraulic
crane of the forwarder.
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