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Use of Impact Penetrometer to Determine
Changes in Soil Compactness After Entracon
Sioux EH30 Timber Harvesting

Abstract

Mariusz Kormanek, Jifi Dvorak

Wood harvesting with the use of wheeled harvesters is now common in Polish and Czech
forests. While moving in the forest, the wheels of these machines affect the forest soil and the
extent of this impact is interesting. The paper presents the results of measurements of the
changes that occur in the soil on the operational trails after the timber harvesting using the
Entracon Sioux EH30 thinning harvester. The measurements were taken on fragments of three
operational trails, in and between the ruts and at a distance of 1.0 m off the trail. An impact
penetrometer was used to measure the penetration resistance, soil samples were collected to
determine the bulk density and moisture content, and soil deformations on the trail were
measured with a profile meter. Unit pressures exerted by harvester wheels on the ground were
determined. It was shown that in the places where the harvester wheels pass, even of a small
weight (5.73 tons, 8 wheels) and with unit pressures of the wheels on the ground <50 kPa,
changes in soil parameters occurred. A statistically significant increase in penetration resis-
tance in relation to the control occurred at a depth of up to 35 cm, while at a depth of up to
5 cm the increase was more than 2-fold. There was also a slight decrease in soil moisture
content (up to 7.9%) and an increase (up to 8.4%) in bulk density in the ruts, while rut depths
were small and reached 4 cm. As it was shown, the impact penetrometer, simple in design,
which was assumed to be used for measurements, and which is not used in this type of research
in forestry, despite its limitations, can be used to determine the compactness of the soil and its
changes resulting from machine work.
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1. Introduction

In 2018, 43,932 thousand m® of net large timber was
obtained in Poland, and this value has been constant-
ly increasing over the years (in 1990 it was 17,617
thousand m®, in 2005 — 29,725 thousand m®, in 2010 —
33,568 thousand m?, and in 2015 — 38,327 thousand m”)
(CSO 2018). Czechia produced 32.58 mil. m® in 2019,
25.69 mil. m’ in 2018. The value has an increasing
trend for incidental felling caused by bark beetles.
The standard annual volume of timber logging is from
15 to 18 mil. m’ (in 1990 it was 13.33 mil. m’, in 2005
—15.51 mil. m®, in 2010 — 16.74 mil. m®, and in 2015 —
16.16 mil. m®) (MZe 2001, MZe 2006, MZe 2020). Since
timber harvesting is usually associated with activities

dangerous to humans and difficult to perform, due to
high physical loads, the contemporary mechanization
of timber harvesting in Polish forests, similarly as in
other countries of Eastern Europe, is carried out at a
high mechanization level, especially harvesters and
forwarders (Moskalik 2002, Moskalik et al. 2017). The
first harvesters in Poland appeared in the late 1980s.
In 2011, there were 351 harvesters operating in Poland,
365 in 2014, and 530 in 2015 (Mederski et al. 2016,
Moskalik et al. 2017). This number of machines allows
for estimating machine harvesting in Poland with the
use of harvester and forwarder at about 20%, while
data from the last two years in some locations indicate
higher values exceeding 30% (Moskalik et al. 2017,
Body12019). In Czechia, the first cut machine was used
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in 1977 (Dvotak et al. 2011). The trend of CTL-method
performed with/by harvester technology has been in-
creasing since 2005. The share of annual production
was 44% in 2019 (Dvorak et al. 2019, Dvorak et al.
2021).

Most of the damage that occurs in mechanized tim-
ber harvesting is observed in the soil in the immediate
vicinity and directly on the skidding or operational
trails (Matthies et al. 1995, Haas et al. 2015). Mixing of
the top soil layer, its compaction and displacement in
combination with rut compaction can have a negative
environmental impact (Cambi et al. 2015, Haas et al.
2015, Solgi et al. 2019). Many authors indicate that soil
degradation, as a result of machine harvesting, can
significantly affect both the quality of growing trees
and the deterioration of forest health (Ulrich et al.
2003, Murphy 2004, Ampoorter et al. 2007, Malik and
Dvorak 2007). According to the literature, the resulting
damage can affect the growth of trees up to 15 m on
both sides of the skidding trail (Matthies et al 1995).
Apart from abiotic factors, such as change of access to
light, nutrients and water, this decrease is caused by
factors related to soil physics, including compaction,
i.e., excessive soil compactness caused by passing ma-
chines (Sack 2004, Blouin et al. 2008, Bejarano et al.
2010, Perez-Ramos et al. 2010, Alameda et al. 2012).
This is because the compaction increases the volumet-
ric density and reduces the size of free spaces, i.e., the
porosity of the soil, which reduces air content and wa-
ter permeability. The soil loses the possibility of infil-
tration and the storage of precipitation water is diffi-
cult, which causes rapid water run-off and soil erosion
(Blouin et al. 2008, Bejorano et al. 2010, Jourgholami et
al. 2018, Ring et al. 2021). Penetration resistance is the
measure of soil compaction, and it is used in many
areas of the economy such as civil engineering, agri-
culture and forestry (Kremer et al. 2007, Wang 2009,
Picchio et al. 2011, Byun et al. 2016). Soil penetration
resistance is defined as the resistance of the soil against
the pressing of a standardized penetrometric cone into
it. Measurement of soil penetration resistance, espe-
cially in inaccessible difficult forest conditions, is quite
difficult (Harrick and Jones 2002, Kormanek and
Lasota 2014, Kormanek and Gotab 2021).

The penetration resistance depends primarily on
the granulometric composition and soil moisture
(ASAB 1998, Harrick and Jones 2002, Kees 2005, De
Moraes 2014). The soil penetration resistance param-
eter can characterize the soil and its current state, as
well as indicate what changes in the soil occurred un-
der the influence of external factors (Kleibl et al. 2014,
Cambi et al. 2016, Venanzi et al. 2019, Picchio et al.
2020, Venanzi et al. 2020). The penetration resistance
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measurement is carried out with penetrometers of dif-
ferent structures. Static cone penetrometers are most
often used, and the cone is pressed into the soil by a
constant force with a constant speed of penetration.
This type of penetrometer developed by U.S. Army
Corps of Engineers WES (Waterways Experiment
Station) is widely used in agriculture, however, it has
many limitations (Harrick and Jones 2002, Wang 2009).
Usually, simple penetrometers are designed for a lim-
ited range of compactness, and instruments with
manual drive equipped with electronic measuring
sensors are relatively expensive and do not guarantee
correct measurement. This involves a change in the
speed of cone penetration in the soil, caused by the
operator and the variable compactness of the soil lay-
ers. A way to eliminate this problem is to use, for ex-
ample, a mechanical drive that causes the penetrom-
eter cone to be introduced at a constant controlled
speed (Minasny 2012, Sharifi and Mohsenimanesh
2012). The application of such solutions limits the costs
of device manufacturing and measurements connect-
ed with the transport of the device, power supply, etc.
(Harrick and Jones 2002). Separate solutions are dy-
namic penetrometers that have no problem with a
constant speed of penetration of the cone in the soil,
or with creating constant force acting on the cone. Pen-
etrometers of this type transmit a certain constant
amount of kinetic energy to the indenter so that it cov-
ers a certain distance in the soil. Currently available
impact penetrometers usually contain something that
falls into the soil from a certain height or where an
element (usually a cone) is plunged into the soil by a
suddenly striking element (Herrick and Jones 2002,
Jones and Kunze 2004, Vangs et al. 2004, Vaz et al. 2011,
Byun at al. 2016). Impact penetrometers are mainly
used in civile engineering and in agriculture, and there
are not many studies related to forestry. It would be
interesting to establish whether the use of the impact
penetrometer would allow determining the changes
of compactness of soil caused by the passing machines
in forest conditions.

The aim of the study was to determine the changes
in soil compactness after the work with Entracon
Sioux EH30 harvester. The penetration resistance was
assumed to be determined with the use of a simple
impact penetrometer made on the basis of the design
proposed by Herrick and Jones (2002).

2. Materials and Methods

The measurements were made in Gotab Forest
District (51.488536, 21.876177), Putawy Forest Division,
Regional Directorate of State Forests Lublin (Tab. 1).
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Table 1 Data on study site

Separation area 8.3 ha

100% Pinus sylvestris L., single Betula pendula

Species composition Roth

Stand, age Plantation, post-arable area, 44 years old

Diameter at breast
height, height,
growing stock

14cm; 14m; 212m°- ha''

Forest habitat type,

. Fresh coniferous forest FCF, fresh
variant

Flat, even, no growth or natural renewal.
Single shrubs Juniperus communis L., and
Area sparse frangula alnus Mill. and Padus serotina
(Ehrh.) Borkch in the undergrowth. Ground-
cover composed of abundant mosses

Soil Arenosol with loose sand granulation

At the study site, the harvester made an early positive
thinning and moved along 11 operating routes located
every 20 meters, which were cut down in the course
of the passage. Trees beyond the reach of the machine
crane were cut down by a sawyer. A total of 190.49 m’
of timber was acquired on the surface, in the form of
1.5 meter long rolls. The timber harvesting was made
with the Entracon Sioux EH30 thinning harvester from
1998, with the Keto Forest Eco head (Fig. 1, Table 2).
After the work was carried out by the harvester, five
measurements were taken with a penetrometer to a
depth of 50 cm and five measuring cylinders (volume
V. =250 cm?, height 7 cm, diameter 6.8 cm) from a

Fig. 1 Entracon Sioux EH30 harvester at test site OT1 (photo by P
Sowa)
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Table 2 Basic technical data of the harvester (Advertising materials

1998)

Specification Unit Value

Harvester with crane Entracon Sioux EH30

Engine power (Kubota V3600) kW 54.5
Weight with cabin/Maximum speed kg/km h' 5450/22
Height/Width/Length/Clearance m 2.7/1.8/7.2/0.56
Pressure in hydrostatic drive system MPa 18
Elgci:gtélt;cr ema;)tor drive capacity 2 x MIS ot 370/750
Unit pressure on the ground kPa 43.2
Tires - 400/60-15.5 14 PR

Crane Mowi P30

Load capacity/Angle of column

rotation/Max. crane reach kN7%/m 29/360/5.6

Harvester head Keto Forest Eco

0.30/0.34
280/10/5

Cutting/Trimming diameter m

\Weight/Feed force/Feed speed kg/kN/ms™

depth of up to 10 cm were taken on fragments of three
operational trails (OT1, OT2, OT3), as shown in Fig. 2,
between the ruts (BR), in the left (LR) and right rut
(RR) and at a distance of 1.0 m from the left (ContL)
and right rut (ContR). The shape of the left (LR) and
right (RR) rut was mapped using a bar profile meter.
A total of 75 cylinders were collected (3 trails x 5 up-
take sites x 5 replicates), and 75 penetrometer mea-
surements were made (3 lanes x 5 uptake sites x 5 rep-
licates) as shown in Fig. 2.

The penetration resistance PR was determined us-
ing a simple impact penetrometer (Fig. 3), made ac-
cording to Harrick and Jones (2002). In this device, the
recessing of cone 1, attached to the insert bar 2, is
caused by a free-falling weight 4, after guide 5, which
hits bumper 3. The measurement consists in repeat-
edly lifting weight 4 by hand and lowering it on guide
5, holding the penetrometer by the handle 6. During
the gradual recessing of the cone in the soil, the dis-
tance between the ground level and the indicator 7 on
the penetrometer was each time measured with a lin-
ear gauge 8 with +1 mm. The penetrometer was
equipped with a standardized cone with base diam-
eter D=2.03 cm and opening angle a=30" (ASAE Stan-
dards 1998, Harrick and Jones 2002). The mass of the
penetrometer without weight m’=4.5 kg, the weight
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Fig. 2 Scheme of measurements performed on a single operational route

m=2 kg and the height of weight falling H=0.4 m. Soil
compactness determined by this type of penetrometer
is the average compactness over the length of cone
movement in the soil for successive weight falls.

A - The penetrometer diagram

L)

1 - Penetrometer cone

) 2 - Insert bar
3 — Bumper
K 4 — Weight
5 — Weight guide
6 — Handle

7 - Depth indicator
8 — Measuring tape

Yz

Fig. 3 Conical impact penetrometer

The value of penetration resistance is influenced by
the force of soil interaction with penetrometer indent-
er 1, the so-called soil resistance R, which causes the
slowing down of penetrometer movement from the
initial value resulting from the impact of falling weight
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3 by bumper 6, to the speed equal to 0 m x s™. Soil re-
sistance R, was calculated from equation (1) as the
quotient of the work done by the soil W, to stop the
movement of the penetrometer and the distance P, on
which the penetrometer was moving (Harrick and
Jones 2002). The work W, was calculated as a conver-
sion of the kinetic energy of the penetrometer E,,
which is transformed into the motion of the penetrom-
eter when it moves in the soil as a result of a weight
operation. The calculation assumes that all kinetic en-
ergy is transferred to the cone when weight 3 hits the
bumper of penetrometer 6, and when the penetrom-
eter stops in the soil, kinetic energy E,=0 J.

R = W
=3, M
Where:
R, soil resistance, N
W,  soil work, J

P, distance in the soil where the cone-ended
penetrometer moves, m.

Knowing the distance H over which the weight m
falls, the speed of the weight when it strikes the bum-
per was calculated (2). For the penetrometer used,
with an initial speed of v;=0 m x 5™ and an acceleration
a equal to acceleration of gravity ¢=9.81 m x s?, the
speed at the moment of hitting the bumper was calcu-
lated from equation (2) — Harrick and Jones (2002).

v:,/v§+2xaxH:2.8 ()

Where:
v final speed, m x s™
v, initial speed, m xs™
a acceleration, equal to acceleration of gravity

g mxs”
H height from which the weight falls, m.

The kinetic energy at the initial speed v, and the
mass of weight m=2 kg, was calculated according to
equation (3) — Harrick and Jones (2002), while substitut-
ing the result to equation (1) at a known depth of pen-
etration of the cone P, after hitting the bumper, and
taking into account the mass of the penetrometer with-
out the weight m, for which part of the kinetic energy
is used, the soil resistance R, (4) was calculated (Vanags
etal. 2004, Sun et al. 2011). By dividing the soil resistance
R, by the cone base area A=3.24 cm’, with a diameter of
2.03 cm (0.8”), the soil compactness penetration resis-
tance PR (5) was calculated (Harrick and Jones 2002).

1
Ek:WS:Exmx02=7.84 3)
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R :mxngx m

, 4)

° P, m+m

R
PR=— 5
" ©)

E,  Kkinetic energy of falling weight with a mass
m, kg x m’ x s

m mass of weight, kg

m mass of penetrometer without weight, kg

PR soil penetration resistance, Pa

A penetrometer cone base surface, m>.

The soil samples taken into the cylinders were used
to determine the bulk density (6) and the soil moisture
content by weight (7) (Myslinska 1998).

My
C
w="a"Ma 7)
md - mc

Where:

BD  bulk density, kg x m”

w moisture content by weight, kg x kg
cylinder weight after collection, kg

my  cylinder weight after drying, kg

m,  empty cylinder weight, kg

V.  cylinder volume, m”.

The maximum depth of ruts after the machine
passing through was determined on the basis of the
rut profile made with a bar profile meter (distance be-
tween bars 2.5 cm) (30 measurements 2 ruts x 3 trails
x 5 repetitions). After the calculation of the compact-
ness at particular depths, the obtained values were
averaged for particular routes (OT1; OT2; OT3) and
measurement points (ContL; LR; BR; RR; ContR) at
the assumed levels: pl: 0-5 cm; p2: 5.5-10 cm; p3:
10.5-15 cm; p4: 15.5-20 cm; p5: 20.5-25 cm; p6:
25.5-30 cm; p7: 30.5-35; p8: 35.5-40; p9: 40.545 cm;
p10: 45.5-50 cm. The harvester characteristics were
supplemented by determining the changes in the
value of the average static unit pressure gp (8) that the
machine wheels exert on the ground depending on the
direction and degree of extension of the crane with
head. The measurements were taken with the crane
extending forward, along the axis and at an angle of
90° to the machine axis in three variants: min, max and
half of the crane reach.

G
S

8p= 8
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Where:

gp  unit ground pressure, Pa
G vertical load, N
S tire-ground contact area, m>

The vertical load G on the harvester wheels was
determined in the field, using a hydraulic scale with a
measuring range of up to 90 kN + 0.5 kN, which was
placed under the front and rear drive axle. The loads
were converted to the center of the wheel on the basis
of the machine wheels width and the place where the
scale was set up. The surface S of the wheel influence
on the ground was based on the dimensions of the
tires, from equation (9) McKyes 1995).

DxW

SA= )

Where:
SA  tire-ground contact area, m’
w tire width on harvester wheel, m
D harvester wheel diameter, m.

After checking the normality of the data and the ho-
mogeneity of variance using the analysis of variance
taking into account the main effects, the mean values of
penetration resistance, bulk density and moisture con-
tent were compared with respect to the site of measure-
ment (ContL, LR, BR, RR, ContR) and with respect to the
trail on which the measurements were made (OT1-3).
This was followed by Fisher's least significant difference
(LSD) test to distinguish homogeneous groups for the
values of penetration resistance, bulk density and mois-
ture content at particular depth levels, depending on
the place of measurement. For illustrating the changes
in the increase of penetration resistance in relation to
the control with depth of measurement, a regression
analysis was performed. The calculations were made
using the Statistica 11 software (StatSoft 2006).

3. Results

Since the analysis of variance did not show (Tab. 3)
any variation in the values of penetration resistance,

Use of Impact Penetrometer to Determine Changes in Soil Compactness ... (325-337)

bulk density and moisture content between the trails
(OR1-3), the results were combined for further analy-
ses without distinguishing between the routes.

The compactness represented by PR at depth levels
from p1 to p5, which corresponds to a depth of up to
25 cm, was higher in the ruts compared to the com-
pactness next to and between ruts (Tab. 5, Fig. 4). This
increase in relation to the control was particularly pro-
nounced in the layer up to 15 cm, where for the right
rut (RR) it had values from 110% to 207% and for the
left LR from 126% to 168% (regression line for LR:
F=97.21, p=0.000 and for RL: F=133.0, p=0.000). The dif-
ferences in compactness were not visible above the
depth of 35 cm (Tab. 4 and Fig. 4).

Moisture content by weight was relatively low dur-
ing the study (Tab. 5). There was a slight but statisti-
cally significant decrease in the value of moisture in
ruts in relation to the control (7.9% for LR and 3.0% for
RR), and an increase in bulk density in relation to the
control (8.4% for LR and 4.1% for RR). Static unit pres-
sures exerted by the machine, regardless of the direc-
tion and degree of crane extension, were low and did
not exceed 50 kPa in any of the measuring variants
(Tab. 6). It should be noted that during the work of the
machine, the pressures will be higher due to the ad-
ditional weight coming from the processed load and
forces resulting from the movement of the working
elements of the machine and the load; however, de-
spite this, the maximum depths of the ruts at the points
where the machine passes on the operational trails
were small and did not exceed 4 cm (Tab. 7, Fig.1).

4. Discussion

Asindicated by the measurement results (Tab. 3-5,
Fig. 4), a single harvester passage affected the mea-
sured soil parameters. It may have had a significant
impact in the case that, although the machine had a
small weight (only 5.73 tons) and a wheeled chassis,
which exerted low unit pressures on the ground (less
than 50 kPa), many wheels (an 8-wheeled machine)
passed one after another, causing multiple pressures

Table 3 Analysis of variance of penetration resistance, bulk density and moisture content depending on trail and measurement site

Differences significant at p<0.05 "*“and p<0.01 "***
Factor Penetration resistance — PR, Pa Moisture content — w, kg x kg’ Bulk density — B0, kg x m*
F p F p F p
Operational trail 2.80 0.061 0.231 0.794 0.19 0.824
Measurement point 36.89 0.000** 3121 0.02* 10.91 0.000**
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Table 4 Analysis of variance of compactness depending on depth

M. Kormanek and J. Dvofak

Compactness PR, MPa — Differences significant at p<0.05"*“and p<0.01 "**
Level Depth, cm
ContL LR BR RR ContR
p1** 0.0-5 0.21+0.05° 0.68+0.43° 0.22+0.05 0.59+0.31° 0.23+0.01°
p2** 5.5-10 0.47+0.15° 1.23+0.65° 0.40+0.22° 1.09+0.50° 0.390.06"
p3** 10.5-15 0.79+0.46° 1.40+0.61° 0.62+0.17° 150+0.92° 0.540.06"
p4** 15.5-20 0.94+0.39° 1.46+1.02° 0.73+0.23° 1.44+054° 0.64+0.07
p5** 20.5-25 1.21=0.44° 1.88+1.03° 0.97+0.30° 1.76+0.73" 0.82+0.11°
p6* 26.5-30 1.56£0.56" 2.27+0.63" 1.39+0.79% 2.09+1.31° 1.10£0.19°
p7* 30.5-35 2.01+0.72° 2.48+1.64* 1.64+0.48" 2.28+0.75" 1.50+0.21°
p8 35.5-40 2.45+0.58 2.61+0.81 2.08+0.52 2.50+0.69 1.93=0.20
p9 40.5-45 2.89+0.75 2.79=1.15 2.57=0.61 3.01+1.83 2.46=0.60
p10 45.5-50 3.15=+0.78 323+1.24 2.97+1.07 3.31+1.63 2.79+0.46

Designations: ContL — to the left of the left rut, LR — left rut, BR — between ruts, RR — right rut, ContR — to the right of the right rut, **— denote separate

groups

(Kremer et al. 2007, Cudzik et al. 2010, Kormanek and
Dvorak 2021). It is still a problem when designing for-
est machines to choose between a chassis with fewer
wheels that exert higher unit pressure, and more
wheels that exert lower unit pressure (Cambi at al.
2015). Compaction is affected by a lot of factors, not
only by the methods of forest operations and technical

Penetration resistance, Mpa
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parameters of harvesters (type of chassis, weight of
machine, load and number of passes) but also by soil
type, slope steepness and other, or by the applied sur-
face protection, i.e by using logging residues, logging
mats or sawdust mulch (Piccio et al. 2011, Majnounian
and Jourgholami 2013, Pohoraly et al. 2014, Naghdi et
al. 2017, Jourgoholami et al. 2018, Kormanek and
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Fig. 4 Soil penetration resistance depending on measurement location — A, increase of soil penetration resistance in ruts in relation to the

control — B
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Table 5 Moisture content by weight and bulk density for all ana-
lyzed trails depending on location of soil samples collection

Moisture content w, %% — Differences significant at p<0.05

ContL LR BR RR ContR
25.12+2.347 | 23.27+1.24° | 23.54+1.48| 22.85+1.14" | 24.23+1.68°

Bulk density BD (g x cm®) — Differences significant at p<0.01

1.20+£0.03* | 1.23+0.07° | 1.23+0.04" | 1.29+0.06" | 1.19+0.01°

Dvorak 2021, Ring et al. 2021). As indicated by the
results, the significant increase in compactness repre-
sented by PR in the ruts in relation to the control
reached the depth of 35 cm, while at the depth of up
to 5 cm, the increase in compactness was more than 2
fold. This is in line with the literature that indicates
that the impact on soils is highest to the depth 0-10 cm
(Ampoorter et al. 2012), and forest soil is compacted
to the depth of at least 45 cm, even when carrying out
various technological measures (eg. leaving branches)
(Hutchings et al. 2006). In research conducted by Varol
at al. (2020), soil compaction values, caused by four-
wheeled small-scale logging equipment attached to an
ATV (all-terrain vehicle), increased three times higher
at the depths of between 0 cm and 5 cm and four times
between 15 cm and 40 cm than at the depth of 0 cm
(top soil). The changes in the soil after the machine
passed, although to a lesser extent, also reflected an
increase in bulk density BD (up to 8.4%) and a de-
crease in moisture content by weight w (up to 7.9%) in
relation to the control or the shallow ruts compacted
(up to 4 cm). A similar increase in bulk density was
reported by Majnourani and Jourgholami (2013) after
the first ride of the Timberjack 450C skidder, and a rut
depth of up to 50 mm for low soil moisture of 20-30%
(Jourgholami and Majnounian 2011). These changes

Use of Impact Penetrometer to Determine Changes in Soil Compactness ... (325-337)

may be significant for the environment, since, as the
literature indicates, an increase in soil compactness
may affect the difficult growth of trees on the surface
of operational routes as well as worse development of
their root systems (Harrick and Jones 2002, Moreas et
al. 2014). In turn, the passage of machines, depending
on the type of chassis, may cause damage to the roots
by crushing them, peeling them off the bark or break-
ing them (Kremer et al. 2007). A significant effect of
excessive soil compactness caused by machines is also
noted in case of forest renewal (Bartholomew and
Williams 2010, Kormanek et al. 2015ab, Tadeusiewicz
et al. 2017). Soil changes can be long lasting. Venanzi
etal. (2019, 2020) indicate on the basis of research that
the physical, chemical and biological soil features
strongly impacted by harvesting operations last for at
least 36 months, and in some cases they last up to 25
years (Sohrabi at al.2020). Also, as pointed out by
Picchio et al. (2020), in any cases of changes in soil
properties, it is worth noticing whether soil regenera-
tion takes place, and if not, a reclamation process can
be put in place to return the soil to the pre-harvest
state. Therefore, the selection of the machine is so im-
portant, and this should be first of all justified by the
type and size of the work to be carried out (type and
size of the machine), but also by the conditions under
which the work will be carried out (type of soil, ter-
rain, meteorological conditions), which affects the
type and characteristics of the chassis used (Kremer et
al. 2007, Sakai et al. 2008, Visser and Stampfer 2015,
Kulak et al. 2019, Kormanek and Dvorak 2021, Kor-
manek and Golab 2021). In the present research, the
working conditions of the machine were undoubtedly
favorable, and the occurrence of shallow ruts, apart
from low unit pressures, could also be influenced by
the rich fleece, i.e. moss and grain that made arenosol
soil. The use of the Entracon Sioux EH30 harvester for
thinning works in the present study was undoubtedly

Table 6 Unit pressures exerted by wheels on ground in different crane positions

- _ _ Machine Unit pressure gp, kPa
Direction of extension Degree of crane extension
segment Left wheel Right wheel Average
Min (folded) 34.6/40.0 33.5/38.9 34.0/39.5
N . Front/
Right side of machine 90° Half 32.9/43.8 31.3/39.5 32.1/41.7
rear
Max 31.8/47.1 28.0/41.1 29.9/44.1
Min (folded) 35.1/38.9
) Front/
Forward of machine 0° Half 33.5/41.1
rear
Max 29.1/44.9
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Table 7 Maximum depth of ruts on particular routes

M. Kormanek and J. Dvofak

0T

012

013

LR RR LR

RR LR RR

3.92+0.30 2.48+0.17 3.28+0.33

3.66+0.43 3.24+0.40 3.52+0.66

Designations: OT1-3 — operational trails, ContL — to the left of the left rut,
LR — left rut, BR — between ruts, RR — right rut, ContR — to the right of the
right rut, *— denote separate groups

beneficial, and the impact on the forest environment,
despite the recorded changes in the soil and on the
surface of the area, was relatively small.

As is well known, measuring instruments such as
the penetrometer, used to determine the soil changes
that occur after the machine passes, are often compli-
cated and expensive (Harrick and Jones 2002, Kees
2005). The measurements with static penetrometers
without a drive require the use of force, which can be
difficult with many measurements and with high soil
compactness or on skeletal soils. Also keeping a con-
stant speed of introducing a cone into the soil may
pose a problem in manually operated static penetrom-
eters. According to the standard, it is recommended
that the soil penetration speed should be constant and
should be about 3 cm x s?, and as the literature indi-
cates, a significant deviation from this value may influ-
ence the obtained measurement results (ASAE Stan-
dards 1998). The use of portable static penetrometers
without this problem, e.g. with electric drive, is trou-
blesome due to the need for power supply, which is
particularly burdensome in difficult conditions, e.g.
mountains, when making a large number of measure-
ments implies the transport of usually heavy power
supply battery. On the other hand, the drive of an-
other type, e.g. hydraulic drive, which is most often
made from the hydraulic system of an agricultural
tractor, does not allow for the use of the device in the
field, which the drive source cannot reach (Kees 2005).
When using a portable hydraulic drive, problems re-
lated to devices with electric drive may occur. An al-
ternative to these penetrometers is the use of an impact
penetrometer presented in the paper (Harrick and
Jones 2002, Kees 2005, Mohammadi et al. 2008). The
use of this solution in soil sciences was presented for
the first time by Parker and Jenny in 1945 (Vangas et
al. 2004). It is a device of simple design and use and
inexpensive in manufacturing (Vanags et al. 2004, Kees
2005). It is also a device with no problems with opera-
tion, change of force on the cone and speed stability,
which is not dependent on the operator’s physical

vigor. In this type of device, the operator has little in-
fluence on the measurement itself, since the penetra-
tion of the cone into the soil is dependent on the free
fall of the weight. The measuring range of the device
is relatively wide because it is possible to change the
sensitivity of the device by selecting the weight and
height of the weight fall and size of the cone. The wide
measuring range allows the device to be used on a
variety of soils, even skeletal soils, where the use of
static instruments is not possible or is very limited. For
many years, it was discussion in the literature how to
calculate the compactness of soil defined by this type
of device. There were doubts about the mathematical
formulas used to calculate the measurement results
and as to how these results relate to the values of the
compactness determined by static devices, which
would make it possible to compare the results ob-
tained by different types of devices (Stolf at al. 2005,
Sunetal. 2011, Vaz et al. 2011, Minasny 2012). It is also
a problem that the obtained compactness result is an
average value at the depth of the cone movement, and
that it is impossible to record the compactness be-
tween successive points of the cone movement in
simple devices of this type. The time of measuring
with the device is also long due to the need to hit the
bumper of the device many times, and it is even longer
when taking measurements on more compact soil, be-
cause the movement of the cone to the assumed mea-
suring depth is slower. The impact of the cone on the
soil during the measurements is also doubtful (Kees
2005, Kormanek and Lasota 2014). Despite these prob-
lems, the presented measurement results indicate that
it is possible to make measurements using this simple
device and to determine the changes in compactness
that occur in the soil as a result of the machine passing
through. Completion of the penetrometer measure-
ments with the analysis of the collected soil samples
and the use of a bar profile meter made it possible to
determine the basic characteristics of the harvester in-
fluence on the change of physical parameters of the
soil and changes on the ground surface.
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5. Conclusions

The single passage of the small Entracon Sioux
EH30 thinning harvester, weighing 5.73 tons and less
than 50 kPa of static ground unit pressures exerted by
the machine wheels, resulted in relatively small chang-
es in soil compactness represented by penetration re-
sistance, moisture content, bulk density and ground
deformation. Small ruts of up to 4 cm deep were
formed in the place where the machine wheels passed,
and compared to the control areas, there was a sig-
nificant increase in soil penetration resistance at a
depth of up to 35 cm, which at the soil surface (up to
5 cm) was over 2 times higher. There was also a slight
decrease in moisture content to 7.9% and an increase
in bulk density to 8.4% at a depth of up to 10 cm. The
impact penetrometer applied in the research is a de-
vice of simple design and operation and also reliable.
The weight of the device is relatively low, the range of
operation is wide and the way the operator performs
the measurement has a marginal impact on the results
obtained. For a single fall of the weight, the device
determines the mean compactness at the depth of the
penetrometer cone, the time of taking the measure-
ment. As it was shown, the impact penetrometer
which was assumed to be used for measurements, and
which has not been used in this type of research in
forestry, despite its limitations, can be used to deter-
mine the compactness of the soil and its changes re-
sulting from machine work.
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