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Abstract

:

The article presents the results of measurements regarding the impact of the MHT9002HV tracked harvester on surface deformations and changing the physical parameters of the soil of three operational trails. The measurements were made in the terrain with a longitudinal slope of up to 14.9° (33.2%) and a transverse slope of up to 8.8° (17.9%). Spruce deadwood trees in mountain forest habitats were harvested. Static Eijkelkamp Penetrologger 0615SA and dynamic own design penetrometer were used to measure penetration resistance, soil samples were taken to determine bulk density, moisture content, and ground deformations on the trails were measured with a laser profilometer. A statistically significant increase in soil penetration resistance measured with penetrometers occurred for trails in the left rut at a depth of 16–20 cm. The change in the bulk density and moisture content proved statistically insignificant. The maximum ground deformation on the trails reached an average of 5.9 cm. The selection of a machine with low unit pressures (33 kPa), under the given favorable atmospheric conditions (there was a high temperature reaching 35 °C), with low soil moisture, protective organic layer of high thickness, and post-limbing residues, was optimal. The comparison of the results of the compactness measurements made with different penetrometers shows that the values obtained for the static penetrometer 0615SA are lower than those of the dynamic penetrometer of our own design. This is due to the lack of registration of high compactness in the memory of the 0615SA device. In the case of the impact penetrometer measurement, this problem does not occur, however, the presented solution does not allow performing a large number of measurements, and data processing in the case of such a simple solution is tedious. There is a need to develop a new penetrometer useful for determining soil compaction under similar difficult measurement conditions.
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1. Introduction


In 2020, 38.0 mil. m3 net coarse wood was harvested in Poland. This is a decrease from the highest harvest in recent years in 2018, which was 43.9 mil. m3, and the value had been steadily increasing over the previous years (in 1990 it was 17,617 thousand m3, in 2005—29.7 mil. m3, in 2010—33.6 mil. m3, and in 2015—38.3 mil. m3) [1]. In Czechia the logging volume has an increasing trend for the incidental fellings caused by Ips typographus. The logging volume has increased from 15–18 mil. m3 to 30–35 mil. m3 in recent years [2]. Since harvesting is usually associated with activities that are dangerous for humans and difficult to carry out, due to the heavy physical loads involved [3,4], modern mechanization of timber harvesting in Eastern European countries, so also in Polish forests, is carried out using highly efficient technical means, primarily harvesters, and forwarders [5,6]. The first harvesters were imported to Poland in the late 1980s. In the year 2011, 351 harvesters were in operation in Poland, and in the year 2014—365 units, and in 2015—530 units [6,7]. Currently, machine harvesting in Poland using harvesters and forwarders is estimated at 30%, and in some locations more [6,8]. The first harvesters were in the Czech Republic in the year 1977 [9]. In 2011, 380 harvesters were in operation in Czechia, in 2014—494 units, and in 2015—531 units [10,11,12]. The share of the CTL method in Czechia was 51% in the year 2021 [13].



Most of the damage that occurs with the use of machine harvesting occurs in the ground in the immediate vicinity of skidding or operating trails. As the literature indicates, the growth of trees up to 15 m, on either side of a skidding trail, can be reduced by 10 to 15 percent; while production losses can be up to 17% [14], wood defects may also occur [15]. The cause of this decline, in addition to abiotic factors such as altered access to water, light, and nutrients, are factors related to soil physical parameters, including excessive soil compaction caused by passing machinery [16,17,18]. Compaction increases the volumetric density and penetration resistance of the soil, while it reduces the size of free spaces inside the soil, i.e., soil total porosity, which reduces water permeability and air capacity. In the soil, the infiltration capacity as well as the storage of rainwater deteriorates, which causes rapid runoff and increasing soil erosion [17,19,20,21]. Soil compaction caused, for example, by repeated vehicle passes causes shallow rooting of plants and changes in the morphological characteristics of the roots [14,22], in turn, lack of oxygen in the soil is the cause of stunted plant growth. Plants growing in compacted soil conditions have less vitality, and the fact that root systems lie shallower, developing toward the more air-saturated topsoil, also affects plant stability [21,23,24,25]. Heavily compacted soil can require higher energy from the plant for root system development, potentially reducing total plant growth and impairing development. The effects of excessive soil compaction are not universal and depend on soil type, climate, and level of soil compaction [14,19]. As early as 2002, the European Commission identified soil compaction as one of the eight major threats to the environment and plant development [26].



A measure of soil compaction beyond bulk density is penetration resistance. This parameter is used in many areas such as civil engineering, construction, agriculture, as well as forestry [27,28,29,30]. Penetration resistance of soil is defined as the resistance of the soil against pressing a standardized indenter into it. Penetration resistance depends mainly on the soil structure, granulometric composition, and moisture content of the soil [25,31,32,33,34]. The soil penetration resistance parameter can characterize the soil in its current state. Penetration resistance is considered a very good indicator of the changes that have occurred in the soil under the influence of passing machinery [35,36].



Penetration resistance measurement is done with penetrometers of various designs. The most commonly used are static penetrometers, in which a conical indenter with a standardized opening angle is pressed into the soil at a constant speed [32,37,38]. Other quite often used solutions of instruments for measuring penetration resistance, especially in geoengineering, are dynamic penetrometers [32]. These types of devices operate on the basis of a freely falling weight, which, acting on the indenter via the insertion rod, causes the indenter to be impaled to a depth depending on the compactness of the soil. The advantage of this type of solution is that the operator who performs the measurement does not affect the measurement result, because the force of gravity is responsible for the force and speed of penetration into the soil. Another advantage of the device is a relatively small expenditure of physical force put into the measurement, which is spent only on lifting the weight of the device. It seems that such devices could be used especially in difficult soil conditions, where there are problems with measuring penetration resistance with static penetrometers due to the skeletal nature of the soil, and a large number of elements hindering the measurement of compactness, such as roots and stones.



The aim of this study was to analyze the changes in selected physical and mechanical parameters and deformation of the soil surface after harvesting operations with the MHT9002HV harvester in terrain with a steep slope. It was assumed that soil compaction measurements will be made with two types of penetrometers, i.e., static and dynamic, and then compare the obtained measurement results and assess the validity of using a dynamic penetrometer in difficult measurement conditions.




2. Materials and Methods


Measurements were taken in the Český Šternberk, aristocratic forests of Mr. Filip Sternberg (49°49′08.1″ N 14°58′34.8″ E). In the working area, the harvester carried out the harvesting of spruce deadwood trees (incidental felling, forests destroyed by Ips typographus) moving along the operational trails marked out on a regular basis by the machine operator. Remains of delimbing were left by the operator in front of the machine on the route of its passage. The slope of the terrain at the measurement site was 14.9° (33.2%). The habitat type of the forest is fresh oak-beechwood, the soil is medium deep to deep, freshly moist, loamy-sandy to sandy-loamy, and slightly gravelly to gravelly. the soil type is cambium. The humus layer is moder. In the research area, a total of 190.49 m3 of timber was harvested, in the form of rolls of 1.5 m in length. Harvesting was carried out with an MHT9002HV tracked harvester equipped with a LOGMAX 928 head (Figure 1, Table 1).



After the harvester carried out its work, on horizontal transects of three operational trails (Opt1, Opt2, Opt3), according to Figure 2, penetration resistance measurements were taken with the use of two penetrometers: static (four measurements) and dynamic (one measurement). Measurements were made in the left ruts (LeR), between ruts (BeR), in right ruts (ReR), and at a distance of 1.0 m from the right (ContP) and left (ContL) ruts, to a depth of 40 cm at distances, every 20 cm along the trace. Three measuring cylinders each were also taken (vol. Vc 250 cm3, height 7 cm, diameter 6.8 cm) from depths of 10 cm; from 11 to 20 cm, and from 21 to 30 cm. The mapping of three terrain profiles perpendicular to the axis of each operational trail was also carried out, with 2.8 m wide trails and 0.25 m apart using a laser profilometer (measuring across the trail’s width, every 2.5 cm) [40].



As a static penetrometer to determine soil penetration resistance PRstat [Pa], it was used Eijkelkamp Penetrologger 0615SA (Figure 3a), equipped with a standardized cone with an opening angle of α = 30° and a base diameter of 1.25 cm.



As a dynamic penetrometer to determine soil penetration resistance PRdyn [Pa], it was used as a device built on the basis of a solution presented in a publication by Harrick and Jones [32], Figure 3b,c. This penetrometer held by the handle (1) was equipped with a freely falling weight (2) m = 2 kg along the guide rod (3) length L = 0.3 m hitting the bumper (4). The mass of the penetrometer m′ without weight m was 2.5 kg. As the indenter was used cone (5) with an opening angle of α = 30° and a base diameter of D = 2.03 cm, introduced into the soil through the insertion rod (6) [31,32]. After each impact of the weight causing gradual immersion of the indenter into the soil, the indentation depth was measured thanks to the indicator (7) and measuring scale (8) with accuracy ± 1 mm.



The substrate from the cylinders was analyzed to determine the relative moisture content by weight MC [%] and dry bulk density BD [g·cm−3] [41]. After measurements, the measured parameters were averaged for individual trails (Opt1; Opt2; Opt3), measurement points (ContR; LeR; BeR; RaR; ContR), and depths. For penetration resistance, the depths were SoL1: 0–5 cm; SoL2: 6–10 cm; SoL3: 11–15 cm; SoL4: 16–20 cm; SoL5: 21–25 cm; SoL6: 26–30 cm; SoL7: 31–35; and SoL8: 36–40, while for moisture content and bulk density SmL1: 0–10 cm; SmL2: 11–20 cm; and SmL3: 21–30 cm. Using analysis of variance with main effects, the measured parameters were first compared by the operational trail on which the measurements were taken (Opt1–3). Then, the analysis of variance and the NIR test of least significant differences of compactness, bulk density, and moisture content at each depth level were performed due to the place where the measurements were taken.




3. Results


The results of the analysis of variance (Table 2) indicate that there was no variation in mean bulk density BD, moisture content MC and penetration resistance measured with dynamic penetrometer PRdyn due to the trail (Opt1–3), while there was variation in penetration resistance measured with static penetrometer PRstat. Therefore, for further analysis, the results of bulk density BD, moisture content MC and penetration resistance measured with dynamic penetrometer PRdyn were combined while the results of penetration resistance measured with static penetrometer PRstat were considered for each trail separately.



Moisture content was low during the study (Table 3). In layers SmL2 and Sml3 it was generally lower than SmL1 (the exception is LeR). In the case of bulk density, the deeper one layer, the higher the density value, this is due to the change of granulometric composition in the soil profile. The difference in moisture content for SmL1 and SmL2 was evident in the areas where the machine passed in the left rut (LeR) compared to the moisture content in the right rut (RaR) next to the ruts (ContL and ContR) and between the ruts (BeR), where the values were higher. A similar trend was noted for volumetric density. These differences were not confirmed by analysis of variance, the differences were statistically insignificant.



As indicated by the results of the analysis of variance (Table 4) of the penetration resistance PRstat due to the place of measurement at different depths, only for the Opt1 trail at a depth of 16 to 20 cm, there was a statistical difference in the compactness determined at the places of passage of the left harvester track (LeR), compared to the compactness measured at the other places. The course of changes in compactness from the averaged values for all trails (Opt1–3) is shown in Figure 3 and indicates a significant increase in PRstat with the depth of measurement where the maximum values reach 3.35 MPa on the level SoL6. In the case of the Eijkelkamp penetrometer, the number of measurements recorded by the penetrometer decreases significantly with the depth, reaching only 25%–40% of the theoretically possible number of 100 measurements to be recorded for one trail and a depth of SoL1–3 (5 places × 4 repetitions × 5 depth levels because the device records the measurement results with a resolution of 1 centimeter).



In the case of the measurement results obtained with the dynamic penetrometer (Table 5), statistical differences in PRdyn were noted for individual measurement locations depending on the depth and also for SoL4 (16–20 cm). The results of the PRdyn measurements made with the impact penetrometer (Table 5) were usually higher than those obtained with the static penetrometer PRstat (Table 4) and reached 1.28 MPa at depths of up to 10 cm, 2.19 MPa at depths of 11–20 cm, up to 3.38 MPa for 21–30 cm, and up to 3.62 MPa for 31–40 cm. The highest value of PRdyn was 3.75 MPa also on the level SoL6. The course of changes in PRstat and PRdyn (Figure 4 and Figure 5) was similar.



The course of the profiles of the individual trails, visualized in Figure 6, Figure 7 and Figure 8 shows the inclination of the operating trails perpendicular to the axis of the trails on the left side of the trail. This inclination is particularly evident on trail Opt1, where it reached 8.08° (17.9%) for the other trails it was 5.2° (11.5%) for Opt2 and 7.1° (15.8%) for Opt3. The maximum local terrain deformation after the machine’s passage depended on the trail and the location on the trail profile and reached 7.2 cm (mean 3.95 cm) for Opt1, up to 3.4 cm (mean 2.51 cm) for Opt2, and up to 16.3 cm (mean 5.9 cm) for Opt3. Differences in depth over the entire width of the operational trail before and after the run were statistically insignificant F(1688) = 0.0748, p = 0.785.




4. Discussion


As indicated by the results of the measurements (Table 2, Table 3, Table 4 and Table 5), a single pass of the tracked harvester had little effect on the measured soil parameters. In this case, tracked chassis may have been significant, which, despite the considerable mass of the machine (11,420 kg) with wide (0.425 m) and long (3.35 m) tracks, caused the average unit pressure exerted on the ground to be at a very low level of 33 kPa [39]. These values, under conditions of significant machine inclination, are significantly higher in the part of the crawler that is more heavily loaded at the bottom of the incline [42], but this did not result in significant changes in the ground during the route up the slope. A factor that also minimized changes in the physical parameters of the forest floor was the very low moisture content of the forest floor in topsoil SmL1 (39.7%–44.3%) due to high air temperatures at the time of the study reaching 35 °C (the study was performed on 28 July 2020) and the rapid drying associated with the exposure of the area after tree felling. This is similar to the publication presented by Pandur et al. [43]. In addition, the protective factor of the soil was the significant amount of needles from the withered spruce trees that were harvested, felling residues after delimbing left by the operator on the machine’s route, as well as the remaining organic material included in the fragmentation layer, the thickness of which reached 10 cm, as confirmed by the results of volumetric density measurements (0.52–0.7 g∙cm−3) (Table 3). This protective effect of the top organic layer of soil, together with the low unit pressures exerted by the harvester’s track, resulted in the absence of significant differences in soil penetration resistance in the different layers of the profile. The only significant difference on the trail Opt1 at a depth of 16 to 20 cm, in the left rut, is consistent with the transverse slope of the trail that became apparent in the trail OpT1 profile of 8.08° (17.9%) in Figure 6, which most likely influenced the local increase in unit pressures on the loaded track and caused an increase in soil penetration resistance in this rut (LeR) compared to the other measurement sites (ConL, BeR, ReR, ConR). This is consistent with the results obtained by Kormanek and Gołąb [40] or Kulak et al. [44]. Similarly, an increase in penetration resistances after a single pass of the machine in a layer up to 20 cm was shown by Moskalik [5], while Sakai et al. [45] point to multiple passes as an important factor in the increase in penetration resistance, which did not occur in this case. Thus, the recorded changes are at a low level and should not be of significant importance for growing plants in the future in the operational trail plots, which generally occurs when the soil is significantly compacted [25,32,46,47]. Measurements were taken on a complete clearcut devoid of vegetation and only planned for afforestation. Soil with excessive soil penetration resistance caused by machinery affects reforestation [23,48,49], but is not noted in this case. The selection of the MHT9002HV tracked harvester (type and size of machine) was justified by the type and size of work performed, but also by the conditions in which the work was performed (type of soil, terrain, meteorological conditions) [45,46,50]. The route of travel in the stand was carefully planned by the operator, who was very experienced in logging.



Comparing the results of penetration resistance measurements obtained using different types of penetrometers, lower values obtained with the Eijkelkamp Penetrologger 0615SA static penetrometer (PRstat) are noticeable compared to the dynamic penetrometer of our own design (PRdyn). This is due to the omission of high compaction values by the 0615SA device, as evidenced by the drastic decrease in depth in the recorded values in the device’s memory (Table 3), despite the penetration for each measurement always being made to the same maximum depth of 0.4 m. The technical solution of the device is not suitable for taking measurements in conditions where there are places, even at small depths, with high compactness values. This is especially important in the case of measurements in the conditions of a large slope of forest areas, where there are always obstacles that may result in not saving any compactness value in the vertical profile. In addition, in the case of this type of penetrometer, the method of introducing the cone into the soil by exerting a force from above by the operator of the device is associated with considerable physical effort and with the lack of proper control of the speed of inserting the cone into the soil. The recommended speed for penetration should be constant at 3 cm × s−1 [31], and in this case, it is closely related to the measured penetration resistance, the greater the resistance, the slower the cone is pushed into the soil. The solution to the problem of physical effort and cone penetration speed is usually the use of mechanical, electric- or hydraulic-driven penetrometers [51,52,53]. However, in this case, due to the inaccessible location of the measurements (high slope of the terrain, considerable distance from access roads, terrain, and obstacles), such solutions are difficult to use.



The presented solution of the dynamic penetrometer is devoid of the problem of lack of registration of measurement data and significant physical effort, but its use is limited due to the long measurement time associated with compactness because the greater the compactness, the more strokes must be performed. Another problem is the tedious processing of the obtained results due to the variable depth during penetration for a single impact of the falling weight [27,53,54,55].




5. Conclusions


A single pass of the MHT9002HV tracked harvester induced little change in the soil during logging in a terrain with a steep slope of 14.9° (33.2%). At the site of the machine’s track passage, only at a depth of 16 to 20 cm of the operating trails a significant increase in penetration resistance was noted. This was due to:



	
low unit pressure exerted on the ground by the machine’s tracks (33.0 kPa) despite its high weight (11,420 kg);



	
low level of soil moisture content and granulometric composition of the soil;



	
weather factors conducive to harvesting (high air temperature) in conjunction with the date of harvesting (July);



	
protective effect of the top organic layer of soil, with a high content of harvested spruce needles, and post-limbing residues.






The use of the MHT9002HV harvester for the work in the presented case was undoubtedly beneficial, and the impact on the forest floor was small.



Comparing the applied penetrometers, i.e., static Eijkelkamp 0615SA and the dynamic of our own design, it can be concluded that:



	
there were large differences in the results of the compactness measurement depending on the penetrometer used;



	
because the Eijkalkamp Penetrologger 0615SA penetrometer, when exceeding the maximum measurement value, does not record measurement data, the determined compactness values (especially in deeper soil layers) are lower than in reality;



	
the impact penetrometer enables measurements to be taken even with high values of compactness, but the use of such a device as described in the work, is limited when performing a larger number of measurements;



	
there is a need to develop a new penetrometer that would allow us to perform measurements in difficult forest soil conditions with greater compactness.
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Figure 1. MHT9002HV harvester in the research area [Phot. Kormanek]. 
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Figure 2. Diagram of the measurements performed on a single trail. 
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Figure 3. Soil compactness measurement: static penetrometer Eijkelkamp Penetrologger 0615SA (a); dynamic penetrometer (b); schematic of dynamic penetrometer (c): 1—handle, 2—weight, 3—rod, 4—bumper, 5—cone, 6—guide for weight, 7—indicator, and 8—measuring scale. 
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Figure 4. Average penetration resistance PRstat for all trails Opt1–3. 
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Figure 5. Average penetration resistance PRdyn for all trails Opt1–3. 
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Figure 6. Profiles of the Ot1 operational trail before and after the passage of the harvester. 
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Figure 7. Profiles of the Ot2 operational trail before and after the passage of the harvester. 
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Figure 8. Profiles of the Ot3 operational trail before and after the passage of the harvester. 
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Table 1. Basic technical data of the harvester [39].
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Description

	
Symbol

	
Unit

	
Value






	
Harvester with crane MHT9002HV




	
Engine power

	
P

	
(kW)

	
74




	
Mass with cabin

	
Gm

	
(kg)

	
11,000




	
Transport height/width/length

	
H; W; Lt

	
(m)

	
3.08/2.15/7.4




	
Speed

	
v

	
(km·h−1)

	
2.44–4.16




	
Length/width of track

	
L; t

	
(m)

	
3.35/0.425




	
Clearance

	
C

	
(m)

	
0.425




	
Max. longitudinal/side inclination

	
αmax

	
(°)/(%)

	
21/40




	
Average unit pressure

	
PAV

	
(kPa)

	
33.0




	
Maximum crane reach

	
R

	
(m)

	
9.3




	
Harvester head LOGMAX 928




	
Mass with rotator

	
Gh

	
(kg)

	
420




	
Cutting diameter

	
Dc

	
(m)

	
0.41




	
Trimming diameter

	
Dd

	
(m)

	
0.34
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Table 2. Analysis of variance of measured parameters due to trail.
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Factor

	

	

	
** Significant Differences Are Marked “**” for p < 0.01




	
Penetration

Resistance

PRstat

(MPa)

	
Penetration

Resistance

PRdyn

(MPa)

	
Relative

Moisture Content MC

(%)

	
Bulk

Density

BD

(g·cm−3)






	
Trail

(Opt)

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
2.295

	
0.009 **

	
1.252

	
0.3885

	
0.377

	
0.687

	
0.017

	
0.983
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Table 3. Average weight moisture content and bulk density of soil.
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Level

	
Depth

cm

	
Relative Moisture Content MC (%)




	
ContL

	
LeR

	
BeR

	
RaR

	
ContR






	
SmL1

	
0–10

	
44.3 ± 6.5

	
58.7 ± 14.1

	
40.9 ± 2.8

	
35.0 ± 8.1

	
39.7 ± 5.1




	
SmL2

	
11–20

	
29.9 ± 5.4

	
58.4 ± 1.7

	
27.6 ± 4.4

	
28.4 ± 4.3

	
23.2 ± 3.5




	
SmL3

	
21–30

	
25.8 ± 2.6

	
23.1 ± 1.8

	
26.4 ± 7.5

	
28.7 ± 9.3

	
20.0 ± 1.5




	

	

	
Bulk density BD (g·cm−3)




	
SmL1

	
0–10

	
0.59 ± 0.23

	
0.70 ± 0.44

	
0.53 ± 0.24

	
0.61 ± 0.29

	
0.52 ± 0.28




	
SmL2

	
11–20

	
0.91 ± 0.17

	
1.05 ± 0.35

	
0.92 ± 0.23

	
1.03 ± 0.03

	
1.12 ± 0.048




	
SmL3

	
21–30

	
1.10 ± 0.27

	
1.26 ± 0.14

	
1.24 ± 0.12

	
1.29 ± 0.30

	
1.34 ± 0.12








Designations: ContL—left of the left rut, LeR—left rut, BeR—between ruts, RaR—right rut, ContR—right of the right rut.
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Table 4. Penetration resistance measured with a static penetrometer depending on the depth.
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Level

	
Depth (cm)

	
Trail (Opt)

	
Measure

Result

	
Soil Penetration Resistance PRstat (MPa)

Statistical Differences Are Marked “*” for p < 0.05




	
n

	
ContL

	
LeR

	
BeR

	
RaR

	
ContR






	
SoL1

	
0–5

	
1

	
100

	
0.32 ± 0.22

	
0.51 ± 0.39

	
0.60 ± 0.57

	
0.44 ± 0.38

	
0.52 ± 0.66




	
2

	
100

	
0.34 ± 0.32

	
0.20 ± 0.12

	
0.20 ± 0.10

	
0.53 ± 0.70

	
0.49 ± 0.41




	
3

	
100

	
0.27 ± 0.28

	
0.42 ± 0.24

	
0.34 ± 0.39

	
0.45 ± 0.26

	
0.33 ± 0.27




	
SoL2

	
6–10

	
1

	
97

	
0.86 ± 0.48

	
1.30 ± 0.69

	
1.27 ± 0.95

	
1.20 ± 0.78

	
1.08 ± 0.77




	
2

	
100

	
0.99 ± 0.94

	
0.86 ± 0.85

	
0.35 ± 0.18

	
0.83 ± 0.70

	
1.29 ± 0.79




	
3

	
100

	
0.72 ± 0.50

	
0.92 ± 0.59

	
0.89 ± 0.70

	
0.82 ± 0.66

	
0.70 ± 0.37




	
SoL3

	
11–15

	
1

	
89

	
1.38 ± 0.70

	
1.75 ± 0.86

	
1.81 ± 0.88

	
1.89 ± 0.72

	
1.70 ± 0.94




	
2

	
98

	
1.57 ± 1.05

	
1.59 ± 1.21

	
0.98 ± 0.67

	
1.49 ± 0.70

	
1.57 ± 0.68




	
3

	
98

	
1.15 ± 0.73

	
1.28 ± 0.70

	
1.30 ± 0.92

	
1.04 ± 0.71

	
1.21 ± 0.56




	
SoL4

	
16–20

	
1

	
69

	
1.67 ± 0.82 a,*

	
2.05 ± 0.76 b,*

	
2.23 ± 0.81 a,*

	
2.59 ± 0.91 a,*

	
2.02 ± 0.92 a,*




	
2

	
85

	
1.45 ± 1.14

	
1.83 ± 1.41

	
1.74 ± 0.94

	
2.42 ± 0.94

	
1.77 ± 0.63




	
3

	
81

	
1.54 ± 0.50

	
2.18 ± 0.77

	
1.42 ± 0.76

	
0.99 ± 0.44

	
1.47 ± 0.72




	
SoL5

	
21–25

	
1

	
62

	
2.13 ± 0.87

	
2.25 ± 0.87

	
2.30 ± 0.85

	
2.80 ± 0.75

	
1.90 ± 0.94




	
2

	
65

	
1.77 ± 1.08

	
1.90 ± 0.92

	
2.09 ± 0.86

	
2.54 ± 0.72

	
1.44 ± 0.86




	
3

	
69

	
1.86 ± 0.24

	
2.08 ± 0.67

	
1.73 ± 0.95

	
1.36 ± 0.48

	
1.67 ± 0.80




	
SoL6

	
26–30

	
1

	
43

	
2.19 ± 0.94

	
2.42 ± 0.84

	
2.53 ± 0.80

	
2.88 ± 1.15

	
2.08 ± 0.96




	
2

	
54

	
2.61 ± 0.67

	
2.54 ± 0.34

	
2.55 ± 0.67

	
2.88 ± 0.83

	
3.30 ± 0.33




	
3

	
55

	
1.81 ± 0.53

	
1.94 ± 0.36

	
2.13 ± 1.16

	
1.65 ± 0.56

	
1.96 ± 0.59




	
SoL7

	
31–35

	
1

	
34

	
2.35 ± 0.84

	
2.90 ± 0.57

	
2.64 ± 1.04

	
3.43 ± 0.26

	
2.17 ± 0.73




	
2

	
41

	
2.40 ± 0.57

	
2.63 ± 0.41

	
2.59 ± 0.79

	
3.35 ± 0.35

	
2.03 ± 0.27




	
3

	
34

	
2.09 ± 0.47

	
1.80 ± 0.14

	
3.07 ± 0.48

	
1.94 ± 0.92

	
1.89 ± 0.80




	
SoL8

	
36–40

	
1

	
27

	
2.54 ± 0.46

	
2.82 ± 0.66

	
2.80 ± 1.19

	
3.43 ± 0.26

	
2.26 ± 0.63




	
2

	
40

	
2.80 ± 0.20

	
2.30 ± 0.42

	
2.64 ± 1.15

	
3.35 ± 0.35

	
3.35 ± 0.70




	
3

	
25

	
2.85 ± 0.64

	
1.90 ± 0.30

	
2.20 ± 0.30

	
2.78 ± 1.18

	
2.39 ± 0.29








Designations as in Table 3; n—is the number of penetration resistances values recorded by the penetrometer at a given depth level with a measurement every 1 cm, ab—uniform groups.
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Table 5. Penetration resistance measured with a dynamic penetrometer depending on the depth.
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Level

	
Depth

(cm)

	
Trail (So)

	
Soil Penetration Resistance PRdyn (MPa)

Statistical Differences Are Marked “*” for p < 0.05




	

	
ContL

	
LeR

	
BeR

	
RaR

	
ContR






	
SoL1

	
0–5

	
1–3

	
0.46 ± 0.01

	
0.66 ± 0.02

	
0.43 ± 0.01

	
0.79 ± 0.07

	
0.53 ± 0.02




	
SoL2

	
6–10

	
1–3

	
1.77 ± 0.06

	
1.93 ± 0.38

	
1.76 ± 0.01

	
1.66 ± 0.13

	
1.51 ± 0.01




	
SoL3

	
11–15

	
1–3

	
1.92 ± 0.04

	
2.19 ± 0.29

	
1.73 ± 0.15

	
2.12 ± 0.09

	
1.72 ± 0.16




	
SoL4

	
16–20

	
1–3

	
1.93 ± 0.06 a

	
2.87 ± 0.18 b

	
2.50 ± 0.04 a

	
2.22 ± 0.14 a

	
2.28 ± 0.09 a




	
SoL5

	
21–25

	
1–3

	
2.65 ± 0.13

	
2.95 ± 0.16

	
3.38 ± 0.02

	
3.24 ± 0.21

	
2.84 ± 0.05




	
SoL6

	
26–30

	
1–3

	
3.09 ± 0.14

	
3.15 ± 0.20

	
3.60 ± 0.16

	
3.25 ± 0.05

	
3.62 ± 0.02




	
SoL7

	
31–35

	
1–3

	
3.57 ± 0.07

	
3.22 ± 0.07

	
3.40 ± 0.15

	
3.35 ± 0.12

	
3.31 ± 0.25




	
SoL8

	
36–40

	
1–3

	
3.08 ± 0.06

	
3.09 ± 0.20

	
3.32 ± 0.08

	
3.39 ± 0.15

	
3.11 ± 0.15








Designations as in Table 3, ab—uniform groups.
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