
Impact Assessment of Different Propulsion Systems in Forestry Machinery on Soil 

Properties 

Edward Hertz1* , Aleksander Guriev2 , Varvara Druzyanova3 , Sergey Revyako4 , Oleg Markov5 , 

Pavel Perfiliev6 , Igor Grigorev2  

1 Department of Technologies and Equipment of Timber Industry, Ural State Forest Engineering University, Yekaterinburg 

620100, Russia 
2 Department of Technology and Equipment of Forest Complex, Arctic State Agrotechnological University, Yakutsk 677008, 

Russia 
3 Department of Operation of Road Transport and Auto Repair, Northeastern Federal University Named after MK Ammosov, 

Yakutsk 677000, Russia 
4 Department of Environmental Engineering Machines, Novocherkassk Engineering and Reclamation Institute, Don State 

Agrarian University, Novocherkassk 346428, Russia 
5 Department of Transport and Production Machines and Equipment, Federal State Budget Educational Institution of Higher 

Education "Petrozavodsk State University", Petrozavodsk 185910, Russia 
6 Department of Timber Industry and Materials Processing, Northern Arctic Federal University, Arkhangelsk 163002, Russia 

Corresponding Author Email: edwardhertz17@rambler.ru

Copyright: ©2024 The authors. This article is published by IIETA and is licensed under the CC BY 4.0 license 

(http://creativecommons.org/licenses/by/4.0/). 

https://doi.org/10.18280/mmep.110114 ABSTRACT 

Received: 21 August 2023 

Revised: 12 November 2023 

Accepted: 28 November 2023 

Available online: 30 January 2024 

In forest ecosystems, the selection of appropriate machinery for logging operations is 

crucial for soil conservation. This study aimed to evaluate the ecological impact of 

various forestry machines, including wheeled, semi-tracked, and fully tracked types, on 

key soil parameters. Field experiments were conducted in forested stands, wherein the 

influence of these machines on soil porosity, compaction, and slope stability was 

systematically assessed. It was found that wheeled machines, characterized by multiple 

tires, adversely affect soil structure, leading to increased compaction and reduced 

porosity. Conversely, machinery with full tracks exhibited significantly lesser impact 

on soil integrity, suggesting their role in minimizing soil disturbance. Semi-tracked 

machines, integrating both wheels and tracks, presented an intermediate effect on the 

soil properties. Parameters such as slope angle, soil porosity, and particle density were 

meticulously measured and analyzed, providing insights into the varying degrees of soil 

disturbance caused by each machinery type. The findings underscore the necessity of 

employing tracked machines to preserve physicochemical soil properties in forest 

ecosystems. This research contributes to the understanding of the ecological 

consequences of machinery use in forestry, highlighting the importance of selecting 

machinery types that align with sustainable forest management practices. The results 

advocate for a paradigm shift towards machinery that mitigates soil disturbance, thereby 

supporting the health and sustainability of forest ecosystems. Future research should 

focus on developing and implementing forest management strategies that prioritize soil 

conservation, ensuring the long-term viability of forested landscapes. 
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1. INTRODUCTION

Forestry operations, integral to the transformation of raw 

materials into finished products, necessitate consideration 

from economic, technological, environmental, institutional, 

and social perspectives [1]. In the contemporary economic 

landscape, the forestry industry plays a pivotal role in 

providing wood resources essential for various sectors. 

Critical to this industry is the selection and utilization of 

optimal machinery [2], with a particular emphasis on the 

propulsion system. The choice of propulsion system is directly 

linked to the efficiency and productivity of forest operations 

[3]. 

The productivity of forestry machines is influenced by 

numerous factors [4], with the terrain's slope being paramount. 

This factor significantly dictates the selection and 

effectiveness of machinery in forest operations. Specifically, 

the slope of the land is crucial in determining the speed and 

stability of forestry machines, particularly skidders, which are 

integral to logging operations [5-7]. 

Soil alteration during logging operations primarily 

manifests in three forms: compaction, rutting, and 

displacement due to rutting [7]. Soil compaction occurs when 

external mechanical forces compress soil particles, reducing 

pore space and increasing soil bulk density. This phenomenon 

is especially pronounced in moist soils, where repeated 
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passages of machinery can lead to significant soil deformation 

[8]. 

As forestry machines traverse a stand, their interaction with 

the ground is primarily mediated by the propulsion system, 

which serves as the principal point of contact [9]. In modern 

logging practices, machines equipped with wheeled, tracked, 

and to a lesser extent, semi-tracked propulsion systems are 

predominantly utilized. Skidders, including tracked and half-

tracked models, are especially beneficial for operations on 

sloped terrains, offering advantages over other machine types 

in such settings [10]. 

For operations on flat or mildly sloping terrains, wheeled 

machines are preferred due to their speed and high 

maneuverability [11]. Conversely, in challenging terrains, 

such as hilly areas or soft grounds, tracked vehicles 

demonstrate superior off-road mobility. Semi-tracked vehicles, 

combining the attributes of both wheeled and tracked systems, 

offer an advantageous balance of maneuverability and off-road 

capability [12]. 

Wheeled skidders, commonly employed in logging 

operations, play a vital role in the transport and movement of 

forest materials [13]. Their primary advantage lies in their 

mobility, allowing efficient movement across diverse terrains. 

The design of their wheels enables them to navigate obstacles 

such as undulations and tree roots, making them particularly 

suitable for varied forest environments [14]. Often, wheeled 

skidders are equipped with specialized attachments, including 

platforms or grapples, enhancing their efficiency and precision 

in handling logs, logging residues, and other forest products 

[15]. 

The maneuverability of wheeled skidders in confined 

spaces is a key factor contributing to their effectiveness. It is 

observed that they are capable of easily navigating between 

trees and through narrow passages, facilitating efficient 

harvesting in areas of high tree density [16]. Additionally, the 

high carrying capacity of wheeled skidders allows for the 

transportation of substantial quantities of forest material, 

thereby reducing the time and labor required for transportation 

and enhancing the productivity of logging operations [17]. 

Tracked and semi-tracked vehicles exhibit superior traction 

and maneuverability, particularly on slopes and over obstacles. 

This advantage is crucial when operating in steep and uneven 

terrains, where wheeled tractors may face challenges [18].  

A notable trend in the industry is the gradual shift towards 

heavier and more productive machinery. The ground pressure 

exerted by forest machines is largely dependent on the tyre’s 

diameter, width, stiffness, and inflation rate for wheeled 

machines, and the track width for tracked machines [19, 20]. 

The movement of these machines can adversely affect forest 

ecosystems, potentially impacting long-term tree growth [19]. 

Research has extensively explored the effects of machinery 

traffic on soil properties, identifying various types of soil 

disturbances, including compaction, displacement, rutting, 

and profile disturbance [21]. Soil compaction, characterized 

by the destruction of soil pores and surface aggregates, is 

influenced by the mechanical composition of the soil, the 

moisture content during harvesting, and the frequency of 

machine passes over a particular area [22]. 

The impact of logging operations on soil, especially in terms 

of compaction, rutting, and displacement caused by rutting, is 

significant [23]. Compaction is characterized by the 

compression of soil particles due to mechanical forces, leading 

to a reduction in pore space and an increase in soil bulk density. 

This effect is more pronounced in moist soils, where repeated 

traversal by machinery can result in notable soil deformation. 

Forest machine movement has the potential to compromise 

essential functions of forest soils, affecting soil strength, bulk 

density, and macroporosity, while reducing infiltration and 

saturated hydraulic conductivity [24, 25]. Understanding these 

impacts is crucial, as it directly relates to the assessment of 

various types of forestry machinery and their influence on soil 

conditions in diverse terrains. 

Research indicates that soil compaction is most significant 

during the initial three passes of a vehicle, with the majority of 

compaction occurring during these initial movements. Further 

passes tend to have minimal additional impact. To mitigate the 

extent of soil disturbance, the concentration of vehicle traffic 

on well-designed skid trails is advised, which helps maintain 

forest integrity. By this approach, soil damage can be 

minimized, and the preservation of the majority of trees can be 

ensured [26]. However, the correlation between the slope of 

the terrain (both longitudinal and cross slope) and the direction 

of machine movement (uphill or downhill) in influencing soil 

impact remains under-explored [27]. While certain studies did 

not observe a significant relationship between slope and soil 

bulk density post-machine movement, others reported 

increased soil disturbance on steeper slopes. It is hypothesized 

that machines may slip on steep gradients, leading to 

prolonged soil contact and exacerbating soil disturbance 

through pulling and dragging actions [26, 28]. 

The equipment choice in logging operations significantly 

influences soil disturbance. It has been observed that small-

scale machines, such as agricultural tractors and small skidders, 

typically exert less impact on soil and vegetation due to their 

reduced size and weight compared to conventional skidders 

[29]. Recent studies on soil compaction have demonstrated 

that bulldozers result in the least increase in soil bulk density, 

while forwarders lead to the most significant increase [30]. 

The advantages of using agricultural tractors, particularly 

those with large rear tyres, include an increased tyre contact 

area and subsequently lower ground pressure. However, the 

addition of a trailer, while increasing payload per trip and 

reducing the number of equipment passes, also diminishes 

tractor maneuverability. This can lead to deep rut formation, 

especially on steep slopes and during uphill travel [29, 30]. 

Machine traffic can also obstruct soil fauna colonization, 

thereby disrupting soil processes. These disturbances can lead 

to reduced oxygen availability, increased surface water runoff, 

soil loss, sediment deposition, hindered root and tree growth, 

and ultimately, detrimental effects on site productivity [31]. 

The extent of soil compaction and rutting in mechanized 

logging is influenced by various factors, including the type and 

characteristics of the logging system, the number of machine 

passes, terrain slope, soil type, mechanical composition, 

moisture content, and forestry treatments [9]. It can take 

several years, if not decades, for forest soils to recover from 

the negative effects of machine movement. The restoration of 

compacted soil to its pre-harvest condition is a process that is 

both time-intensive and costly [32]. Hence, well-conceived 

measures and strategies are essential to mitigate the adverse 

effects of mechanized logging on forest soils. Effective 

planning and implementation can aid in controlling and 

minimizing soil disturbance during logging activities, thereby 

safeguarding the long-term health and productivity of forest 

ecosystems [33]. 
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1.1 Problem statement 

 

Analyzing the utilization of different machinery types in 

forestry operations is imperative for assessing their impacts on 

forest ecosystems under varied conditions and tasks. Such 

analysis enables loggers and forestry professionals to make 

well-informed decisions regarding the selection of optimal 

equipment for specific harvesting operations. A deeper 

understanding of the capabilities and limitations of land-based 

machines, particularly in challenging terrains, is crucial for 

foresters. This knowledge is key to enhancing logging 

efficiency, minimizing environmental impacts, and bolstering 

economic efficiency. Therefore, investigating the effects of 

surface equipment on soil is essential for advancing 

sustainable forest management practices. The primary 

objective of this study is to elucidate the impact of various 

propulsion systems on soil during forestry operations, thereby 

bridging the gap between machine selection and its ecological 

consequences. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Study location and object 

 

The investigation was conducted in the forest plantations of 

the Republic of Sakha (Yakutia) during September 2022. The 

region experienced daily average temperatures ranging 

between 6-9℃ and relative humidity levels of approximately 

77%. The soils of this area, characterized by an average 

moisture content of 30-82% and an organic matter content 

between 3-19%, are classified as sod-gleyed. The designated 

test area encompassed approximately one hectare, featuring a 

terrain with a maximum slope of 20%. The predominant tree 

species in this area is Cajander's larch (L. cajanderi), noted for 

its average height of 23.4 m and an average diameter at breast 

height of 46 cm, along with well-formed branches. 

 

2.2 Experiment preparation 

 

For the purpose of this study, the area was divided into 

distinct plots based on the varying degrees of terrain slopes. 

Consequently, four types of plots were established: a) slopes 

ranging from 0-5%, b) 5-10%, c) 10-15%, and d) 15-20%. The 

distance between the logging and storage sites was maintained 

at approximately 250 meters. Prior to the experimental 

commencement, only thinning operations were conducted in 

the area, ensuring the clearing of unnecessary vegetation from 

the trails before harvesting activities began. To protect the soil, 

shrub mats were employed. These mats consisted of freshly 

cut branches, averaging 2000 mm in length and 500 mm in 

width, and were laid out to achieve a density of 8 kg/m2. 

 

2.3 Sampling and data processing 

 

Post three passages of the machinery, soil samples were 

extracted from the locations where the propulsion units 

contacted the ground, as depicted in Figure 1. The organic 

layer was carefully removed using drill screws at varying 

depths, ranging from 50 to 200 mm in 50 mm increments. Soil 

samples, each 50 mm in diameter, were collected for analysis. 

Samples taken from the pre-logging trails served as control 

values for comparison. 

 

 
 

Figure 1. Sampling design 

 

In situ measurement of soil penetration resistance (RP) was 

conducted using a hand-held penetrometer [34]. The collected 

samples were immediately placed in plastic bags and 

transported to the laboratory. Upon arrival, they were weighed 

and subjected to a drying process for 24 hours at 105℃. The 

particle density (DP) of the soil samples was determined using 

the following formula [35]: 

 

𝐷𝑃 =
𝐷𝑊 ⋅ 𝑊𝑆

𝑊𝑆 −𝑊𝑆𝑊𝑃 −𝑊𝑊𝑃

 (1) 

 

where, DW represents the water density (g/dm3), WS is the dry 

weight of the soil sample (g), WSWP is the weight of the 

pycnometer with soil and water (g), and WWP is the weight of 

the pycnometer with water (g). Furthermore, the bulk density 

of the soil (DS) was measured and calculated as per the formula 

[36]: 

 

𝐷𝑆 =
𝑊𝑆

𝑉𝑆
 (2) 

 

where, VS denotes the soil volume (g/dm3). 

The derived values were subsequently utilized to calculate 

soil porosity, following the methodology outlined in reference 

[37]. 

 

𝑃𝑆 =
(𝐷𝑃 − 𝐷𝑆)

𝐷𝑃
⋅ 100% (3) 

 

2.4 Machine parameters 

 

Details regarding the machines utilized in the experiments 

are presented in Table 1. 

 

Table 1. Technical specifications of the machines 

 

Brand 
PONSSE 

K100 
MTZ-82 TT-4M 01 

Type Wheeled Semi-tracked Tracked 

Weight (kg) 18600 3270 12600 

Motor power (kW) 210 59 98 

Maximum speed 

(km/h) 
20 35 20 

Dimensions (mm): 

- length 

- width 

- height 

 

9610 

3085 

3860 

 

3930 

1970 

1665 

 

5927 

2700 

2957 
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2.5 Statistical data analysis 

 

For the purpose of this study, three sites were sampled and 

each site was analyzed individually. The statistical analysis 

was conducted using a one-way Analysis of Variance 

(ANOVA) test, with a significance level set at α=0.05. The 

software Excel (2013) was employed for the generation of 

graphical data representations. 

 

 

3. RESULTS AND DISCUSSION 

 

Prior to the commencement of the experiment, RP values 

were observed to range between 1.319 and 1.474 MPa. As 

depicted in Figure 2, a notable increase in RP values, ranging 

from 42 to 140 kPa (or an augmentation of 3.2 to 10.5%), was 

recorded, contingent upon the sampling depth and the 

increasing gradient of the terrain slope. It was discerned that 

with the escalation of relief slope, RP values augmented by 23-

263 kPa for wheeled vehicles, 51-259 kPa for semi-tracked 

vehicles, and 3-172 kPa for tracked vehicles. The highest 

recorded RP value was 1.637 MPa at a depth of 150-200 mm 

following the passage of a wheeled vehicle. 

 

 
 

Figure 2. Soil penetration resistance 

 

A general trend of increasing Rp with the depth of 

measurement was observed, alongside discernible differences 

between machine types on sites with a 0-5% slope. For 

instance, tracked machines exhibited a lower impact on 

penetration resistance (1.417-1.427 MPa) compared to 

wheeled (1.439-1.485 MPa) and semi-tracked (1.432-1.465 

MPa) machines across all measured depths of 50-200 mm. On 

sites with a slope of 5-10%, an increase in Rp was noted with 

increasing measurement depth.  

Here, tracked machines demonstrated lower penetration 

resistance (1.436-1.471 MPa) in contrast to wheeled (1.480-

1.529 MPa) and semi-tracked (1.465-1.474 MPa) machines. 

Similar trends were observed on sites with 10-15% and 15-

20% slopes, where an elevation in measurement depth 

corresponded with increased penetration resistance. Tracked 

machines on these sites also showed lower penetration 

resistance (1.440-1.531 MPa on sites with a 10-15% slope and 

1.520-1.637 MPa on sites with a 15-20% slope) compared to 

wheeled machines (1.498-1.541 MPa and 1.647-1.725 MPa 

respectively) and semi-tracked machines (1.522-1.598 MPa 

and 1.578-1.679 MPa respectively). 

Further analysis of the soil bulk density values at sites with 

varying slopes and sampling depths, as shown in Figure 3, 

revealed the following observations. On a site with a 0-5% 

slope angle, volumetric density at a sampling depth of 50-100 

mm ranged from 1.03 to 1.08 g/cm³. An increase in bulk 

density was noted at a depth of 100-150 mm, varying between 

1.05 and 1.19 g/cm³, and continued to escalate, ranging from 

1.12 to 1.26 g/cm³ at a depth of 150-200 mm. Notably, the 

passage of tracked machines often resulted in lower soil bulk 

density values in comparison to wheeled and semi-tracked 

machines. 

 

 
 

Figure 3. Volumetric density 

 

 
 

Figure 4. Particle density 

 

At a site with a 5-10% slope, a similar pattern of increasing 

soil bulk density with depth was observed. Irrespective of the 

sampling depth, the use of wheeled machines was correlated 

with higher soil bulk density values compared to the use of 

semi-tracked and tracked machines. Sites with slopes of 10-

15% and 15-20% also exhibited an increase in soil bulk 

density with increasing depth.  

Tracked machines, on most slope sites and sampling depths, 

yielded the lowest soil bulk density values when compared to 

wheeled and semi-tracked machines. Specifically, the soil bulk 

density values for tracked machines were lower compared to 

wheeled (1.09-1.28 g/cm³, 1.08-1.32 g/cm³, and 1.09-1.26 

g/cm³, respectively) and semi-tracked (1.08-1.24 g/cm³, 1.07-

1.22 g/cm³, and 1.07-1.21 g/cm³, respectively) machines. 
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Particle density measurements revealed values ranging from 

2.08 to 2.36 g/cm³ at 50-100 mm sampling depths on a site 

with a 0-5% slope. At sampling depths of 100-150 mm and 

150-200 mm, particle density values varied, though the overall 

trend was mixed. Following the passage of the machines, a 

slight increase in soil particle density values was observed at a 

site with a 5-10% slope, particularly at depths of 150-200 mm. 

The analysis of soil particle density values, in relation to 

machine types across various slopes, did not yield significant 

differences. Nonetheless, the influence of machine passage on 

soil particle density was more pronounced on sites with slopes 

ranging from 10-15% to 15-20%. It was noted that particle 

density values were generally higher following the passage of 

tracked machines, particularly at depths of 150-200 mm. 

Figure 4 presents the particle density values obtained from 

the control site, which ranged from 2.08 to 2.36 g/cm³. At 

sampling depths of 100-150 mm and 150-200 mm, particle 

density values exhibited variability, with an overall mixed 

trend. After machine passage on a site with a 5-10% slope, a 

slight increase in soil particle density values was observed, 

especially at depths of 150-200 mm. However, the variations 

between different types of machines were not statistically 

significant. The effect of machine passage was more distinct 

on sites with slopes of 10-15% and 15-20%, where particle 

density values were generally higher following the passage of 

tracked machines, especially at depths of 150-200 mm. 

On sites with a 0-5% slope, all types of machines resulted 

in elevated soil particle density values, which ranged from 

2.12 to 2.39 g/cm³ at sampling depths of 50-100 mm. At depths 

of 100-150 mm, particle density values ranged from 2.13 to 

2.29 g/cm³, following a similar trend. For depths of 150-200 

mm, particle density values ranged from 2.12 to 2.39 g/cm³. 

On sites with a 5-10% slope, an increase in soil particle density 

was observed for all types of machines, with values ranging 

from 2.10 to 2.21 g/cm³ at depths of 50-100 mm.  

Particle density values ranged from 2.13 to 2.27 g/cm³ at 

depths of 100-150 mm, indicating an increase in density. At 

depths of 150-200 mm, particle density values ranged from 

2.14 to 2.34 g/cm³. A similar increasing trend was also 

observed for slopes of 10-15% and 15-20%. Across all types 

of machines, particle density increased at sampling depths of 

50-100 mm, with values ranging from 2.07 to 2.26 g/cm³. 

The analysis of soil porosity, influenced by the type of 

machines used, is presented in Table 2.  

 

Table 2. Impact of machine types on soil porosity 

 

Slope Sampling Depth 
Porosity (%) 

Control Wheeled Semi-Tracked Tracked 

0-5% 

50-100 mm 56.4 49.1 50.1 51.6 

100-150 mm 53.1 46.5 48.4 49.5 

150-200 mm 46.2 43.2 45.6 47.5 

5-10% 

50-100 mm 55.9 48.2 50.4 51.2 

100-150 mm 52.7 45.1 48.5 50.3 

150-200 mm 48.2 42 43.5 48.2 

10-15% 

50-100 mm 56.1 47.8 50.3 52.6 

100-150 mm 52.7 45.8 49.7 50.1 

150-200 mm 46.8 38.6 42.3 43.6 

15-20% 

50-100 mm 55.8 48.4 53.2 53.6 

100-150 mm 53.4 45.1 48.5 50.2 

150-200 mm 47.5 40.5 43.5 49.8 

Particle density values were observed to vary within 

specific ranges at different sampling depths. At depths of 100-

150 mm, particle density values were recorded between 2.15 

and 2.29 g/cm³, indicative of elevated density levels. Similarly, 

at greater depths of 150-200 mm, an increase in particle 

density was noted, with values ranging from 2.15 to 2.39 g/cm³. 

These findings suggest a trend of increasing particle density 

with deeper soil layers. 

At a slope of 0-5% and a sampling depth of 50-100 mm, soil 

porosity on the control plot was measured at 56.4%. Following 

the passage of wheeled, semi-tracked, and tracked machines, 

there was a decrease in porosity values to 49.1%, 50.1%, and 

51.6%, respectively. At a depth of 100-150 mm under similar 

slope conditions, the control plot exhibited a porosity of 53.1%, 

which subsequently reduced to 46.5%, 48.4%, and 49.5% for 

wheeled, semi-tracked, and tracked machines, respectively. 

In observing soil porosity at a depth of 150-200 mm under 

a slope of 0-5%, a reduction in porosity was evident post-

machine passage. The control soil porosity was measured at 

46.2%; however, the values decreased to 43.2%, 45.6%, and 

47.5% following the passage of wheeled, semi-tracked, and 

tracked machines, respectively. This trend of decreasing soil 

porosity was consistent across different terrain slopes and 

sampling depths. Compared to the control, all machine types 

caused a reduction in soil porosity, with wheeled and semi-

tracked machines having a less pronounced impact than 

tracked machines, which resulted in the lowest porosity values. 

The current study extensively examined the effects of 

terrain slope, sampling depth, and machine type on various soil 

properties. It was observed that soil penetration resistance (RP) 

increased with steeper slopes. Wheeled machines had the most 

significant impact on RP, followed by semi-tracked, and then 

tracked machines. Bulk density was influenced by both 

sampling depth and slope, with wheeled machines consistently 

showing higher values compared to semi-tracked and tracked 

machines, the latter demonstrating the lowest bulk density 

values. Particle density displayed some variations but was 

generally found to be higher following the passage of tracked 

machinery, especially at greater depths. Soil porosity 

decreased with the passage of all types of machines, with 

wheeled machines impacting more significantly. These 

findings emphasize the importance of terrain and machine type 

considerations in managing soil properties, particularly 

highlighting the profound impact of wheeled machines. 

The results suggest that tracked machines exhibit lower soil 

penetration resistance compared to wheeled and semi-tracked 

machines, regardless of the terrain’s slope and depth. This 

could be attributed to the more uniform distribution of load 

during traversal by tracked machines. Across all slope sites 

and machine types, there is a tendency for soil properties such 

as penetration resistance, bulk density, and particle density to 

increase with greater sampling depth. This increase is likely 
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due to deeper soil layers being subjected to more substantial 

loads from the machines, leading to compaction and increased 

density [38]. 

Soil particle density is recognized as a critical indicator of 

soil quality. Elevated particle density often suggests increased 

soil compactness, which can restrict the penetration of water, 

air, and plant roots, thereby impacting soil health [39]. Particle 

density measurements are instrumental in evaluating soil's 

capacity for air and water permeability, as well as the potential 

for root system development [40]. These characteristics are 

also indicative of soil stability; higher density can lead to soil 

erosion, fertility loss, and diminished resistance to external 

factors such as wind and water erosion [41]. Thus, assessing 

particle density is pivotal in determining soil condition, its 

long-term viability, and guiding conservation and restoration 

efforts [42]. 

In terms of operational efficiency on challenging terrains 

and soft grounds, semi-tracked vehicles exhibit enhanced 

performance. Their design mitigates soil damage and 

compaction, a crucial aspect when operating in wet or unstable 

soils. The weight and pressure distribution of semi-tracked 

machines across the soil surface is more uniform compared to 

wheeled machines, which tend to exert more concentrated 

point loads [18]. Additionally, semi-tracked machines offer 

improved maneuverability over fully tracked machines [43]. 

A comparative analysis conducted by Marra et al. [44] 

examined the impact of different haulage types on slopes of 

25%. Their findings revealed that soil volumetric density at the 

contact points of wheeled machines increased by 40%, 

contrasting with the maximum increase of 15.3% observed in 

this study, which occurred on a slope of 5-10% at a depth of 

150-200 mm. 

 

 

4. CONCLUSIONS 

 

The type of machine utilized in forestry operations has been 

identified as a significant determinant of soil particle density. 

On slopes of 0-5% and 5-10%, it was observed that wheeled 

machines induced the highest particle density, while semi-

tracked and tracked machines yielded comparable results. For 

slopes between 10-15% and 15-20%, tracked machines 

demonstrated superior performance in minimizing particle 

density, with semi-tracked machines performing similarly to 

tracked machines. 

Furthermore, the slope angle was found to influence particle 

density. An inverse relationship between particle density and 

sampling depth was noted on slopes of 0-5% and 5-10% across 

all machine types. However, the variation in particle density 

was more pronounced on slopes of 10-15% and 15-20%, and 

was dependent on both the machine type and the depth of 

sampling. Wheeled machines exerted the most substantial 

impact on soil penetration resistance (RP), with an increase in 

RP values ranging from 23-263 kPa compared to control 

measurements. This highlights the necessity of machine type 

consideration in operations conducted on varied terrain slopes. 

The influence of terrain slope and sampling depth on soil 

density was also observed. Wheeled machines typically 

resulted in increased soil bulk density compared to semi-

tracked and tracked machines. For example, on a 0-5% slope, 

wheeled machines increased bulk density by 3.3-5.4% relative 

to the control plot. These findings underscore the significant 

impact of machine type on soil density, reinforcing the need 

for careful selection of machinery based on terrain 

characteristics in forestry operations. 

To mitigate the influence of machine types on soil particle 

density, the implementation of specific strategies is advocated: 

◆ In areas with low slopes (0-5%) where preservation of 

soil particle density is paramount, the deployment of 

tracked machines is advised, owing to their minimal 

impact on this parameter. 

◆ For moderate slopes (5-10% and 10-15%) and significant 

sampling depths, the potential increase in soil particle 

density warrants careful consideration. Under these 

conditions, tracked machines are recommended; 

however, semi-tracked machines may also be viable, 

contingent upon specific environmental and operational 

factors. 

Future research in this field should extend to examine the 

impact of additional variables, such as soil moisture, soil 

composition, and machine speed, on soil particle density. This 

approach will facilitate a more holistic understanding of the 

complexities involved and aid in formulating more precise 

guidelines for machinery use in varied soil conditions. 

Additionally, research focusing on the development of 

innovative machinery designed to minimize their impact on 

soil particle density will be of substantial value. Such 

advancements are poised to have significant implications for 

practical applications in agriculture and forestry, contributing 

to the sustainability and preservation of soil health. 
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