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Assessment of the tractor's passability plays an essential role in determining its 

capability to move under certain conditions. However, the operation of forest machinery 

may lead to soil deformation and degradation of its mechanical properties. 

Consequently, this study aims to develop a mathematical model for the tractor's cross-

country capability assessment and its impact on the soil. A predictive model was created 

as part of the study, which depends on the soil and the forwarder parameters. Some 

high-correlation dependencies of deformation modulus and cone index, specific tractive 

force, internal friction angle, and shear modulus on these parameters were established. 

The developed model can be used to analyze changes in rut depth and soil compaction 

factors after multiple tractor passages. Soil moisture content and temperature can 

influence the deformation rate, as drier and warmer soils tend to deform much faster. 

Furthermore, the proposed model can analyze the impact of forestry and agricultural 

machinery on soils. 
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1. INTRODUCTION

One of the most important machineries’ (particularly 

wheeled forestry and agricultural tractors) capabilities is their 

cross-country capacity, that is, the ability to overcome 

obstacles or travel over specific areas; but they may become 

deformed [1]. 

The cross-country capacity is characterized by its influence 

on the technical and economic indicators of wheeled forestry 

and agricultural tractors. This influence is realized in practice, 

firstly, through various restrictions: the possibility of choosing 

the shortest and most convenient routes and the timing of the 

replacement, secondly, through an increase in the risk of non-

fulfillment of transportation on time and additional costs for 

the transportation: due to the need for labor-intensive field 

research in large areas when choosing a route, expensive work 

on the arrangement of the route on difficult-to-pass sections, 

etc. With an increase in the culture of nature management, the 

costs of off-road transportation will increase due to the 

ecological rehabilitation of the area after the passage of a 

wheeled forestry and agricultural tractors. In the future, 

environmental considerations will play an increasingly 

decisive role in choosing possible routes of movement, 

especially in the northern and northeastern regions of Russia, 

where nature is most vulnerable. 

In this case, an important research aspect concerns the 

prediction of interaction between the wheels and the soil. It 

allows studying parameters of the latter, evaluating the 

deformation dynamics, or controlling the vehicle's motion, 

according to the study objectives [2]. The accuracy of this 

procedure plays a crucial role in determining the 

characteristics of moving machinery, i.e., resistance to 

vacillation and tensile forces on the coupling bar [3].  

While simulating the mechanical behavior of the 

deformation medium, complex mathematical dependencies 

are formed that take a long time to resolve even a partial case 

[4]. Hence, the models are being simplified, referring to the 

fact that this will not degrade the quality of the modeling and 
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show similar results with less time and effort [3, 5]. 

Experimentally proven options are now available to address 

the issue of forwarder indentation in homogenous soil. 

However, models of how machinery interacts with 

heterogeneous soils have not yet been developed [6, 7]. 

Models exist to estimate rutting during passage on virgin 

ground and forwarder characteristics, such as traction and 

coupling. At the same time, solutions to a similar issue in 

repeated vehicle runs have not been developed [8, 9].  

The second part of the problem relates to soil variability. It 

involves obtaining and analyzing the mechanical properties of 

the soil and establishing potential dependencies between them, 

as well as a practical application of the accumulated and 

systematized data to understand the skidding process and the 

passability of wheeled skidding systems [10]. In other words, 

the procedure of data collection and processing is very 

laborious, which complicates its use.  

In the forestry tractor market, there is a tendency to increase 

the size of the machinery in order to increase its load-bearing 

capacity [11]. However, the intention to develop vehicles with 

powerful engines and high weight is not always accompanied 

by improved technological parameters. The lack of 

information on the impact of tractors on the soil and their 

interaction during the dynamic process leads to erroneous 

decisions on using vehicles under certain terrain conditions 

[12, 13].  

In addition to the fact that there are theoretically confirmed 

partial experimental developments of the wheel tractor all-

terrain capacity, they are always regarded as incomplete from 

the scientific point of view. Given the current technology and 

machine development level, new types can be designed that 

will be more efficient for use in specific forestry and rural 

conditions [14]. Evaluation of tractor component parameters, 

particularly tires (wheel pressure, geometric dimensions, tread 

expression, and configuration), can be a fundamental part of 

developing improved forwarder models [15, 16].  

The most commonly used foreign model is the WES 

methodology. It proposes an approach based on the processing 

of actual experimental data. The main indicator of soil is the 

cone index (CI), which shows the pressure at the end of the 

penetrometer after it is submerged into the soil at a certain 

depth [17]. Besides, the model requires additional parameters 

of deformed soil (rut depth or compaction), forwarder 

operational characteristics (driving resistance, coupling, 

traction, towing), tractor's dynamic parameters (nominal 

wheel load), tractor's static parameters (wheel’s width, 

diameter, and height, radial deformation of the tire) [18-20]. 

As follows, numerous parameters shall be considered. 

However, some important characteristics (forwarder's rigidity) 

are not affected but can be calculated in relation to the radial 

deformation of the tire. 

Some Russian scientists also addressed the issue of 

determining the possible relation between the forwarder and 

the deformable soil. The first model is based on the Bernstein-

Letoshnev approach and two types of data: theoretical 

dependencies and the results of experiments on the forwarder 

indentation. This variant excludes a direct estimate of soil 

parameters because all materials used are integral indicators of 

this process [21]. Furthermore, the time spent accumulating 

and processing information is considerably reduced, which 

only increases the efficiency of such a model and the value of 

its use. Thus, some of the most significant results in this field 

have been achieved using this approach. The parameters of the 

tire contact pattern on the soil were used as input data. It can 

only be determined experimentally, and the measurement 

methodology may differ for some researchers due to a lack of 

a single unified system [21-23]. 

Analyzing the above literature review, one can conclude 

that to assess the passability of agricultural machinery, 

scientists mainly used the properties of the soil (clay content, 

moisture content, etc.) and, to a much lesser extent, the 

features of its interaction with a tractor’s tires and climate 

conditions (temperature and humidity). 

Thus, the aim of this study is to develop a mathematical 

model for determining tractor passability using the parameters 

of soil quality and its interaction with machinery. 

The accomplishment of the set goal includes the following 

tasks: 

– Literature review and establishment of the main models 

used for studying soil deformation under the influence of 

wheeled vehicles; 

– Development of a soil mechanical behavior pattern during 

forwarder indentation; 

– Development of the mathematical models for predicting 

the passability of wheeled tractors. 

 

 

2. MATERIALS AND METHODS 

 

The variety of forwarder parameters should be considered 

when developing a new formula in a new iteration in the case 

of either machinery type. Consequently, the new model should 

be universal, without significant improvements in the 

mathematical structure of formulas, but with only minor 

clarifications.  

The principal soil parameters used in the mathematical 

modeling of tractor passage are rigorously standardized and 

tested indicators: 

• Modulus (of deformation – E, MPa and shear – G, 

MPa); 

• Specific characteristics (coupling – C, kPa); 

• Poisson's ratio - ν; 

• Internal friction angle – φ, °; 

• The thickness of deformable layer – H, m. 

Such a number of features may cause difficulties in 

calculations. Moreover, they become more complex given the 

variability of the physical and mechanical properties of the soil. 

Due to the forest soil surface heterogeneity that tractors may 

encounter while operating, it is advisable to add such 

complications. 

 

2.1 Physical and mechanical properties of bearing surfaces 

 

The complexity of working with dynamic systems on 

bearing surfaces with variable parameters has been well 

documented in review [24]. Therefore, some developments 

allow systematizing the approaches used to define physical 

and mechanical characteristics of forest soils acting as bearing 

surfaces and create conditions for the wheeled tractor 

operation.  

For the estimation of soil parameters, the following 

dependencies were obtained:  

 

𝐷 = (𝑋𝑥𝐷 + 𝑌𝑥𝐷𝐼𝐿)𝑒
𝑋𝑦𝐷+𝑌𝑦𝐷𝐼𝐿 (1) 

 

where, XxD, YxD, XbD, YbD are numerical factors (Table 1), in 

which D summarizes the calculations for E, С or φ; IL is the 

soil consistency index, e is the soil porosity index. 
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Table 1. Numeric values of the factors used to calculate the 

soil's physical and mechanical parameters 

 

Parameter Factor 
Soil type 

Sandy Clayey Loamy 

φ 

Xx 22.496 21.128 16.887 

Yx -7.808 -11.793 -11.977 

Xy -0.390 -0.315 -0.204 

Yy -0.250 -0.722 -2.506 

 

Values of deformation modulus allow determining the shear 

module: 

 

𝐺 =
5𝐸

2+2𝜈
  (2) 

 

Due to the lack of a forest soils classification, the version 

prepared in this study will be considered (Table 2). 

 

Table 2. Example of forest soil classification by strength 

level 

 

Parameters 
Category 

III (low) II (medium) I (high) 

Е 0.4 1 3 

С 5 12 24 

φ 11 15 16 

Н 0.8 0.4 0.3 

 

The influence of soil moisture content, composition, and 

temperature is derived indirectly through changing parameters 

in Table 2.  

 

2.2 Experimental modeling of the wheel impact on the soil 

 

Figure 1 shows the schematic version of indenting the 

conical portion of the penetrometer into the semi-space part of 

the soil. 

 

 
 

Figure 1. Cone penetrometer operation diagram 

 

A numerical representation of this process can be expressed 

as follows: 

 

𝐶𝐼 = −𝐶cot𝜙 + 𝛩 ⋅
24𝐺𝑚(tan𝛼+tan𝜙)(1+sin𝜙)tan𝛼

𝑑2𝛾2(𝑚−2)(𝑚−3)(3−sin𝜙)tan3𝜙
  (3) 

 

where, Θ and m are factors taking into account the angle of 

internal friction. 

 

𝛩 = {𝐶 + (𝑍 + 𝐿) ∙ 𝛾𝑇𝑎𝑛𝜑}3−𝑚 − {𝐶 + 𝑍 ∙
𝛾𝑇𝑎𝑛𝜑}2−𝑚 ∙ {𝐶 + (𝑍 + 3𝐿 − 𝐿𝑚) ∙ 𝛾𝑡𝑎𝑛𝜑}  

(4) 

 

𝑚 =
4sin𝜙

3(1+sin𝜙)
  (5) 

 

where, d is the width of the penetrometer’s cylindrical part, L 

is the length of the penetrometer's cone part, Z is the depth of 

the penetrometer's cylindrical part, α is the angle of the cone's 

sharpness. 

A series of random values such as soil porosity and soil 

consistency factors were generated to account for soil 

parameters and cone index. The E and CI values were then 

compared when the deformation modulus ranged from 0...3 

MPa and 0...2 MPa for forest and wetland soils, respectively, 

in increments of 250 kPa.  

The above equation is verified for partial cases - different 

forest and waterlogged soils, clays, and loams. 

In this study, a penetrometer with the following readings 

was used: 

• L=31 mm; 

• d=35.7 mm; 

• α=30°. 

 

2.3 Study of soil parameters affecting recovery 

 

This experiment used 100 soil samples from different forest 

zones in Arkhangelsk. Moisture content was measured by the 

thermostatically controlled weight method. To this end, a 20 

cm long drill bit with a diameter of 4 cm was employed. 

Samples were placed in aluminum beakers and dried at 105℃. 

Soil temperature at this depth was measured using a TPV-50 

mercury thermometer. 

The time of forest soil recovery was analyzed based on 

some of its characteristics. The results showed that soil 

moisture content ranges within 30% to 60% and temperature 

within –5℃ to 25℃. Also, the following properties of soils 

were measured: Deformation modulus, shear modulus, 

internal friction angle, and specific coupling. It was 

established that the time of soil recovery depends on its 

temperature (T, ℃), moisture content (W, %) and deformation 

modulus (E, MPa) with a high correlation ratio (R2=0.8660): 

 

𝑡𝑟 = 0.039𝑊
1.42𝑇−0.27𝐸−0.21 (6) 

 

Hence, the recovery time of the soil increases with the 

increasing percentage of moisture content and decreasing 

deformation modulus and temperature. The interaction 

between the forwarder and the forest soil was modeled using 

the above formula.  

 

2.4 Modeling the forwarder indentation into the bearing 

surface 
 

A schematic representation of this process, taking the soil 

as a half-space with a homogeneous texture, is provided in 

Figure 2.  
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Figure 2. Experimental diagram of the indentation process 

 

Based on the above, the modulus of soil deformation can be 

determined: 

 

𝐸 =
𝜎

𝜀
 (7) 

 

where, σ is the regular soil condition and ε is the relative soil 

deformation. 

Soil stresses are distributed according to the law of 

attenuation:  

 

𝜎 =
𝐽𝑝

1+(𝑧 𝑎𝑏⁄ )
2  (8) 

 

where, J is the forwarder indentor factor relative to its size; p 

is the pressure exerted on the soil surface by indentor; z is the 

counted vertical coordinate; a is the criteria of deformed layer 

thickness; b is the indentor width. 

Considering the initial height of the elementary soil layer as 

z0, its height in compression is: 

 

𝑑𝑧 = (1 − 𝜀)𝑑𝑧0 (9) 

 

During compression: 

 

𝑑ℎ𝐿 = 𝜀𝑑𝑧0 (10) 

 

Based on these equations, compression can be calculated as 

follows: 

 

𝑑ℎ𝐿 =
𝜎

𝐸−𝜎
𝑑𝑧  (11) 

 

Then overall deformation is calculated by the following 

formula: 

 

ℎ𝐿 = ∫ 𝑑ℎ𝐿
𝐻−ℎ𝐿
0

  (12) 

 

The deformation modulus varies for each soil level 

according to a linear law, which will be considered as the first 

iteration: 

 

𝐸 = 𝑎0 + 𝑎1𝑧 (13) 

 

where, a0, a1 are linear function coefficients: 

 

{
𝑎0 = 𝐸1

𝑎1 =
𝐸2−𝐸1

𝐻

  (14) 

where, E1 and E2 are the deformation modulus values at the 

soil surface and depth corresponding to the thickness of the 

deformed layer (H), respectively. All three variables are 

distributed according to the law of equal density in the range 

from 0.5 to 5 MPa for modulus and from 0.3 to 0.8 m for H.  

Given the previous formula, the total deformation can be 

calculated as follows: 

 

ℎ𝐿 = ∫
(𝑎𝑏)2𝐽𝑝

(𝑎𝑏)2(𝑎0+𝑎1𝑧−𝐽𝑝)+𝑎1𝑧
3+𝑎0𝑧

2 𝑑𝑧
𝐻−ℎ𝐿

0

  (15) 

 

This integral was solved using a sample of random values 

of deformation modulus for the soil surface at a certain depth 

corresponding to the thickness of the deformed layer and the 

thickness of this layer itself. The values ranged from 500 kPa 

to 5 MPa (for modulus) and 30 - 80 cm (for thickness). 

Given that the modulus of deformation can vary according 

to a quadratic law, the following formula shall be considered: 

 

𝐸 = 𝑏0 + 𝑏1𝑧 + 𝑏2𝑧
2  (16) 

 

where, b0, b1, and b2 are coefficients of the quadratic function: 

 

{

𝑏0 = 𝐸1

𝑏1 = −
3𝐸1−4𝐸2+𝐸3

𝐻

𝑏2 =
2⋅(𝐸1−2𝐸2+𝐸3)

𝐻2

  (17) 

 

Then the formula for calculating the total deformation for 

this case is as follows: 

 

ℎ𝐿 = ∫
(𝑎𝑏)2𝐽𝑝

𝑧2(𝑏0+𝑏1𝑧+𝑏2𝑧
2)+(𝑎𝑏)2(𝑏0+𝑏1𝑧+𝑏2𝑧

2−𝐽𝑝)
𝑑𝑧

𝐻−ℎ𝐿

0

  (18) 

 

In addition, the possibility of changing the deformation 

modulus according to the cubic law was considered: 

 

𝐸 = 𝑐0 + 𝑐1𝑧 + 𝑐2𝑧
2 + 𝑐3𝑧

3  (19) 

 

where, с0, с1, с2, с3 are coefficients of the cubic function: 

 

{
 
 

 
 

𝑐0 = 𝐸1

𝑐1 = −
1

2
⋅
11𝐸1−18𝐸2+9𝐸3−2𝐸4

2𝐻

𝑐2 =
9

2
⋅
2𝐸1−5𝐸2+4𝐸3−𝐸4

𝐻2

𝑐3 = −
9

2
⋅
𝐸1−3𝐸2+3𝐸3−𝐸4

𝐻3

  (20) 

 

Then the total deformation for such variant is: 

 

ℎ𝐿 =∫
𝑎2𝑏2𝐽𝑝

𝑧5𝑐3+𝑧4𝑐2+𝑧
3(𝑐3𝑎

2𝑏2+𝑐1)

+𝑧2(𝑐2𝑎
2𝑏2+𝑐0)+𝑧𝑐1𝑎

2𝑏2+𝑎2𝑏2(𝑐0−𝐽𝑝)

𝑑𝑧

𝐻−ℎ𝐿

0

  (21) 

 

Pressure at compression is calculated as follows: 

 

𝑝 =
𝐺𝑊𝑘𝑑

𝑏𝑙𝑘𝑓
  (22) 

 

where, l is the length of forwarder indentor; kd and kf are 

coefficients of load dynamics and the shape of the contact 

pattern, respectively: 

 

𝑘𝑓 = 0.8949𝐸−0.12  (23) 
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𝑘𝑑 =
𝑙

𝑙+𝑣𝑡Р
  (24) 

 

where, v is tractor driving speed. 

Given the relationship between the compressive strain and 

the total deformation, we can find the total indentation: 

 

ℎ = ℎ𝐿
𝑝𝑆

𝑝𝑆−𝑝
  (25) 

 

where, pS is an index of pressure that the soil can withstand 

without deformation: 

 

𝑝𝑆 = 𝑝𝑆0𝛼𝑍  (26) 

 

where, pS0 is the index of pressure that a soil layer with 

unlimited thickness can withstand without deformation, which 

depends on several factors, including the width and height of 

the indentor; αZ is the coefficient that takes into account the 

thickness of the deformable soil layer. 

The value pS0 can be calculated as: 

 

𝑝𝑆0 = 0.5𝐾1𝐵1𝑁1𝛾𝑏 + 𝑁2𝛾ℎ + 𝐾3𝐵3𝑁3𝐶  (27) 

 

where, Ki is the factor that considers the shape of the contact 

pattern; Ni and S are coefficients that depend on the internal 

friction angle of the soil, and Bi is the factor that considers the 

angle of load application.  

Indentor’s geometric parameters allow calculating 

coefficients Ki. 

 

𝐾1 =
𝑙

𝑙+0.4𝑏
  (28) 

 

𝐾3 =
𝑙+𝑏

𝑙+0.5𝑏
  (29) 

 

The values of Ni and S coefficients are calculated relative to 

φ: 

 

𝑆 = tan (
𝜋

4
−

𝜙

2
)  (30) 

 

𝑁1 =
1−𝑆4

𝑆5
  (31) 

 

𝑁2 =
1

𝑆2
  (32) 

 

𝑁3 =
2(1+𝑆2)

𝑆3
  (33) 

 

Indentor load angle can be calculated as: 

 

𝛽 = arctan (
𝜏

𝑝
) ± 𝛼  (34) 

 

where, α is the angle of rut slope and τ is the shear stress: 

 

𝜏 =
𝑗𝐺

𝑡
⋅

𝑡𝑝tan𝜙+𝐶𝑡−𝐶𝑗

𝑗𝐺+𝑡𝑝tan𝜙+𝐶𝑡−𝐶𝑗
  (35) 

 

where, t is the grouser pitch and j is the shear strain, which can 

be calculated by the formula obtained earlier: 

 

𝑗 = 1.33√𝑠3𝑙  (36) 

 

The value of the deformable layer thickness factor can be 

obtained as follows: 

 

𝛼𝑍 = 1 +
𝐻∗ℎ

2𝐻⋅(𝐻−ℎ−0.25𝐻∗)
  (37) 

 

where, H* is the factor that depends on the internal friction 

angle and indentor width: 

 

𝐻∗ =
√2

2
exp [(

𝜋

4
+

3𝜙

4
) tan

3𝜙

4
] 𝑏cos

3𝜙

4
tan𝜙  (38) 

 

2.5 Passability conditions 

 

Thus, considering all the parameters of the soil and 

forwarder, the conditions ensuring the tractor passability in all 

situations can be established: 

(1) The rut depth must be below a specific critical value: 

 

ℎ ≤ ℎ𝑐𝑟𝑖𝑡   (39) 

 

The remaining conditions relate to forwarder characteristics.  

(2) The factor value of resistance to tractor movement is 

equal to the ratio of rolling resistive force FR to the shear 

modulus: 

 

𝜇𝑅 =
𝐹𝑅

𝐺𝑊
  (40) 

 

In turn, the force depends on the indentor width and the 

pressure on the soil at a certain depth: 

 

𝐹𝑅 = ∫ 𝑏𝑝𝑑ℎ
ℎ

0
  (41) 

 

Thus, the second condition is as follows: 

 

𝜇𝑅𝑀 ≤ 𝑁𝑣  (42) 

 

(3) Sufficient level of traction on the soil should be ensured, 

i.e., the value of the tractive force, in this case, is non-negative: 

 

𝜇𝑃 ≥ 0  (43) 

 

The force itself can be calculated as: 

 

𝜇𝑃 = 𝜇𝑇 − 𝜇𝑅  (44) 

 

where, μT is a coupling factor: 

 

𝜇𝑇 =
𝑅𝑋

𝐺𝑊
  (45) 

 

(4) The forwarder must be capable of traversing an 

elementary unit of roughness with a certain height, which is 

calculated based on the tractive force value: 

 

ℎП =
𝐷

2
⋅ (1 −

1

√1+𝜇𝑝
2
)  (46) 

 

Given that the thickness of the deformable layer during 

passage is limited, the relative compaction of the soil can be 

determined:  

 

1237



 

𝜉 =
𝛾𝑃

𝛾
= 1 +

ℎ𝐿

𝐻
  (47) 

 

where, γP is the specific weight of soil after tractor passage. 

If uneven compaction of the soil shall be considered, the 

equation is reduced to the following form:  

 

𝑑𝜉 = 1 +
1

𝐻
𝑑ℎ𝐿  (48) 

 

2.6 Software implementation of models 

 

All model codes were written and compiled in the Maple 

2015 software language. The first step implies entering the 

known characteristics (γ, W, IL, CI, α, e, T, H) of the soil and 

calculating the missing ones (E, C, φ, G) based on the CI value. 

Also, knowing the E value, CI, C, φ, G can be calculated.  

The equivalent deformation modulus was used to calculate 

inhomogeneous surfaces for three cases of dependence on 

depth (linear, quadratic, and cubic) using two, three, and four 

values of given factors, respectively.  

The parameters of different soil types (sandy, clayey, and 

loamy soils) were calculated according to the established 

formulas for calculating E, C, φ, G, CI.  

Besides, the written code considers the characteristics of the 

forwarder: D, B, S, HT, PW, GW, t, km, v, which are compared 

with critical values. 

All calculations are repeated as many times as necessary to 

obtain optimal results.  

The value ranges of parameters used to run the code and 

generate indicators are shown in Table 3.  

 

Table 3. Variances of working model parameters 

 
Parameter Range of variance and units of measurement 

E 0.4-3.5 MPa 

S 0.05-0.3 b/r 

B 0.4-0.8 m 

D 1.2-1.8 m 

pW 0.15-0.55 MPa 

GW 15-55 kN 

α 1-30о 

m 0.25-0.55 b/r 

t 0.1-0.3 m 

HT 0.4-0.8 m 

v 1-5 km/h 

 

The process of cyclic soil loading was also modeled by 

considering the data obtained when generating values in each 

subsequent iteration and generating new values.  

To compare the model's performance in this study, the WES 

model was applied. 
 

2.7 Result accuracy assessment 

 

For defining the level of reliability of the data obtained, an 

approximation was made using the least-squares method. In 

fact, the accuracy is indicated by the value of R2, which must 

be equal to 1 in the ideal condition of the system. 
 

 

3. RESULTS AND DISCUSSION 

 

After processing the results based on Formula 6, a series of 

dependencies of the deformation modulus on the cone index 

has been established. The results are presented in Table 4 and 

Figure 3. 

Table 4. Formulas of Е and CI correlations 

 
Soil type Formula R2 

Sandy soil E=12.151+5.240lnCI 0.8991 

Clayey soil E=8.914+5.019lnCI 0.8267 

Loamy soil E=7.583+7.521lnCI 0.9832 

Forest soil E=2.4713CI 0.9993 

Swampy soil E=1.1315CI 0.9987 

 

 
 

Figure 3. Graphical representation of the relationship 

between modulus of deformation and cone index 

 

Analysis of the dependence of soil parameters on its 

compaction degree (ξ) allowed approximating the results and 

providing them in the formulaic form:  

 

𝐸𝑅 = −0.483 ⋅ (𝐴𝑏𝐸 + 𝐵𝑏𝐸𝐼𝐿) ⋅ (𝜉 − 1) + 1  (49) 

 

𝐶𝑅 = −0.483 ⋅ (𝐴𝑏𝐶 + 𝐵𝑏𝐶𝐼𝐿) ⋅ (𝜉 − 1) + 1  (50) 

 

𝜙𝑅 = −0.483 ⋅ (𝐴𝑏𝜙 + 𝐵𝑏𝜙𝐼𝐿) ⋅ (𝜉 − 1) + 1  (51) 

 

During the processing of the soil porosity and consistency 

factors data, strongly correlated formulas for the calculation of 

soil parameters were established:  

 

𝐶 = (21.6 − 8.26𝐼𝐿) ⋅ 𝑒
−0.898−0.123𝐼𝐿 (R2=0.9331)  (52) 

 

𝜙 = (16.0 − 1.41𝐼𝐿) ⋅ 𝑒
−0.203−0.0113𝐼𝐿 (R2=0.8771)  (53) 

 

𝐺 = (5.12 − 1.89𝐼𝐿) ⋅ 𝑒
−1.39+0.0496𝐼𝐿 (R2=0.9385) (54) 

 

𝐶𝐼 = (1.03 − 0.517𝐼𝐿) ⋅ 𝑒
−1.11−0.0797𝐼𝐿 (R2=0.8952) (55) 

 

Approximation of the results revealed that these parameters 

could be provided as following dependencies: 

 

𝐸𝑅 = (0.599 − 0.151𝐼𝐿) ⋅ (𝜉 − 1) + 1 (56) 

 

𝐶𝑅 = (0.434 − 0.0594𝐼𝐿) ⋅ (𝜉 − 1) + 1 (57) 

 

𝜙𝑅 = (0.098 − 0.00546𝐼𝐿) ⋅ (𝜉 − 1) + 1 (58) 

 

𝐺𝑅 = (0.671 − 0.024𝐼𝐿) ⋅ (𝜉 − 1) + 1 (59) 

 

𝐶𝐼𝑅 = (0.536 + 0.0385𝐼𝐿) ⋅ (𝜉 − 1) + 1 (60) 

 

Further evaluation of the results in terms of dependency of 

the physical and mechanical properties of the soil on 

deformation modulus:  

 

𝐶 = 12.066𝐸0.8159 (R2 = 0.9659) (61) 

 

𝜙 = 14.078𝐸0.1816 (R2 = 0.8471) (62) 
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𝐺 = 2.0893𝐸1.1371 (R2 = 0.9763) (63) 

 

𝐶𝐼 = 0.5004𝐸 (R2 = 0.8756) (64) 

 

And cone index: 

 

𝐸 = 1.961𝐶𝐼 (R2 = 0.8727) (65) 

 

𝐶 = 18.116 + 3.0203𝐶𝐼 (R2 = 0.9361) (66) 

 

𝜙 = 3.8847 + 12.049𝐶𝐼 (R2 = 0.9296) (67) 

 

𝐺 = 4.4207𝐶𝐼 (R2 = 0.9227) (68) 

 

After integrating Eq. (63), it follows: 

 

ℎ𝐿 =
𝐽𝑝𝑎𝑏𝑎𝑟𝑐𝑡𝑎𝑛(

𝐸(𝐻−ℎ𝐿)

𝑎𝑏√𝐸(𝐸−𝐽𝑝)
)

√𝐸(𝐸−𝐽𝑝)
  (69) 

 

where, J and a are factors of equation: 

 

𝐽 =
0.03𝑏+𝑙

0.6𝑏+0.43𝑙
  (70) 

 

𝑎 =
0.64𝐻+0.64𝑏

𝐻
  (71) 

 

where, b and l are width and length of the equivalent 

forwarder’s indentor, respectively: 

 

𝑏 = 𝐵 +
10ℎ⋅ℎ𝑍

1−ℎ+𝐻𝑇−ℎ𝑍
  (72) 

 

𝑙 = √𝐷ℎ𝑍 − ℎ𝑍
2 + √𝐷 ⋅ (ℎ𝑍 + ℎ) − (ℎ𝑍 + ℎ)

2  (73) 

 

where, the radial deformation of the tire obtained by 

approximating the experimental results with a high accuracy 

degree (R2=0.9775): 

 

ℎ𝑍 = 0.0715𝐺𝑊
0.691𝐵0.305𝑃𝑊

−0.677
 

𝐷−0.394ℎ−0.0891𝑃𝑤
0.193𝐷0.558𝐺𝑊

−0.201𝐵−0.0574  
(74) 

 

Integrating the right part of the formula (55) results in a 

cumbersome expression that is convenient neither for analysis 

nor for practical use.  

The calculation results based on Eq. (54) with taking 

account of generated values show the dependence of the 

equivalent modulus of deformation on the system factors with 

a high accuracy degree (R2=0.9773): 

 

𝐸𝑒𝑞𝑢𝑖𝑣 = 0.95𝑎0 + 0.45𝑎1𝐻 (75) 

 

The calculation results based on Eq. (59) for the same values 

of modulus deformation and thickness of the deformed layer 

show the following dependence with accuracy R2=0.9094: 

 

𝐸 = 0.966𝑏0 + 0.0191𝑏0𝑏1 + 0.00396𝑏0𝑏2
+ 0.229𝑏1𝐻 + 0.0543𝑏2𝐻 

(76) 

 

The calculation results based on Eq. (63) with taking 

account of generated values of modulus and layer thickness 

allow providing the cubic change in the deformation modulus 

as the following dependence, where R2=0.9552: 

 

𝐸 = 1.05𝑐0 + 0.124𝑐1 + 0.023𝑐2 − 0.0103𝑐3
− 0.0000139𝑐0𝑐1𝑐2
− 0.0000151𝑐0𝑐1𝑐3
− 0.00000141𝑐0𝑐2𝑐3
− 0.0325𝑐0𝑐1𝐻 + 0.0189𝑐0𝑐2𝐻
+ 0.00762𝑐0𝑐3𝐻 − 7.54
⋅ 10−9𝑐1𝑐2𝑐3 + 0.000183𝑐1𝑐2𝐻
− 0.00000738𝑐2𝑐3𝐻 − 0.109𝑐0𝐻
+ 0.000212𝑐1𝑐2 + 0.00023𝑐1𝑐3
+ 0.092𝑐1𝐻 + 0.0000157𝑐2𝑐3
+ 0.0727𝑐2𝐻 + 0.0412𝑐3𝐻 

(77) 

 

Then, in the case of linear variability in deformation 

modulus, the equation for calculating total deformation can be 

as follows: 

 

ℎ =
𝐽𝑝𝑆𝑝𝑎𝑏𝑎𝑟𝑐𝑡𝑎𝑛(

𝐸(𝐻𝑝−ℎ(𝑝𝑆−𝑝))

𝑎𝑏𝑝√𝐸(𝐸−𝐽𝑝)
)

(𝑝𝑆−𝑝)√𝐸(𝐸−𝐽𝑝)
  

(78) 

 

If non-uniform bearing surfaces are impacted, then 

equivalent modules shall be used (formulas 57, 61, 65). 

As a result, dependencies h, μR, μT on soil and forwarder 

parameters were obtained: 

 

ℎ =
0.000479𝑝𝑤

0.186𝐺𝑤
1.544𝛼0.0618𝑡0.0472𝐻𝑇

0.0414

𝐸1.637𝑆0.0325𝐵2.197𝐷0.652𝑣0.0338
  

(R2=0.9660)  
(79) 

 

𝜇𝑅 =
0.00342𝑝𝑤

0.299𝐺𝑤
1.171𝛼0.0589𝑡0.0485𝐻𝑇

0.0318

𝐸1.242𝑆0.0299𝐵1.898𝐷1.0658𝑚0.0302𝑣0.0471
  

(R2=0.9719) 
(80) 

 

𝜇𝑇 =
0.385𝐸0.486𝐵0.110𝑡0.132

𝑆0.128𝐺𝑤
0.0711𝑚0.266𝑣0.00980

 (R2=0.9531) (81) 

 

As seen, the level of determination exceeds 95%, which the 

high accuracy of approximations and the possibility of its 

practical application, as shown further. 

The last two formulas allow simplifying the process of 

determining the tractive force: 

 

𝜇𝑇 = 1.5605𝑝𝑆 − 1.1708ℎ + 0.2004 (82) 

 

The dependence of the tractor's resistive force on the rut 

depth is shown in Figure 4. 

 

 
 

Figure 4. Graphical representation of the dependence 𝜇𝑅 on 

h 

 

As follows, there is a linear dependence between these 

indicators with the accuracy of R2=0.9578, which can be 

represented as: 
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𝜇𝑅 = 1.1798ℎ + 0.0229 (83) 

 

The dependence of the coupling factor on the soil bearing 

capacity is shown in Figure 5: 

 

 
 

Figure 5. Graphical representation of the dependence 𝜇𝑇 on 

pS 

 

As seen, the degree of dependence is much lower than in the 

mathematical model and amounts to (R2=0.6672). The 

dependence function can be as follows: 

 

𝜇𝑇 = 1.5605𝑝𝑆 + 0.2233 (84) 

 

The results of multiple impacts on the soil are shown in 

Figure 6. 

 

 

 
 

Figure 6. Variation of soil parameters: a) rut depth and b) 

relative inclination after multiple tractor’s passes at different 

values of modulus of deformation: 1-E=1 MPa; 2-E=1.5 

MPa; 3-E=2 MPa; 4-E=2.5 MPa; 5-E=3 MPa 

The figure shows that increasing ruts depth and lack of soil 

stabilization (high compaction values) are typical of weak 

soils. In the case of moderately resistant soils, deepening 

occurs up to a certain maximum value, while in the case of 

highly resistant soils, rutting is almost uncommon.  

Furthermore, the obtained results allowed determining the 

dependence of rut depth and soil compaction on the number of 

passes and the strength of the soil with accuracy indicators of 

R2=0.9311 and R2=0.9363, respectively: 

 

ℎ = 0.906ℎ(1)𝑛
0.447𝐸0.475 (85) 

 

𝜉 = 1.0451𝑛0.0686𝐸0.0281 (86) 

 

The results of comparing the proposed model's rut depth and 

tractive force and the existing WES model are shown in 

Figures 7 and 8.  

 

 
 

Figure 7. Graphic representation of comparing results to 

determine rut depth 

 

 
 

Figure 8. Graphical representation of comparing results to 

determine the tractive force 

 

As shown above, the results are quantitatively and 

qualitatively consistent, demonstrating the effectiveness of the 

proposed model.  

Papunin et al. [25] studied the issue of off-road vehicles of 

different tonnage. In the modeling process, the tractive force 

of the wheel, rolling resistance, air resistance, and other 

indicators were considered. The authors indicate that tire tread 
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saturation affects the tractive force value, which is in line with 

the results of this study. They also indicate that the tire's width 

influences the size and camber of the rut. During the 

simulations, the tire's width was considered as it affects the 

soil parameters, which in turn affects the formation of ruts. 

Furthermore, they have shown that weak soils are much 

quicker to decompose. 

This study has shown that an increase in tractor passes leads 

to higher soil compaction and deepening of the rut. The results 

of this experiment are consistent with the data of Lamandé et 

al. [26]. In either case, the maximum compaction occurs after 

the first passage and then decreases but does not stop 

completely.  

 

 

4. CONCLUSIONS 

 

A mathematical model for predicting tractors' passability 

was developed during the study. Its efficacy is demonstrated 

when used in the field and relative to another model.  

Modulus of deformation and cone index are closely related 

linear function indicators. They can be interchangeable when 

calculating other soil parameters, such as specific coupling, 

angle of internal friction, and shear modulus.  

Observations have shown that in sandy, loamy and clayey 

soils, compaction characteristics change linearly in soil 

surface homogeneity. For heterogeneous soils, the value of the 

equivalent deformation module may be used, thus simplifying 

the calculations. Also, these soils are characterized by 

additional dependencies of the deformation module during the 

deepening of compaction: square and cubic.  

Study findings have shown that drier and warmer soils are 

much faster to deform, as the modulus of their deformation is 

relatively high.  

The developed model is consistent with the existing model 

and takes account of the following soil parameters: the type, 

modulus of deformation and shear, slope angle, specific 

weight, consistency, porosity, temperature, moisture, the 

thickness of the deformation layer; and the forwarder 

parameters: Width and height of the wheel, tractor driving 

speed, tire tread expression and internal pressure in them. 

The model also predicts the extent of soil compaction and 

rutting depth after multiple tractors passages. 

Therefore, the proposed model can be used to analyze the 

extent of the impact of forestry and agricultural tractors on 

soils. 
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