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Abstract

This paper presents the assessment of selected tractor tires used in forest conditions. The first 
element of this assessment is related to tractive properties, while the second part concerns the 
potential negative impact of the tires on the ground. The research was conducted on the skid trail 
located in a lowland pine stand in Poland (Lower Silesian District). The 9.5-24, 400/55-22.5 
and 11.2R24 tires were used for the experiment, and the following tractive parameters were 
analyzed: traction force, pulling force and rolling resistance. These parameters were deter-
mined during the experiment using special measure stand mounted on a 3-point linkage of 
the tractor. In addition to the traction properties, the impact of the wheel on the ground was 
determined – this evaluation included measurements of footprint areas and calculation of 
contact pressures. Based on the obtained results, it was shown that the increase of the vertical 
load and reduction of the inflation pressure of tires can cause an increase in net traction force 
of as much as 35% and 16%, respectively. The analysis of contact areas and pressures showed 
that the widest tire (400/55-22.5) had the least negative impact on the ground. The reducing 
of inflation pressure allowed to obtain higher traction force, higher contact area and smaller 
contact pressures.
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1. Introduction
One of the main challenges in forest management 

is to provide environmentally friendly forest opera-
tions, which aims at developing and deploying tech-
nologies able to efficiently use resources and minimiz-
ing impacts on the structure and function of the forest 
environment (Heinimann 2007). Logging operations 
is an example of the strongest human intervention into 
forest environment, causing many threats to its indi-
vidual components. In mechanized wood harvesting, 
each operation must be carried out with minimal im-
pact on the environment and in a cost-effective man-
ner (Spinelli et al. 2014, Thees and Olschewski 2017). 
In forestry operations, the use of ground-based ma-
chinery for logging is common practice around the 
world. A wide range of equipment, such as skidders, 
forwarders, and tractors are employed (Bygdén et al. 
2003, Agherkakli et al. 2010, Picchio et al. 2011,  
Ganatsios et al. 2021). Even in the case of tracked ve-

hicles and machines, which should cause lower com-
paction than wheeled machinery, the values of unit 
pressure generated on the forest soil can be higher than 
the recommended value of 70 kPa (Kormanek and 
Dvořak 2021). On flat or slightly sloped terrain, 
wheeled machines are generally preferred because of 
higher performance in terms of productivity and cost 
(Spinelli et al. 2012). In recent years, these vehicles have 
become progressively more powerful and efficient but 
also heavier, which increases negative impact on the 
soil (Vossbrink and Horn 2004, Horn et al. 2007).

Another problem in forest operations is to deter-
mine traction properties of the forest machines and trac-
tors. In the case of wheeled vehicles, their move is pos-
sible due to the occurrence of the traction force between 
the tire and ground. This force can be transferred by the 
shearing process or by the friction (Karpman 
et al. 2022). The first mechanism is most common on 
deformable grounds – also in the case of forest 
grounds. Traction force (also known as »gross traction 
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force«) is a derivative of the torque on the drive wheels 
of the vehicle (Zoz and Grisso 2003). However, tractive 
properties are largely dependent on the ground pa-
rameters; if the mechanical strength of the ground is 
low (this situation often occurs in case of forest 
grounds), there will be a risk of energy losses in the 
power transmission from the wheel to the ground. As 
a consequence, the traction force will be used in small 
scale to generate the pulling force, which can have a 
negative impact on cost efficiency of forest vehicles. In 
the extreme case, small pulling force can stop the for-
est operations. The energy losses in the wheel–ground 
system is related to two negative phenomena. The first 
is the wheel slippage, while the second is a rolling 
resistance of the wheel. The slippage (sometimes 
known as »slip« or »travel reduction«) occurs when 
the horizontal force applied to the soil by a tire or track 
overcomes the internal shearing strength of the soil, 
which results in the soil displacing and moving in the 
opposite direction to the vehicle motion (Alakukku et 
al. 2003). Rolling resistance is the force resisting the 
motion, when a wheel rolls on a surface and is di-
rected opposite to the direction of the wheel move-
ment. The accepted view is that rolling resistance con-
sists of two components: one is soil deformation and 
the other is tire deflection (Kiss 2009). For a vehicle 
moving on a hard surface, the tire flexing component 
of the rolling resistance is dominant. Under off-road 
conditions, in contrast, due to vertical soil compaction 
and horizontal soil displacement, i.e. rut formation, 
the rolling resistance makes up the largest part of the 
motion resistance force (Çarman 2002).

The movement of vehicles over the soil can cause 
soil damage in the form of scuffing, compaction and 
rutting. The extent of this damage depends princi-
pally on the site and soil characteristics (Ampoorter et 
al. 2007, Ismoilov et al. 2015), soil moisture, machine 
traction characteristics (Šusnjar et al. 2006, Wang et al. 
2007) and the number of machine passes (Eliasson and 
Wasterlund 2007). Rut formation may involve direct 
or indirect damage to the trees root system (Stone and 
Elioff 2000), and organisms living in the soil (Lindo 
and Visser 2004), while altered soil and climatic condi-
tions may decrease plant diversity (Buckley et al. 
2003). Soil compaction involves the compression of 
pores, which leads to decreased porosity and pore 
continuity (Berli et al. 2003, Fernandez et al. 2016, 
Toivio et al. 2017, D’Acqui et al. 2020, Grigorev et al. 
2022). The common effects on soils from drive wheels 
of forest machines is removal of litter mass in skid 
trails (Tan et al. 2008). Damage to soil contributes to 
the deterioration of conditions for tree growth and re-

duce the site productivity (Gomez et al. 2002, Smith 
2003, Nieminen et al. 2017).

As presented in the introduction, with respect to 
forest operations, there are two main requirements: 
the first is to obtain the best traction properties, and 
the second is to prevent damage to the soil (Gelin and 
Björheden 2020). The improvement of the traction 
properties can be realized in two main ways: change 
in the wheel load and change in the inflation pressure 
of the tire. Application of higher vertical load of drive 
wheels in tillage works may result in increasing the 
drawbar force by up to 15% depending on the value 
of ballast weights (Serrano et al. 2007, Serrano et al. 
2009, Muhsin 2010). Increase in dynamic load of the 
forwarder equipped with Trelleborg Twin 421 Mark II 
600/55-26.5 tires also resulted in significant increase in 
tractive efficiency at 5% slip (Jun et al. 2004). This 
method to improve traction characteristics has a very 
important disadvantage – higher vertical forces can 
cause compaction of the soil and damage to its struc-
ture (Grečenko and Prikner 2014, Barbosa and  
Magalhaes 2015). Increase in vertical load of vehicle 
drive wheels may also lead to increased rolling resis-
tance and consequently decrease the tractive efficien-
cy, and cause more intense tire wear, increase in fuel 
consumption and greenhouse gas emissions (Patel and 
Mani 2011, Lacour et al. 2014, Damanauskas et al. 2015, 
Damanauskas and Janulevičius 2015, Janulevičius and 
Damanauskas 2021). Tractor performance researchers 
recommend the reduction of tire inflation pressure for 
increasing the contact area between the tires and the 
ground as a method to reduce energy losses caused by 
wheel slippage (Šmerda and Čupera 2010, Battiato and 
Diserens 2017). As a result of increased contact area, 
vehicle weight is spread across a larger area, reducing 
pressure on the soil (Nam et al. 2010). Kurjenluoma et 
al. (2009) reported that the reduction of tire inflation 
pressure resulted in reduced rolling resistance and rut 
depth only on soft soil, when the soil strength was low, 
while in hard soil conditions, the effect on rolling re-
sistance was quite the opposite. Depending on the 
vehicle size and type of tires, the net traction forces 
may be increased by up to 8% (Sümer and Sabanci 
2005, Elwaleed et al. 2006, Taghavifar and Mardani 
2013, Pryadkin et al. 2021).

The studies conducted so far have shown that tire 
parameters such as vertical load and inflation pressure 
affect tractive performance of wheels at different de-
grees of significance. It also depends on other factors 
such as tire type and size, slippage and soil conditions. 
In this context, the issue of improving traction perfor-
mance by ballasting or by reducing the inflation pres-
sure of the tires is thought to require further and 
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The bearing capacity of tested grounds was in the 
range of 25–30 MN∙m-2 (these data were obtained from 
the forest inspectorate). Based on particle size distribu-
tion, the soil was determined as sand. The study was 
carried out in autumn on the soil with the moisture 
content of 8.3% vol., and the specific soil field capacity 
of 3.5%. The average values of maximum shearing 
stress strength and soil penetration resistance mea-
sured at the depth of 0–0.1 m in the skid trail were  
120 kPa and 3.58 MPa, respectively (they were almost 
two times higher than values obtained in the soil out 
of the skid trail). The studies were conducted using a 
professional mobile stand for testing tires in field con-
ditions (Fig. 1).

The research stand consists of two-part frame 
mounted on the three-point linkage of Massey  
Ferguson 235 farm tractor. The tested wheel mounted 
on the stand was powered by tractor PTO (using a 
hydro-mechanical gear and additional intermediate 
shaft). The test stand was equipped with the following 
measuring devices: inductive dynamometer located 
between the external and internal parts of the frame 
and used for measuring the drawbar force, the induc-
tive torquemeter for measuring the drive torque of 
tested wheel. The actual and theoretical distances were 

deeper understanding in order to better define clear 
indications for a correct choice of the off-road vehicle 
configuration. It is important to remember that correct 
selection of tires and their operation parameters can 
significantly affect vehicle performance and reduce 
the impact on forest soils; moreover the safety and 
comfort of operators could be improved. For this rea-
son the aim of this study is to evaluate the impact of 
the selected operational parameters of the tire on the 
traction performance, and to analyze the impact on the 
ground. The vertical load of the wheel and the infla-
tion pressure of the tire will be taken into account as 
operational parameters.

2. Materials and Methods
The study was carried out in Poland (province 

Lower Silesia) in Forest District Oława, Forest  
Sub-district Chrząstawa Wielka (51°05'28.80"N, 
17°18'15.60"E). The research on tractive performance 
of tires was conducted on a skid trail located in low-
land pine forest stand. The skid trail was created on 
typical acidic brown soil. The value of maximum 
shearing stress strength on undisturbed soil was  
72 kPa, while soil penetration resistance was 1.13 MPa. 

Fig. 1 Test stand for measuring traction properties of tires
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measured using two rotational encoders MOK40 – one 
of them was mounted on the shaft with the tested 
wheel (to measure the theoretical distance) and the 
other was mounted on the extra wheel (to measure the 
actual distance). The main technical data of the mea-
suring devices are presented in Table 1.

During the study, the test stand was moving with 
the tractor (in neutral gear box position). In the final 
phase of measurement, the test stand was stopped by 
the tractor brake. In this way the full range of tested 
wheel slip was obtained. The data from all measure-
ment devices were recorded in data recording system.

The research was carried out for three tires. Two of 
them were cross-ply tires (9.5-24 and 400/55-22.5), one 
was radial tire (11.2R24). The main features differen-
tiating the tested tires, apart from the construction, 
were the width and tread pattern. All tested tires were 
new, with no signs of wear. The tires selected for tests 
are commonly used in forest machinery and tractors. 
These tires, due to comparable external diameters, can 
be interchangeable in one vehicle. The main parame-
ters of the tested tires are presented in Table 2, while 
the their tread pattern is presented in Fig. 2.

The experiment was performed for three variants 
of vertical loads: 4300 N, 6110 N, 7400 N and two levels 
of inflation pressure: 200 and 80 kPa. For all tires (with 
each inflation pressure and vertical load configura-
tion), the contact areas were determined statically. The 
tire footprints on tested grounds were stamped on  
10 mm thick layer of dry gypsum, spread out on flex-
ible fabric. The footprints were photographed, and 

then the contours were drawn based on the photos. 
The values of contact area were determined from the 
drawing in AutoCad 2017 Software. Based on obtained 
contact areas and vertical loads, average ground con-
tact pressures were calculated. For all tires and opera-
tional parameters configuration, each test was repeat-
ed 5 times. From the obtained results, the mean values 
of analyzed parameters were calculated.

Based on the measured parameters, slip of the 
tested wheels and values of traction force, rolling re-
sistance and tractive efficiency were calculated using 
Eq. 1–4:
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Where:
s wheel slip
dr actual wheel distance, m
dt theoretical wheel distance, m

Table 1 Measuring devices performance

Instrumentation
Measured 
parameter

Range Accuracy

Inductive dynamometer Net traction force 0–100 kN ±10 N

Inductive torquemeter Torque 0–3000 Nm ±3 Nm

Rotational encoder 
MOK40

Angle of the

wheel rotation

0–360·n* ±0.36°

* n – number of rotations

Table 2 Technical data of tires

Tire size
manufacturer

Tread type
External diameter

mm
Section width

mm
Height of 

tread lugs, mm
Maximum load

capacity, kg
Maximum operational
inflation pressure, kPa

9.5-24Mitas TD02 1000 241 30 1120 250

11.2R24 Alliance R-1W 1000 285 30 1215 250

400/55-22.5Trelleborg T404GT 1000 400 18 1120 250

Fig. 2 Overall view of tires tread patterns 
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TF traction force, N
Mo wheel torque, Nm
rd  wheel dynamic radius (determined based on 

the measured distance covered by the wheel 
during five full rotations), m

RR rolling resistance, N
NTF net traction force, N
TE tractive efficiency.

The obtained results were statistically analyzed us-
ing the Statistica 13.0 software. After verification of 
applicability conditions (normality of distribution – 
Shapiro-Wilk test and homogeneity of variance –  
Levene test), the analysis of variance was carried out; 
the significance level was 0.05. Moreover, the post-hoc 
tests (Tukey’s test) were used with the aim of assessing 
the differences between the separate levels of factors. 
Statistical analysis was conducted separately for each 
tested tire.

3. Results

3.1 Contact Area and Contact Pressure
Fig. 3 shows the contact areas of the tested tires 

with the ground for all analyzed inflation pressures 
and vertical loads. The smallest contact area was mea-
sured for 9.5-24 tire, and the largest for the 400/55-22.5 
tire. The difference between the contact areas of the 

tires with the same tread pattern (9.5-24 and 11.2R24) 
was comparable to the width difference of these tires 
and was equal to 16–19%. The contact area of the 
400/55-22.5 tire was larger by 70% and 100% than that 
of the 11.2R24 and 9.5-24 tires, respectively. Based on 
the width of the tires, these differences should be 40 
and 66%, respectively. Differences in contact area be-
tween the tires remained constant regardless of used 
vertical load and inflation pressure. As a result of the 
increase in tire load from 4300 to 6110 N, there was a 
comparable increase of approximately 10% in contact 
area. When the load was changing from 6110 to  
7400 N, a 5% increase in contact area was observed. 
The increase in contact area was proportional to the 
load increase, and the same tendency was observed at 
both inflation pressures. Regardless of tire load, reduc-
ing the inflation pressure resulted in the increase of the 
contact area by 9% for 9.5-24 and 7% for 400/55-22.5 tire. 
In the case of radial tire, a 7–11% increase in the contact 
area was observed – the largest was at a 7400 N load.

Due to the fact that the relationships between the 
vertical load and contact area were linear, the analysis 
of regression was evaluated (separately for each tire/
inflation pressure combination) and the results are 
presented in Table 3. In all cases high values of coef-
ficient of determination and r-Pearson coefficient were 
observed. Moreover, values of slope coefficient for the 
400/55-22.5 tire were higher than for 9.5-24 and 11.2R24 
tires. It meant higher increase rate of contact area due 
to the increase in vertical load.

In order to determine the potential impact of the 
tested tires on the forest ground, average contact pres-
sures were determined (Fig. 4). The pressure exerted 
by the 9.5-24 tire ranged fron 230–365 kPa, while that 
of the 11.2R24 and 400/55-22.5 tires was by 17 and 
100% lower, respectively. The increase in tire load 
from 4300 to 6110 N resulted in a 30% increase in 
ground pressure values, and further tire loading con-
tributed to a 15% increase in the value of this param-
eter. Reducing tire inflation pressure caused a 6–10% 
reduction in ground pressure, the smallest decreases 
concerned the 400/55-22.5 tire. Results of regression 
analysis are shown in Table 4 – in all cases the values 
of determination coefficient were at least 0.98; higher 
values of slope coefficient were observed for the tires 
with low width (9.5-24 and 11.2R24).

Fig. 5 shows the average values of the traction 
force of the tested tires obtained at the slip less than 
30% (this slippage range guarantees high tractive ef-
ficiency). The lowest values of traction force were 
observed for 9.5-24 tire. For this tire, at a vertical load 
of 7400 N and inflation pressure of 80 kPa, the trac-
tion force was 2680 N (34% higher than that obtained 

Fig. 3 Tire-ground contact areas for all vertical load/inflation pres-
sure configurations
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at 200 kPa/4300 N configuration). The 400/55-22.5 tire 
had such traction force at the lowest load level and 
an inflation pressure of 200 kPa. The traction force 
values of the 11.2R24 tire were about 15% lower than 
those obtained for the 400/55-22.5 tire. Increasing the 
load of the 11.2R24 and 400/55-22.5 tires resulted in 
a 15–20% increase in traction force; the increase of the 
9.5-24 tire was smaller - 8–18%. Reduction of inflation 
pressure, regardless of the load level, for all tested 
tires resulted in a 6–8% increase in traction force.

Table 5 presents the results of regression analysis 
between vertical load and traction force. There is a 
difference between values of slope coefficient for  
9.5-24 and two other tires: for 9.5-24 slope, the coef-
ficient was lower. The values of determination coef-
ficient were in the range 0.9–0.99.

Fig. 6 shows the relationship between operational 
parameters (pressure, load) and rolling resistance of 
the tested tires. The 9.5-24 tire showed the lowest roll-
ing resistance, and the 400/55-22.5 tire the largest. The 
tendency of changes in rolling resistance (for both lev-
els of inflation pressure) was the same as in the case of 
tire-ground contact area – increase proportional to the 
tire load increase. Differences in rolling resistance val-
ues between the tested tires increased with the in-
crease of the load; the lowest (10%) increase in the 
rolling resistance due to the increase of the load was 
observed for 9.5-24 tire. Lowering the inflation pres-
sure of 9.5-24 tire caused an 8–10% increase in rolling 
resistance; for 11.2R24 tire this increase was in the 
range of 10–13%. In the case of 400/55-22.5 tire, the 
reduction of inflation pressure increased the rolling 
resistance by 7–13%; the differences decreased as the 
load increased. Based on regression analysis (table 6), 
it can be concluded that the smallest values of the slip 
coefficient were observed in the case of 9.5-24 tire. It 
means that the low rate of increase of rolling resistance 
is an effect of vertical load increase.

Fig. 7 shows the tractive efficiency and slip char-
acteristics as a function of net traction force for the 
applied vertical load/inflation pressure configura-
tion. The net traction force that could be achieved 
was significantly dependent on the contact area be-
tween the tire and ground; the greater width of the 
tire – the higher net traction force. Both the load in-
crease and the tire pressure reduction resulted in the 
increase in net traction force. The crossing point of 
the tractive efficiency curves with the slippage 
curves defines the limits of economic tire exploita-
tion. When this point is exceeded, it is possible to 
achieve high net traction force, but at low tractive 
efficiency, it means high energy loss. It was found 
that the increase in load and lowered inflation pres-
sure caused a drop of slip and also increased the 
range of net traction force corresponding to maxi-
mum tractive efficiency. For 9.5-24 tire at 4300 N load 

Table 3 Results of regression analysis between vertical load and contact area

Tire/pressure Regression equation Coefficient of determination Coefficient of correlation (r-Pearson)

9.5-24; 200 kPa y = 0.009x + 134.5 0.966 0.983

9.5-24; 80 kPa y = 0.010x + 144.0 0.974 0.987

11.2R24; 200 kPa y = 0.009x + 167.7 0.987 0.993

11.2R24; 80 kPa y = 0.013x + 165.1 0.994 0.997

400/55-22.5; 200 kPa y = 0.018x + 274.5 0.996 0.998

400/55-22.5; 80 kPa y = 0.021x + 281.2 0.996 0.998

Fig. 4 Average contact pressure exerted on ground by tested tires 
for all vertical load/inflation pressure configurations
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and 200 kPa inflation pressure, the intersection point 
of slip and tractive efficiency curves corresponded to 
net traction force of about 1400 N, while at 7400 N 
and 80 kPa this point occurred at net traction force 
of 2300 N. For the 11.2R24 tire, at the lowest load vari-
ant and inflation pressure of 200 kPa, the intersection 
was at 1600 N, while for the highest load and low tire 
inflation pressure, the intersection corresponded to 
net traction force of 2750 N. In the case of 400/55-22.5 
tire, the limit of economic exploitation corresponded 
to net traction force of 2050 and 3100 N, for analogous 
variants of inflation pressure and load. For all tires 
and inflation pressure/load configurations, the limit 
of economic efficiency corresponded to the tractive 
efficiency of 0.35–0.38. The largest (72%) increase in 
net traction force, in terms of increased load and in-
flation pressure reduction, was found for the 11.2R24 

tire; for the 9.5-24 and 400/55-22.5 tires, it was lower 
and was 64 and 50%, respectively.

Fig. 8 shows the values of the optimum net traction 
force (obtained at maximum tractive efficiency). The 
lowest values of this parameter were obtained for the 
9.5-24 tire, the highest for the 400/55-22.5 tire. With a 
load of 4300 N and inflation pressure of 200 kPa, 
the optimum net traction force of the 11.2R24 and 
400/55-22.5 tires was higher than for the 9.5-24 tire by 
16 and 34%, respectively. The increase of tire load at 
200 kPa resulted in increased differences in optimal 
net traction force between the 9.5-24 and 400/55-22.5 
tires and their reduction between the 11.2R24 and 
400/55-22.5 tires. At 80 kPa inflation pressure, the dif-
ference in optimal net traction force between cross-
ply tires was almost the same as at 200 kPa. For the 
11.2R24 tire, the optimal net traction force was less 
than for the 400/55-22.5 tires by 6–7%, regardless of 
the load level. Increasing the tire load from 4300 N 
to 6110 N for cross-ply tires resulted in higher increase 
(by about 10%) of the optimal net traction at 80 kPa 
than at 200 kPa. In the case of a radial tire at both infla-
tion pressure levels, increasing the load from 4300 to 
6110 N resulted in a 20% increase in the optimum net 
traction force. Increasing the tire load to 7400 N caused 
a comparable increase in optimum net traction force 
at both inflation pressure levels, for 9.5-24 
tire by about 10%, and for 11.2R24 and 400/55-22.5 
tires by about 15%.

Fig. 9 shows the values of the maximum tractive 
efficiency of the tested tires obtained at applied levels 
of vertical load and inflation pressure. The highest val-
ues of tractive efficiency (0.53–0.59) were obtained for 
9.5-24 tire. For the 11.2R24 tire, the maximum tractive 
efficiency was 0.51–0.55, and for the 400/55-22.5 tire it 
was in the range of 0.49–0.52. For all tires, there was a 
slight decrease in the efficiency as a result of increased 
load. Lowering the inflation pressure caused the re-
duction of the traction efficiency of the 9.5-24 tire; the 
other tires showed no significant changes in values of 

Table 4 Results of regression analysis between vertical load and ground contact pressure

Tire/pressure Regression equation Coefficient of determination Coefficient of correlation (r-Pearson)

9.5-24; 200 kPa y = 0.038x + 86.7 0.991 0.995

9.5-24; 80 kPa y = 0.035x + 80.3 0.996 0.998

11.2R24; 200 kPa y = 0.035x + 60.9 0.992 0.995

11.2R24; 80 kPa y = 0.029x + 73.8 0.984 0.976

400/55-22.5; 200 kPa y = 0.019x + 39.1 0.983 0.991

400/55-22.5; 80 kPa y = 0.017x + 41.9 0.985 0.992

Fig. 5 Relationship between traction force, vertical load and infla-
tion pressure of tested tires
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Fig. 6 Relationship between the rolling resistance, vertical load and 
inflation pressure of tested tires

Table 5 Results of regression analysis between vertical load and traction force

Tire/pressure Regression equation Coefficient of determination Coefficient of correlation (r-Pearson)

9.5-24; 200 kPa y = 0.158x + 1335.6 0.981 0.990

9.5-24; 80 kPa y = 0.186x + 1320.5 0.992 0.995

11.2R24; 200 kPa y = 0.332x + 871.1 0.992 0.995

11.2R24; 80 kPa y = 0.345x + 982.9 0.979 0.989

400/55-22.5; 200 kPa y = 0.351x + 1152.1 0.978 0.989

400/55-22.5; 80 kPa y = 0.376x + 1253.8 0.991 0.995

the analysed parameter. The 9.5-24 tire was most 
prone to changes in tractive efficiency as a result of 
changing operational parameters; the 400/55-22.5 tire 
was the most stable.

Based on statistical analysis of the 9.5-24 tire (Table 
7), it can be stated that both the inflation pressure and 
vertical load had significant influence on all analyzed 
parameters. The Tukey’s post-hoc tests showed that in 
most of cases each vertical load level was separately 
classified in homogeneous groups (significant differ-
ences between them were observed). The exception was 
observed for maximum tractive efficiency – in this case 
there were no differences between 4300 and 6110 N 
vertical loads.

For the 11.2R24 tire (Table 8), it can be observed 
that the inflation pressure was a significant factor for 
all analyzed parameters except for maximum tractive 

efficiency; the vertical load of the wheel had significant 
influence on all analyzed parameters. The post-hoc 
tests showed the lack of significant differences be-
tween maximum values of tractive efficiency at verti-
cal load of 6110 and 7400 N. In other cases, each verti-
cal load level was classified into a separate group.

ased on the results of statistical analysis for the 
400/55-22.5 tire (Table 9), it can be stated that both ver-
tical load and inflation pressure had no significant 
influence on maximum tractive efficiency. A signifi-
cant impact was observed in other parameters – in 
these cases the post-hoc tests showed significant dif-
ferences between each vertical load level.

4. Discussion
On the tested trail with high soil penetration re-

sistance and high shearing stress strength, the driv-
ing force was generated by the friction force to a 
larger extent than by soil shearing caused by tire 
tread lugs. Therefore, the contact area between the 
ground and tires played a major role in the transmis-
sion of the traction force. Our results showed that the 
increase in wheel load results in the increase of the 
contact area. The higher the vertical load acting on 
the wheel, the bigger is the resistance force of the tire, 
acting in the opposite direction. This phenomenon 
results in tire deflection that affects the contact area. 
This process is confirmed by Schjønning et al. (2008) 
and Kormanek and Dvořak (2021). In terms of the 
influence of the tire pressure on contact area, it has 
been shown that a lower inflation pressure results in 
increased contact area between the tire and the soil. 
The same relationship has also been observed by 
Keller et al. (2004). Diserens (2009) explored a wide 
range of tires and reported contradictory results for 
the effect of inflation pressure on the contact area. 
Finally, he concluded that inflation pressure had neg-
ligible effect on the contact area. Determination of 
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Fig. 7 Descriptive relationship between tractive efficiency, slip and net traction force
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Fig. 8 Optimal net traction force of tested tires, for all vertical load/inflation pressure configurations

Fig. 9 Maximum tractive efficiency of tested tires for all load/inflation pressure configurations

Table 6 Results of regression analysis between vertical load and rolling resistance

Tire/pressure Regression equation Coefficient of determination Coefficient of correlation (r-Pearson)

9.5-24; 200 kPa y = 0.064x + 596.8 0.974 0.986

9.5-24; 80 kPa y = 0.067x + 668.6 0.922 0.959

11.2R24; 200 kPa y = 0.158x + 336.0 0.984 0.991

11.2R24; 80 kPa y = 0.191x + 293.6 0.992 0.995

400/55-22.5; 200 kPa y = 0.194x + 395.8 0.980 0.989

400/55-22.5; 80 kPa y = 0.185x + 600.9 0.981 0.990
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Table 7 Results of statistical analysis for 9.5-24 tire

Analyzed parameter
Inflation
pressure

Vertical load Mean1 ±SD
p-value2

for inflation pressure
p-value2

for vertical load

Contact area, m2

200 kPa

4300 N 0.0174A 0.0002

<0.00001 <0.00001

6110 N 0.0191B 0.0003

7400 N 0.0202C 0.0006

80 kPa

4300 N 0.0189A 0.0001

6110 N 0.0208B 0.0004

7400 N 0.0220C 0.0003

Traction force, N

200 kPa

4300 N 2001A 51

<0.00001 <0.00001

6110 N 2340B 41

7400 N 2487C 38

80 kPa

4300 N 2113A 39

6110 N 2484B 47

7400 N 2684C 46

Rolling resistance, N

200 kPa

4300 N 872A 17

0.00001 <0.00001

6110 N 986B 30

7400 N 1073C 38

80 kPa

4300 N 952A 35

6110 N 1092B 32

7400 N 1164C 47

Optimal net traction  
force, N

200 kPa

4300 N 953A 32

0.00001 <0.00001

6110 N 1063B 41

7400 N 1163C 42

80 kPa

4300 N 1020A 25

6110 N 1211B 22

7400 N 1330C 35

Maximum tractive 
efficiency

200 kPa

4300 N 0.59A 0.004

0.00003 0.00014

6110 N 0.58A 0.010

7400 N 0.55B 0.011

80 kPa

4300 N 0.55A 0.010

6110 N 0.54A 0.007

7400 N 0.53B 0.011

SD – standard deviation; p-value – probability level
1 the same letters (A, B, C) mean the same homogenous group
2 when the p-value is higher than significance level (0.05), the factor is not significant
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Table 8 Results of statistical analysis for 11.2R24 tire

Analyzed parameter
Inflation
pressure

Vertical load Mean1 ±SD
p-value2

for inflation pressure
p-value2

for vertical load

Contact area, m2

200 kPa

4300 N 0.0207A 0.0004

<0.00001 <0.00001

6110 N 0.0223B 0.0006

7400 N 0.0235C 0.0006

80 kPa

4300 N 0.0220A 0.0005

6110 N 0.0243B 0.0005

7400 N 0.0261C 0.0006

Traction force, N

200 kPa

4300 N 2314A 40

<0.00001 <0.00001

6110 N 2858B 41

7400 N 3347C 42

80 kPa

4300 N 2479A 49

6110 N 3067B 41

7400 N 3551C 45

Rolling resistance, N

200 kPa

4300 N 1018A 28

<0.00001 <0.00001

6110 N 1300B 32

7400 N 1503C 33

80 kPa

4300 N 1119A 20

6110 N 1477B 22

7400 N 1700C 33

Optimal net traction force, N

200 kPa

4300 N 1106A 36

<0.00001 <0.00001

6110 N 1321B 33

7400 N 1528C 23

80 kPa

4300 N 1260A 30

6110 N 1531B 31

7400 N 1734C 35

Maximum tractive efficiency

200 kPa

4300 N 0.55A 0.006

0.13917 <0.00001

6110 N 0.52B 0.010

7400 N 0.51B 0.011

80 kPa

4300 N 0.55A 0.009

6110 N 0.51B 0.009

7400 N 0.51B 0.008

SD – standard deviation; p-value – probability level
1 the same letters (A, B, C) mean the same homogenous group
2 when the p-value is higher than significance level (0.05), the factor is not significant
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Table 9 Results of statistical analysis for 400/55-22.5 tire

Analyzed parameter
Inflation
pressure

Vertical load Mean1 ±SD
p-value2

for inflation pressure
p-value2

for vertical load

Contact area, m2

200 kPa

4300 N 0.0353A 0.0005

<0.00001 <0.00001

6110 N 0.0386B 0.0004

7400 N 0.0408C 0.0004

80 kPa

4300 N 0.0372A 0.0006

6110 N 0.0412B 0.0005

7400 N 0.0439C 0.0005

Traction force, N

200 kPa

4300 N 2680A 51

0.00239 <0.00001

6110 N 3256B 44

7400 N 3775C 50

80 kPa

4300 N 2900A 40

6110 N 3489B 41

7400 N 4079C 50

Rolling resistance, N

200 kPa

4300 N 1221A 32

<0.00001 <0.00001

6110 N 1602B 36

7400 N 1818C 28

80 kPa

4300 N 1381A 29

6110 N 1760B 39

7400 N 1930C 13

Optimal net traction force, N

200 kPa

4300 N 1281A 25

<0.00001 <0.00001

6110 N 1457B 25

7400 N 1662C 20

80 kPa

4300 N 1337A 25

6110 N 1634B 38

7400 N 1852C 37

Maximum tractive efficiency

200 kPa

4300 N 0.51A 0.016

0.48304 0.46717

6110 N 0.49B 0.012

7400 N 0.49C 0.007

80 kPa

4300 N 0.50A 0.006

6110 N 0.50B 0.009

7400 N 0.40C 0.013

SD – standard deviation; p-value – probability level
1 the same letters (A, B, C) mean the same homogenous group
2 when the p-value is higher than significance level (0.05), the factor is not significant
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the contact area between the tire and soil plays an 
important role both for the intensity of soil compac-
tion and also other wheel-soil interactions. Effects of 
inflation pressure and dynamic load on soil compac-
tion for a forwarder tire were investigated by  
Eliasson (2005). In his study on forwarder tires of 300, 
450, 600 kPa inflation pressure, it has been shown 
that rut depth and soil compaction were not signifi-
cantly affected by the tire inflation pressure. Differ-
entiation of the tested tires in terms of width, tread 
and contact area was reflected in the values of ana-
lyzed traction parameters. Both increasing the verti-
cal load and lowering the inflation pressure resulted 
in the increase in net traction force, but also led to the 
increase in rolling resistance. Our results are in line 
with the results obtained by Janulevicius et al. (2015) 
and Battiato and Diserens (2017), who showed that 
the lowering inflation pressure produced an im-
provement of drawbar pull and increase in wheel 
load, which resulted in a higher net traction force. 
According to the present study, the value of net trac-
tion force increases both as a result of increased load 
and lowered inflation pressure. These results are in 
line with the results of Taghavifar and Mardani 
(2013) conducted in soil bin on firm soil for three in-
flation pressure levels of 100, 200, 300 kPa and 5 load 
levels (from 1000 to 5000 N). They also showed that 
the smallest changes in rolling resistance have oc-
curred at the lowest wheel load due to the reduction 
of inflation pressure. Also, in similar studies con-
ducted by Elwaleed et al. (2006), lowering of tire in-
flation pressure by 55 kPa caused the increase in roll-
ing resistance by 9.9% which further supports the 
experimental results obtained in the presented stud-
ies. Gharibkhani et al. (2012) showed that, at constant 
level of soil compaction, the rolling resistance was 
found to increase within the increase in vertical load, 
and at all tested inflation pressures, the effect of ver-
tical load seems to be similar. Research has shown 
that both loading and reduction of inflation pressure 
contributed to the decrease in slippage of tires. A 
clear effect of reduction of tire inflation pressure on 
tractive efficiency has not been demonstrated; 9.5-24 
and 11.2R24 tires reacted with a drop in tractive ef-
ficiency and the 400/55-22.5 tire with slight increase. 
The differences in maximum tractive efficiency were 
statistically significant only for the 9.5-24 tire. A 
slight decrease in tractive efficiency has also been 
shown due to the increase of the tire load; statisti-
cally significant differences were found for 9.5-24 
and 11.2R24 tires. These results are in accordance 
with the results obtained by Jadhav et al. (2013) in the 
study conducted on sandy loam soil at stubble field. 
Their results have shown that the tractive efficiency 

decreases gradually with the decrease in inflation 
pressure. Jun et al. (2004), in the study conducted on 
a firm clay soil showed that net traction force and 
tractive efficiency of the Trelleborg Twin 421 Mark II 
600/55-26.5 forwarder tire increased with the de-
crease (from 200 to 100 kPa) of inflation pressure at 
constant dynamic load. They also concluded that, at 
constant inflation pressure, net traction force and 
tractive efficiency increased with increasing dynam-
ic load. Ekinci et al. (2015), in the study on 7.50R18 
tires tested on stubble field with soil cone index of 
2.64 MPa, showed that the net traction force in-
creased as slip increased. Depending on increased 
dynamic axle load, the average tractive efficiency 
values increased by 6%. When inflation pressure was 
reduced, the tractive efficiency increased. These re-
sults are only partially in accordance with the results 
obtained in the present study. No increase in traction 
efficiency as a result of lowering the inflation pres-
sure or increasing the tire load can be explained by 
soil conditions. On hard soil (penetration resistance 
of 3.58 MPa), the wheel does not have the tendency 
to sink. Increase in contact area between the tires and 
soil resulted in comparable increase both in net trac-
tion force and rolling resistance.

5. Conclusions
This study described traction properties of the 

wheels designed for forestry machines and their im-
pact on forestry soil. The aim was to evaluate the op-
erational parameters of tires on traction performance 
and the impact on soil. Based on the obtained results, 
the following conclusions were made:

⇒  Design features and dimensions have a signifi-
cant impact on tire behaviour. The 400/55-22.5 
tire had the best tractive performance, it devel-
oped the highest traction force in the range of 
economical operation (high traction efficiency, 
low slippage). In addition, the largest width al-
lowed to obtain the lowest pressure on the 
ground. The radial 11.2R24 tire was the inter-
mediate solution between the classic cross-ply 
agricultural tire and the forest tire. In terms of 
traction properties, this tire was closer to 400/55-
22.55, as the generated ground pressure was 
more similar to the 9.5-24 tire.

⇒  Both the load increase and the tire pressure re-
duction resulted in increased net traction force 
of 35% and 16%, respectively, and a decrease in 
slippage with no or slight decrease in tractive 
efficiency. The increased contact area due to 
increased load did not compensate for the  
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added ballast, which resulted in increased 
ground pressure.

⇒  Taking into account both traction abilities and 
impact on the forest ground, the best solution 
is to use the tires with the largest possible 
width, which guarantees the lowest losses in 
the wheel-ground interaction.
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