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Abstract: Effect of wheel passage number and 
tyre in  ation pressure on soil compaction in the 
wheel track. There are presented the results of 
investigations on determination of the effect of 
wheel passage number, tyre in  ation pressure 
and wheel load on soil compaction. Investiga-
tions were carried out in a soil bin  lled with the 
 ne loamy soil layer of dimensions 10 × 2 × 1 m 

(length × width × depth), of moisture content 12%. 
In investigations there was used the tractor wheel 
with tyre 7.50 – 16, loaded with axial forces 3,600 
and 5,199 N and rolled on the measuring length 
1–2–4–8 times at speed 0.82 m/s. The investiga-
tions showed a highly signi  cant effect of wheel 
passage number, tyre in  ation pressure and depth 
of measurement on compaction values in soil pro-
 le under the wheel track. In the range of applied 

wheel loads and tyre in  ation pressures, the high-
est changes in soil compaction were found in the 
super  cial layer – up to 0.05 m.

Key words: tractor wheel, soil compaction, soil 
bin

INTRODUCTION

The observed for many years trend to-
wards introduction of tractor  eld out-
 ts that are wider, more effective and 

heavier results in the increased wheel 
pressures in soil and its compaction 
[Keller et al. 2002]. The wheel passage 
over the loosened soil creates the track 
of strongle compacted bottom layer. The 
subsequent passages of wheels over the 
same track increase the track depth and 

stress values in subsurface layer. After 
2–4 wheel passages, the ground contact 
area and speci  c pressure value are simi-
lar to that on the hard surface [Gre en-
ko 2003]. According to Håkansson and 
Medvedev [1995], Dawidowski et al.
[2001], Canillas and Salokhe [2002], 
the wheel axle load, number of passages 
over the same track, the soil state during 
passage execution, and particularly soil 
moisture content, signi  cantly affect soil 
compaction in the zone of passage. Bec-
cera et al. [2010] who investigated the 
changes in soil compaction (cone pene-
trometer resistance), its density and po-
rosity, reported that up to the  fth tractor 
passage over the same track, the ground 
pressure values were the main factor that 
shaped compaction of the top soil layer 
(0–200 mm). A series of investigations 
[Bell 1994, Dawidowski 1995, Walczyk 
1995, Buli ski 1998, 2000, Pytka 2005, 
Jurga 2008] pointed out that the  rst 
2–4 passages over the loosened soil (ac-
cording to Canillas and Salokhe [2001] 
– the  rst three passages) led to highest 
changes in soil properties. Owsiak and 
Lejman [2008] that investigated com-
paction of light clay in the track under 
tractor wheel, reported that an increase 
in soil compaction was found up to the 
fourth passage of front wheel and up to 
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the  fth passage of rear wheel and both 
wheels together. 

Some reduction of soil compaction  
can be achieved by appropriate adjust-
ment of vehicle technical and exploita-
tion parameters (mass distribution, speed 
of passage) or of wheeling system (tyre 
dimension and in  ation pressure, type 
of tyres, dual wheels, caterpillar mech-
anisms). Ansorge and Godwin [2007] 
found in investigations carried out in the 
soil bin on caterpillar and wheel system, 
that a tyre loaded with 4.5 t force caused 
similar soil deformation as a caterpillar 
loaded with 12 t. Besides, a decrease 
in tyre in  ation pressure from 2.5 to 
1.25 bar caused substantial decrease in 
soil compaction (cone penetrometer re-
sistance), depth of wheel track, soil dis-
placement and soil bulk density. 

The effect of wheel load (11, 15 and 
33 kN) and tyre in  ation pressure (70, 
100 and 150 kPa) was investigated by 
Arvidsson and Keller [2007]. They 
found that tyre in  ation pressure had the 
greatest in  uence on stress values un-
der wheel to a depth of 0.1 m, and small 
in  uence at depth of 0.3 m and deeper 
– as opposed to loading that signi  cantly 
changed the stress values in deeper lay-
ers. Similar results were reported by 
Carman [2002, 2008], who found that 
soil density in the tyre passage track at 
depth 0.2 m increased with an increase 
in wheel loading and in  ation pres-
sure; it decreased with an increase in the 
speed of passage. According to this au-
thor, loading was the main factor of soil 
compaction when compared to tyre type 
and wheel passage speed. The highest 
soil compaction expressed with density 
and compaction index occurred at depth 
0.7 m. Rather narrow range of possible 

soil density changes under loading was 
proved by investigations, where an in-
crease in wheel load by 100% caused 
an increase in soil density only by 23%. 
Changes in tyre in  ation pressure fore-
casted by tyre manufacturers for  eld 
conditions, i.e. for deformable surfaces, 
result in lower penetration of tyres in soil 
and shallower tracks, as well as the in-
creased wheel rolling resistance [Wong 
2001]. A decrease in tyre in  ation pres-
sure by 28 kPa in relations to factory 
recommendations increased the rolling 
resistance by 5%; further pressure re-
duction by 55 kPa caused the increased 
resistance by about 10% [Elwaleed 
et al. 2006]. Kurjenluoma et al. [2009] 
reported that type of tyre signi  cantly 
affected the rolling resistance and wheel 
track creation; the decreased pressure in 
radial-ply tyre decreased rolling resist-
ance by 20% and the track depth by 15% 
when compared to bias-ply tyre, but only 
on soft loosened soil. 

The undertaken investigations aimed 
at determination of the effect of wheel 
technical and exploitation parameters 
(load, tyre in  ation pressure) and number 
of passages over the same track on the 
changes in soil compaction and their dis-
tribution in the wheel track.

MATERIAL 
AND METHODS

The investigations were carried out in 
a soil bin  lled with  ne loamy soil of the 
following composition: sand 61.5%, dust 
22%,  uming particles 16.5%. The soil 
moisture content during investigations 
amounted to 12% ( 0.5). The loosened 
soil was compacted with tractor wheel 
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with tyre 7.50 – 16, loaded with vertical 
forces 3,600 and 5,199 N and rolled on 
the measuring length 1–2–4–8 times at 
speed 0.82 m/s. Three tyre in  ation pres-
sures were applied during investigations: 
P1 = 140, P2 = 180, P3 = 220 kPa.

The soil compaction was measured 
with the use of two probes (Fig. 1) 
placed crosswise at distance of 50 mm to 
the right and 50 mm to the left from the 
track axis; the probes were equipped with 
cone tips of diameter 20.27 mm and apex 

angle 30°, according to ASAE Standards 
[1993]. The probes were mounted on 
a special carriage (2) supported on trans-
verse frame (3), that was moved along 
the bin on guide bars of the tool carriage 
(Fig. 1). Mounting of probes enabled to 
make measurements on entire length and 
width of the soil bin. The probes were 
moved at constant speed of 0.03 m/s. 

The soil compaction was determined 
for not compacted length, i.e. directly 

after soil preparation, and then for each 
measuring variant (speed × wheel load × 
× tyre in  ation pressure) at three places 
of measuring length: 1 m from the be-
ginning, in the middle, and 1 m from the 
end, at depth ranged from 0 to 350 mm. 

The index of carriage setting enabled 
to maintain the same position of probes 
in relation to longitudinal axis of the bin 
in subsequent repetitions. 

RESULTS AND DISCUSSION

Figure 2 presents the results of soil com-
paction measurements (Ks) for particular 
depths (a), various tyre in  ation pressure 
(P) and number of passages (Kr) at axle 
load G = 3,600 N. 

Considering the presented value one 
can  nd that in the range of aplied wheel 
loads and tyre in  ation pressures the high-
est soil compaction changes occurred in 

FIGURE 1. Frame with probes for soil compaction measurements; 1 – probes, 2 – carriage, 3 – trans-
verse frame
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the surface layer of 0.05 m. Along with 
an increase in number of passages the 
soil compaction in this layer increased 
depending on tyre in  ation pressure and 
the wheel loading. At pressure 140 kPa 
and wheel load 3,600 N, in the range of 
applied passage multiplicity (Kr 1–8) the 
soil compaction in surface layer varied 
from 131.16 to 335.06 kPa; it means an 
increase from 107 to 429% in relation to 
soil initial state (no passages). At pres-
sure increased to 180 kPa, the soil com-
paction ranged from 250 kPa (at Kr = 1) 
to 507 kPa (at Kr = 8) and was increased 
by 3 to 7 times in relation to the initial 
state of soil. At the highest pressure 
(220 kPa) the soil compaction values 
ranged from 287 kPa (Kr = 1) to 672.7 kPa 
(Kr = 8) – it increased by 3.5 to 9.6 
times, when compared to the soil without 

passages. In deeper layer (a = 0.15 m) 
a systematic compaction increase was 
also found at the increased number of 
passages, although the compaction val-
ues were lower (from 29 to 32%), while 
in deeper layers (0.25 and 0.35 m) the 
compaction values were lower by 42 
to 57% when compared to the surface 
layer. Considering all the measuring re-
sults one can  nd, that in relation to soil 
initial state a single passage of wheel 
loaded with force 3,600 N increased soil 
compaction on the average by 208%, 
two passages by 269%, four passages by 
305%, and eight passages by 399%.

An increase in tyre in  ation pressure 
resulted most often in the increased soil 
compaction in the wheel track: by 45 to 
73%, when the pressure was raised from 
140 to 180 kPa, and this effect was most 
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FIGURE 2. Changes in soil compaction at par-ticular depths (a) and wheel loading 3,600 N 



10     J. Buli ski, L. Sergiel

evident at the surface layer (0.05 m). 
Further increase of pressure from 180 to 
220 kPa caused an increase in soil com-
paction on the average by 1.3 to 37%, 
but these value varied in some measur-
ing variants. 

At the wheel load increased from 
3,600 to 5,199 N (Fig. 3) an increase 
in soil compaction was found mainly in 
the surface layer (0.05 m); depending on 
tyre in  ation pressure, the soil compac-
tion at wheel load 5,199 N was higher on 
the average by 4.7 to 20.7% than at the 
wheel load of 3,600 N. In deeper layers 
the compaction changes were not orient-
ed: in some measuring variants one could 
 nd the values higher by over 30%, and 

lower by over 20%. This considerable 
scatter of values may result from big-
ger support area of wheel at lower in  a-
tion pressure and more stable movement 
of wheel over the ground; it leads to 
greater soil compaction. At higher pres-
sure, the tyre of increased stiffness easily 

penetrates the loosened soil and pushes 
it aside. Con  rmation of these supposi-
tions calls for additional investigations 
with consideration to side soil displace-
ments in the zone of passage. Consider-
ing all the measuring results one can  nd 
that an increase in wheel axle load from 
3,600 to 5,199 N at tyre in  ation pres-
sure 140 kPa caused an increase in soil 
compaction on the average by 21.2%, at 
pressure 180 kPa by 3.4%, while at the 
highest pressure the compaction increase 
was lower by 3.45%. 

An increase in the number of wheel 
passages at load 5,199 N (similarly to the 
lower load) resulted in the increase soil 
compaction mainly in the surface layer. 
The effect of increased axle load was 
evident especially at higher pressures 
(180 and 220 kPa) and at bigger multi-
plicity of passages over the same track 
(Kr = 4 and Kr = 8), where average soil 
compaction values were higher by 13.9 
to 50.3%.
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FIGURE 3. Changes in soil compaction at particular depths (a) and wheel loading 5,199 N 
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In order to determine the effect of par-
ticular factors on soil compaction in the 
wheel track, the entire research material 
was analyzed statistically by multivari-
ate analysis of variance – type III, sum 
of squares (Table 1). 

The obtained values of statistics point-
ed out that, with the exception of wheel 
load, the remaining factors (multiplic-
ity of passages, tyre in  ation pressure, 
depth of layer) affected signi  cantly the 
soil compaction in the wheel track, with-
in the range of executed measurements’ 
depth. The results of statistical analysis 
were taken as a basis for determination 

of regression equation. Using the multi-
ple regression method there was deter-
mined an equation that connected soil 
compaction with wheel passages multi-
plicity, tyre in  ation pressure and depth 
of measurements:

Ks = 85.5 + 24.216 Kr + 0.872 P – 666.33 a

for which R2 = 58.22%, SEE = 90.58. 

Comparison between soil compaction 
values obtained on the basis of measure-
ments and the values calculated with the 
above equation is presented in Figure 4. 

TABLE 1. Analysis of variance for soil compaction 

Source of 
variability

Sum 
of squares

Degrees 
of freedom

Mean 
square Femp.

Signi  cance 
level

Multiplicity 
of passages (Kr) 709,538.00 4 177,384.00 26.73 0.0000

Load (G) 1,952.89 1 1,952.89 0.29 0.5886
Depth (a) 730,040.00 3 243,347.00 36.67 0.0000
Tyre in  ation 
pressure (P) 113,419.00 2 56,709.50 8.55 0.0000

Residue 723,255.00 109 6,635.37 × ×
Total 2.2782·10–6 119 × × ×

FIGURE 4. Comparison between the measured and calculated values of soil compaction 
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Scatter of points that characterize  t-
ting of the equation to measuring value 
con  rms the results of statistical analy-
sis and points out at some imperfection 
of the model, especially in the range of 
higher soil compaction that correspond 
to higher wheel passage multiplicity. 

In order to investigate whether the 
mean values of dependent variable ob-
tained at particular levels of independent 
variable action differ from each other, 
the signi  cance of differences was com-
pared using the Fisher multiple range 
test, based on the least signi  cant dif-
ferences (LSD) at con  dence level 95% 
(Table 2).

The results of analysis pointed out 
that especially number of wheel passag-
es (Kr) strongly affected the soil com-
paction. The signi  cant differences in 
the compaction mean values between all 
levels of passage multiplicity were found 
for that variable. 

Change in tyre in  ation pressure re-
sulted in signi  cant differences in the 
mean value obtained for levels 140 and 
180 kPa as well as 140 and 220 kPa, 
whereas mean values of soil compaction 
for levels 180 and 220 kPa did not differ 
signi  cantly.

Considering soil compaction at par-
ticular depths there were found big dif-
ferences between the surface layer of 

TABLE 2. Test of difference signi  cance for particular groups of soil compaction

Factor Mean Contrast Calculated difference Boundary 
value

Kr

0 52.172

0–1 *–101.2610

46.6100

0–2 *–144.8410
0–4 *–173.9780
0–8 *–228.4090

1 153.430
1–2 –43.5802 
1–4 *–72.7168
1–8 *–127.1480

2 197.014
2–4 –29.1367
2–8 *–83.5675

4 226.150
4–8 *–54.4308

8 280.581

P
140 138.805 140–180 *–59.4206

36.1006180 198.226 140–220 *–69.7741
220 208.58 180–220 –10.3535

a

0.05 306.028
0.05–0.15 *117.6180

41.6854

0.05–0.25 *176.5410
0.05–0.35 *202.4700

0.15 188.409
0.15–0.25 *58.9224
0.15–0.35 *84.8513

0.25 129.487
0.25–0.35 25.9289

0.35 103.558

*Differences statistically signi  cant.
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soil and the remaining layer; the calcu-
lated difference values greatly exceeded 
the boundary value. Signi  cant differ-
ences between layer a = 0.15 m and the 
remaining layer, while depths a = 0.25 
and a = 0.35 m turned out to be the ho-
mogeneous groups from the viewpoint 
of investigated feature.

These group mean values did not dif-
fer signi  cantly; it was proved by the 
values presented in Figures 2 and 3 – it 
may result from small sinking of wheel 
action within the range of assumed inde-
pendent variables. 

CONCLUSIONS

The investigations carried out in 
a soil bin proved the highly signi  cant 
effect of number of wheel passages, 
tyre in  ation pressure and depth of 
measurement on soil compaction in 
the wheel track pro  le.  
Within the range of applied wheel 
loads and tyre in  ation pressures the 
highest changes in soil compaction 
occurred in the surface layer – down 
to 0.05 m. 
Particularly strong effect on soil com-
paction in the wheel track was found 
for number of wheel passages (Kr). 
The signi  cant differences in com-
paction mean values were found for 
all action levels of this factor.
An increase in tyre in  ation pressure 
resulted in the increased soil compac-
tion in majority of measuring vari-
ants. The change in pressure from 
140 to 180 kPa caused an increase 
in soil compaction on the average by 
45 to 73%, while this effect was most 
visible in the surface layer (0.05 m). 

1.

2.

3.

4.

Further increase in tyre in  ation pres-
sure from 180 to 220 kPa resulted in 
an increase in soil compaction on the 
average by 1.3 to 37%.

REFERENCES

ANSORGE D., GODWIN R.J. 2007. The ef-
fect of tyres and a rubber track at high 
axle loads on soil compaction: Part 1: 
Single Axle Studies. Biosystems Engi-
neering 98 (1), pp. 115–126.

ARVIDSSON J., KELLER T. 2007. Soil 
stress as affected by wheel load and tyre 
in  ation pressure. Soil and Tillage Re-
search 96, pp. 284–291.

ASAE Standards 1993. Soil Cone Penetrome-
ter. Standards Engineering Practices Data. 
40th ed. American Society of Agricultural 
Engineers, St. Joseph. Mi. USA. 

BECERRA A.T., BOTTA G.F., BRAVO 
X.L., TOURN M.F., MELCON B., VA-
ZQUEZ J., RIVERO D., LINARES P., 
NARDON G. 2010. Soil compaction di-
stribution under tractor traf  c in almond 
(Prunus amygdalus L.) orchard in Al-
meria España. Soil and Tillage Research 
107, pp. 49–56.

BELL M. 1994. Rain to grain – red soils. 
Should I worry about soil compaction. 
Queensland Department of Primary In-
dustries. Brisbane, Austria.

BULI SKI J. 1998. Zag szczenie gleby 
w ró nych technologiach i zwi zane 
z tym opory orki. Rozprawy naukowe 
i monogra  e. Wyd. SGGW, Warszawa.

BULI SKI J. 2000. Wp yw pr dko ci ruchu 
i rodzaju agregatu ci gnikowego na za-
g szczanie gleby ko ami. In ynieria Rol-
nicza 6 (17), s. 111–117.

CANILLAS E.C., SALOKHE V.M. 2001. 
Regression analysis of some factors in-
 uencing soil compaction. Soil and Till-

age Research 61, pp. 167–178.
CANILLAS E.C., SALOKHE V.M. 2002. 

Modeling compaction in agricultural soils. 
Journal of Terramechanics 39, pp. 71–84.



Effect of wheel passage number and tyre in  ation pressure... 15

CARMAN K. 2002. Compaction character-
istics of towed wheels on clay loam in 
soil bin. Soil and Tillage Research 65, 
pp. 37–43.

CARMAN K. 2008. Prediction of soil com-
paction under pneumatic tires a using 
fuzzy logic approach. Journal of Terra-
mechanics 45, pp. 103–108.

DAWIDOWSKI B. 1995. Proces ugniatania
gleby i metoda prognozowania jej za-
g szczenia w zmechanizowanych tech-
nologiach prac polowych. Zeszyty Na-
ukowe Akademii Rolniczej w Szczecinie. 
Rozprawy 163. 

DAWIDOWSKI J.B., MORRISON J.E., 
SNIEG M. 2001. Measurement of soil 
layer strength with plate sinkage and uni-
axial con  ned methods. Transactions of 
ASAE 44, pp. 1059–1064.

ELWALEED A.K., YAHYA A., ZOHA-
DIE M., AHMAD D., KHEIRALLA A.F. 
2006. Effect of in  ation pressure on mo-
tion resistance ratio of a high-lug agricul-
tural tyre. Journal of Terramechanics 43, 
pp. 69–84.

GRE ENKO A. 2003. Tire load rating to 
reduce soil compaction. Journal of Ter-
ramechanics 40, pp. 97–115.

HÅKANSSON I., MEDVEDEV V.M. 1995. 
Protection of soils from mechanical over-
loading by establishing limits for stress 
caused by heavy vehicles. Soil and Till-
age Research 35, pp. 85–97.

JURGA J. 2008. Wp yw wielokrotnego prze-
jazdu ci gnika na zmiany napr e  pod 
ko ami oraz przyrosty g sto ci obj to-
ciowej gliny lekkiej. In ynieria Rolni-

cza 10 (108), s. 81–87.
KELLER T., TRAUTNER A., ARVIDSSON J.

2002. Stress distribution and soil dis-
placement under a rubber-tracked and 
a wheeled tractor during ploughing, both 
on-land and within furrows. Soil and Till-
age Research 68, pp. 39–47.

KURJENLUOMA J., ALAKUKKU L., 
AHOKAS J. 2009. Rolling resistance 
and rut formation by implement tyres on 
tilled clay soil. Journal of Terramechan-
ics 46, pp. 267–275.

OWSIAK Z., LEJMAN K. 2008. Przyrosty 
zwi z o ci gleby lekkiej ugniatanej wie-
lokrotnie i wielo ladowo. In ynieria Rol-
nicza 5 (103), s. 153–160.

PYTKA J. 2005. Effects of repeated rolling 
of agricultural tractors on soil stress and 
deformation state in sand and loess. Soil 
and Tillage Research 82, pp. 77–88.

WALCZYK M. 1995. Wybrane techniczne 
i technologiczne aspekty ugniatania gleb 
rolniczych agregatami ci gnikowymi. 
Zeszyty Naukowe AR Kraków. Rozpra-
wy 202, s. 108.

WONG J.Y. 2001. Theory of ground vehi-
cles. 3rd ed. Wiley, New York.

Streszczenie: Wp yw liczby przejazdów ko a i ci-
nienia w oponie na zwi z o  gleby w koleinie. 

W pracy przedstawiono wyniki bada , których ce-
lem by o okre lenie, w jakim zakresie liczba prze-
jazdów ko a, ci nienie w oponie oraz obci enie 
ko a wp ywa na zag szczenie gleby wyra one jej 
zwi z o ci . Badania przeprowadzono w kanale 
glebowym o wymiarach 10 × 2 × 1 m (d ugo  × 
× szeroko  × wysoko  warstwy gleby) na glinie 
drobnopiaszczystej o wilgotno ci 12%. W bada-
niach zastosowano ko o ci gnika z opon  7,50 
– 16. Podczas bada , ko o obci one si  osiow  
o warto ciach 3600 i 5199 N przetaczano po od-
cinku pomiarowym 1–2–4–8-krotnie z pr dko-
ci  0,82 m/s. Badania wykaza y wysoce istotny 

liczby przejazdów ko a, ci nienia w oponie oraz 
g boko ci pomiaru na zwi z o  gleby w pro  -
lu pod kolein  przejazdów. W zakresie stosowa-
nych obci e  ko a i ci nie  w oponie najwi ksze 
zmiany zwi z o ci gleby nast powa y w warstwie 
powierzchniowej – do 0,05 m. 
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