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Abstract: Soil compaction changes in the area of
wheel passage at different tyre pressure values.
The study presents results of an investigation re-
garding soil compaction under the rut caused by
wheel passage and in adjacent lateral areas, at the
depth of 10-35 cm. The investigation was carried
out on sandy clay characterised with the humidity
of 8-12-16%. Pressure values in the tyre of the
wheel were 140-180-220 kPa. The conducted in-
vestigation demonstrated a statistically significant
relation between soil compaction, tyre pressure
and distance of the layer from the wheel-rut axis.
The influence of soil humidity turned out to be
statistically insignificant. Differences in terms of
compaction of the soil situated in lateral layers,
as compared with the layer under the wheel-rut,
decreased with growth in tyre pressure. At the tyre
pressure of 140 kPa, differences in average group
values for all humidity levels were from 160 to
308% (on average 241%), at the pressure of
180 kPa, the differences were from 140 to 266%
(on average 208%), whereas at the pressure of
220 kPa they were from 114 to 188% (on average:
208%) and they increased along with distance of
the layer from the wheel-rut axis.
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INTRODUCTION

Soil compaction is one of the most im-
portant indicators of physical properties
of the soil, indicating the forces con-
necting soil particles. In agricultural
practice, soil compaction is usually

measured with a cone penetrometer. Re-
sistance of the penetrometer pushed into
the soil provides similar information on
conditions to be overcome by a root of
a developing plant. It is assumed [Bar-
ley et al. 1965, Taylor et al. 1966, Un-
ger and Kaspar 1994, Buchter et al. 2004
Beylich et al. 2010] that for most crops
and soil fauna, compaction above 1.7—
—2.0 MPa, and in clayey soils even
above 1 MPa [Farias 1994], is the thresh-
old value above which development of
plants is significantly hindered or com-
pletely stopped. Development of roots
in a strongly compacted layer consumes
more energy, which slows down and
weakens plant development [Passioura
2002, Ferree and Streeter 2004]. During
the investigations conducted by Bulinski
[2000] in field conditions on loamy
sand, it was determined that the speed
and kind of tractor unit and, thus, dis-
tribution of wheel loads, demonstrated
greater influence onto soil compaction
and rut depth than its density. One of
numerous factors influencing soil com-
pression during mechanised field works
is pressure in the wheels of agricultural
vehicles. Changes in wheel pressure, ad-
missible by tyre manufacturers for field
conditions, i.e. deformable areas, allow
— on the one hand, lower degree of fall-
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ing into the soil and result in wheel-rut
shallowing, but on the other hand, they
increase rolling resistance. Tyre pressure
reduction by 28 kPa as compared with
the pressure value recommended by the
manufacturer resulted in increasing the
rolling resistance by 5.01% and, after
further pressure reduction by 55 kPa, the
resistance increased by 9.96% [Elwaleed
et al. 2006]. The investigation of Kurjen-
luoma et al. [2009] revealed that the kind
of tyre also had significant influence onto
the rolling resistance and depth of the
resulting wheel-rut. Most investigations
conducted so far focused on changes
of soil compaction in the wheel-rut and
influence of the tyre pressure onto soil
densification and rolling resistance. It
is not completely clarified how the soil
compaction changes in the wheel-rut and
in the area adjacent to the wheel-rut, or
what is the influence onto coil compac-
tion of tyre pressure changes at different
soil humidity levels.

MATERIAL, METHOD
AND INVESTIGATION
The investigation was conducted in

a soil channel [Waszkiewicz et al. 2009,
Bulinski et al. 2010] on soil identified

based on granulometric composition as
fine sand loam, with a floating particle
content of 16.5% [PN-R-04033]. The in-
vestigation was performed at three soil
humidity levels of 8-12-16%. Before
each series of measurements, the soil
was scarified with a set of chisel teeth
down to the depth of 0.5 m, followed
by levelling of the measurement sec-
tion with a slat to an even level. Next,
the measurement section was driven
over four times (on the same trace) with
a tractor wheel with a 7.50-16 ANP-5
tyre, at the constant speed of 0.82 m-s™!
and vertical load of 3,600 N (Fig. 1).
Three tyre pressure levels were applied
in the investigation (140—180-220 kPa).
Soil compaction measurements were per-
formed immediately after preparation of
the soil and after being driven over with
the wheel, at three places in the meas-
urement section (located at the distance
of about 1.5 m from one another) using
a set of four penetrometers equipped
with cone-shaped end pieces with the di-
ameter of 20.27 mm and a apex angle of
30°, in compliance with ASAE [ASAE
Standards 1993] norm.

The penetrometers were spaced at
the distance of 100 mm from one ano-
ther, perpendicularly to the wheel-rut

FIGURE 1. Measurement wheel and wheel-rut after driving along the channel
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axis. The speed used to push them into the
soil was constant at 0.03 m-s~'. Thanks
to this, for each measurement option
(three pressure levels x three humidity
levels X three repetitions), data concern-
ing soil compaction for layers located at
the distance of 5-15-25-35 cm at the left
and right sides of the wheel-rut axis were
obtained. Compaction was calculated by
referring penetrometer resistance values
to the area of base of the cone shaped end
piece. The force used to push the pen-
etrometers into the soil and penetration
depth by the cone shaped end piece was
registered using a DMCplus measure-
ment and registration set manufactured
by Hottinger Baldwin and a computer
with the CATMAN 2.1 programme.

RESULTS

After preparation for measurements, aver-
agesoilcompactionvalueswere 160.3kPa
for the series of measurements with the
tyre pressure of 140 kPa, 161,7 kPa

Compaction, Pk [kPa]

for measurements at the pressure of
80 kPa and 164.7 kPa for the measure-
ments at the highest pressure of 220 kPa.
Taking into account own observa-
tions regarding soil compaction after
a wheel-rut and figures from the litera-
ture [Bulinski 2007] stating that the su-
perficial layer of the area adjacent to the
wheel-rut experiences numerous cracks
and lateral displacements of the soil, av-
erage values recorded by probes at cor-
responding distances at the left and right
sides of the wheel-rut, from the depth
profile of 10-35 cm, were used for ana-
lysing the measurement results.
Analysis of soil compaction at the
tyre pressure of 140 kPa (Fig. 2) leads to
the observation that the greatest soil den-
sification occurred in layers located at
the smallest distance from the wheel-rut
axis (b = 5 cm), with the greatest com-
paction changes obtained at the humidity
level of 12%. In those layers, soil com-
paction in comparison with the condition
before being driven over increased by
about 3.3 times at the humidity of 8%,

P =140 kPa
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FIGURE 2. Soil compaction changes at the tyre pressure of 140 kPa
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nearly four times at the humidity of 12%
and about 2.4 times at the highest humid-
ity of 16%.

At the humidity of 12%, average soil
compaction in the profile at the depth
of 10 to 35 cm was 624 kPa and was by
9% higher (573.1 kPa) than the value
obtained at the humidity of 8%, and by
over 56% higher (398 kPa) with respect
to a corresponding measurement at soil
humidity of 16%. The results confirm the
authors’ observations from preliminary
investigations as well as data from the
literature [Forssblad 1981] stating that
for each kind of soil there is a certain
humidity level at which the soil dem-
onstrates highest susceptibility to com-
pression, which results in the highest
densification at the same pressure force.
In all measurement variants, one may
observe a negative correlation of com-
paction with distance of the given layer
from the wheel-rut axis. The greatest and
clearly oriented compaction decreases
were obtained at the humidity levels of 8
and 12%. Corresponding values at those

Compaction, Pk [kPa]

Distance, b [cm]

humidity levels did not exceed 50 kPa
and they did not differ in a statistically
relevant degree. At the highest humidity
level (16%), changes of compaction also
decreased with distance, but in an unsta-
ble manner, which may result from the
buffer effect of water in the soil space,
which hinders propagation of stresses
from the layer of direct contact with the
wheel deeper down and to the profile
sides.

Increasing the tyre pressure to 180 kPa
resulted in increased soil compaction in
the layers located at 10 to 35 cm (Fig. 3)
from the wheel-rut axis. Yet, as it was
the case at lower humidity, as compared
with the condition of the soil before be-
ing driven over, compaction of the layer
located closest to the wheel-rut axis
(b =5 cm) after being driven over with
a wheel characterised with the pressure
of 180 kPa increased from 2.5 to around
four times. One may notice that also in
this case, at soil humidity of 12%, the
densification in the layer located closest
to the wheel-rut axis was considerably
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FIGURE 3. Soil compaction changes at the tyre pressure (P) of 180 kPa
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higher than at the remaining two humid-
ity levels.

Average soil compaction at the hu-
midity level of 8% (572 kPa) was low-
er by 77 kPa, i.e. about 12%, whereas
at the humidity level of 16% by over
226 kPa, i.e. nearly 35%. At the same
time, as it was the case at the lowest pres-
sure (140 kPa), there exists a negative
correlation with distance of the layers
from the wheel-rut axis, provided how-
ever that the layers closest to the axis
were less densified than layers located
10 cm further away only at the highest
moisture level. Similarly to the previous
pressure variant, the values of soil com-
paction at the humidity level of 16% at
the distances of 15, 25 and 35 cm from
the wheel-rut axis were greater than cor-
responding values measured at lower hu-
midity levels — by 46 to 114 kPa, i.e. by
22-34%.

Increasing the tyre pressure to
220 kPa changed the character of com-
paction changes both with respect to
particular humidity levels and distances

Compaction, Pk [kPa]

Distance, b [cm]

of layer location (Fig. 4). Analysis of
the values presented in the figure allows
observation of significant diversification
in compaction changes, particularly in
the lateral layers located further away
from the wheel-rut axis. As in the case
of the previous pressure variants, the
highest soil densification was obtained
in the layer closest to the wheel-rut axis
(b=5 cm) at the humidity of 12%, where-
as differences between soil compaction
values obtained at the remaining humid-
ity levels were similar as in the variant
with the lower pressure of 180 kPa. One
may also notice that in the highest tyre
pressure, the compressive effect of the
wheel onto the sides increased consid-
erably in comparison with the previous
variants (Figs. 2 and 3).

In the layers located at the distance
of 15 cm from the wheel-rut axis, soil
compaction was only slightly lower than
in the layers located immediately under
the wheel-rut (b = 5 cm). At the humid-
ity level of 8%, the difference was 16%,
whereas at the humidity level of 12%

Humidity, W [%]

FIGURE 4. Soil compaction changes at the tyre pressure (P) of 220 kPa
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— the difference was about 30%. In the
case of the highest humidity level, lay-
ers located at a greater distance (b = 15)
demonstrated compaction by about 17%
greater than the layers located imme-
diately under the wheel-rut (b = 5 cm).
Moreover, the obtained values suggest
that the relation between compaction and
distance of a layer from the wheel-rut
axis was the opposite only at the lowest
soil humidity level. At higher humidity
levels and tyre pressure of 220 kPa, the
relationship was not very evident. This
observation is particularly relevant to
readings of the penetrometers for layers
located at the distance of 35 cm from the
axis, at the humidity level of 12%. As
values presented in the figure constitute
average group values from six measure-
ments (two measurements x three spots
in the section) and no significant dif-
ferences were found between particular
repetitions during the analysis, this com-
paction deviation (for b = 35 cm) may

not be considered an error. This variabil-
ity of measurement results may have re-
sulted from higher values of stress in the
soil under the influence of dislocation
of layers deeper down the profile under
a much more pumped and harder tyre.
One must also consider that the analysed
soil constitutes a site which is not com-
pletely comparable with field conditions
where such elements are found as natural
cohesion of particles, differences in their
dimensions, presence of natural organic
components including plant roots, etc.
This observation concerns higher com-
paction of layers located at the distance
of 15 cm from the wheel-rut axis, at soil
humidity levels of 12 and 16%, as de-
scribed above.

After comparison of the average val-
ues obtained for particular levels of inde-
pendent variables (Fig. 5), one may no-
tice an evident and oriented influence of
pressure changes onto the measured soil
compaction values.

Compaction, Pk [kPa]
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FIGURE 5. Average soil compaction values at particular levels of tyre pressure and soil humidity



Soil compaction changes in the area of wheel passage at different tyre pressure values 25

The influence of soil humidity at
particular pressure variants, especially
in the layers located at the greatest dis-
tance, may be considered insignificant
or ambiguous. At the tyre pressure of
220 kPa, average group soil compaction
levels were by 17-23% higher than re-
spective values obtained at the pressure
of 180 kPa, and by 27-42% higher than
respective values obtained at the lowest
pressure, i.e. 140 kPa.

In order to verify whether the ana-
lysed variables could be the reason of
differences between the observed group
average values, the variance analysis
was conducted for the whole measure-
ment material. Results of the analysis
performed with the method of sum of
square values of type III are presented in
Table 1.

The obtained statistical values indi-
cate that, among the analysed factors,
the influence of humidity onto soil com-
paction changes at individual tyre pres-
sure values turned out to be statistically
insignificant (P >0.05), whereas both the
values of applied pressures and distance
between location of the soil layer from
the wheel-rut axis significantly differen-
tiated the average group soil compaction
values (Table 2).

Results of the statistical analysis gave
grounds to development of a regression
equation relating soil compaction (Pk)
with the significant factors, i.e. distance
from the wheel-rut axis (b) and tyre pres-
sure (P), as follows:

Pk=337.462 + 13147 x P—10.789 x b
(D)

TABLE 1. Results of the variance analysis of the measurement material

Source Ssclllgrzz Dfreegg gzrgf Sl\c/ll EZ?&: F-ratio P-value
Distance, b 546 395.00 3 182 132.00 31.71 0.0000
Humidity, W 6 754.34 2 3377.17 0.59 0.5621
Pressure, P 68 465.30 2 34 232.60 5.96 0.0070
Rest 160 805.00 28 - - -
Total 782 419.00 35 - - -
TABLE 2. Regression analysis for soil compaction (dependent variable Pk)
Parameter Estimate Standard error t-statistic P-value
Constant 337.462 74.7985 4.51162 0.0001
P 1.31472 0.389491 3.37549 0.0019
b -10.789 1.13778 -9.48249 0.0000
Variance analysis for the model
Source Ss::lr;rzz ?c:eger ggrgf Sl\c/ql SZFe F-ratio P-value
Model 590 181.0 2 295 090.00 50.66 0.0000
Rest 192 238.0 33 5825.41
Total 782 419.0 35
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for which: R? = 75.4%; SEE standard =
76.324; MAE = 60.254.

The graph presenting matching of
the model to actual values is presented
in Figure 6. Presented scattering of
points corresponds with the matching
of about 75% and presents the level of
explanation of the dependent variable
by the model’s predictors. This level is
typical of most empirical investigations
in the soil conditions with the use of
equipment, and may be considered sat-
isfactory. One ought to mention that the
above relationship was obtained in soil
conditions close to homogeneity, allow-
ing repetitions in the same or maximally
similar measurement conditions. In natu-
ral conditions, it would be very difficult,
if not impossible.

and horizontal layer location distance,
whereas soil humidity did not have
a statistically significant influence.

. Differences with respect to compac-

tion of soil located in lateral layers
as compared with the layer under the
wheel-rut were reduced along with
growth in tyre pressure. At the tyre
pressure of 140 kPa, differences in av-
erage group values of all humidity lev-
els were from 160 to 308% (on aver-
age 241%), at the pressure of 180 kPa
they were from 140 to 266% (on ave-
rage 208%), at the pressure of
220 kPa they were from 114 to 188%
(on average 208%) and increased
along with distance of the layer’s lo-
cation.

. Atalltyrepressure levels, onsoils with

the humidity levels of 8 and 12%, lay-
ers located under the wheel-rut were
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FIGURE 6. Comparison (Pk) of measured values with values calculated pursuant to equation (1)

CONCLUSIONS

The investigation conducted in the con-

ditions of a soil channel allows drawing

the following conclusions.

1. Soil compaction under the wheel-rut
and in lateral layers was considerably
dependent onpressureinthe wheel tyre

more densified than in the lateral lay-
ers. On soils with the humidity level
of 16%, at tyre pressures of 180 and
220 kPa, soil compaction values for
the soil located immediately under the
wheel-rut (b = 5 cm) were lower by,
6 and 18%, respectively, than the
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compaction values for the layer locat-
ed at a greater distance (b = 10 cm).

4. At soil humidity levels of 12
and 16% and the tyre pressure of
220 kPa, changes in the compaction
of layers located at a greater differ-
ence from the axis (10-35 cm) were
not oriented.

5. At the tyre pressure of 220 kPa, av-
erage group soil compaction values
were higher by 17-23% than respec-
tive values obtained at the pressure of
180 kPa and by 27% to 42% higher
than respective values obtained at the
lowest pressure, i.e. 140 kPa.
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Streszczenie: Zmiany zwiezlosci gleby w strefie
przejazdu kota przy rézinym cisnieniu w oponie.
Przedstawiono wyniki badan zwigzlosci gleby
pod koleina przejazdu kota i w bocznych strefach
przylegajacych, na glgbokosci 10-35 cm. Bada-
nia wykonano na glinie piaszczystej o wilgotnosci
8-12-16%. Stosowane ci$nienia w oponie kota
wynosity 140-180-220 kPa. Przeprowadzone
badania wykazatly statystycznie istotna zalezno$¢
migdzy zwigztoscia gleby a cisSnieniem w oponie
i odlegtoscia potozenia warstwy w stosunku do osi
koleiny. Wplyw wilgotnosci gleby okazat sig nie-
istotny statystycznie. Roznice w zwigztosci gleby
potozonej w warstwach bocznych, w stosunku
do warstwy pod koleina, zmniejszaly si¢ wraz
ze wzrostem ci$nienia w oponie. Przy ci$nieniu
w oponie 140 kPa réznice w wartosciach $rednich
grupowych wszystkich pozioméw wilgotnosSci
wynosily od 160 do 308% ($rednio 241%), przy
cisnieniu 180 kPa wynosity od 140 do 266%
($rednio 208%), przy ci$nieniu 220 kPa wynosi-
ly od 114 do 188% ($rednio 208%) i zwigkszaty
si¢ wraz z odlegtoscia polozenia warstwy od osi
koleiny.
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