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Effects of design and kinematic parameters of rotary cultivatorson soil
structure

M.-F. Destain and K. Houmy

Faculté des Sciences Agronomiques, 5800 Gemblalgilin)
?Institut Agronomique et Vétérinaire Hassan |l, Rafdorocco)

ABSTRACT

In comparison with drawn implements, rotary cultora are of particular interest in final seedbegparation. In
this paper, a quantitative basis for the descniptibsoil structure created by rotary tillers igagi. Undisturbed
Ap horizon samples were collected, impregnated pitlyester resin, sectioned by sawing and analpged
means of a Quantimet 720 image-analysing comput#al porosity, area and size of pores are reltiede
design and kinematic parameters of the rotarywattir, arising from an analysis based upon thetiocaf
instant centres of velocity. It is shown that usingptary cultivator with a higher ratio of peripakto forward
velocity leads to a smaller total mean porosityakhis more homogeneous.

INTRODUCTION

In recent years, machines for seedbed preparaiibrdwven rotary tools have gained more and more
importance in comparison with drawn seedbed contibing. The main reasons explaining this developraesit
(1) present-day tractors develop more power thap tlan transmit efficiently to a draft implementaigh the
tyres; (2) the soil break-up created and the easybination with other machines (e.g. sowing mactjirdiow a
reduced number of passages. However, these madrmasmetimes used improperly. If the forward dpseed
the angular velocity of the rotors are not apprterio the soil, then the latter becomes pulverizedertain
circumstances, soil crusts are created which comigeseed germination.

The aim of this study is to correlate the desigth inematic parameters of a rotary cultivator wtith created
soil structure. This implies finding the suitablergmeters characterizing the tool from a mechapicait of
view and dealing with a quantitative basis for description of soil structure.

The mechanical characterization of a rotary to@sisentially based upon kinematics. Hendrick arid T&78)
gave a theoretical analysis of the motion for almmae having its axis parallel to the soil surfaod a
perpendicular to the direction of motion. Kinzebét(1981) presented equations easily programmied f
graphical representation of the relative motioa obtary tiller blade with respect to the trochdipath of the
cutting edge. There is less literature concernmgetffects of these machines on soil structure tdbthe
researchers use a simple method, but which isrratigrecise, consisting of the measurement of slad.
Dexter (1976, 1979) presented a technique whickistsof impregnating soil samples with paraffirxwaelted
on a portable gas stove. The impregnated blocks veenoved and sawn to see the arrangement ofestiitlps
and associated voids. This technique allows oriidd &dl the pores down to ~ 1 mm diameter. A statial
method is used for describing the soil macrostmectueated by a mould-board plough, a set of sgieg and
a rotary cultivator. In this study, Dexter's teau@ is developed further in order to fill smallergs. The soil
sample impregnation is achieved in the laboratory vacuum and a computer-assisted pore analysis is
performed according to the methods developed bgelius et al. (1972) and Ismail (1975).

KINEMATICS

The present study concerns a rotary tiller witlegtival axis, fitted with a crumbier roller, as regented in Fig.
1. Any point on the rotor travels on a path whiglaicombination of the machine forward motion dred t
distance from the rotational axis to the pointraérest. Assuming that the starting point is wité totor axis at
the origin of the reference axis, the parametrizagigns which describe the path of extremity poAsnd B of
the rotor are (Fig. 2)
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XA =Ut+ R cos wt (1)
¥a =R sin o)t

and

Xg =vt—R cos wt (2)

Ys=—R sin wt

whereR = rotor radiust = time;v = machine forward velocityy = angular velocity of rotor, positive when the
rotor rotation is counterclockwiseit = displacement angle; &t 0, wt is along thex-axis.

These equations can easily be programmed for digapepresentation of the path of the tines, shguhe
effects of changes in kinematic parameters.

A useful approach for analysing the kinematics aftary tiller arises from the location of instaeintres of
velocity. Instantaneously, all points in a rigiddychave the same angular velocity about the instamntre (1C).
Considering Fig. 2, the IC of Rotor AB is locatadtee intersection of the drawn lines perpendictdahe
velocities of A and O (or B and O).

The velocity of O isV, forward motion of the machine.

The velocity of A is\7A, which is obtained by composition of forward velgcii and peripheral veIocitiJ

The magnitude of the velocity at any point of thor is the product of the radial distance to thampfrom IC
times the angular velocitg . Hence, we can write for the point 0, centre ofrthter

v=wa (3)

wherea = a constant with units of length.

From this, knowing tha¥ and ¢ are constants when the machine travels at unifperd; it follows that is
constant and that IC always lies on a straightdixiparallel tox-axis, withy=a as the equation. As, by
definition, at IC, the elements of the rigid bodyk only angular velocity (at this point they hareelinear
velocity relative to each other), one may consttiat the path of a tine is similar to that of algrrolling
without any slip on th&' -axis i.e. it is a cycloid.

The equations of this cycloid with reference tosthendy axes are

x5 =a(Acos wt+wt)
ya=a(Asin wt—1)

with A= g =—,
v v (4)

If 2= 1, we havea=R.WhenJ is higher, the cycloids become more closed, coomding to closer passages of
rotating tines in the soil, while on the other hainely are farther spaced with smaller values @fig. 3)..> 1 is
the most frequently encountered case with rotdgrdi For a given value &, an increasing is obtained by
decreasing the machine forward speed or incredissngngular speed of the rotor. In practice, thméo is
varied by the tractor gearbox and the latter isaéfd by the selection of gears in the bevel begrably and/or
sprockets in the chain drive assembly (for constagine speed).

The crumbler roller fitted to the rotary cultivattmmpletes the action of the rotors. It is intenttetreak surface
clods, improve consolidation and level out the beeld When the implement moves forward at a smalkdp
the points of contact between the soil and the bgtise roller are spaced Rgr/n wherer is the radius of the
roller andn the number of bars. At higher speeds, the rolldrieen with a negative slip and the points of
contact between soil and roller become furthertapasuring a decrease in soil pulverization antsobdation.
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Fig. 1. Rotary tiller with vertical axis and following pker.
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CHARACTERIZATION OF SOIL STRUCTURE CREATED BY A ROTARY CULTIVATOR

From the above considerations, it appears thaglavalue ofl should correspond to greater alteration of soil
structure and, on the other hand, a decreaséemds to a diminution in soil break-up.

An experiment was designed with the aim of comppsioil structures created by the rotary cultivatesrking
at two different values of. The radius of the rotor was 0.16m and in the fieste, the machine speed1.8 m
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s' andw=26.3 rad § and in the second cage 1.3 m & and »=30.6 rad 3. This givesi=2.34 and 3.77,
respectively. The soil studied can be describeal sl loamy soil with a textural B horizon (Abalating to the
series level of the Belgian Soil Map in which these main letters successively represent the nafyrarent
material or the texture, the moisture class angtbéle development. This identification corresgerio a
brown soil or a "hapludalf*. The composition of il is given in Table 1. The results presente lage from
an experiment conducted in April 1985, when thestuwe content was 16% in the top layers. The sad tiled
conventionally. After ploughing in February 1985%ming-tine cultivator was used to shatter théisohpril 19
8 5 to a depth of 15 cm. Increased pulverization alatained by a rotary cultivator to a depth otf@ This
treatment was followed by the passage of a ridgédrr improving consolidation, before the sowirfgheets.
Ten undisturbed samples were collected from théa@dyizon of each set of plots using tubes of 10 ameter,
12 cm height and 3 mm wall thickness. This was duefere and after the passage of the rotary cadtiyand
after the passage of the sowing machine.

TABLE 1:General composition of the studied soll

Sand >0.050 (mm) 5.0%
Silt  0.002-0.050 (mm)  79.0%
Clay <0.002 (mm) 16.0%

The samples were dried at 40 °C and, accordingurphy (1982), for a low content of clay and orgamiatter,
this low temperature ensures the departure of weitbout altering soil structure. When dried, tlaerples were
impregnated in a vacuum with the aim that the réBithe smallest pores possible. The proportiéthe resin-
hardener-white colour mix was adjusted to produgea compromise between the viscosity of the ribogv
viscosity allows a good fining of the voids andkstained with a small proportion of hardener) ameltime of
hardening (this is shorter when the proportionarflener increases). A white pigment was addedetonil.
The time needed to obtain hard samples varied leet®end 4 weeks. Once the samples were hardwiaey
cut vertically at the middle and, thanks to thetevfwiolour, the distribution of voids and aggregates clearly
visible. Photographs of sawn sections of the sasnpkre prepared for analysis by a Quantimet 72@éma
analysing computer (80x64 mm). The initial samjte svas thus reduced. About 18 mm was removed om ea
side of the sample and the bottom was not takenaatount. An example of the photographs is ginefig. 4.
Compared to the method used by Jongerius et al2j18mail (1975) and Pagliai et al. (1984), whalgsed
soil structure from transparent photographs of sl technique used is not heavy. It directly siepma view of
the whole tilth considered and the resolution atatdiis still good; the detection of pore sizes 8 fin is
possible, which is adequate to compare soil tillaggormed with different implements.

Fig. 4. Typical photographs of the upper sections of fitbduced by a spring-tine cultivator, rotary tile(on
the left,A=3.77 and on the right=2.34).
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RESULTSOF PORE ANALYSES

The pore complex is identified thanks to the whitéour in the resin, leading to easy quantificatigrmeans of
measurements including the total porosity, areass@eldistribution of pores.

Total porosity is defined here as the proportiowbite pixels to total pixels in the scene. Theletron of the
total porosity with depth is computed for layerslafm thickness, before and after the passageadyro
cultivators, and after the passage of a plantearMalues and standard deviations are reportedbieT2.

It should be noticed that the porosity value estiman this way need not be the same as porosiggsared by
physical tests because it corresponds to a 2-diowaiicture. However, useful information is supglabout
the complexity of pore patterns in soil which canipe obtained by the usual methods. This complégity
reflected by the area and form distribution of gondnich determine various physical properties irtgoutrto
plants. They especially affect water infiltraticate and storage capacity. The area distributigroods is
computed by considering two layers in the studitien of the samples: 0-3 and 3-8 cm. The resués
presented in Fig. 5. To obtain the best informatiom the figure, the scale of area is stopped &iint,
although some pores have sizes larger than a félimetres. According to the treatments, pores <riirf
correspond to 75-95% of the distribution. This Wil discussed later.

The shape of a pore is measured by using a caaffi€actor,C, which is represented by

ﬁ
2/n8
P

C: T:

Q|

whereSis the pore area observed @& the perimeter. For elongated pores (length =adth), this ratio is
<0.60, while for very rounded pores, it is ~ ljradicated in Fig. 6. The form coefficient distribrs of pores
are given in Fig. 7.

TABLE 2 : Evolution of soil porosity with depth and witettreatments (%)

Depth Spring-tine  Rotary cultivator {=2.34) Rotary cultivator x=3.77)
(cm)  cultivator

Before sowing After sowing Before After sowing
sowing
0-1 422+205 314+16.0 309+123 33.8+21.0 28.0+10.3
1-2 21.9+15.2 19.8 £9.9 6.7+3.6 20.1+151 6.8+1.8
2-3 154+11.2 144+64 47+34 146+ 6.1 3.0+£1.9
3-4 18.3+ 9.3 145+ 7.6 3.0+£3.0 99+75 26120
4-5 19.8+ 8.7 11.3+6.5 5.0+6.5 55+3.8 19+15
5-6 155+94 148+ 6.1 58%5.5 56+3.9 41+35
6-7 17.2+ 8.0 13.2+6.8 6.4+35 6.2+5.6 48+35

7-8 154+ 7.6 114+ 6.5 51+43 55+47 11.6+4.2
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Fig. 5. (a) Area distribution of pores after the passaf¢he rotary cultivator and sowing maching €3.77).
(b) Area distribution of pores after the passagéhefrotary cultivator and sowing machine=<2.34).
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Fig. 6. Form coefficients of different pore shapes.
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Fig. 7. (a) Form distribution of pores after the passad@ ootary cultivator and sowing maching=@.77). (b)
Form distribution of pores after the passage obtary cultivator and sowing maching=.34).
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DISCUSSION

The loosening created by the spring-tine cultivagsentially results from the creation of intemgdture
surfaces, the lifting of soil blocks and their iiad) after the passage of the tines. This effeehiphasized by the
flexibility and vibration of spring steel tines.dfn Table 2, it appears that soil porosity resulfiagn this
treatment is quite high, but very irregular, aséated by large standard deviations. It is alserggting to point
out the decrease in porosity with depth which mawtiributed to the sorting effect of the implemeasulting
in the falling of small clods below and betweerg&rones.

In the action of rotary cultivators, dynamic forgeay an important role. Soil clods are broken yphe impact
suddenly applied by a rotating tine and they traharpart of the shock to their neighbours, whiod split in
turn. Hence cracks are propagated in the envirohriiée main result from the action of the rotaritigator is
a significant decrease in total soil porosity ia thyers located beneath 3-cm depth. This is esibeooticeable
when) = 3.77. In this case, the intensive soil pulveitmacreated by the rotors is followed by an impatt
consolidation by the crumbier roller. This confirthe theoretical developments of the above paragtap
Compared to the results given by the spring-tinévator, an improvement in porosity homogeneityaiso
obtained by the rotary cultivator, as indicatedhwy values of the standard deviations of TableHi¢ckvare
smaller in the latter case.

The action of the ridger roller and the planter alo be pointed out. Data from Table 2 indicata ¢hstrong
consolidation has occurred, except for the toprlayéferences in structure of the resulting tilietween plots
corresponding ta = 2.34 and 3.77 remain strong at 3-8-cm depth.
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The area distribution of pores shows a highestqtam of small pores (< 0.3 nfinin the second case and this
is particularly noticeable in the layer comprisedvieen 3- and 8-cm depth. The greater homogenkihesoil
porosity obtained with = 3.77 is also confirmed. The proportion of porek5mnf is 81.0 and 85.9% for the
0-3- and 3-8-cm layers, respectively, when2.34, while it is 84.9 and 94.7%, respectivelpenwi = 3.77.

From the computations relative to the size distidsuof pores, it appears that the most frequesrigountered
pores have a form factor between 0.8 and 0.9 inafhdayer as well as in deeper layers. One magiden that

> 70% of the pores have a C value between 0.7 anel. they are rather well rounded.

A smaller total mean porosity which is more homagmrs thus results when using a rotary cultivaton ai
higher ratio of peripheral to forward velocity. Atleese conditions favourable for plant germinatida@
elements of the answer may be suggested: smab sdexisugar beet seeds, need close contact wilttos
germinate and thus a fine structure is favouradtethe other hand, a seedbed constituted of toy isr@aller
sized clods presents the risk of creating soiltsrirscertain circumstances.

CONCLUSION

Analysis of the motion of a rotary cultivator indies that using it with a higher ratio of periphéoaorward
velocity leads to closer passages of rotating tinése soil. A smaller total mean porosity thatriere
homogeneous results. These differences remaineadiie after the operation of the ridger roller plahter.
Further investigation should be useful to optintlze rotary cultivator kinematic parameters in ielato plant
growth and climatic stresses. The technique, wbarisists of impregnating soil samples with polyestsin
and analysing them by means of an image-analysingpater, is particularly useful for putting tillagéects on
a quantitative basis.
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