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ABSTRACT

he ot foct Of il sShape mdiorientation on the <oi] reacting
nvesticated g SOTT parame oy, cheld cons tant . A
Pulli-connonent SR or et loving s transducey

il

used to measure t}
k4

forces ang omente . Statisticgd e thods ofsfanalysis of -
o :

to analyse the data.

e
Ysoil reactyng

Variagnce were us ed

S0t regcting forces were
‘l&

Wodisk. Bearing area on a

dependent on the disk angle, type and o1 -

disk accounted for the main diffepran, o I he
£

soil react}nq fofce%.
Lauations for critical digk angle, the minsmum anale for which the bearing
area is zerg, were develgped, A grdphicalfrepresentation of\the soil |
reacting resul tants Was oemployed and the result was app]ied.to the three
aeneral classes of disk 1mp7@mﬁlt
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' A TNTROGUCT Ton ' )
Fillage is one of the WOrTd s Targest materiy] handling
’\\ . : R - -
Dieretions. ity detinition A the mechanioyl Banipulation of coil hos a
r

broad meaning when ong Con;idﬁrg Lhat the Lillage tools that agg used for
Jyricultural QUFDOSP“MdJ also be u<OJtHN"rmn—aqricu71uraI operations
SUCh as land forming, earth moving, and even the laying of-aﬁtitank mines
for i litary purposes. The most pv:lfnent oﬁjective of tillage, however
15 for frop product]@n and the. associated tools are_of greatest 1ﬁtere3t
here. An examp]e of 1nportdnt tillage tools can be seen in the moldboard
plow and the disk. The former is an efficient tool because it has been
evolved with much testing, whereac ‘the Tatter is still ev01v1ng

The 1mportance of opt1m1z1hg t1]]age operat]on! and improving
tillage tool des1gn s apparent. For example, since 1970 the grain
acreage alone in the Cdnadlan Pra1r1e prov1nces has approximated to 40
million (41)*, On the same basis as that enployed by Gill and Vanden Berg
o

(1 @) in the est}natlon for the COﬂd]t]OnS in the United States such

acreage amounts to 40 billion tons of soi] to be turned each year. To

fuel, costing over $30 m11]10n If proper tillage operations and design

, cou]d decrease the draft of the plow by 1%, the savings on a national
b 4

r
»

bas1s wou]d be cons1derab1e o .
Dlgk 1mp1ements are ‘among the most widely used tillage

implements in Canada (]7), and for this reason an 1nvest1gatlon of the

r

* F1gures in brackets refer to References at the end of this report

————— N
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effects of LCF%din variables, such as too] shape and tool orientation, on

the soil reacting forces is of great importance.  The rcsult~$}0m such an

Investigation will be useful, from both t

he operating and desiagn .

standpoints.
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LITERATORE REvity

Jud Advonomic Requirements

+

Lo apply torce, to the s0il to cause

Ii]1;ﬁw tools are used
Sore desiped effects such as pJIVPyi\ation, cutting, inversion , or
Movesent ot the soil.  From the time of ancient aariculture to the ﬁytsént,
thiee basic tillage tools have evolved, namely the woldboard plow (with
comwlefv~inv0r>ion), the disk (with.partial inversion), and the inclined
blade éuch'ds sweep or shovel ((with no inversion). Sihce ti]]aq@ tools
normally produce severa] effects simultaneousfy: Kepner ét al (24) list
§ .

several objectives of tillage, the mos t importangﬁof which are as follows:

": to develop a desirable soi1°stru;ture for a seedbed or a

rootbed. A granular structure is desirable to allow rapid

~ infiltration and good retention of rainfall, to provide

L2 )

ﬁddaqgato air capacity and exébange within the soil, and to
minimizé ?esist;nce to root penetration. Shaw (38) advocates
these when he considers the four physical factors of soil,
namely moisture, aeration, temperature and mechanical impedance
to affegt,p]ant growth in which pulverisatibn has some role.

- to control weeds or to remove crop plants (thinning).

- to manage plant residues. This and the second objective above
are advocated by Buckman and Brady (5) when they consider weedg
and erosion control to be the two 1mportant funct1ons of
t111age, Thorough mixing of trash is desirable from the tilth
and decomposition standpoints, whereas retention of tfash in”

the top layers reduces erosion. 0n the other hand, complete

coverage 1s sometimes necessary to control overwintering insects

-3 -



0r Lo prevent interteren e with precision operations such as

planting and cultieating certain Crops.

;" . - . . . .

The dioh . as g tilloge taol. hay g qreat role in achieving
these objectives According to Richey ot 4] (35), the disk has the
FolTowing Characterioticos which differentiate it froim other types of
™

}A]]dué tools:

- 1t does not completely invert the soil. This is an advantaqe

: 3

where some t- 0 shoyld be left exposed to reduce wind erosibﬁ
and surface sealﬁng by rainfall.
- it can cut through Cropxkesidues making subseauent ti1iaoe
easier.
- 1t can roll over roots and rocks, reducing likelihood of
damaqe .
- it.can be used in harder ground because the cutting edae is
relatively thin, tgough extra weight is required.
- it can cut large clods, particularly with closely spaced
disks as in a Harrow.y
- 1t has a packing effect when set at narrow disk ang]es,.due
to sotl support of the edge.and back of the blade.
2.2 Mechanics of Tillage.
| The soi] reacting forces on a tillage tool are affected by the
reéistance of the soil to compression, the resistance to shear, adHesion
and frictional resistance (30). \Xékfrding to Gi]i and Vanden Berg (14),
these are all dynamic properties in that they are made manifest only
through the movément of the soil. .Nicho]s (30) has shown that soi]

reacting forces are dominated by the film moisture on the colloidal part-

icles and are thus directly related to" the soiT moisture and colloidal
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-

content. Prdcﬁically all tillage tools consist of devices for applyinag
pressure to the soil, often by means of inclined planes or wedaes ., As

the tool advances in 4 friable soil, the Soil in its.path/is subjected to
compress ive stresses which result in a.shear}nn action. At the point of
fai]uref two ohysicaT properties® of the sai] are 1dentified, they are
cohesion and qng&e of internal friction. Cohesion may be defined as the
force thét hbids two'particles of the same kind together, whereas internal
friction r95ujts from interlockina of particles, within the soi] mass (24).
Sowers and Sowers (40) indicate that cohesion and angle of internal
friction are Parameters of shear, and present the Coulomb equation:

T = C+ o tan o S OO D

where { = shearing stress at soil failure

C = cohesion
o = normal ‘stress s

# = angle of internal friction.

ls .
is that shear strength of soil.has an important influence on the draft of
[ .
a tillage tool. Although it is often adequate tg employ the criterion of
soil failure by shear, it should also be borne in mind that failure by

shear and failure by compression are not independent phenomena but occyr

£

as some combined action (14),
AN

The nature-of sgi] reaction with a disk is that the disk
penetrates the soi] and breaks it loose by pressure. “In so doing it
exerts some cutting'and pulverising action, and inverts ozypushes the soil
to one side. =Having Penetrated the soil, therdisk moves forward exerting

CompPeSSive‘pressure o0p it. 'The soil Wills then break out, the rupture

\occurring in.the shear planes at less than 45° with the vertical (Figure 1);
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disk

AN
Sy,

<45°
<

/

direction of travel

\ -
\\ / X soul surface
\ / /'
N o
\\ P

—

primary shear plane

]
Figure 1. Primary shear pPlanes of soil at failure caused by a disk.

n

€

secondary shear plane \- primary shear plane

Figure 2, Secondary shear planes of soii ét failure caused by a disk. )

B



these }ﬁanes are knpwn as the primdary shear planes. Hhen the disk
Is set at an angle, there is also a3 comoress%on of the soil to Lhe side
SO that the soj) develops a secondary set of shoa? planes réugh]y at right
danes to the primary shoar planes (Fiqgure 2).
2.3 bi 2Cussion on 50i1-Tool Relationship.

The study of soll-tool relationship, from the viewpoint of
agricultural engineering, involves g4 mechanics of tillage too]s{:whbse
-~ objective is to provide a method for describing the application of forces
to the soil and for describing the,§o§1:reaction-to the fof@eg (14).

Kepner et al (24) agree with GilJ éﬁd Vandén_Berg (14) that, in spite of
o . ¥y

mahy advances made in, recent years, the study of SQiY—tooI re]afionship
1s still far from being an exact science. This is due té the fact that a
thorough knowledge of the basic forces and reactions required.for the "
mechanics is still not available today, and so soil reactions cannot eveﬁ
be predicted, let alone contro]Ted. The major difficu]ty‘]ies in two
factors, namély the soil and the foo]. Nifhols (29) states that, for a
complete study of soil-too] relationship, an endless amount of testing
would be required to determine the effect of all possible combinations of
the soil andrtoo] variables. |

McKibben (27) shows an example of how complex the study of soil
céhditjons is likely to be:

Natural soil is the resylt of

(i) Geologic combinations (parent materia]s)
(i1) Climate |
(i11)  Natural cover

(iv) Time (for the interactioqs.betweén (iz& (i1),

and (iii)).



Agricultural spil (the so1l in any certain aqricultural field
onany certain day) is the result of the abeve plas

&1) Amendrients (lime, sulphur, ferti]izers,'etc.)

(i1) Crops qrown \ “

(111) deather, such .as precipitatiaa, temperature, etc.

(%v} Tillage N '

(v) Irrigation or drainage’,

’ [f there are, say, 10 forms of each of the g1ne factors there
will be 109 or 1,000,000,000 cond1t1ons of s0il. Since the possible ‘
variations of several of the above factors, such as parent materials, are
almost urlimited the possible number of 5011 cond1t1ons approaches
infinity. l ' <«

1 4

. v -
From the standpoint of the tool, Kepner et al (24) state .that’
>

forces applied to 4 tillage tool to produce a given effect upon the soil

can be accurate]y measurea but the effects of changes 1n too] des1gn cannot
be reliably pred1cted The fo]]ow1ng has been descr1bed (14) as a resu]t
".o..an operation‘is performed, the conditions are arbitrarily evaluated, and
additional opefations are performed in Sequence until the conditions are

adJudged to be adequate Thus, today, tillage is more an art than a

Science", The mo]dboard plow is an example of an eff1c1ent tillage tool

N
which is a result of much//ESearch and vigoroys testlnq kﬁﬁﬁ
Gi11 and Vanden Berg (14) propose 3 ‘generalized force tiT]age
X { . v e
equation: ‘
F=f(TS,'Tm,Si)..................(2.2)



/ .
, . . ‘
where F = forces on the tool to cause movement
.= tool shape

T = manner (or orientation) of tool movement

= initial spi] condition.

(e}
!

Of the three factors Incorporated in the abové equation, tog]

shape (TS), such as type, size, etc., is the bn]y factor over which the
‘ désigner has control, whereas'thesmanner (or Orientation) of tool moverent.
/(Tm), such as tool angle of apdeagh, depth, width, Speed, etc., is the
\ féCEOP that can be controlled by thé user.  Initial sgij condition (Si)
fg the independent factor that cannog\ge controlled by either, and must

always accompany the resylt obtained/eéther from the fielq or laboratory.

2.4 Definitions and Basic Parameters.
2.4.1 5011 Reacti g Forces.

The system of sgi] reacting forces as ‘adopted by Ha%rison (20)
is shown in Fiaure 3.,
L is the draft and POsitive when it has the direction opposi te

- to the direction of travel.

unplowed side of the soil.
The associated moments are the woment in the rolling p]aié (R),
the moment in the yawing plane (Y) and the moment in the pitching plane

(P).’ The three moments are POsitive in the direction shown.

2.4.2 Tool Shape and Orientation.
' (a) Disk angle (s)

It is defined (15) as the angle, viewed from the top of
the disk facing the directior, of travel, between the plane

| of the disk edge angd the direction of trave] (Figure 4);
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direction of travel

PN v

10

Figure 3, The system of soil reacting forces,
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Figure 5. Tilt angle.



(b) Til \dnlle

(g)

12
' .
It is dé?ined (159 as the angle viewed from the side or
edgeview of the disk, between the plane of the diskﬁEdge
and thé ;erfica1 line (Figure 5).
Type of disk
The;e are three types of disk -(Figure 6) in common use:
(i) - ,épherica] disk. It has a single concavity or
ﬁadiﬁs of curvature and geometrically is an end
section of a hollow sphere.
(11){' doub]é cbncave disk. It is simf]ar to the spherical
. disk but h;s two radii of curvature, R] and RZ'
(111) cdne—dﬂsk. It has the shape of a truncated cone.
fts concav1ty s def1ned by the base ang]e of the
cone, a. ‘

Size or diameter .

[t'is the diameter of the circle formed by the edge.of the

¢
disk. The normal range is 16"~ 26 inches. .. e
e, i o ‘€, ' <

-

Pressure and bearing areas - -
X ‘

0

PFessure area of a disk is defined (26) as the area.on the
concave side of the disk which interfaces with the 5011,

N A
whereas bearing area is the area on the convex:.side of the

disk wh1ch 1nterfaces with the soil. Figure 7 shows both

areas in the front elevation.

Depth of cut

It is the vertical depth measured from the surface to the
bottom of the soil furrow.
Size of cut

It is.the width of the furrow.



spherical double concave cone
Figure 6. Type of disk.
L]
N 0 N 0 T o -
=0 0>0 0 > 0

l'ﬁ\

soil surface

bearing area . pressure area bearing area pressure area

Q
R .

‘iFigure 7. Pressure and bearing areas.
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P

(h) Travel rath(speed).
It is the fgrward'?pced of the disk. Ve
2.4.3 011 Conditions. . o
(a) Type of soil.
It can be specified'by a textural name, for example, a
sandy Toam, a clay loam, etc. ‘
, (b) Moisture content.
It is defined (40) as:

W ‘ -
W= 21000 (2.3)

where ¥ = moisture contgnt on a dry weight basis ()
ww = weight of water
Moo= weight of soi] sé]ids.
(c) Bulk density.
It is the unit weight of the soil. Bulk density is an
indication of the soil strength (40). It can be expressed
either on a wet or dry basis, with the latter being the

-—

popular way. Lambe and Whitman (25) define the following:

(i) Wet basis.

[
Tw o= VI». e e e (2.9)
T :
where v = wet bulk density -
W
¥ HT = weight of the wet soil
VT = total volume of the soil.
(ii) Dry basis. _
: ¥
y = WH..............<2.5)
T+ are ’
100

where Yq = dry bulk density

v, = vet bu]k density

W = moisture content.



Jh Factors Af fecting So11 Reacting f'g;_r‘v(‘e}_s.

field and ]ab()mtory 1’nvmtirmtif;r'f; have shown that L. and
Care influenced by the various pararoters Tigted ip subsections 2.4.7 and
JUE3 0 Theee pararters are indegendent Dararetery excopt Dressure gqrea,
bearing area and drey hulk .u‘r}n%i't'_y which can be Lxpressed in terns of
o'th(“"{_j tm%i.(, parame teps ‘>im_exth;,’ three parameters occur f'requent]y in
the study of soil-tool relationship, it is much more convenient to
nclg{de them as distinct parameters |
2.5.1 Tool Shape and Orientation.

?

(a) Disk angle. -

A Taboratory investigation by Gordon (15), and field
investiqations by Clyde (6) and Johnston and Birtwistle (23) .reveal that
there ‘is a minimum draft within the range of disk anagles they employed. .
Gordon (15) explains for.the larger value of | at small disk angles that
it is due to the presence of-bearing area resu]tjng\in‘én additiona]“dﬁaft.
The effect of the disk anqgle on the ]a_tenﬂ Areaction, S, is such that at .,
small disk andles, S is distinctive]y 1ow The bearing area again accounts
for the small value of S because the 5011 exerts an opposing lateral
" reaction on the convex side of the disk. As for the vertical react1o%‘ v,

% ik

1t decreases as the disk angle is 1ncreased 1nd1cat1ng a better
penetration of the disk in the soil. The reason g1ven by the researchers
1s that, as the disk angle is 1ncreased the bear1nq area becomesq}ess and
less and eventua]]y disappears and so the overall vertical reaction on
the disk is reduced

.kb) Tilt angle.

Thé resulls from investiqatfons by the same researchers

reveal that when the t11t angle is increased L and V increase and S
' , - ‘ 2 !



N

K8
-~ &

decreases. A useful interpretation of the result ix\thu?, in hard around,
an dmproved penetration can be obtained by <imultancously rude«inq tilt
dnu}elend creasing disk angle. Hecguse Ot costs most dicks are mounted
ingangs.  Tilt capnot f.w achieved wit.ﬁh* disks in mumﬂ and - thevefore [t
s not a feasible adjustment h]uurJ.CdSe\.
(e) Type of_disk.
The history of type of disk Iy p(‘{ ot some interest. The
e

sphavical disk was first originated, after which came the double concave

“ : 1

disk but did pot supersede it.  The use of cone disks arrived at a much

“later stage.” Ingersoll (21) made an attenpt to standardize disk blades as

to their size and cod%évity. He gave anhinterestiﬁq instance ot how the
@ ‘ \ )

\

) : - ). ’ .
double concave disk was originatéds One of the early manufacturers, n

©

- their haste to produce a disk plow, placed,an order for the disk blades

and went ahead making up the castings, including the hubs. When the disk
blades arriveq they foundrthat the contavity of the hub was not deep enough
for the disk blades and their:oﬁly altern?tive, a&e to a shd;t time
available, was to arrange a drop hamner te flattenrout the Centre of the
disksgsomewhat to give them a sha]]ower*coneqvjty. The plow turned out to
be a success and other manuficturers Copie gt. Disk blades with pwo
radii, therefore, have sfnce been adopted as;gtandard by several
manufaCturers. Ingersoll's opinion is that one depth of concavity for

each aiameter should be Satisfactogyiﬁ? “

- No 5011 reactlng forces have been determined as to the effect
of the three types of disk. INVest]gat]ons of- the effect of concavity
have been confined to spherical d1sks only. (14)," The conc]ys1on is that
as the radius of chveture of the dlsk dec?e&ses i.e.) ~as the depth of
concav1ty 1ncreases, L and V 1ncrea$e T 15 ‘is true within the range of

| /

£

]
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disk anales where the bearing area 1s present, because a large depth

of concavity increases the bearing area.

) (d) Disk Sise.

bew researchers have shown interest in the study of the effect ~

of disk Size or diameter. Fepner et gl (24) sugaest that smal) dinmntvn
dishe penetrate nore readily than do Farger disks, i.¢. such disks require
Tess vertical action to hold them to a given depth.  sordon (lb), however,
cunc]udes that this.is only true for the case when tilt angle 1s greater
than zero. for zero tilt angle, the condition for disks in ganys, the |
result is reversed and he is in favon of larger disks becquse they require
less weight to hold them to a given depth and they have}§m511er L and §
acting on them.

(e) pr§surp‘gnd_pééring‘ﬁ134§. ‘ .

Pressure area is that part of the disk surface that applies
pressure, to the soil causing pulverisation. The result from tne analysis
of disk cuts by Thompson and Kemp (46) indicates that, when the disk angle
increases, the size of the furrow cut is larger resulting in larger draft.

The bearing drea alsg applies pressure to the soi] but causes
compaction rather than pulverisation (26). THerefore in the longitudinal
direction there is an additional draft and in the vertical direction an
add1t1ona] upward reaction, whereas in the lateral d1rect1on the bear]ng
area causes an opposing ]atera] redction resu1t1néﬁnn an overall reduct1on
in %. McCreery and J]Cho]s (26) emphasize the s1gn1f1cance of bearing
area relat1ng to pack1ng and penetrat1on They assert that disk harrows
have been considered by many as tools that cause sefiouys compact1on

ACCOPd]ng to McCreery and Nichols (26), evidence of thisgcompaction was

produced by Randolph and Reed. It was shown that the roots of certain



1l\)
plants did nat penetrate ap)reglably below the tillage depth on plots

wropared Ly’ né uqc oﬁ dibk 1np10m9ntc. In view of such result,

[1"4"&/ 3 !

>tdrxﬂa rldn can Jéuseeggto.be an'important factor that needs a closer
i L ~‘; ‘L' .("‘ - )
1nvc>t1<Jt ur JieCreery -and Nichols (26) state that pressure and

. ,’ . . - - '
bearing areaS'€T€ a function of disk angle,concavity, diameter and depth
/ - . . ¥

they suggest that the conditions under which the bearina area of a disk
s Just absent be determined from the pardmeteés noted. This will be
dealt with separately in the next chapter.

(f) Depth of cut. ‘

Clyde (8), from his fié]d investigations, indicates that the
Soil reactiﬁgAforces, especially the draft, are‘bkimarily a function of
depth of penetration. An investigation earlier by Collins (9) indicates
that the depth of cut is the greatest factor influencing the draft of a
plow Harrison and Reed (18) indicate a 1inear relationship between

dqaft and depth at constant speed. Gill and Vanden Berg (14) conclude

that in a uniform soil condition, the draft of a tillage tool almost

~

unfversa]]y inc;eases with increasing depth of cut.
T (e) size of .

Sizesof cut is considered a factor of the same nature a< the
depth 0f cut (14). Investigations by Davidson et al (10) indicate that
~width of cut is also a major factor ihf]uencing the draft of a tillage
tool.  Thompson and Kemp (46)_indicate that depth of cut, disk spac1ng
and disk angle influence the amount of soil tilled, and therefore the
draft. Gill1 and McCreery (13) indicate that increasing the spacing
(i.e. increasing the size of cuf) reduces the draft per unit' width of

-cut of the implement.

(h) Travel rate (speed).

The effect of speed on the soil reacting forces has always
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beenlﬁf great interest- to researchers.‘ David§0n,et al (10), from their
field investigations, indicate that as speed 1ncreasc§-tho draft of 4
plow increases linear];. Gordon (15), from his ]qbor;tory investigdtibn,
indicates a similar result, with the addition tﬁdt when speed increases
the vertical reaction, V, changes from q negative to positive valye.
‘Telischi et a) (46) show *that as speed increases the draft requirement
increases, depending on the moisture content of the soil. Rowe and
Barnes (36) Propose that the draft requirement of a tillage tool can be
expressed as a function of speed and certain soil properties such'as
shear strength, soil metal friction and bulk volume weight. The result
N
from their 1nvestlgat1on indicates that as speed increases, the draft
on a simple tool in two solls, namely a silty clay loam and a sand,
1Acreases linearly, with the effect of the sand not nearly as significant
as the silty clay loam. There have been, howéver, a few cases where the
effect of speed does not appear‘significant._ For.exampl » Reed (34)
quotes Keene as Stating that the draft of a plow is affected very little
by speed. Getzlaff and Soehne (12) summarize from their field .

investigation that the plowing speed has Tittle influence on the forces

acting on plow disks. Kepner et al (24) conclude that, 1n general,

Y

increased forward speed increases the draft of tillage implements.

2.5.2 5011 Conditions.
In‘studying a soil, its physical properties can be observed,

' which Tead to a more coné}se'understanaing of the soil-tool relationship.

Baver (2) describes three phys1ca1 Properties of soil as texture - the

size of «the 1nd1v1dua] primary particles wh1ch constitute the s0il mass,

sgfggture - the arrangement of te sof; part]c]es, and consistenCy -

the manifestation of cohesion and adhesion acting w1th1n the soil at

various moisture contents. Nichols (31),3on the 9as1s of the nature of
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plow action, classifies the dynamic properties of soil as follows:
- shear strength, the internal resistance of a soil to the
\

5

. . A
movement of its particles,

- friction, the friction between metal and soi]; in which
there ate phases such as adhesion or 1ubr1cat10A, depending
on moisture coﬁtent, b

- resistance to compression, the reacéion of soil to presgure;\

- cohesion, the bonding of soil particles as a result of the

tension of moistureéfiTmsﬁbetween the finer‘partic]es,

- adhesion, the adhering of soil particles to metal as a

result of moisture films between soil partic]esvand the
~metal.

Payne (32) asserts that cohesion is the property to which draft
1s most sensitive. Nichols (31) suagests that the dynamic properties of
5011 depend on the -following soil factors: particle §T§g, colloidal
content, moisture content, organic matter, apparent specific gravity, and.
chemical composition of the colloid. Investigation by other researchers
éonfirm the results from his studies. For examp1é,€Telischi et al (455
indicate that the draft réquirement is a power function of c]ay content.
The result frdm the investigation by Fox et al (11) indicates that the
'energy requirenent to bréék the soil decreases sharp]y as the soil-particle

sTze increases, Stone and Williams (43) show that the draft increases with

the soil harghess as measured by a penetrometer.

(a) Type of soil.

- Browning (4) discusses the important effect of.the type of soil
on its physical characteristics and on the agronomic requirements. A
oo
sandy soil is very different from a clay soil because a sand has single-

grain structure. Sand particles act as indepenﬁeht unifs and are not
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qroupeg together in granules or aggregates; therefore, 5511 strength 1s
generally low for a sandy soil. The other extreme of soil structure is
found in 4 heavy clay soil. The clay partic]e§ stick toéether forminag
clods instead of true soil aranules. Thd clods are usually dense and
have low porosity; soil strength is gene§;71y high. A clay soil, however,

( has*a complex strength-moisture content re]atio%ship. It has high water =
i “'holding Capaci}y and 1ts strength is reduced greatly when the moisture
content is high. The structure of silt loams and Toam soils lies between
the sands and the clay. The silt loam and ]oam soils have_sand, silt
, and clay present in ambunts that usually are more favorable for developing
| good structure than sand or clay soils. The result from the investigation
by Gordon (15) indicates that pu]11ng plow disks through a heavy clay soil
requires much higher draft._than a sandy Toam soil. f

(b) Moisture content.

A detailed study of the effect of moisture on the strength of
soil is a vast study and more cdmp]ex’than it seems. One_has:to consider
moisture tension and suction, moisture flow, effect on adhesion, effect
on friction, equivalent strength (effective shear stress and normal stress)
of the soil from moisture data, etc. (14). The study of soil-too]
re]atioﬁship, however, 1§;more cohcerned with the direct effect of moisture'

4
content ‘on the draft- requirement qf;? t1]1age tool. Whereas C]yde (6)

indicates in genera] that the draft requ1ré%ent tends to increase as the
moisture increases, the result from the 1nvest1gat1on by Fox et al (11)
indicates that for a soil whose particle sizes are equally proportioned,
the energy requ1rement moisture content curve has t(f)f]exures, with one-
minimum in the range 15% - 17% and the other at 24%. In View of such
results, the interaction between type of soil and moisture content Té

very important. Baver (2) concludes that the moisturevco‘tent at which

—
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tillage is most efficient is dependent upon the consistency of the 5011

which is chﬁracter1zed by a soft friable condition.

(c) Bulk density.

The dry bulk density of a'Soi] is a crude indication of the
strength.of Ehe soil; the higher the density the higher the strength in
general (25). -The factors that affect bulk dens%ty are: type of soil,
moisture content and method{Qf compq?tion. Proctor'(33) states that for
every soil and method of compaction, the density is a function of water
content and there é*ists an optimum moisture content at which dry density
is a maximum. Each method of compact1on employs a different compactive
effort, wr1ch is the energy consumed in the process of the mechan1ca1
densification of the soil. Sowers and Sowers (40) assertvthat the
greater the compactive efforE, the higher thg~méx1mum.density and the
Tower the optimum moisfure content: Uhereas the compactive effort is a
major factor governing the maximum density, the type of effort directly
influences the density p}ofile of the soil. THere are thrée types’ of
compaﬁtion in general, 6ame]y rolling, tamping and vibratory compaction.
Rolling is the type of compaction usua11y e%p]oyeﬁ in tillage studies,
eSpecia11y.in the Taboratory: Its‘characteristic‘is a diminishing density

with increasing depth, which is usually opposite to the density gradient

in the field.

2.5.3 A Tredas in Research.

braft prediétion using equations has become ‘a popular trend
in research in recent years. Barnes et al i]) emp]dyed\simi]itudé tq
develop a téchniqug for small-scale model study of disk implements under
“contro11ed'1aboratory conditions. Their predidtioﬁ'equation gives}draft
values with error within 21%.0f the values from field tests. Jaw-Kai Wang

and.Tung Liang (22) later employed the same technique and obtained a*

~,
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similar prediction equation. Their predicted drafts al1 fel] within 227
of fhe actual drafts, with the majority better than 117 accuracy. They
conténd that a prediction error of abo&g 20" should be acceptable since
differenceslof more than 10 are usually expected be tween test results of
‘same tool' in ‘same soil'. Schafer etaﬁl (37) also carried out prototype
W

studies of disk implements . They emp]oyéd a more refined method by .
including more'pertinent s0il variables, controlling and accurately
measuring them. A successful and more accurate result was obtained.
Gupta and Pandya (16) used an entfke]} different approach. They studied
the behaviour of soil under dynamjc loading, and applied it to ti]lade
Tmp}emén%s. For a disk tool they consider the total energy:requirement,
'whiéh they assume to be the sum of the following: (1) energy consumed
in compressing the soil ahead of disk, (i1) energy coHSUWEd in cutting the
soil, (iii) kinetic €nergy required for rotation of disk, (iv)‘kinetic
energy gqined by the furrow slice, (v) €nergy required to overcome forces
of friétion and adhesion, (vi) energy required for liftina the furrow
slice (vii) eperéy required for bending the furrow slice, and (viii)
enérgy requireé to overcome bearingvfriction. The final equation is then,

draft = total eneray requirement = distance travelled by disk.
When the draft computed from the equation Was compared with the average-
value from field tests, a prediction error of about 20% was obtained.
If, indeed, all the assumptions are .reasonable and if all the péyameters
can be readily determined, there is an advantage of using such equation
because soi]«variableg, tool variables and variab]es due to operating
condition such as speed are all incorporated.
2.6 - Force Systenm.

Ctyde (6,7,8) did much of the earl; reseafch in measuring forcés

on.tillage tools. He .indicates that the simplest force system on a tillage

\
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tool can be seen in a symmetrical tool such as a cultivator shovel or
sweep, where the lateral forces are ba]anced For all practical purposes,
the soil reacting force then can be coﬂ;1dered to consist of a single
resultant which uay be divided into vertical and Tonqitudinal components,

- Voand L. The situation is different with plows and disks. There is no
'assurnnce that L,S and YV are concurrent., ‘If, as is aenerally the case,
the components are non-concurrent, a rotational tendency ex1sts and the
components cannot easily be comb1ned into | a sinale resultant force. Clyde
suggests two ways of dea]ing.with this situation. One way is. to combine
the three components jinto a single resultant plus a.coup1e Taylor {44)
applied both methods in his analysis of forces and moments on plow disks

and found the second method ga more satisfactory way of representing the

-~y

force system. Vanden Berg (47) Tists 5 methods of expressing forces on a
tillage tool: '

- a single resultant force with a coup]e in a plane perpendicular
to the force i.e. a Wrench,

- a single resultant force through a chosen point and a couple
in a plane inclined to the force. This is‘a modific%tion'of
method 1, | “

- two forces, one on a chosen line,

- three fohces on mutua]]ytperpendieular axes_and three couples
in the planes of intersection of the axes. - An_examp]e can bea
seen in Figure 3, |

- three forces in éhree major planes.

In add1t1on, Harrison (20) indicates a sixth method - three

resu]tants in three magor planes, namely resu]tant in the yaw1ng p]ane

(R, <), resu]tant in the ro111ng p]ane (R ) and resultant in the pitching
LS SV
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plane (RLV). ‘
For non-symmetrical tools such as the disk, only the last two
methods can be used without assumptions. Thouqh the Tatter two methods
can be applied genera]1y, the magnitude and direction of the forces can
only Be'ﬁetermined by 1nteqration'0f the soil pressures. When the %orces
are measured with a nulti-component Senso}, Harrison (22& recommends that
' y

the resultants be determined, which enables the locating of the resultants

relative to the tool.
\u



CHAPTER 3
CRITICAL DISK ANGLE

The conditions” under which the bearing ares of a disk is

present or absent are necessary to account for the magnitude and direction

of the soil reacting forces. McCreery and Nichols (26) suquest a

graphical

method to determine the minimum disk anale for a zero bearing

area (critical disk anafe), for 4 aiven depth, disk diameter and radius of

eCcurvature.

N Al

An equation for- the cr?tica]Aang1e, however, would be a

convenience. One difficulty in derivina an equation is the ceiniekity of

the shape of the disk. For doub]e concave disks a graphical method may- be

preferred.

Anxgguation for the critical an@]e of a spherical disk has been

derived by Dr. H.P. Harrison, who, in a private communication, has

indicated the derivation of the equation. It is included here for

convenience. For a cone-disk, a different derivation is required, .nd

for ti

3.

1

e double concagﬁ disk a graphical method is detailed.

Spherical Disk.

A general equation for bearinag area is:

Bearing area = f(0,0,R,d) (26)

where § = disk zhg]e
D = disk diameter
‘R = radius of curvature °
d = depth.

Therefore the critical disk angle (ec) is given by
- BC = f(D,R,d).

From Flgure 8, the cr1t1ci¢ angle is specified when the

tangent to the intersection of the disk and the soil surface (an arc of a

- 26 -
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\ direction of trave]

Plan v{ew{ {

Al

Figure 8. Critical disk angle for a spherical disk.
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circle in the plan view) coincides or

travel .

< o

1s parallel to the direction

By inspection of the Plan view of Flaure o,

pn - .R and MP g
D
o . , 7 [
M) = R cos + and Sin R o0
or [ = Sin_]( D——)
From triangle Mou-
NO T COS .
As NO = R!
o MO
Cos 9
3
4
and by substitutfﬁghfor M0,
1D ; ;
R - ngSiN[S]n (ggjl
cos Sr' Ky

\ -
By inspection of the ob]ique‘eTevation of Fiaure 8,

. D
Y+d‘2

and with Pythagoras' theorem, £
2N
vV )2 N\

d=3-VRZ - (g)?

ot

. (3.2)
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e

Lquations (3.1) and (3.2) can be stiplified and conmbined into one

, ™
cquation as follows: =
Ao cos o= VT - ‘,inZ o
e 0.7 Naw' -
B e
froim equation (3.2),
Y (g— - e
and from equation (3.7),
! D
cos .. = RCos -
0> e R
Substituting for cos - and R,
] Rl - p?
o> "ot p 2 RN (3.3)
AL - (5 - d)
Q 2

3.2 Cone-Disk.
In contrast with a spherical disk whose shape is defined by the
radius of cUrvature, the shape of a cone-disk is defined by the base anale

of the cone. The general equation for the critical angle is aiven by

>

9 = f(D,d,«)

c
® where 8. = critical disk anale
\ D = disk diameter
d = depth
a = base angle of the cone.

When the surface of a righf circular cone (cone- disk without

13
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Figure 9. Critical disk angle for a c\onevdisk.
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Therefore y2 + (D - d)Z + yz t dz DZ

2 14
v - 2Dd ¢ 2d4° =

yZ = 0d —’d2

Yy =Vd(D —:5, \

«

: d ’
Since d{—1x the slope with res pO(t to the x- dY?g, vheregs

tan e s the s?ope With respect to the Y=axis, it follows that
£ L g_y
tan ¢ ]/dx
2
= ,a‘A . X_
b2 X
D 2
S N AT
.Q - d s _D t .
7 ? an .
- 2 tan .NVd(D - d) (3.4)
g D . - . - . . - - . . - . - -
9
3.3 DoubTle Concave Disk.

The shape of a double toncave disk is considered complex in the
. 2
radii. The overa]] curve cannot be represented by a convEn1ent equation -
such as in the case of the cone disk, nor can its geometry be solved w1th
simple trigonometry as in the case of the spherical disk. The mos t ~
convenient method of deterﬁ?n1ng the Critical angle appears to be a
graphical method With the soil-disk geometry in the three orthogonal ,

views (Figure 10), the curve of 1ntersect1on between the disk and soi]

surface in the plan view can be determined by choosing successive planes



Figure 10. Critical disk angle for a double concave disk.
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perpendicular to the soil surface to intersect the disk and by projecting
, .
the points of intersection between those planes, soil surface and the

disk onto the plan view. The shape of the curve of intersection is thus
obtainedgand the critical angle is the anale between the tangent to the

curve at the leading edge of the disk and the plane of the disk edge in

the plan view.



CHAPTER 4
EXPERIMENTAL DESIGN AND PROCEDURE

4.1 Facilities’ -

The experinental work Was carried out using the Taboratory and
other facilities of the Department gof Aqricu]tura] Eanneerino, University
of Alberta. The equinment consisted of 4 5011 cart which moved re]at1ve
to the tool, 501] preparation equipment and a multi- component sensor.

The so0il cart (Plate 1) has been described in detai] by Par1har (31).

The multi- ~tomponent sensor and -the associated data acquisition and
proce551ng equipment (Plates 1,3 and 5) are described by Harr1son (20).

As for the soif-preparat1on equipment, it consisted of a rotary %117er
compacting roller and a blade for surface leveling. The,rdtary ti]jer
(Plate 2) has been described by Parihar (31).  The compacting roljer
(Plate 1) was mounted on the oppdsite side of the main frame. The roller,
.in the form of 4 cy11ndr1cal drum, had a diameter of 40 cm and a width
of<roll of 90 cm. It could be raised or lowered with a winch, The blade
for surface 1eve]1ng was located between the rotary tiller and compacting ’
roller. The attachment of the blade to the rotary tiller was such that
‘when the winch was applied, one moved in the opp051te d1rectlon of the

~

other. The blade had a width of g5 cm and leveled the surface of the 5011

at any datum 23 cm above the bottom of the cart,

The wet bulk density of sgi] was obta1ned by a dens1ty meter
(E]comat1c) based on the transmission gamma rays., Soane (39) has shown
this method to be as accurate as a core samp]1ng method and up to three
times faster.  The equipment (Plate 6) consisted of -two probes, the
scaler-timer unit and the storage conta1ner and 1ntﬁ?na1 standard The

timer on the scaler un1t determined the t1me for a d?e set number of

- 35 -



PLATE 1]

A
B :
C :
D
E

GENERAL SETUP oF THE EXPERIME

SOTL CART

ROTARY TILLER
COMPACTING ROLLER - .
MULTI-COMPONENT SENSOR
DATA ACQUISITION SYSTEM

NT
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PLATE 2 : ROTARY TILLER

ROTARY RIADE
ELECTRIC MOTOR - :

LT3

PLATE 3 :  MULTT-COMPONENT SENSOR

A 1 MAIN FRAME (PASSTVE FRAME)
B :  TRANSDUCER - _ )
€ @ SUBFRAME (ACTIVE FRAME)

D  TOOL HOLDER
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radioactive counts. The storage container was provided witﬁ internal
wshie1d; a fixed steel p1ate was also located in the box to provide &
standard exposure for testlnq the equipment . ’

The moisture content of soil was obtained with tﬁe gravinetric
iethod.  The apparatus (Plate 7) consisted of several small circular

-

aluminure ﬂ%oxes for the soil samples, g weighing scale and an

electric oven. Soil samples were co]]ected weighed and placed in the
oven at 105°C for 24 hours (40). Each dr1ed sample was reweighed and the
difference in the weights before and after drying was noted The moisture
content was determined by using equation (2.3). .
4.2 factors, - |
M EQuaE%%% (2.2) proposed by Gill and Vanden Berg (14) was
considered in the selection of pertinent variables for study. Soil
condition (Si)dwas not varjed in the experiment. The }oi] actina or
reacting forces (F) included the draft (L), vertical force (V) and latera]
force (S). . |
With regard to the too] shape (TS), the following is pertinent:
- type (spherica] or cone) .
- dieneter
- edge—shapé “
Because.the study was to be'one of applied. nature, only ‘commercial disks
were considered. They are manufactured with one base angle (cone-disks)
and one radius of curvature (spherical disks) with the exception of the
.douele concave disks. Though notched disks a;g’common, their edge-shape
1s comparable with plain disks and Qere thefefore not inciuded in the

experiment.

With regard to tool orientation,the following was considered:
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;:aVel rate. ,
' )
anale can be obtained only if the disks are mounted

-~

independent o e another as on a disk plow. Largely because of costs,

disks are moun L in gangs on single axles and therefore there can be no

tilt angle. Trd iesponses to changes in depth and travel rate are
ik

pun for disks and originally wer: » ¢ to be included in
k>

the experiment. - was found, however, that only three levels of the

reasonably well ]

disk angle could begincluded because of limitations of the equipment, and
: N

therefore, two ley ! travel rate were.included to increase the scope

of the study.

4
W

4.3 Levels of Factors.

The commercfa] types of disk are fhe spherical, double concave
‘anéfcone. The usual diameters range from 18 to 22.1nches and tﬁerefore
three 1evé]s, 18, 20 and 22 inches were deemed adéqyate for the experimenp.
The double concave aisk was not available in the 22 in. sfze and, therefore,
1t was necessary to fabricate one by welding a ring énto ghe oﬁtside edge
of a conventional spherical disk. This approximated the other radius of
curvature of the déuble concave disk. In order to obtain a more meaningful
result, worn disk§ were simulated by reducing thé disk diameter by 1.25
inches.” The three-diameters'therefofe became 16.75, 18.75 and 20.75 inches.
The disks used in the experiment are shown in Plate 4. The choice bf the

(&)

three angles used was considered with respect 'to the basic arrangements of

mounting the disks uséd in commercial disk implements. These are:

>

1
]



,ﬁndependent disk‘nounting (disk plows)

d1sks mounted in gangs (disk har-ows ).
With regdrd to the disk plow the lateral spacing of the disk is fixed
and therefore the width of cut s largely independent of the disk angle.
The Tatter is usually adjustable between 40“‘and 50, The plane of the
disk can be tilted out of the vertical. vThe disk plow is not co@monly
used. 0On the other hand. disk harrows are used extensively. For this
cTass o implements the disk plane is always vertical and the width of
cut is g %unction of the disk angle. The most typ1ca1 forms for disk
harrow are the double disk gaﬁg§, which may be tandem as wel] as the
offset. The disk angles are adjdstab]e 3n the range of 15" to 25
though the disk angles for some offset disk harrows can be larger than
this.  The one way d1sk harrow is a un1que form for a d1sk Harrow and is
Timited in its use to western Canada. The disk ang]e 1s adjustable from
30° to 40°. In summary , \ 3

\

\

. A ‘
disk harrows (15° - e*§%300)
| - \\\ .

one %ay disk harrows (3@i <y < 40”)

R

disk plows (40° < u « 50°)."..
The critical disk angles, as determined from equations 3.3,i3.4 and a
graphical method, are é%ven in-Table ;% \The choice of 2.07 mph as the
" upper limit for speed was becadse itbwés tﬁe 'safe' meximum speed to
operate. Three replicates were considered adequate for the exper1ment
A split-plot factorial design was selected as the most

appropryate one. Disk angle was the factor to be 1nvestlgated with
greatest prec1s10n whereas type and diameter ranked next with equal

4%
precision. Since speed was the factor that was introduced to increase the

Pa g 3
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Table 1. Critical angle for dikks of different types and digmeters.

( depth = 5 in.; spherical: R = 25 in.; double concave:

"L R1 = 45 in. and R2 = 7 in.; cone: a = 300.)
Diameter
16.75 in. 18.75 in. 20.75 1in.
Spherical 18° 20“O 22°
' o
Type Dngbl»e concave '260 27° \ ,26
' ws . .0
Cone o=, 28® 26
T Cb,“ “ J

|-
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SLOPE Ot the study, jt was beina dnvestioateg WILh Jeast precision (12).
< ' &

Interactiony of up to third order wepre considered.  Tabhles, and 3 indicate

the order ot the experizent and the form Of analyeis respectively

- »
In Sutiiiary . the additive el tor o any observation je-
Y oo R RO R S T O R O ..
nnt gk ) n np i ] in < in 1]
’ ] - '
IO TR g SNPR L DR
nij ip jp nip njp 1ip
A
CSTDR oo v e to Dol s
nijp K "k Tk jk 7 nik
ESDe o TDey s ST e
2 njk 1jk nijk pnijk
where Y = obseryation
p
e an
residual error
RE5TLD wnd - are qiven n Table .
p=1,2,3; n 1,0
1= 1,2,3; J = 1,23 and k- 1.2,3.
4.4 Jata ACQUISTEION wand Procen »1ng.

A six-force system is the wusual arrvanaemen® of a4 multi-component

sensor for easurina soil reactions on tillage tools (?4).  The multi-

corponent sensor used (20) required the followinag calculations where FT to
B b

F6 are the attinq forces:
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Table 2, Experimental order.
Replicare |1
Speed o 1025 mph., .07 wmph, ~
[y
lwm 18C 1 ’O‘;”"’S‘ 1807 >"'):>1>IIH:1|’;>:3(: 200 " OS 18D P25 jm D 20C TRCDO! >|
. R | . . | : . . {
! i ! ' |
50'/‘ fa)ILS‘ 30 13} 45130115 15 u>;15f 4)55( 45'151 M)IAS[
i S B S R AT S T
45401 f):15!/+5.‘ '3()‘ 30 lﬁfv/f)lfar). 15)3(): 15“/4 30“4 ‘/4 ’f lr)!
> 30130130 45 a5l as|as so] 30 as]as 3015 15150115 | 30{
Replicate 2 7
< . "
2.07 mph 1025 my )h
lbmm(! ; »??Dpzx )>('>( )flM)z) 20D 18C ’))( 2()(, 185. >0D )mmn
| i ; ; o ] - T 1 7,
45745130 115 130 15! 6501530 45 15 15| 3045115 30 | 303 45{
i : . . . . : .. . ! Lo i
| - . : . - I
1510301 15045 1> 30' 3(’ 45145030 30 30 45 301 45, 15115730
C ‘ | R [
FLLS HAS 300 4y 451 1)‘ 50; 151154 45, GS] 15‘ l)? 30j 45; 45115
ii Replicate 3 - '
G
07 mqﬂl R - 1.25 nph

’0( °v([1qL 188 20,2281 18D )om'zvn

I

; .

!45 151 45f 30 45 30 f15J 301 30
|15

—

45 30 45 15 15 30' 15’ 45

Note
Next large
diameter

type

: Smallest subplots are angle

— Y _,‘N_, ~

18D 235 18C 705 7OD 7UL )ZC 7’D 185
15,30 30| 15{ 15 45 451301 45
451 45| 15/ 30 | 301 15 1)5 4)! 30

30j 15, 45[ 45[ 45 3o, 301 151 15

15°, 30 and 45°

r subplots are diameter x type,

18 in., 20 in. and 22 in.
: Spherlcal (8), Cone (C) and
Double concave (D) l



Table 3. Form of analysis for the split-plot factorial desipn,

FORM OF ANALYSIS

SOURCE OF VARIATION DEGREFE, OF FREEDOM

Replicates. 2

Speed (S) 1

Error(l) 2 ——
Sub-total(1l) 5

Type (T) 2

Diameter (D) 2

T'x S . 2

D xS 2 '

T x D 4

T x D x S 4

Error(2) 32
Sub-total(2) 53

Angle (9) 2

S x 0 2

T x 8 4

D x @6 ‘ 4

TxS xe 4

DxS xoe8 4

TxDxaeg 8

TxDxS x 60 8 ’

Error(3) - 72
Total B 161
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Harrison (20) prescribes the following Calgrlations in order
4
to locate the resultants in the three views (Fiqure 11):
For the plan view or yawing Dlane,

R R

For the side elevation or pitching plane,

\ Riy = /L% VT
LoeT taq*](g) ’
Y x F
Moo
~\\\ p\'LV
For the rear elevation or rolling plane,
o P
oy = ¥ST+ v °
= tqp:](é)
27, F4
M= =t
Sy

action of L, S and v or the resultants, and that the resultants shown in
Figure 11 are planes of action rather than lines of action.

The raw data aé>co]1ected on paper tape were the values for

'FI’L’FZ - F3,V,F5 and S, These data were Processed using programs stored
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On cassette tapes to give the fing] values of the soi] reacting forces and
resultants. A special program was provided to draw the disks witQ the
resultants .

4.

[Ga]

Eﬁpﬁij@FﬁGJ,Pf9§9ﬂH??-
4.5.1 2011 Preparation.

The so0il used in the egperiment was the Ellersilie sandy loam
which had been taken from a cultivated horizon at Ellerslie, Edmonton,
Canada. The particle size distribution on the basis of a USDA soi]
classificatioﬁﬁand the moisture content-dry density relationship on the
basis of Standard Proétor test had previous?y been determined (31). The
relationship suggested an optimum moeisture content in the vicinity of
15 - 177,
For €ach run, the soil was prepared as follows 7

Two passes were made with the rotary ti]1e; to ensure
uniform mixing of the soil particles. The soil was then heaped Qp
sliaghtly above 4 datum’in the 35011 cart. ~The Surfagé oflthe soil was
subsequently trimmed to the desired Tevel with the blade. The s0il was
then compacted by passing the roller over the soi] twice, once in the
forward and once iﬁ the backward direction.

Measurements of the bulk density and moisture content were
carried out before each run to Satisfy the requirements. that they be kebt
as constant as possible. A nmfsture content of 15 - 17% would be optimum,
but a range'of 14.5 - 17;5% was allowed because moisture content is
difficult to control. .Within one day the moisture content might vary by
only 1%. Si; soil samples were taken é]together for the purpose.of

checking the moisture coﬁtent. The bulk density was measured using the

density meter.



A preliminary survey of the density profile of the soil was
carried out. 'Three replicates were obtained and the mean values are

shown in Fiqure 12. The characteristic of compacting with a roller is

" obvious in the figure, with a'density gradient which diminishes with

~depth.  The densify 1s~also higher alona the sides because of the walls
of.the cart. The ya]ues In the figure wefé used fpr checkfnq the dry
bulk density of the prepared soil. Before each run, a semi-random check
was carried out by taking a reading from the Strip of s0i] where it was
going to be ditched to allow for the throw of Soil in the f1rst cut. Tﬁe
reason for this was that soil ‘elsewhere shoyld not be d1sturbed, and that
one reading was sufficient because .the density profile was expected to be
the same, only the grand mean of the density might change. An allowance
of + ]5 of the values shown in Fiqure 12 was conswdered adeQuate,
estimating from the rep1;éate values. The criterion in checking the

moisture content and bulk density was that if‘observed values were within

the required ranges, t?f’soi] condition was accepted, otherwise the 5011

was remade.
4.5.2 I§§E“E£9§§5gggs S , e )
1. , w1{% the soi] greparation and soil parameter measurements
carried out, the apprgpriate disk was mounted on the subframe.
~ Care was taken to ensure that the bottom edge of the disk,
~1rrespeétive of its shape and'size was always at a fixed'
elevation in order to obtain a constant depth of cut of 5
’1nches J y
2. - The required disk angle was obtained and the required speed

Was set at the transmission. , _ o
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A preliminary cut fog. the particular disk anale was made,
. Y
apd the frame with the disk was then shifted 6 inches

laterally to provide for the size of cut.

The amplifiers were nulled*, the transducers balanced* and
. ¥ '
the system calibrated. -

The s0il cart was set in motion, and the data acquisition
system actuated. .
With the soil cart/returned, thé test run for the néxt disk
angle was carried out by repeating stéps 2 to 5. |
then all three ang]és_were completed, the test run on the

next disk was carried out by repeatina steps 1 to 6.

Steps 1 to 7 were repeated until all the runs were completed.

(

N

For consecutive runs on the same day, these were done only onde at

the beginning of the day.



CHAPTER 5
RESULTS AND ND DISCUSSION
. The soil reacting forces (L,S and V), as obtained from the data <
acquisition system, are given in Appendices 1%2 and 3. Analyses of

variance (Table 4) Were carried out in accordance with the model noted in

subsection 4.3, using an APL program* from the University of Alberta

Computing Serviceé/ ibrary. As can be seen, the main effects due to type

and disk angle and the e {ect due to the interaction between type and
disk angle are highly siqn1ﬂ1cant for L,S and V, whereas ,the interaction
between diameter and disk angle is highly s1gn1f1cant only for-V. The
means of the soil reacting forces may be noted in Figures 13 through to
18. The Duncan's multiple range test (42) reveals that 11 the means are
significantly ditferent.from each other (at 0.05 probability level).
5.7 Draft (L).

The effect of type 1s such that the’draft is smallest for the
sphe ical disk and largest for the cone- disk (F1gure 13). This is
attr1buted to the differences in the bearing area for the three disks at
the minimum disk angle of ]5°, which is minimum for the spherical and
maximum for the cone-disk The interaction between type and disk angle
can be noted in Figure 20. At 30° and 45° the bear1nc area is zero

ﬁ/’TTane H) for all three types and there is no appreciable d1fference
between- the types of disk. V ’
~ The effect of disk angle (8) is such that L attains a m1n1mum in the
v1c1n1ty of 30° (Figure 14), above and below wh1ch L increases marked]y

Such tendency is due to the fact that when © 1s small a bearing area 1s

_;g additional draft on the disk, and when ¢ is very large

Pregent, thereby *f*

* APL Libri%&;'No. 2; statistical package: No.7 ; function: AOV5
S ‘ - 53 -
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TABLE 4:  ANALYSES OF VARIANCE FOR THE SO]L REACTING FORCES. ;
_ .
L S v
source of Variation DF MS F MS F MS F
—_— . J ~,—~-—i e T T T T T e e el e e
Replicate (R) 2 58.9 2.7 3.0 0.2 38.6 .8
£ ¢
Speed (S) T 114.0 5.3 0.1 0.0°  .218.7 10.0
trror (1) mﬁwm_éijL_umﬂﬁéwwm%m2L2muw”“_
Subtotal (1) 5
Type (T) 2 368.9 11 4**%* 1354 g 135 S*** 1176.7 87 g+
Diameter (D) 2 8.5 0.3 12 O T .. 42.5 3.2
T x5S \ ) 1.2 0.1 0.8 0.1 3.3 0.2
D xS 2 5.1 0.2 8.5 0.9 4.8 0.4
T-x D 4 12.6 0.4 6.2 0.6 12.5 0.9
TxDxS 4 295 0.9 5.7 0.6 16.2 1.2
Error(2) % 35y 0
Subtotal (2) 53
Anale (3) 2 1439.7 90.4%** 8635.3 1328.5%**19618.3 1428, grrn
S x o 2 33.6 2.1 - 19.0 2.9 44.9 3.3
T x , v 4 500.7 31.4*%** 7796 119.gxx* 1541.0  112.0%%x
D x = 4 28.4 1.8 9.8 . 1.5 ~ 139.6 10, 2%**
TxS x4 4 1.4 0.7 2.4 0.4 1 13.5 1.0
D xS x e 4 36.0 2.3 13.8 2.1 8.1 0.6
TxD x g 8 20.9 1.3 - 15.0 . 2.3* 10.1 0.7
TXDxS x g 8 13.5 0.9 6.8 1.0 12.0 0.9
Error (3) L 72 15.9 6.5 13.7
[ '
5
Total 161
* significant at 0.05 probability level

** significant at 0.01 probability level
*hx significant at 0.00] probability level (highly significant)
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The bearing area eff&ct§vtho Tateral roaction as was the ca
for the draft but reducosJiﬁ> rnnmi§udw-rdﬁhef than Increases it.  Yithout
A bc#rfnq ared (disk anale qreater than the critical angle), the Tateral

“reaction is opposite to‘thélT-fPra] motion of the soil. ‘Uhen there.is a
bearing area there iéianother lateral reacting force but it is in the
directioh of the motipn of the soil. Figure 15 indicates that S is
smallest for the cone-disk and ]arwe;t for the spherica]l disk. Figure 23

indicates that this applies largely at 15°. The roason for this is

/ N
similar to that for the draft, that is, the bearing area of the
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cone disk tor the same disk anale and depth is gredter than for the

spherical or the double concave disk. ~

( g*

). yprticgerpapEjpp (V).

The verticaiefedction on a disk is also affected by the
hresence oroabsence of the bearina area, and therefore the disk angle. A
disk experiences a downward (neqative) force due to the weight of soil.
When the bearing area is present, the convex side of the disk causes a
Targe upward (positive) forcerﬁo act on the disk and the overall vertical
reaction is usually positive. When there is no bearing area (disk anqgle
qreater than the critical anQTe), the edge Shgpe may cawuse sore upward
force on the disk and the'overall vertical reéction may be positive or
neaative. |

The main effects due fo type ana disk anqle are shown in
Figures 17 and 18 respectively. The reason for the 4rend of the curves is
simlar to that for the draft, from the standpoint Qf bearing area and the
range of disk ang]eg employed. The differences in V at 15 disk anale
(Fiqure 22) are attributed to fhe fact that the cone -disk has a 1argef
bearing area for equal disk angles and depths resulting in a larger vertical
reaction than for the spherical and “double concave diskg. At 45°, however,
the vertical reaction for the céne~disk is smallest and has a smé]]
negative value. The reason for this is because of its shape; its concave
side is re1ative1; deep, and when ¢ 1s~ﬁarge there is a tendency Toranore
s0il to accumulate on the concave side, therefore the weight of the soil
causes an added downward force on the disk.,

' As for the interaction between diameté?>and disk angle (Figure

23), there are significant differences in the vertica] refction at 15° ard

/
< .- \\
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45", The differences in the verticag reaction at 15° is attributee“to
the fact that larger disks have larger bearinag areas for equal dis}
angles and depth, and é%eretore Vois laruet. On the other hand, «f 45"
larger disks have Tarqger pressure areas and thereforo™y tendency for iore
soil to accumulate on the concave side resulting in an extra downward
reaction. From the operating standpoint, therefore, there should be a
preférente in the use of large disk$ when the disk angle is larue, and
small disks when the disk angle is small.

The ana]ys1s off. variance 1nd1cates that speed is not™si%nificant,
but it has genera11y been accepted that draft increases as speed 15
increased (15,45). The range of speed used in the experiment is sma114(1
to 2 mph) and the difference in the Jraft 1S too small to be stat1st1ca11y
significant. A compiicating factor is that the soil used in the experiment

is a sandy loam with a high percentage of sand, and according to Rowe and

Bérnes (36) the draft on the tool in this type of soil is rather insensitive

\4

to speed.
5.4 2011 Reacting Resultants. ~
A‘d}éﬁhica] representation of the resultants of L,S and V are

qiven in F1gurqs 24 through to 29, 1na1cat1nq the effects of disk type,
diameter and angle. The analyses of var1ance (Tables 5, 6 and Z) indicate
that the main effects due to type and angle and their interaction are
highly significant for all three resultants (magnitude and direction). The
effect due to the interaction between diaﬁeter and angle are highly.
‘significant for some of the magnitudes and directiohé of the threelresuttants.

/ Figures 24 (a,b and c) indicate the resultants for m1n1mu£ angles

for disk harrows. The yawing resu]tant (R ) is smallest for the spherical

and largest for the cone-disks indicating an advantage of’ the former for o



TABLE 5-
[ .

YAUING RESULTANT (R, ).

D

ANALYSES OF VARIANCE FOR THE MAGNITUDE AND DIRECTION OF THE

‘ Rs LS
Source of Variation' DF MS | F MS F
> |
Replicate (R) 2 61.3 1.5 3.0 ‘0.2
I

Speed (S) il 14D .3 3.4 9.9 0.7
tror 002wy S s

Subtotal (1) 5 )
Type (T) 2 381.9 10.1%%% 22594 154 grx*
Diameter (D) 2 4.3 0.1 ' 8.5 0.6
T xS ~ 0.8 0.0 11.3 0.8
D xS - 2 3.4 0.1 1.2 0.1

‘T xD 4 9.1 0.2 29.7 2.0

Tx0 xS ‘ 4 347 0.9 5.3 0.4
@jﬂtl2l_w,“-M”_,mwm§§1“,,;_jﬁilh_mw“‘__,»Nhjﬂiéaﬁu_‘w._”*

Subtotal (29 53
Angle () 2 478.0 26.7%%% 21297.2 2251 .3%%x
S x oo 2 29.8 1.7 17.0 1.8
T x - 4 751.6 42.0%%%  1358.5 143 g%+
D x 4 g 23.3 1.3 35.8 3.9%
T xS x o a " 2.7 0.7 2.9 0.3
D xS x s 4 481 2.7 3.1 0.3
TxD x 8 \\) 20.3 1.1 33.17 3.5
TxDxS xs 8 18.0 1.0 7.4 0.8
Error (3) g2 RS R K- |

Total 161
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TABLE 6: ANALYSES OF VARIANCE)FOR THE MAGNITUDE Anp DIRECTION OF THE

PITCHING RESULTANT (Riy)

- ¥

e .l —r;»r—<->_~-,,._,;,.,;,;., S T T e e

Source of Yariation OF MS F MS F
Replicate (R) 2 102.7 2.7 20.3 .1
Speed (S) ] 227.5 6.0 140.7 7.3
Error (1) N X . 19.4

Subtotal (1) 5 -
Type (T) 1482.3- 3] gres 165. ] 16.9%*x

2
Dianetey (D) . 2 8.9 0.2 28.4 2.9
Txs 2 ' 0.1 ~ 0.0 1.7 0.2
D xS 2 7.6 0.2 16.0 1.6
T xD 4 21.5 0.5 13.1 1.3
T XD xs , 4 48.5 1.0 4.4 0.4
Error (2) | 32 7.9 9.8

Subtotal (2) . 53

Angle ()’ 8825.9  339.5%%x 4593 o 3836, 7*%*
106 R L 2 B
68. 1%+ 345 1 53.9%%x

4

9

.8 3.8% 1@l 3 26 . 7*x
6 0.9 Qg}l3 1.9

1

(Ue}

X .

-

2
2
| “ 1771
x . ; 4 . og
4 24
i a3
9

N e
< >
[}
>

1.7 6.2 . 1.0

‘ 25 1.0 1.2 1.8

TxDxsyx 8 22.8 0.9 4.3 0.7
2 25.9 5.4

" Hhx\a____x - ,\_\\-~_»—»\‘ e ——

3
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(@)
N

ANALYSES OF VARIANCE FOR THE MAGNITUDE AND DIRECTION OF THE

TAGLE 7:
ROULING RESULTANT (R ).
g e e
Roy SV

Source of Variation DF MS F M5 F

Replicate (R) 4 53.5 1.4 43.6 4.4

Speed (5) 1 158.0 4.] 101.4  40.8*

treor ()23 e o
Subtota}%}h) 5

Type (T) 2 11379 55.0%%*  1391.1  pg 74#*

Diameter (D) 2 91.1 4.4 78. 1 1.6

TxS 2 6.8 0.3 39.5 0.8

D xS .2 0.6 0.0 o 38.4 0.8

TxD 4 5.8 0.3 107.3 2.2

TxDxsS 4 25.1 1.2 18.5 0.4

Error(2) 3 207 . s .,
Subtotal (2) 53 ’ '

Angle (-) 2 6188.0 487.2*%** 123425.5 4315 gars

S x 1 2 56.8 4.5+ 16.1 0.6

T x - 4 1863.0 146.7***  2303.9 g gr**

D x - 4 71.2 5.6%* 330.4 17.6%%x

TxS x5 4 11.3 0.9 40.0 1.4

D xS x. 4 4 19.6 1.5 28.2 1.0

TxDx o 3 1.1 0.9 123.0  4.3%

TxD xS x o 8 151 1.2 8.7 0.3

Error (3) U AN 2 A S -
Total 161 ‘ '
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small disk anales. 7he d;rection of the yawing resultants (nLS) s of
no importance for symetrical ‘arrangements 0f aamas of this class
arrancement byt may accbunt for some Skewiéq of the offset class. The
tendency to skew would be in different directions deperding on whe ther a
spherical or cone disk 1S used.

As for the pitching resultant (RLV), it is also smallest for
the spherical and laraest for the cone-disks . Pgﬁaddition, Fiqgures 25
{a,b and ¢) indica;e that RLV Is smallest for the 18 in. diameter and
largest for the 22 in. diareter disks. Such results indicate g4 superior-
ity of a small spherical disk\ The superiority in thisicasp applies to
symmetrical and pon-symmetrical class of disk harrows alike if penetrat1on
| -1s a concern. The magn1tude and directions of PLV indicate that penetration
would be easiest with a small spherical and most difficult with a Targe
cone disk for a disk angle of 15°. The yawing and pitching resultants
(‘LS and RLV) also indicate an advantage of the spherical disk with res-
Pect to the draft but that has been hoted in subsection 5.7

Figures 26 (a,b and c) indicate some advantage of the cone- disk
Over the.spherical and double concave disks with régard to the one way disk
harrow. The magnitude of all three resultants Is smallest for the cone -
disk, indicating jts superiority somewhat. Figures 27 (a,b, and ¢) indicate
SOme advantage of a 20 in.. diameter disk over the other two sizes. The
dirvection of thé rolling and pitching resultants (R Sy and RLV) indicates ga
better penetration for the 20 in. Qigneter disk even though the magnitude
of the resultants is sI1M™htly larger than that for the other two sizes.

F1gures 28 and 29 (a,b and c) indicate a su;;gzmr%ty of a large

cone-disk over a sma11!§pher1ca1 or double concave disk with reqard to the



o)
0o

disk plow. "While the maunitude of all three resultants is smallest for
the 22ain. cone disk, the direction of the ‘rolling and pitchina
resultants (R., and RIV) indicates a better penetrating ability of the

disk. The use of larae cone-diske 1s therefore recommended for deep

plowing.
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QCHAPTER 6 | v

t

SUMMARY AND CONCLUSIONS'
The results of the exper1ment can be placed in two tategories
depending on whether they confirm those of other 1nvest1gat1ons or are
outside the exper1ence of other investigators. The f1nst category includes

the main effects due to disk angle and speed. A disk angle was found fér
¢ ~.
wh1ch the draft is minimum, 1nd1cat1ng that an optimum disk angle exists.

| A]though the main effect dye to speed is deemed non- significant, such

result does not conflict with those of other 1nvest1gat1ons because of the
ﬂ‘

narrow range of speed used in the experiment ‘and the type of s0i1 emp]oyed.
V4

The other categony 1nc]udes the results which are apparently outside the

" angle and dlameter, and the graph1ca] representat1on of the resu]tants of

“the soil reacting forces.

W

Much of the reasoning for the differences in the 5011 reacting
forces 1s based upon-the presence or absence of the bearing- area. MWith .
small disk ang]es, ‘the cone disk has the largest draft (L), vert1ca1 |
reaétion (V) and negative ]atera] react1on (S), whereas. the spher1ca1 disk
has the oppos1te tendency The bear1ng area accounts for such resu]t, 1t
: 1s largest for the cone disk and smal]est for the spher1cal disk. With

large d1sk angles, there is no bearlng area and there are no apprec1ab]e :////*//

=

d1fferences in the s0i1. react1ng forces between types of dlSkS w1th th// e

except1on ok the vert1ca1 react1on (V). It i< least: for the cone d1sk and

¥

s 2 attr1buted ‘to the we1ght of the soil wh1oh accumu*ates on the. concave- '

e

. Side the disk There wou]d be _an- advantage of us1ng 1arge cone-disks
T

_#—,Qith—4awznrff"lfan§7es if penetrat1on is often d1ff1cu1t The effect.of '
\ . v \ .
\ -87—4 S . :



e _
the™ 1nteract1on between d1sk angle and d1ameter is also 1mportant With

‘regard to penetration. The ertical react1on (V) is sma]]est for the
smallest d1sks when ‘the d1skwan3¥a s small, and a]so-smallest for the
]argest disks when the disk angle is 1arge An effect1ve use of smal \or
]arge disks must therefore be cons1dered with regard to the-disk angle

The graph1cal representat?on of the resiltants can be e1ther
~a graphical summaty of the soil react1ng forces or a conyenience. in .

discussing the resu]ts The/]atter is more useful and therefore preferred

The magn1tude and d1rect1on of the resu}tants a1d in the se]ect1on by the

. . 1
operator of an optimum d1sk shape, name]y type and size, with regard to

the c]ass of 1mp1ement On the bas1s of the resultants obta1ned, sma]]
<1 )
re recommended for disk harrows, medium sized (20 1n

g

spherical d1sksA
diameter) cone-dixks for one. way d}sk harrows and ‘large cone- disks for
’ d1sk p]ows For the des1gn7r, the equat1ons for cr1t1ca] d1sk angl suggest

that an optimum comb1nat1on of diameter and rad1us of curvature can He

\determlned for a spher1ca] disk, and that a cone disk w1th a sma]T basé‘\xﬂ_;;;;é

with disk harrows., The* magn&tude-and‘ . _fi;

angle m]ght be cons1dered f
i\s;¥ direction 0 . ." 3 owaiggfn:the‘design offCértain components}lf
| \j‘e«a\\}e, the yaw1ng resu]tant 15 the vector add1t1on of the thrust and
“radial. 1oad‘on\the bear1ng of the d1sk ' If the thrust 1s ]arge and cannot f‘

‘be avo1ded a thrust bearﬁng rather than an qrd1nary bal bear1ng 15

.\\

Ral

‘necessary -’7\v o \;}:\ - jf v "viz\;_«f'” S
| | With regard e future exper1menta1 work a better understand1ng _pf:'“
of theeso1] react1ng forces may requure the 1ocation of the 1ine of act1on ;1.7:
of L,S and v as we]] as the1r magn1tude Some researchers (14) have

Kt

advocated th

use of pressure ce]]s at var1ous po1nts across the surface of

the tw]]ag atool

; - | R o »x;_ . : ,.’5)f“”'

\ .
W1th such a setup, the tota] forcé in a d1rect1on can be -



determined by integrating alj the preSsureS infthattdireCtioh,'@nd‘ |
Consequently the eeetre,of preesure is also detefﬁined If the comp]ex1ty
of the 1nstrumentat1on and costs are not the 11m1t1nq factors, such a"'

‘ method s very usefu] I1th both the magn1tude and ]ocat1on of the s011

react1ng forces known, 4 dwsk 1mp]ement can be des1gned and operated o

- . : y o
w1th greater eff1c1ency o \ : - A

(_

~
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Lateral reaction (S) (1b).
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