SOIL REACTING FORCES FROM LABORATORY MEASUREMENTS

WITH DISKS

H.P. Harrison' and T. Thivavarnvongs?

lDepartment of Agricultural Engineering, University of Alberta, Edmonton, Alta. and 2Faculty of Engineering, Khonkaen

University, Khonkaen, Thailand
Received 15 July 1975

Harrison, H.P. and T. Thivavarnvongs. 1976. Soil reacting forces from lab measurements. Can. Agric. Eng. 18: 49-53.

The soil reacting forces and the screw axes for the three disk types were determined using a remolded soil. A split-plot
experimental design was used with the disk angle in the sub-sub plots, diameter and type in the subplots and speed in the
main plots. The presence or absence of a disk bearing area affects the forces and axes, therefore, the performance of the
implement. A functional relationship between the minimum disk angle for zero bearing area and the spherical radius or
cone angle of the disk, the disk diameter and the depth was derived. The minimum or critical disk angle proved useful in
discussing the experimental results. Vector algebra was used to derive the equation for locating the screw axes. In general,
for minimum draft and maximum penetrating ability, the small spherical disk is preferred to either the conical or the large
diameter disks when used on tandem disk harrows. For the one-way disk harrow, there appears to be little or no advantage
as to size or type of disk with regard to draft and penetration. ’

INTRODUCTION

The disk is a popular tillage tool in
some regions, such as the prairies of
western Canada, because it has advantages
relative to the mouldboard plow in these
regions. The disk was developed about
100 yr ago (Ingersoll 1926), and until
recently the only disk shape was spherical
(Figure 1). A variation of the spherical
disk is one with two radii usually referred
to as a double concavity disk. Ingersoll
(1926) records that the double concavity
disk was developed as a result of a
manufacturing error. A recent innovation
is the conical disk with the basic shape of
a right circular cone. Originally each disk
was mounted on the implement frame
independent of the other disks. Because
of costs, the common disk implement
today is one with the disks mounted in
gangs, such as the tandem disk harrow.
Another implement which uses disks
mounted in gangs is one that is unique to
western Canada, the one-way disk har-
TOW.

A general force equation proposed by
Gill and Vanden Berg (1967) for tillage
tools states that the soil reacting forces
are a function of the tool shape and
orientation. With the recent introduction
of the conical disk it is an appropriate
time to determine the reacting forces for
this disk and compare the results with the
reacting forces for the spherical disks. In
pursuing these objectives, some equations
with regard to the geometry of the disk
and the location of the wrench or screw
axis were derived.

EXPERIMENTAL OBJECTIVES
AND DESIGN

In planning the experiment, only
commercially available disks were con-
sidered because the investigation was to
be one of an applied nature. Conical disks
are manufactured with only one base
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angle, namely 30°. For the spherical
disks, the only radius is 25 inches (635
mm) for the single radéus disk; 45 inches
(1,143 mm) and 7 inches (178 mm) for
the double concavity disk. There is
considerable choice in disk diameters
from commerical sources but the usual
range is from 18 to 22 inches (457 to 559
mm), and therefore three levels, 18, 20
and 22 inches (457, 508 and 559 mm),
were deemed adequate. As for the
orientation of the tool, it is a matter of
adjustment with limitations depending on
the type of imglement. Disk angles of
15°, 30° and 45° can represent the three
major classes of disk implements; namely,
the tandem disk harrow, the one-way disk
harrow and the disk plow. Two levels of
speed were included to increase the scope
of the study.

A double split-plot factorial design was
used with the disk angle in the sub-sub-
plots, diameter and type in the subplots,
and speed in the main plots. With this

design the disk angle was investigated

with the greatest precision, the speed
with the least. Experimental work was
carried out using the facilities of the
Department of Agricultural Engineering,
University of Alberta. The equipment
consisted of soil cart, which moved
relative to the tool, soil preparation
equipment and a multicomponent sensor
(Harrison 1975a; Parihar 1972).

CRITICAL DISK ANGLE

McCreery and Nichols (1956) state
that at small disk angles the back or
convex side of the disk will exert pressure
on the soil, causing the soil to compact.
This part of the disk is the bearing area,
and is like that part of a wheel which
contacts the ground. Like the wheel, the
bearing area of a disk resists penetration
but if it penetrates, the draft is large. To
minimize the draft and assist penetration,
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Figure 1. The pressure and bearing areas of a

spherical and conical disk.

therefore, the bearing area should be
zero. The concave side of the disk, which
contacts the soil, is the pressure area and
with the application of pressure on the
soil causes the soil to rupture and
pulverize. The pressure area is like the
share and mouldboard of the mouldboard

plow.
The bearing and pressure areas depend

on the disk diameter, depth and angle.
The spherical radius of the spherical disk,
and the base cone angle of the conical
disk also affect these areas. The bearing
area reduces with a decrease in the
diameter, or depth of tillage, or both, and
reduces with an increase in the disk angle
(Harrison 1975b). At some critical angle,
as the angle is increased, the bearing area
will be zero. McCreery and Nichols
(1956) suggest a graphical method to
determine the critical disk angle, but an
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TABLE1 CRITICAL DISK ANGLES

Depth Diameter Double
(inches) (inches) Spherical concavity Conical
18 15 24°
3 20 17, 23o
22 18 22
18 17 26°
4 20 190 25°
22 20 24
18 18° 26° 28°
5 20 20, 27, 27,
22 22 26 26
T Solved graphically for the depth used in the experiment.
algebraic solution would be more conven- b=(D/2)-d.

ient, and therefore one is derived. The
critical disk angle, 0, is given by:

0 =f(D, R, d) — spherical disk,
0 =f(D, ¢, d) — conical disk where

D is the disk diameter,

R is the radius of curvature,
$ is the base angle, and

d is the depth.

The critical angle is specified when the
tangent to the disk, at the leading edge of
the intersection of the disk and the soil
surface, is parallel to the direction of
travel (Figures 2 and 3). The intersection
of the disk and the soil surface is an arc
of a circle in the case of a spherical disk;
an hyperbola in the case of a conical disk.

From the plan view of the spherical
disk (Figure 2)

MO =R cos (sin"! (D/2R)) and

R’ =MO/cos 0 or

0 =cos™! (R cos (sin"! (D/2R)) | R").

From the auxiliary or oblique eleva-
tion view of Figure 2, and with
Pythagoras’ theorem

®R) =R* - (D/1) - ®

0 =cos™! (R cos (sin” ! ?D/ZR)) /
R? - (DI2) - DH)'?

0 =cos”! (4R? - D?)/
4R? - (@)2) - H'?

The equation of the hyperbola (coni-
cal disk) is

x%/a®) - 02 /b?) = 1.

From the plan view of the conical disk
(Figure 3)

a =((D/2) — d) tan ¢p and

The tangent to the hyperbola at any
point in rectangular coordinates is the
derivative dy/dx; that is,

dy/dx = (b%/a®)(x/y).

By inspection of Figure 3, one
coordinate at the leading edge of the disk
is given by

x =(D/2) tan ¢.

The other coordinate is dervied from
Pythagoras’ theorem (auxiliary view of
Figure 3) which is

y=@o -y

Since dy/dx is the slope with respect
to the x-axis, and tan 6 is the slope with
respect to the y-axis, it follows that

tan 0 = @*/b*)(y/x) ot
0 = tan! (2 tan ¢ @D — d))'/? /D

The shape of the double concavity
disk is complex because of the two radii.
Because of the intersection of the disk
and the soil surface can not be represent-
ed by a convenient equation, the most
practical way of determining the critical
angle appears to be the prior-suggested
(McCreery and Nichols 1956) graphical
method. Critical disk angles for the disk
diameters used in the experiment are
listed in Table 1.

As can been seen, the critical disk
angle is much larger for the conical than
the spherical disk. The critical disk angle
increases between 1° and 2° for each
increase in depth of 1 inch (25 mm). For
the spherical disk, the critical disk angle
increases with the diameter but decreases
for the conical disk. The increase or
decrease is between 1° and 2° for each
increase or decrease in diameter of 2
inches (51 mm).
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SCREW AXIS

There are several ways to specify the
system of forces and moments for a
tillage tool (Gill and Vanden Berg 1967).
For disks and mouldboard plows, the
general case, the system may be resolved
into a resultant or vector force, Q, and a
vector couple, M (Figure 4). Taylor
(1967) asserts that the wrench or screw
axis locates a point on the disk through
which the resultant acts, and that
projections of the screw axis onto
mutually perpendicular plans are compa-
tible. The screw axis, by definition (Beer
and Johnston 1962), will be parallel to Q
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TABLE II ANALYSES OF VARIANCE FOR THE SOIL REACTING FORCES

L \" S
Source of Mean F Mean F Mean F
variation df square ratio square ratio square ratio
Blocks 2 58.9 2.7 38.6 1.8 3.0 <1
Speed (S) 1 114.0 5.4 218.7 10.0 0.1 <1
Errora 5 21.4 21.9 13.6
Type (T) 2 3689 11.4*** 1,176.7 87.7*** 13549 135.4%*x*
Diam. (D) 2 8.5 <1 42.5 3.2 1.2 <1
TXS 2 1.2 <1 3.3 1 0.8 <1
DXS 2 5.1 <1 4.8 1 8.5 <1
TX D 4 12.6 <1 12.5 1 6.2 <1
TXDXS 4 29.5 <1 16.2 1.2 5.7 <1
Error b 32 32.5 13.4 10.0
Angle (0) 2 1,439.7 90.4*** 19,618.3 1,428.6*** 8,635.3 1,328.9***
sx0 2 33.6 2.1 44.9 3.3* 19.0 2.9
TX0 4 500.7 31.4*** 1,541.0 112.2%** 779.6 120.0***
DXx6 4 28.4 1.8 139.6 10.2%%* 9.8 1.5
TXSX0 4 11.4 <1 13.5 <1 2.4 <1
DXSX60 4 36.0 2.3 8.1 <1 13.8 2.1
TXDX0 8 20.9 1.3 10.1 <1 15.0 2.3*
TXDXSX0 8 13.5 <1 12.0 <1 6.8 1.0
Error ¢ 72 15.9 13.7 6.5
Total 161
* 5% level of significance.
*** (.5% level of significance.
TABLE III SOIL REACTING FORCES, MEANS
Draft-L Vertical-V Lateral-S
(b/ft)* (Ib/ft) (Ib/ft)
Disk angle

15° 76.2 71.1 -17.2

30° 55.5 8.7 38.2

45° 66.3 1.9 34.8

Disk Type L

Spherical 60.9l 18.5 30.3

Double concavity 65.91>2 26.1 24.7

Conical 71.32 37.1 10.9

T Means with same superscripts within a category are not significantly different.

but located from the origin by the
moment arm, d, in a plane perpendicular
to the plane of Q and M where

d =Ml sin ¥/ |0l

Y is the angle between the vectors, M and

0
lol = @? + 87 +¥1)! /2,

where L, S and V are the components of
the vector force Q as specified by Kepner
et al. (1972).

M| = (R? + P* + Y2)1/2

where R, P and Y are the components of
the vector couple M as specified by
Harrison (1975a).

From vector algebra the scalar or dot
product of two vectors is the product of
the magnitude of the two vectors and the
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cosine of the angle between them (Beer
and Johnston 1962); that is,

Q- M=|0| X M| cos Y

The scalar product of the two vectors in
rectangular coordinates is:

Q-M=LR + VY + SP; therefore,

Y=cos™! (LR + VP +SP) | |Q| X |M|

From vector alegbra, the vector or
cross product of two vectors is a vector
perpendicular to the plane of the two
vectors (Beer and Johnston 1962) and
therefore will have the direction of the
moment arm noted previously. It follows
that the location of the screw axis from
the origin in rectangular coordinates is
given by:

dr =d(xi +yj +zk)

Figure 4. The screw axis of a force and

moment vector.

where r is a unit vector. The unit vector is
determined by dividing the rectangular
components of the cross product by the
magnitude of the cross product; that is,

x=LY~- VR/|Q XMl
y=VP-SY/|Q XM|
z=SR - LP/|Q X M|
where
l0 x M| = Q| X IM| sin Y

The projection of the screw axis is
located by the coordinates:

dx, dy in the yawing plane,
dy, dz in the pitching plane, and
dx, dz in the rolling plane.

The direction of the screw axis may be
given by the angle between the projection
and the direction of travel which is

tan™! S/L in the yawing plane and
tan"! V/L in the pitching plane.

For the roll plane the direction may be
given by the angle between the projection
and the vertical axis and is

tan"! S/V.

DISCUSSION OF RESULTS

The analyses of variance for the draft,
vertical and lateral reactions are given in
Table II. The main effects for the disk
angle and type tested significant at the
0.5% level, whereas the main effects for
speed and disk diameter did not, for all
three reactions. With the exception of the
vertical reaction, the disk angle-type was
the only first-order interaction that tested
significant. The means of the soil reacting
forces for the main effects are given in
Table III. As can be seen, the draft is
considerably less than that normally
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