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abstract

- The effect of change in axis angle on draught, 
- vertical and side forces was studied and the results 

compared with the prediction.

A force prediction model by Godwin et al at Silsoe 
College was used to predict the magnitude of forces to 
be expected.

An angle attachment was designed to enable disc axis 
orientation with the soil bin facility developed at the 
College.

The draught and side forces 
than at 0° axis angle. The 

o ’

Whilst for global prediction the model seemed alright, 
it was difficult to make it work for all combinations. 
Although the model worked well with an 0° axis angle and 
90° sweep angle, the edge effect and inclination for the 
other combinations needed greater definition.

It was found that there.was a significant effect in 
changing the disc axis angle, 
were found to be less at 15° than at 0^ axis angle, 
optimum axis angle at 25° sweep was found to be about 15 
where the maximum downward vertical force occured.

Since the experimental and predicted results did not 
compare well, an exploration of the force prediction model 
was suggested.



(iii)

PAGE NO.TABLE OF CONTENTS

11.0.
1

3• 2,0.

3

213.0.

1.3.
1.4.
1.5.

26
26

23
23

7
9
10
13

6
6

1
2
2
2

16
16

18 .

(i)
(ii)
(vi)

acknowledgement
abstract
LIST OF TABLES, FIGURES AND PLATES

INTRODUCTION
1.1. Implements used for land preparation
1.2. The problem faced by farmers

Proposed objectives
Reasons for opting for the study 
Specific objectives

METHODOLOGY
3.1. Design modification of existing 

equipment
3.2. Description of equipment used
3.3. Pilot experiments
3.4. Methods and experimental details

LITERATURE REVIEW
2.1. Forces acting upon a tillage tool 

or implement
2.2. Factors causing variation of 

magnitude of forces on discs
2.2.1. Disc angle
2.2.2. Disc velocity
2.2.3. Disc geometry
2.2.4. Depth of cut
2.2.5. Width of cut
2.2.6. Added weights
2.2.7. Soil type
2.2.8. State of moisture content
2.2.9. Rake angle



(iv)

TABLE OF CONTENTS (continued) PAGE No.

26

28

28

29

4.0.

40CONCLUSION AND RECOMMENDATIONS5.0.

41REFERENCES

35
35
35
38
38

31
31
34
34

31
31

29
29

26
17

3.4.1. Transducer calibration
3.4.2. Moisture content, bulk density 

and soil preparation
3.4.3. Angle and depth setting
3.4.4. Calibration of instrumentation 

equipment
3.4.5. Speed selection and winching 

of the disc-
3.4.6. Data recording and depth 

measurements
3.4.7. Moisture content and bulk 

density measurement
3.5. Force prediction

RESULTS
4.1. Analysis of results
4.2. The reaction of disc forces on changes 

in axis angle
4.2.1. Draught force
4.2.2. Vertical force
4.2.3. Side force

4.3. A comparison of experimental and 
predicted results
4.3.1. Draught force
4.3.2. Vertical force
4.3.3. Side force

4.4. Achievement of experimental objectives



(V)

TABLE OF CONTENTS (continued) PAGE NO.

43APPENDICES

43APPENDIX A : TRANSDUCER CALIBRATION
APPENDIX B : SUMMARY OF RESULTS FROM

48PRELIMINARY EXPERIMENTS
APPENDIX C : SUMMARY OF MOISTURE CONTENT

51AND BULK DENSITY CALCULATIONS
APPENDIX D : 52PREDICTION OF"DISC FORCES
APPENDIX E : SUMMARY OF EXPERIMENTAL

RESULTS 63
APPENDIX F : STATISTICAL ANALYSIS OF

64EXPERIMENTAL RESULTS



(Vi)

figure PAGE

5
2.4

7
2.5

8
2.6

13
2.9.

15
2.10.

17
2.11.

2.12
4.1

32
4.2

33
4.3.

33

2.7.
2.8.

Identification of disc and tilt angle 
and V

19
20

11
12

4
5

3
4

LIST OF TABLES, FIGURES AND PLATES

2.1.
2.2. a) Two non intersecting forces R^ 

b) One force, R, plus a couple, Va, in a
plane perpendicular to the line of motion

2.3. a) A thrust force, T, plus a radial force U 
b) A horizontal force R^, plus a vertical

force V
Soil reactions versus disc angle and tilt 
angle for a 660 mm, having a 569 mm 
spherical radius of curvature 
Relationship between velocity and draft 
with different disc angles
The effect of depth and soil type on 
draught and side forces
.The effect of depth of cut on draught 
The effect of depth of cut on vertical 
reaction
The influence of width of cut of 610 mm 
diameter discs on draught, vertical and 
side forces
Variation in shear strength with moisture 
content
Change in direction of resultant disc 
force with rake angle
Effect of rake angle on draught
The reaction of draught force to change 
in axis angle for 90° and 25° sweep angles 
The reaction of vertical force to change 
in axis angle for 90° and 25° sweep angles 
The reaction of side force to change in 
axis angle for 25° sweep angle



(vii)
PAGE

>4.4.
36

4.5
37

TABLE

18
4.1.

38

PLATE

1 (a)

2(c)

2.1
2.2
2.3.-

1(b)
2(a)
2(b)

24
25

22
22
24

9
10

The previous set-up of block before 
modification
The set-up after modification
The force measuring equipment set-up
The soil handling and preparation 
equipment
The instrumentation equipment

Comparison of experimental and predicted 
draught force
Comparison of experimental and predicted 
vertical and side forces

Soil reacting forces main effect 
Proposed ASAE standards for disc blades 
The effect of moisture content on 
density 
Comparison between predicted (improved) 
and experimental vertical force at 25° 
sweep angle



1

l.o. INTRODUCTION

Implements used for land preparationi.r.

The problem faced by farmers1.2.

The North-western regions of Tanzania are famous for 
cotton production. The soils are dominated by clay loams, 
often known as "black cotton soils". This type of soil 
is very sticky when wet and extremely hard when dry. 
Land preparation has to be done just before the heavy 
rains; the time when the soils are fairly workable.

It has always been a problem for farmers to achieve 
desirable ploughing depth due to hardness of soil. The 
plough adjustments provided by the manufacturers, in 
addition to timely ploughing, have not yielded satisfactory 
results. This prompted the author to carry out a study to 
find out if a helpful solution could be reached.

On small scale production, animal drawn mouldboard 
ploughs are used for primary cultivation. In most cases, 
disc ploughs are extensively used. Ridging is mostly done 
manually, except in large scale production where ridgeis 
are used. In the former case, proper ploughing to a 
desirable depth is essential in lessening labour requirement 
for this operation.

With a population of over 20 million people, Tanzania 
depends largely on agriculture for her foreign exchange 
earnings. Cash crops play an important role. Cotton is 
one of the important crops in this category. Poor land 
preparation, among other factors, contributes to the 
decline in production year after year.
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1.3. Proposed objectives

in draft.

Reasons for opting for the study1.4.

Specific objectivest
1.5.

The design of angle attachments to enable the use of 
the model for prediction of forces developed by Godwin 
et al (8) at Silsoe College; to achieve disc axis 
orientation.

Apart from finding out whether more penetration can 
be achieved by inclining the disc axis through various 
angles, the author expects to gain experience in using 
a soil bin. This would be quite relevant in helping to 
establish a facility to carry out soil bin tests at the 
Department of Agricultural Engineering and Land Planning of the 
Sokoine University of Agriculture, Morogoro, Tanzania, 
where the author expects to work.

The analysis of the magnitude of draft, vertical and 
side forces will indicate whether better penetration can 
be achieved. Optimum axis angle can also be determined.

The second idea was to change the orientation of the 
This idea was opted for by the author under 

the supervision of Professor R.J. Godwin, who has a 
proficient experience in this field of study.’ It was 
hoped that the orientation of the disc axis would improve 
penetration without additional draft and may be a reduction 

However, the author intends to carry out 
studies on the first idea in future.

Two ideas were born in mind. Firstly to modify the 
plough by incorporating tines on the plough frame. The 
tines will precede and follow discs in cutting through the 
soil, 
disc axis.
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2.0. LITERATURE REVIEW

Direction

Vertical

Identification of disc and tilt angle (11).Figure 2.1.

Forces acting upon a tillage tool or implement2.1.

(iii)

A tillage tool moving at constant velocity is 
subjected to three main forces which must be in equilibrium:

as 
610 to 710

(i)
(ii)

' Disk 
angled

S'" of travel

Ground 
X* line

Force of gravity upon the implement
The passive soil forces acting upon the 
implement
The forces acting between the implement and 
the prime mover.

Tilt angle V

Standard disc ploughs usually have 2 to 6 disc blades 
spaced to cut 180 to 300 mm per disc. Disc tilt angles 
are normally 15 to 25 degrees from vertical while disc 
angles are 42 to 45 degrees from direction of travel, 

shown in Figure 2.1. Disc diameters are commonly 
(11) .
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as

on a

Couple = Vd

tt
L A s.

(b)(a)

Figure 2.2. a)
b)

a.J 
f I 

 V

The resultant effect is based on the longitudinal, 
lateral and vertical composite , L, S and V, and resultant 
of these forces. L and S are combined into the horizontal

The force representation for a disc blade is shown 
in Figure 2.3. The resultant effect is expressed by two 
non-intersecting forces, one being a thrust force, T, 
parallel to the disc axis, and the other being a radial 
force, U.

Two ways of expressing the total soil reaction i 
tool for the general case in which a rotation effect 
exists, is shown below:

Clyde (2) subdivides the total soil reaction into 
useful and parasitic forces. He defines useful forces 

those which the tool must overcome in cutting, 
breaking and moving the soil. Parasitic forces are those 
that act upon stabilizing surfaces such as the landside 
and sole of a plough.

Two non-intersecting forces, R^ and V
One force, R, plus a couple, Va, in a 
plane perpendicular to the line of motion (2)
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i

M

A

T
S-<

(a) (a)

Figure 2.3

h

d = 64 mma
= 2.23kN,e h

v-: /

Depth = 200mm 
Width = I ZOttut? 
Speed = 4.8 km/h

a)
b)

V

' is

Clyde (1) found out that the magnitude of Va couple 
for plough discs has usually ranged from 125 to 215 Nm, 
always clockwise for a right hand disc.

= 159 mm,
= 117 mm,

S = 0.98kN,

resultant R^, so that the entire effect is represented by 
the two non-intersecting forces, V and (Figure 2.3(a)).

e

c = 156 mm, 
T = 2.9kN, R. 
and a = 38°

A thrust force T, plus a radial force U 
A horizontal force R^, plus a vertical 
force V (1)

For a 610 mm vertical disc blade under field conditions 
in a silt loam soil, Clyde (1) obtained the following 
results:

L = 16 mm, 
V = 0.6kN, 
9 = 31\°

M I
I

.V /

£ L

\r
- - -£ \

Y I\ •
X I

• 1
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2.2.

and direction of some of the

Disc angle2.2.1.

There are several factors which affect or cause some 
variation in the magnitude 
soil reaction components:

added weights
soil type
state of moisture content 
rake angle

f)
g)
h)
i)

a)
b)
c)
d)
e)

Factors causing variation of magnitude of 
forces on discs

disc angle 
disc velocity 
disc geometry 
depth of cut 
width of cut

Harrison (10) found out that the draught and side 
forces increased from minimum values at 15 degrees to 
maximum values when the angles were' between 30 to 40 
degrees for draught and between 20 to 30 degrees for the 
side force. The vertical reaction starting from maximum 
values at lower angles decreased to lower values at higher 
angles. The increased draught at greater angles is 
probably due in part to the greater throw of the soil. 
At smaller disc angles the draught tends to increase 
because of greater contact area between the furrow wall 
and the convex (rear) side of the disc. This increasing 
contact is also indicated by reduction in measured side 
force at smaller angles, particularly in the fine sandy 
loam (9). Gordon (9) found out that penetration is 
improved by increasing the disc angle, since the upward V 
decreased considerably. It was also found that increasing 
the tilt angle with 15 to 25 degrees range normally 
encountered in disc ploughs, increases draught and the 
vertical upward force, but decreases the measured side 
force. Figure 2.4 (c)).
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2.2.2. , Disc velocity
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Soil reactions versus disc angle and tilt 
angle for a 660 mm disc having a 569 mm 
spherical radius of curvature (Gordon (9))'.

i

— —— Clay loam 
Pine sandy loam =j |00 

(aii tests)
0 ------- -------- ■---30 35 40 45 50 55

2
i -z 0.5
5 3
*‘--0.5

3

There is some slight variation of the draught and 
vertical forces when the speed of operation changes. 
Higher variations have been noticed in the side force, 
which may be due to accelerating the mass of soil sideways. 
As the speed increases, similarly the rate of change of 
momentum of soil mass sideways increases, which is 
responsible for the increase of the side reaction. This 
is supported by Newton's Second Law of Motion, " Rate of 
change of momentum is proportional to the applied force 
and takes place in the direction which the force acts."

35 40 45 50 55 
Disk angle, degrees 

(a)
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Gill et al (5) found out that at shallow angles, 
there were no great changes in draught because the component 
of velocity in the side direction is small, as shown in 
Figure 2.5 below. When angles are increased the draught­
force increases more rapidly under the influence of the 
side force which is responsible for the rate of change of 
soil mass momentum.

Relationship between velocity and draft with 
different disc angles (Gill et -1 (5))

From the results of Harrison (10), experiment as shown 
in the Table 2.1 below, when the speed increased from 
5 to 6 km/h by 14 per cent, the draught, vertical and 
side forces increased slightly by - 1.34, 0 and 3.56 per 
cent respectively.

The vertical upward force V decreased as speed was 
Thus, with the blade tilted, increasing the 

speed would improve soil penetration under the soil 
conditions mentioned above.

—- --------
i  •
[Working range r i
I 1

I |_______ !___________ L_

1.5 2.0 2.5
VELOCITY.

For a disc angle of 45°, a tilt angle of 18 to 20°, 
a depth of 150 mm and a width of cut 180 mm and 230 mm, 
Gordon (9) found out that when speed was increased from 
4.8 km/h to 9.6 km/h, the draft L increases 40 per cent 
in clay loam and 90 per cent in fine sand loam. The 
side force S also increased with speed because the soil 
is thrown further to the side.
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Draft

Soil reacting forces main effect (Harrison (10))Table 2.1.

2.2.3. Disc geometry

penetrate the soil.

5.6 km/h
6.4 km/h
7.2 km/h
8.0 km/h

Silty loam site
Clay loam site

51 mm depth
76 mm depth

374
369
387
396

280
180

329
329
329
329

267
387

307
347

365
378
387
405

320
449

289
480

311
449

A comparison of notched and plain-edge discs showed 
slightly significant differences in draft and ability to 

However, when the discs were tipped 
back, the notched disc had the greater upward thrust.

Vertical Lateral
(Newton per disc)

Gordon (9) found out that the upward thrust of the 
soil increased with increase in concavity. A slight 
difference in draft in favour of the large disc was 
observed, 
disc would tend to penetrate better, 
inclined from the vertical position,

Also,due to reduced upward thrust, the larger 
When the discs were 
the draft and 

penetration factors were reversed in favour of the smaller 
discs.

Studies carried out by Gill et al (5) on harrow discs 
revealed that increasing the radius of curvature of discs,
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Radius of curvatureConcavityDisc diameter
RD

5'61 mm
610 mm
660 mm508 mm

590 mm84 mm610 mm
640 mm90 mm660 mm
690 mm95 mm710 mm

Proposed ASAE standards for disc blades (17)Table 2.2.

Depth of cut2.2.4.

406 mm
457 mm

coupled with selecting proper disc angle and mass on the 
disc, provide a means of making major changes in depth 
to which discs penetrate the soil.

(3\in)
(3^ in)
(3\in)

Ploughs:
(24 in)
(26 in)
(28 in)

Harrows:
(16 in)
(18 in)
(20 in)

38 mm (1^ in) 
44.5mm l3i» in) 
50.8mm (2 in)

Various experiments haT),a indicated that there are 
increases in draught, .--ide .md vertical forces as the

The disc geometry parts which have some influence in 
the magnitude of forces are disc diameter D, its radius 
of curvature R and the sharpness of the cutting edge. 
According to studies done by Gill et al (5) , the optimum 
range of disc shapes in terms of forces, were found to lie 
between discs of R/D ratios from 1.33 to 2.92. Increasing 
the radius of curvature, reduces the force on the back 
surface of the disc. A similar effect is caused by 
increasing the disc angle (from 12 to 20 degrees). 
The draught force is also reduced, which is an advantage 
to relatively lighter equipment operated at higher speeds 
with minimum power inputs. Proposed A.S.A.E. standards 
for disc blades are given below:



11

600

CLAY LOAM

400

SILT LOAM

8

600
CLAY LOAN

SILT LOAM

8

Figure 2.6.

The variation of the side force with depth is influenced

The effect of depth, and soil type on 
draught and side forces (Harrison (10))

*

Similar indications were observed by Reaves et al(14) 
on different types of disc and of different diameters, 
the results are shown in Figure 2.7 for the draught and 
Figure 2.8 for the vertical reaction.

2 400

SUl
§ 200

200 |

depth of cut increases to some extent. Experiments by 
Harrison on a 457 mm disc harrow indicate this (Table 
2.1 and Figure 2.6).

S 6 7
DEPTH (CM)

S 6 7
DEPTH (CM)
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DECATUR CLAY LOAM

3 DISK DIAMETER610 mm

2

’t
0

z 4

7*0 mm

2

1

0

4

810 mm3

2

1

200

Figure 2.7. The effect of depth of cut on draught 
(Reaves et al (14))

CONICAL - c 
SPHERICAL i - sz 
SPHERiCALJl- sc

sz
c
sc

0 L-
40

oc
O

-3 
o <r o u.

80 120
DEPTH OF

160

CUT . mm

by the disc angle. At low disc angles, 30 degrees, the 
side force changes from positive magnitude to negative 
as the depth increases. This is caused by the back 
pressure which builds up with depth. Back pressure is 
most effective at shallow angles, but at higher disc 
angles such as 45 degrees, the back pressure has little 
effect to counteract the soil reaction as the depth 
increases.
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DECATUR CLAY LOAM

0 r

1

-2

-3
z

0

- 1
sn

-2

-3

-4
- 1

-2

-3

-4
810 mm

200

Figure 2.8.

in Australia

Width of cut2.2.5.

Reaves, Gill and Bailey (14) conducted tests for disc

COMICAL-C 
SPHERICAL I - SI 
SPH6RICAL1 - SI

<O
h—C 
LU 
>

-5 L40

LU u az 
O

£0 120 160
DEPTH OF CUT. mm

The effect of depth of cut on vertical 
reaction (14)

Spacing of the discs is generally of the order of 
230 mm. Thompson and Keirp(18) found out that wider 
spacing gives better penetration and clearance, while 
narrower spacings give better pulverisation and more 
uniform soil disturbance.

610 nm DISK DIAMETER

Field tests done by Taylor (17) 
revealed that when operating at 90 mm depth in sandy clay 
loam, L increased about linearly between disc angles 
33^ and 55^ degrees. At a depth of 130 mm in a grey silt 
clay, L increased with disc angle when the width of cut 
was 200 mm, decreased with a 100 mm cut, and remained 
constant when the cut was 150 mm.
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(i)

Thus

Added weights2.2.6.

For secondary cultivation,

Draught forces responded to increases in width 
of cut but the rate of increase was small, 
hence width of cut can be increased with 
relatively low increases in draught.

Discs for primary cultivation are generally 610 mm 
or 660 mm diameter and carry weight in the -range of 
75 to 135 kg per disc, 
diameters of 500 mm or less may be used with weights as 
low as 25 kg per disc.

harrows and found out that closely spaced discs require 
shallow angles for their action to overlap in disturbing 
soil as compared to widely spaced discs. Overlap 
effect also can be influenced by the disc diameter and 
depth of cut. The overlap effect reduces both the 
draught, side and vertical forces as overlap is increased, 
but when reduced by increasing spacing it has a reverse 
effect. The test results concluded that:

(ii) The magnitude of the vertical force increases 
slightly with increases in width of cut, 
although the rate of change was small, 
the width of cut can be varied only to 
influence the design weight of harrow, by 
increasing the spacing in reduction of the 
number of discs. Figure 2.9 (a) shows that 
draught gradually increased with increases 
in width of cut.
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3z a
2

i •

o

b
o

z
sn

si
0

-1

200 220
m m

Figure 2.9. The influence of width of cut of 610 nun 
diameter discs on draft (a) arid on the 
vertical (b) and side (c) forces in Decatur 
clay loams at a disc angle of 0.38 rad and 
velocity of 1.3 m/s (Reeves et al 1981,(14))

-2

2

conical -c 
spherical I -SI 
spherical n - sn .

80 120 160
WIDTH of CUT
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DECATUR CLAY LOAM 
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>— LU

< x £ ° Q u.

Z

y J »- o 
X X 
LU O 
> u.

lu 
uj y 
— o in u.

Weights are sometimes employed to overcome weight 
transfer at the rear gang and to counter balance the 
side force effect tending to lift the plough. Weights 
are also applied to improve penetration where the 
implement cannot do this by itself. However, increasing 
weight also increases the vertical reaction, which will 
influence the changes in draught and side forces. 
Increasing the working depth as a result of added weights 
will require higher draught forces, as discussed in 
previous sections.
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2.2.7. Soil type

2.2.8. State of moisture content

Pulling plough discs through a sandy loam soil and 
a fairly heavy clay soil has shown that soil type and 
conditions produced the most pronounced differences (9).

Depending on the shape and type of implement used, 
cutting or separation, shear failure, friction failure, 
compressive failure, or any combination of these may 
occur as the implement is forced into the soil. The 
resistance to penetration is usually considered to 
reflect the strength of the soil.

Soils with higher densities require higher draught 
and side forces. The side forces may respond to density 
because the rate of change of momentum is proportional 
to mass. Thus, soils with higher densities may involve 
higher draught forces which are influenced by the side 
forces. The density of clay loam shown in Figure 2.6 was 
higher than silt loam (mean density for clay loam was 
1340 kg/m3 and for silt loam 1260 kg/m3).

The characteristics of binding forces which are 
different in different soil types may have an influence 
on the variation of the forces required in different 
types of soils. The binding forces in clay types of 
soil are higher than those in silty and sandy types. 
Thus it requires higher forces to break clay types of • 
soil than others. Some experimental results indicate 
this fact, as shown in Figure 2.6.

The presence of moisture in the soil weakens the 
bonding forces as its amount increases. Depending upon
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exists,

iI

I

A I

I

!

!
UPLSL LPL

Moisture content
UPL = Lipper- plastic. limit

Figure 2.10.

Bulk shear strength in 
well aggregated soil

Clod shear 
strength

£ I
Q C 
<D Qj

C/3 «»

SC = Sb Tunicate L'mct 
LPL= Lower- plastuc limit

Variation in shear strength with moisture 
content (15)

tilth conditions, this phenomenon may help to reduce 
draught forces to be encountered. The relationship 
between soil shear strength and moisture content also 

as shown in Figure 2.10.

An increase in moisture content causes an increase 
in density as shown in Table 2.3. This increase may be 
responsible for the increase of side force. However, 
the resulting effect will depend upon the factor which 
will be more dominant.
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BlockSoil

Silty loam

Mean

Clay loam

Mean

Table 2.3.

Rake angle2.2.9.

A disc

The effect of moisture content on density 
(Harrison (10))

3 
4

1370
1350
1360
1230
1340

1240
1310
1250
1240
1260

Moisture content 
per cent (dry 
basis)

43.3
43.5
43.6
36.1
42.4

40.7
44.2
35.0
32.2
38.2

1
2
3
4

1
2

Density kg/m3

plough can be considered as a wide tine 
angled sideways to the direction of travel. By changing 
the rake angle, the direction of the resultant disc 
force on the soil can be changed.

At rake angles below 50 degrees, the resultant force 
acts upwards and the smaller the rake angle, the greater 
the magnitude of the upward force. Between rake angles

Payne and Tanner (12) found out that with rake 
angles of up to 45 degrees there is a downward component 
force assisting penetration. At greater angles the soil 
is opposing the implement's weight.
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Downwards

I

Horizontal

Upwards

-j-30°

90° 135°45°

Figure 2.11.

the vertical force is small but 
downwards as shown in Figure

Direction of 
resultant 
tine force 
on Soil

I 

-30° i
I

Rake angles also influence the magnitude of the 
horizontal or draught force on the tine as shown in 
Figure 2.12 below:

The magnitude of the downward component increases 
rapidly with increasing rake angle above 90 degrees, 
reaching a maximum when soil force on the implement is 
equal and opposite to the above.

Rake angle
Change in-direction of resultant disc 
force with rake angle (15)

If penetration is required on hard, cemented soils, 
rake angles of 45 degrees or less should be used to make 
use of maximum downward soil force (15) .

of 40 and 70 degrees, 
its direction changes
2.11. I
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A

i

Rake angle
. Figure 2.12. Effect of rake angle on draught C15)

45° 90° 135°

Tine working at 
constant depth

Draught 
of tine

p
•■■V

From figure 2.12 above, it can be seen that not only 
does draught increase with increasing rake angle but 
the rate of increase becomes greater with discs of more 
than 50 degrees rake. To minimise draught, which is- 
particularly important from a traction point of view, 
rake anglns should wherever possible be kept below 50 
degrees, provided the job required can be performed. 
Payne and Tanner (12) found out that the rate of increase 
of draught with rake angle becomes greater with rake 
angles of more than 50 degrees. A very much higher 
draught is experienced at rake angles greater than 90 
degrees. From the theoretical point of view, it might 
be supposed that at both extreme? or" rake the draught would 
tend to infinity. This 13 obvio-i : for rake tending to 180 
degrees but is also likely co t.’.’e for rake angles tending 
to zero. The mechanism is similar ».-> that for extreme 
"angles of sharpening" on vertical tines where the rise 
in area of soil interface more than offsets the drop in 
normal pressure (12).
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3.0. METHODOLOGY

was

The

o o axis angle was chosen because

o

This gave rake 
rake for 30° axis angle.

Prior to the start of the study, it was decided 
that the experiments should be conducted in the 
laboratory soil bin developed at the College. This 

done to enhance homogenous conditions for each test 
run. Although the latter was not representative of the 
field conditions, the trend of the magnitude of the 
draught, vertical and side forces were expected to 
indicate whether the angling of the disc axis gave any 
improvement in penetration or not.

to 30°. 
o

The span of 0 to 30
it was suspected that the critical axis angle when the 
disc starts scrubbing would be between the two limits. 
A deep spherical disc was selected for the test because 
it is the common type used in the problem area mentioned 
in section 1.0.

The sweep angles of 90~ and 25° were chosen for 
comparison of their effect on the magnitude of forces. 
A prediction model based upon Mohr-Coulomb soil mechanics 
theory and developed by Godwin and Seig (8) was used to

It was necessary to modify the existing disc 
attachment to enable the tilting of the disc axis, 
tilting of the disc axis clockwise to the horizontal 
was done within the span of 0° 
angles of 65° for 0° axis to 35

Due to the limitations offered by the existing 
block, it was’only possible to drill holes for 0°, 5°, 
15% 20° and 30° axis angles. The intention was to 
increase the axis angle clockwise to the horizontal by 
steps of 5°.
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Plate 1(a)

Plate 1 (b) : The set-up after modification

: The previous set-up of block before 
modification

f

I r:

predict the draught, vertical and side forces and the 
predicted results were compared with experimental

■ •

■ \
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Design modification, of existing equipment3.1.

a)

b)

Description of equipment used3.2.

The set up of the apparatus used is as shown on 
Plates 2(a), 2(b) and 2(c). The draught and vertical 
force components of the resultant soil reaction were 
measured using the extended octagonal ring transducer and 
the side force measured using a strain gauged cantilever 
beam attached to the above transducer, as shown in plate 
2(a). The disc was winched through the soil in the 
bin by the tractor operator. The instrumentation 
equipment is as shown on Plate 2(c).

Fabrication of wedge-shaped steel plates with 
respective axis angles. This proved unsuitable 
due to its limitations to adjustment of the 
working depth, especially at larger axis angles. 
It would also have demanded more time in changing 
the plates.

To enable the use of the existing equipment, a 
U-shoe was designed and the existing block modified to 
facilitate the rotation of the disc axis. The modifica­
tion is as shown on Plate 1(b). The previous block 
is as shown on Plate 1 (a) . The alternatives to the 
above modification would have been:

Modifying the disc attachment on a conventional 
plough. This would have involved using wedge- 
shaped plates, causing not only the problems 
mentioned in (a) but also that of matching of this 
modification with the existing set-up.



Plate 2 (a) : The force measuring equipment set-up

Plate 2 (b) : The soil handling and preparation equipment

R
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Plate 2 (c) : The instrumentation equipment

•

-sc

I J "e"

72,1 ’-S.' 1 ’-2. .*;2 q ® C? & <3 a
=?; ■

ywl
—S-; • ix

I '1
’-I

! 'j; 1

4,.<

-- - ■ ■.■— 

^.<?| a'l .2' 37 3 9 Q.

-> n
*0SQ(30

paw-
K -■EfeE^L-. L:-.



26

3.3. Pilot experiments

3.4. Methods and experimental details

3.4.1. Transducer calibration

3.4.2.

The soil used for this investigation was a sandy

Moisture content, bulk density and soil 
preparation.

The results of the preliminary runs are shown in 
Appendix B.

The determination of calibration constants was 
done at the outset of the experiments using static 

. weights. The .constants were determined when the 
transducer was used in conjunction with the amplifier. 
Units obtained from the recording equipment were 
analysed graphically, as shown in Appendix A, to find 
the calibration constants for draught, vertical and 
side forces. The circuits were calibrated prior to 
each test, using the shunt resistance as described by 
Godwin (7).

Preliminary runs had to be carried out to find 
out whether or not there was any limitation to the 
modifications made. The test revealed that some 
changes had to be made on the attachment of the disc 
leg to the carrier frame. These changes facilitated 
movement of the disc up or down to correct the working 
depth every time the axis angle and sweep angles were 
changed. The pilot experiments also revealed what 
magnitude of forces should be expected.
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The

a

Angle and depth setting3.4.3.

For every run different axis
The angles were changed 

runs were replicated three

The bin was filled with soil to a level of 50 mm, 
- levelled with the blade and then compacted using 
pavement roller.

The modification as on Plate 2 Cb) enabled the 
angling of the disc axis, 
and sweep angles were set. 
in an orderly manner. The

Upon completion of a test run the soil was removed 
in 50 mm layers by the blade and deposited in the final 
section of the soil bin. The soil was replaced using 
a grab on the carriage and the above process repeated.

At the end of the day’s work, the soil was covered 
with a polythene sheet to reduce evaporation.
Water lost was replaced before the start of the next 
day's runs. The application of water was done using 
a watering can. A fine and relatively even application 
was ensured on every 50 mm of soil layer for the first 
soil bin preparation.

loam. The moisture content was kept be teen 8% 
and 9% with an average of 8.6% for all the runs, 
wet bulk density was 1.51 g/cc while the dry bulk 
density was 1.38 g/cc.

The surface was scratched with a scratching edge 
’ before a new layer was added. The process was 
repeated in 50 mm increments. The equipment for soil 
handling and preparation is shown on Plate 2 (b) .
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Calibration of instrumentation equipment3.4.4.

r

3.4.5. Speed selection and winching of the disc

Bridge output x calibration constant x 9.81 Newtons 
Calibration value

Prior to each test, the reference zero and gain
’’ settings were checked for each channel of the
* amplifier unit, using the electrical calibration shunt 
resistances to give the relevant signal levels.

By pressing the start and stop buttons on the 
analyser, the data logger performs the analogue to 
digital conversion and the printer,which is connected 
to the analyser, as shown on Plate 2 (c) prints the 
bridge outputs. The outputs were then transformed to 
force units using the following formula:

times. The working depth was kept constant at 100 mm. 
Before every run was started, the depth was checked by 
winching the disc through the initial sections of the 
bin, pulling it out and measuring the depth. The 
depth was corrected by changing the position of the disc 
leg, i.e. moving it up or down.

The disc forward speed of 0.3 m/s (1.08 kph) was 
selected due to the short effective length of the bin. 
This enabled recording of bridge outputs at two 
positions in the bin as the disc was winched through 
the soil.
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3.4.6. Data recording and depth measurements

3.4.7.

3.5. Force prediction

Godwin and Seig (8) developed a force prediction 
model based upon the Mohr-Coulomb soil mechanics theory.

points selected, 
by the printer.

Moisture content and bulk density 
measurement

At the end of each run, soil samples were taken 
at three points of the bin, for moisture content 
determination. The mean moisture content obtained gave 
an indication of the percentage of moisture in the 
soil at a given time. This also showed whether or not 
the moisture content was kept within the same range.

The depth of work was measured at three points of 
' the bin. This was done to ensure that the disc was 
working at the same depth for every run performed.

As the disc was winched through the soil, the 
bridge outputs were recorded at two points of the bin. 
This was done by pressing in sequence the start and ' 
stop buttons on the analyser as the disc reached the 

The bridge outputs were printed

The wet and dry bulk densities were determined by 
taking samples at three points on the undisturbed 
portion of the soil in the bin. The samples were then 
weighed, the volume of the container determined and 
wet bulk density calculated. The sample was then oven- 
dried and the dry bulk density determined. The summary 
of moisture contents and bulk densities is given in 
Appendix C.
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The formula used is shown below:

P

sin 0

kNwhere

Dimensionless numbers given in Appendix D

The sample calculation and the summary of the force 
prediction is given in Appendix D.

This model was used to predict the magnitude of the 
draught, vertical and side forces to be expected.

m
kN/m3
kN/m3 
kN/m3 
kN/m3

+ (R-d) Yf sin QdNg)

w = 2 /Rd-d3 sin 0

Ny
N__,Cd
Nq

+ cdN ca
2/2Rd-d3

P = passive cutting reaction
d = depth of blade (assumed constant 

.over complete width of disc)
Yi = initial bulk unit weight
Yf = final bulk unit weight 
c = cohesion 
q = surcharge

1 = effective width = w sinO where w is true 
width at the depth of soil cutting (d) and 
is given by
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RESULTS AND DISCUSSION4.0 .

0

2.5

2.0

1.5

1.0

Jlsd af 95% Z5°sweep

0.5

30250

& a ■..•leSV.’e.. ::

si/eep angleAr ■A.

Figure 4.1.
a •

-4-

20

z

M 
U 
K 
O 
Cm

bi 
5 □□ 
$ 
Q

O• ij

-e----------------

JbJ at 55% &

15
jS ANGLE (degrees)

..i.tion od .-.’.raught force to change in 
-gle for Jv° and 25^ sweep angles.

Figures 4.1, 
vertical and 
° and 30° ,

4.2 and 4.3 show the reaction of draught, 
side forces to change in axis angle between o oat 90 and 25 sweep angles.



32

£?«5

4

* -

I LxJ at ZS° sweep
■' -ff.5

100 15 30

sweep angle

MS®?-’
sweep angle

Figure 4.2.

o '+
I 5~0.5

A Ar

I Ld at 95% -for ZS°Swetp
-1.0

I1 Ix
20 25 305 1510

AXIS ANGLE (degrees)

Figure 4.3.

L 
0

-+
5

—4-
25

■ w.

4
%

20
AXIS ANGLE (degrees)

90°

25°

The reaction of side force to change in axis 
angle for 25° sweep angle

The reaction of vertical force to change in 
axis angles for 90° and 25° sweep angles



32

3.5

•4

A

( I Lsd dt 25° Sweepa. 5
5 10 150 25 30

AXIS ANGLE (degrees)
sweep angle

sweep angle

Figure 4.2.

o t
4r-0.5 A

I UJ at 95% -for Z5°Sweip
-1.0

I1 I

25 30201510
AXIS ANGLE (degrees)

Figure 4.3.

L 
0

X-
5

—#-
20

f

■: 

4

»•

90°Swee^>

25°

90°

The reaction of side force to change in axis 
angle for 25° sweep angle

The reaction of vertical force to change in 
axis angles for 90° and 25° sweep angles

... .



33

oAt 25

4*2. The reaction of disc forces on changes in axis angle

4.2.1. Draught force

o

The

and 20 
and 30°

Analysis of results

For 90^ sweep angle, the draught force decreased as 
the axis angle increased. The decrease was more pronounced 
between 20° and 30° axis angles. This reaction may be due 
to increase in bearing capacity area of the disc.

The graphical presentation of experimental results 
is given in figures 4.2, 4.2 and 4 .‘3. The reaction of 
draught, vertical and side force is discussed below.

' and 30° 
and 20° .

that at 90
between 20°
between 5° .

The experimental results as summarised in Appendix 
g were analysed statistically (refer figures 4.1 to 
.4.3). In the analysis of variance (Appendix F) the effect 
o£. change in axis angle tested significant for draught and 
vertical forces at 90° and 25° sweep angles. It also 

.-tested significant for side force at 25° sweep angle.
The test was carried out for 5% and 1% levels.

sweep angle the Isd test showed that the 
significant effect was between 15° and 20° axis angles 
for draught force and between 5° and 30° for vertical and 
side forces.

The least significant difference (Isd) test showed 
° sweep angle there was a significant effect 

axis angles for draught force, and 
axis angles for vertical force.
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that

o

Vertical force4.2.2.

4.2.3. Side force

angle.

rake 
rake

There was no reaction of side force at 90
This was obvious since the disc was symmetrical.

sweep angle 
axis angle and

The
This

angle effect may also influence this reaction, 
angle decreases as the axis angle increases.

ties up with the findings of Payne and Tanner (12) 
draught decreases as rake angle decreases.

o sweep

At about 20° 
started to build up. 
scrubbing from the disc.

In figure 4.1 the draught force at 25 
geemed to decrease slightly up to 15° 
increased thereafter. The increase was more pronounced 
between 15° and 20° axis angles. The increase was probably 
due to increased scrubbing from the disc. The scrubbing 
effect seemed to decrease slightly as axis angle approached 

r 30°.

At 25° sweep angle, the magnitude of downward 
reaction increased up to 15° axis angle when it started 
to decrease. At about 20° axis angle, the upward reaction 

This was probably due to increased

As shown in figure 4.2, at 90° sweep angle the upward 
reaction (-ve sign) decreased steadily to beyond 15° axis 
angle when the downward reaction (+ve sign) started to 
build up. Thj.s agreed with the findings of Payne and 
Tanner (12) and that of Spoor (15) who found that with 
rake angles of up to 45°, there is a downward component 
force assisting penetration.
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4.3. A comparison of experimental and predicted results

Draught force4.3.1.

4.3.2. Vertical force

Figure 4.5 shows that the trend of action of

A graphical comparison between the predicted and 
experimental results' is presented in figures 4.4 and 4.5.

The increase in bearing capacity area as the axis 
angle increased may be another reason for the decrease 
in side force.

In figure 4.4, the experimental and predicted results 
did not compare well. The trend of action of forces at 

sweep angle was similar but the magnitudes differed.90°

A model developed by Godwin et al (8) was used to 
predict the disc forces. The Summary is given in Appendix 
D.

Figure 4.3 shows that at 25° sweep angle the side 
force decreases with increase in axis angle. This 
agreed with the findings of Gordon (9) who found that 
increase in disc tilt angle decreased the measured side 
force.

o •At 25 sweep angle the trend differed greatly.
.. This is more prounced at axis angles about 15°. Within 
limits of experimental errors, the variation was great. 
Time did not allow for repetition of the experiment or 
close examination of the force prediction model.
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Predicted force
2

1.78 0.04650
1.77 -0.10605
1.756.0850

45
35

Figure 4.1.

4.3.3. Side force

4.4. Achievement of experimental objectives

-0.01
-0.18

Within limits of experimental errors the predicted 
and experimental forces compared fairly well.

Axis 
angle 
(deg)

15
20
30

56.59
8.12

5.14
5.38

1.76
1.86

-0.18
-0.20
-0.23

(improved) 
o

•Experimental 
force (kN)

Rake 
angle 
(deg)

0.01
-0.03
-0.11

Comparison between predicted 
and experimental vertical force at 25

experimental vertical force compared fairly well with the 
predicted at 90° sweep angle.At 25° sweep angle the 
variation was too great in magnitude.

Chamfer 
area 
10 m

The results showed that improvement in penetration 
could be achieved by changing the disc axis orientation. 
A suitable axis angle seemed to be between 15° and 20° 
where draught force and upward component of vertical force 
was minimum at 25° sweep angle. The side force was also 
decreasing between the two axis angles.

It seemed that some improvement could be made by 
considering the chamfer edge area in calculating the 
rear scrubbing forces. However, this could not improve 
the draught and side forces prediction. (See table 4.1 
below):

Previous Improved 
(kN)
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If time had allowed, it would have been quite 
helpful to explore the effect of using different sweep 
angles with changes in axis angle.

It would have been a considerable advantage to 
explore the reasons for the differences in experimental 

. and predicted results, but time was the limiting factor. 
However, the results obtained may help in considering 
whether there is need to explore the force prediction 
model.
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5.0. CONCLUSION AND RECOMMENDATIONS

• An investigation on the effect of change in axis 
angle for different shapes and sizes of disc is recommended 
to determine optimum geometric parameters.

The change in axis angle has a significant effect 
on draught, vertical and side forces. The change in 
sweep angle seems to be an important parameter in 
amplifying the effect. The exploration of an optimum 
combination of sweep and axis angles in improving 
penetration may be a useful venture.

The 
than at 0° 

sweep is about

The maximum downward vertical force occurs at 
smaller axis angles as the disc is swept from 90°. 
draught and side forces are also less at 15° 
axis angle. The optimum axis angle it 25° 
15°.

It would be of much interest to explore the 
prediction model to determine the reason for the difference 
between the predicted and experimental results. Whilst 
for global prediction the model seems alright, it is 
difficult to make it work for all combinations. The 
model works well with a 0° axis angle and 90° sweep angle. 
The edge effects and inclinations for the other 
combinations need greater definitions.
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APPENDICES:

TRANSDUCER CALIBRATIONAPPENDIX A :

(i) Draught force;

Weight (kg) Calibration 2.Calibration 1. Calibration 3

Run Values (Units)

00 0 0
2 220 1

4 3440
56660
78 880

1010100 11
1212120 12
141515140
1617160 17
1919180 19
212122200
2323220 24
2526240 26
2728260 29
2930280 31
3132300 33

Calibration of draught forceTable. A. 1.

IKChannel gain :
Calibration Unit : 98
Calibration Constant : 920 kg = 8.85 kN (From Figure A.l)
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(ii) Vertical force:

Weight (kg) Calibration 3

0 0
6 6

14 14

43
51 51 51

Table A. 2. : Calibration of vertical force

(iii) Side force:

Weight (kg) Calibration 3

0 0
5

12

6262

• A. *'om Figu

0
20
40

Calibration 1 Calibration 2 
Run Values (Units)

43
49
55
62

31
37

18
24

22
29
36
44

43
49
55

18
24
31
37

6
12

21
28
36

19
25
31
37
43
50
56

0
7

12

0
6

14
21
28
36
43

Channel gain .• 300
Calibration Constant

60
* .. 80 
:. ioo 
i 120

140

Calibration 1 Calibration 2 
Run Values (Units)

0 
20 
40 
60 
80 

100 
120 
140 
160 
180 
200

Table A.3 : Calibration of side force 
Calibration Unit : 102 

: 330.308 kg = 3.’4 kN {

Channel gain : 300
Calibration unit : 101
Calibration Constant : 272.996 kg = 2.68 kN (From Figure A.2



46

32C.

28C

240.

20C

160.

12C

80 .

40

0 20 40 8060 100 120

Figure A. 2. Vertical force calibration

ox *•
* 1
h
U
H
9



■47

36C.

32C

28C'

24C -

20C-

160‘

140-

120.

80 .

40 .

4.

12020 800 1006040

RUN VALUE (Units)

Figure A. 3 Side force calibration

x -■

I 
I

5
H 
!



48

SUMMARY OF RESULTS FROM PRELIMINARY EXPERIMENTSAPPENDIX B :

2.995 -0.963 980.042 0.38090
-0.8353.071 0.0165 102 0.38
-0.6583.37115 0.026 0.36112

2.724 -0.079 0.053 110.33 0.3620
2.212 -0.057 0.380.005 102.6630

36.33 0.39-0.172 -0.8790.309025
0.36109.001.896 -0.238 -1.1125
0.34117.33-0.102 11.1232.15215

115.33 0.34-0.7780.0621.67720
0.37105.33-0.6191.535 0.009. 30

See Figure B.l.N.B.

Sweep 
angle
(deg.)

Axis 
angle 
(deg.)

Average 
speed
(m/s)

Average 
depth
(mm)

Average Force (kN)
Draught Vertical Side
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Figure B.1(a) Effect of axis angle on depth
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Figure B.1(b) Effect of axis angle on draught
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Figure B.l(c) Effect of axis angle on side force
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L
0

z 
*

a

o 
fa
a 
0 
H 
U)

z 
y

I3

8 
% 
0



51

(i) Calculation of moisture content (dry base):

Weight of wet soil - Weight of dry soil x 100%
Weight of dry soil

(ii) Calculation of bulk density:

Weight of undisturbed soil (wet or dry)
Volume of cylinder

(iii) Calculation of bulk unit weight :

(iv) Summary for- moisture content and bulk density
Batch

Av erage 8.60 14.81 13.541.51 1.38

4
5
6
7

8.66
8.80
8.60
8.50
8.66
8.37
8.53

Moisture Content 
(dry base) %

1.52
1.54
1.51
1.51
1.52
1.49
1.51

Bulk density (g/cc) Bulk unit
Wet Dry weight <kNAs)

Wet Dry

1.37
1.35
1.38
1.38
1.37
1.39
1.38

14.91
15.11
14.81
14.81
14.91
14.62
14.81

13.44
13.24
13.54
13.54
13.44
13.64
13.54

1 
2
3

Bulk density (wet or dry) x 9.81 kN/m3

APPENDIX C : SUMMARY OF MOISTURE CONTENT AND BULK DENSITY 
CALCULATIONS
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Parameters

ca'

P = ( + CR-d) Yf

650
605
5015
4520

30 35

Calculation of concave (faclaicore =•

4> =
1.25= 0

L.25Hence N = 2.47
4.3= =

Determination of rake angle was done using the method 
given by Godwin et al (8) and the results obtained as below:

Radius of disc R = 0.305 m 
o

22
40

sin1 0dN )/2Rd-d2 Sin 0 
q

= P kN 
are dimensionless numbers

Y

Rake angle (a) 
(°)

Axis angle
~ (°)

+ cdN cad2Nv

(1^)
1.25

N xY<5

N xY<S

40°

Depth of work d = 0.1
Bulk unit weights: wet Yi = 14.81 kN/m3 dry Yf = 13.54 kN/m3
Cohension C = 10.2 kN/m2
Angle of internal shearing resistance <p= 40°
Angle of soil metal friction 6= 22°
Adhesion Ca= 0 kN/m2

Determination of N factors 
“ - 65°

Sweep angle 0 = 90w and 25°
Passive cutting reaction
N , N , NY ca' q

APPENDIX D : PREDICTION OF DISC FORCES
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= 1.7= 0
= 1.8 = 4.14

NA = 8.2

= 2.5Nqd = 0
= 2.5 7.5 = 4.57N = 7.5qs = 4>

oFor 0
0 o

Vp = 1 P cos ( = -0.138 kN+

o = 2.644 kN
Dp = 0.413 kN

o = 0
Sp = 0.885 kN

Calculation of convex (rear scrubbing forces)

x x
2

c 6 = 4>
Ca = c

22
40

0.1)
x sin'

For deep spherical disc at 0.1 A = 45~ (X = clearance angle) 
Projected area A — w x x (where w is disc diameter and 

22 x is the depth of concavity)

+ 22) = 2.644 kN
Hp = 0.977

7 5 (—) 40
2.5

x O.l’rn3

x 0.1m x 4.57 } 
sin 90°}

Hence N qd

(1.2)
1.8

Hence N cad
NC6

= 22°

= 25° P = 0.978 kN
Hp = P sin ( a+ 6) = 2.644 sin (65 

For 0 = 25°

A = 45°

= 22°

) = -2.6<i4 cos 87°
ForO = 25° Vp = -0.051 kN

Sp = Hp cos 0 = 2.644 cos 90 
For 6 = 25° .

DP = Hp Sin 0 = 2.644 sin 90 
For 0 = 25°

x 2.47) + (10.2kN/m3 x 0.1m x 4.14)

{0.365 + 4.22 + 1.268} {0.45166 sin 90°}
2.644 kN

P = { (14.81 kN/m3 
+ (0.305 - 
13.54 kN/m3 x sin' 90° 

{2 /2 x 0.305 x 0.12 i
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oB = 90 so when a = 65

= 9c6 = 0
Hence N 'c

= 70

= 42.55

Vs = qA sin

Ds and Ss = 0Vs,

x 00656 m2 sin2Vs = 434.01 kN/m C

oo

cos 20

0 = 0 kN

q = 10.2 kN/m2

For deep spherical disc at 0.1 m depth x = 0.43 m
A = 0.00656 m2

(70-0) x 22 + 9
40

q = cN
N

a i

Total forces 
o

(X_Z6)
A

45° 25^ 
45°

90°

Nc 6 =<p

For 0= 25°

for 8= 25°

) 90°

B = 25°

6 = 22°

For 0= 90°

c 
for 8 = 25

x 42.55 = 434.01 kN/m2

- 25°) = 0.5837 kN

= 1.8301 kN
Ds = Vs tan (a -6) sin (A - 0) 

= 1.8301 tan (65° - 22°) sin (45
Ss = Vs tan (a -6) cos (A -0) 

= 1.8301 tan 43° cos 20° = 1.6037 kN

For 0 = 90
D = Dp + Ds = 2.64 + 0 = 2.64 kN
V = Vp + Vs = -0.138 + o = -0.138 kN
S = Sp - Ss = 0 
For 0= 25°
D = 0.413 + 0.5837 = 0.997 kN
V = -0.051 + 1.8310 = 1.779kN
S = 0.885 - 1.6037 = -0.779 kN
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Summary of predicted forces

SideDraught

90 0 2.6465 -0.14 0
90 5 -0.3160 2.23 0
90 15 -0.5650 1.71 0
90 20 45 1.49 -0.63 0
90 30 35 -0.75 01.16

25 -0.721.780 65 1.00
25 -0.655 1.7760 0.85
25 -0.411.7515 50 0.61

-0.3125 20 1.7645 0.51
1.86 -0.1025 35 0.3430

Force
Vertical

Rake
*8yle

Axis 
*89le

Sweep 
angle (°)
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Searing Capacity factors for Weace footings
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APPENDIX F (continued)

Analysis of Variance (ANOVA) :

F. Value

Block 0.4771 0.0954 3.2013*5
10.2651**1.2238 0.30594Treatment

0.02980.595320Error
2.2962Total 29

0.05 = 2.87 )F
F

Least significant difference (Isd) test':
Isd (0.05)

sd = 2.845 /2 x 0.0298 = 0.2835
•6

2.845 are ti» values from2 0

6 = r - number of replications.

Difference between means:
0.0739

2.1447
0.17391.9708

1.6521 axis angle

2 0 r

Source of 
variation

Degrees of 
freedom(df)

At 5% level, there is a significant 
difference between blocks.

Sum of 
squares 
(SS)

Mean Sum 
of squares 
(MS)

where 2.086, 
tables at 5% and 1% levels respectively.
0.1298 = Error Mean Square from ANOVA 

table above.

sd = 2.086 /2 x 0.0298 = 0.2079 
6

. . There is significant 
difference between 
20° and 30°

Isd (0.01) = t-Q1

Mean (x)
2.1379)
2.2118))

).0.0671

}) 0.3187
)

Treatments o0
5°
15°
20°
30°

Fu 20 0.05 = 2.87 ) 4
' ' ) •. There is a significant difference

0.01 = 4.43 ) between treatments at both 5%
and 1% levels.

t*05
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(continued)APPENDIX F

ANOVA

Source of variation df SS MS F

Blocks 5 0.0071 0.0014 0.1346 NS
4Treatments 0.4516 0.1129

20 0.2085Error 0.0104

Total 29 0.06672

0.05 = 2.872 0 t
0.01 = 4.43 )F > Fit, 20/

LSD Test:

Isd (0.05) = t 0.05 sd = 0.1228
Isd (0.01)=t 0.01 sd = 0.1675

Mean (x) Difference between meansTreatment

0.0191
0.9591

0.04120.9179
-0.23731.1552
-0.07741.2326

oThere is a significant difference between 15 
axis angle for 5% and 1% levels.

0.9782 }
>}
}}
}}
}

j Significant difference existed between 
treatments at 5% and 1% levels

and 20°

0°
5°
15°
20°
30°

F > Ft,

10.8558 **
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APPENDIX F (continued)

ANOVA

dfSource of Variation SS MS F

5Blocks 0.002 0.004 0.05 NS
0.3794 1.514Treatments

20 0.161 0.008Error

Total 29 1.679

F > F ,
and 1% levels

LSD test:

Mean (x) Difference between meansTreatment

0.39130 0.1066
0.28475 0.2052
0.079515 0.1802

-0.100720 0.1051
-0.205830

Isd (0.05) = t 0.05 sd = 0.1077
Isd (0.01) = t 0.01 sd = 0.1.469

. There is significant difference 
between treatments at both 5%

0.05 = 2.87 ) .
)

and 20°.*. There is significant difference between 5° 
axis angles at both 5% and 1% levels

F > Flt,20z
, 0.01 = 4.43

47.375 **
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APPENDIX F (continued)

anova

Source of FMSssvariation df

Blocks 0.0295
0.2794
0.055920

Total 0.356929

LSD test:

Mean (x)Treatment

-0.1144
0.0137 -0.16530.1790

Isd (0.05) = t 0.05 sd =0.0637
Isd (0.01) = t o.Ol sd = 0.0869

Treatments
Error

0.03459
0.0882
0.1281

0.0058
0.0680
0.0028

2.0714 NS 
24.2857**

0.05 = 2.87 ) Therefore there is significant 
0.01 = 4.43 ) difference between treatments 

at 5% and 1% levels

0.00875}
-0.0262

There is significant difference between 
axis angle at 5% and 1% levels

5°

b 
b}

and 30°

0° 
5° 
15° 
20° 
30°

F> Fi, , 2 o r
F> F It , 2 o f

Difference between means
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APPENDIX F (continued)

ANOVA

dfSource of variation SS MS F

5 0.0019 0.0004 0.8 NSBlocks
4 2.40.005 0.0012Treatments
20 0.011 0.0005Error

0.017729Total

at 5% and 1%
LSD test:

= 0.0367= 0.0269Isd (0.05) = t 0.05

-0.0054

0.0160
0.0262

There is no significant difference between the 
treatments.

There is no significant 
difference between treatments

-0.021
0.0157

F> Fi, z2 o t
F> Fi, , 2 o ,

Isd (0.01) = tQ

0.05 = 2.87 ) . .
)

0.01 = 4.43 )

Treatment
0°
5°
15°
20°
30°

Mean (x) Difference between means 
0.0053) 
0.0107)} 
0.0317 }}

}}-0.0105 
}
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ANOVA

Source of Variation df SS MS F
Blocks 5 0.0233 0.0047 0.7705 NS

4 0.4059Treatments 16.6393**0.1015
Error 20 0.1231 0.0061
Total 29 0.5523

0.05 = 2.87
0.01 = 4.43

1% levels

LSD test:
Isd (0.05)
Isd (0.01)

Difference between means
0.02525

-0.1353
-0.458 -0.065
-0.393
-0.2757 .

At 5%
and 20between 5

and 15
I

There is significant different 
between treatments at 5% and

Mean (x) 
-0.56805}

F >Fi» , 2 0 r
F >Fi» , 2 o f

-0.5933 }}
}}
"-0.1173
}

At 1% levels there is a significant difference 
, . co ,no between 5

= tQ Q5sd = 0.0941
= 5o.’oisd = °-1283

levels there is a significant difference 
° and 15° and 20° and 30°.

Treatment
0°
5°
15°
20°
30°


