
AGRICULTURAL MACHINERY SELECTION: 

SOIL STRENGTH and OPERATIONAL TIMELINESS 

by 

ELSHAHAT BARAKAT ELMOUGHAZI ELBANNA 

THESIS PRESENTED FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

VOLUME I 

AT 

THE UNIVERSITY OF EDINBURGH 
IN THE 

FACULTY OF SCIENCE 

Presented 

April 28, 1986 

EDINBURGH, SCOTLAND 



I hereby declare that all the work presented 

in this thesis is original and has been 

carried out by the author unless otherwise 

stated. 

No part of this written work may be 

reproduced or transmitted in any form or by 

any means without the prior written 

permission of the author. 



DEDICATED 

TO 

HY DAUGHTER 



CONTENTS 

Page 

TABLE OF CONTENTS II 

LIST OF TABLES VI 

LIST OF FIGURES XII 

LIST OF APPENDICES XVIII 

LIST OF SYMBOLS XXV 

1 ACKNOWLEDGEMENTS 

2 INTRODUCTION 

3 LITERATURE REVIEW 

1 

3 

5 

3.1 Cone penetration resistance 5 

3.1.1 Theoretical investigations 6 

3.1.2 Experimental evaluations 11 

3.1.3 Logarithmic spiral 13 

3.2 Crop yield losses 18 

3.2.1 Crop yield function 19 

3.2.2 Time of sowing 22 

3.2.3 Timeliness function 25 

3.3 Workdays required and available 29 
Machinery and available field days 33 

3.4 Tractive performance 35 

3.4.1 Tyre load and dynamic load ratio 38 

3.4.2 Tyre dimensions 39 

3.4.3 Tyre inflation pressure 40 

3.4.4 Tyre lug height 42 

3.4.5 Tyre deflection 43 

3.4.6 Tyre ply rating 44 

3.5 Prediction of tractive performance 45 

3.5.1 Dimensional analysis 45 

3.5.2 Mathematical modelling 49 

3.6 Implement performance 53 

3.6.1 Factor affecting implement performance 54 

3.6.2 Prediction of implement performance 56 

3.7 Comparison of the 2- and 4 -wheel drive tractors 60 

Dynamic weight transfer 63 

3.8 Modelling the tractor -plough combination 65 



CONTENTS - Con-tic' 

Page 

3.9 Mechanisation systems analysis 66 

3.9.1 Machinery selection and computer models 68 

3.9.2 Machinery selection for specific weather risk 74 

3.9.3 Tillage- machinery selection systems 77 

3.9.4 Tractor selection 80 

3.10 Cost of mechanisation system 83 

Fixed costs 84 

Variable costs 84 

3.10.1 Machinery purchase decisions 85 

3.10.2 Depreciation 89 

3.10.3 Resale value 90 

3.10.4 Repair costs 92 

3.10.5 Service and maintenance costs 96 
3.10.6 Fuel and Oil costs 96 

3.10.7 Labour costs 99 
3.10.8 Machinery replacement decisions 99 

3.11 Present annual cost 102 

4 INVESTIGATION OF CONE PENETRATION RESISTANCE 

4.1 Introduction 105 

4.2 Equipment 
4.2.1 Cone penetrometer 
4.2.2 Bulk density and moisture content sampling cores 
4.2.3 Soil moisture tins 

4.3 Sites 

105 

105 

105 

106 

106 

4.4 Soils 106 

4.5 Measurements 
4.5.1 Soil bulk density and moisture content 
4.5.2 Clay ratio 

4.5.3 Cone penetration resistance 

4.6 Theoretical investigations 
4.6.1 Clay ratio, Cr 

4.6.2 Friction angle, 
4.6.3 Cone penetration resistance equation 

4.7 Discussion of cone penetration results 

107 

107 

107 

108 

108 

108 
109 

109 

112 

5 SIMULATION OF CROP ESTABLISHMENT LOSSES 114 

5.1 Source of crop data 
5.2 Analysis of normalised experimental data 
5.3 Crop simulation model results and discussion 
5.4 Timeliness costs 

115 

116 

119 

121 



iv 

CONTENTS - Cont'd 

6 MODELLING MACHINERY COSTS 

Page 

123 

6.1 Evaluation of machinery prices 124 

6.1.1 Tractor purchase prices 124 

6.1.2 Implement purchase prices 125 

6.1.3 Machinery index prices 127 

6.2 Machinery costing procedures 129 

6.2.1 Interest and inflation rates 130 

6.2.2 Resale value 131 

6.2.3 Repair and maintenance costs 131 

6.2.4 Road tax and Insurance costs 132 

6.2.5 Annual interest charge 134 

6.2.6 Annual repayment of loan capital 134 

6.3 Investment grants and net -taxation 135 
6.3.1 Annual capital allowance value 136 
6.3.2 Balancing adjustment 137 

6.4 Present annual cost with tax relief 138 

6.5 Other costs 140 
6.5.1 Running costs 140 
6.5.2 Labour cost 141 

6.5.3 Shelter cost 141 

Concluding comment 142 

7 MACHINERY MANAGEMENT COMPUTER MODELS 143 

7.1 Machinery selection computer programme 143 

7.2 Performance models 145 
7.2.1 Prediction of soil moisture and workability days 145 
7.2.2 Calculation of soil strength 146 
7.2.3 Calculation of the plough draught 146 
7.2.4 Tractor -implement performance 146 

Dynamic load transfer investigations 147 
7.2.5 Matching the tractor and implement 150 

7.3 Multiple feasible tractor -plough combinations 150 

7.4 Programme operation 151 

7.5 Reports 157 

8 DISCUSSION 158 

8.1 Input data required 159 



V 

CONTENTS - Cont'd 

8.2 Tractor fleet and implement size 

8.3 Cost analysis 
8.3.1 List price of machines 
8.3.2 Machinery costs 

Machinery investment 
Annual cost of ownership of machinery complements 

8.4 Operation schedule 

8.5 Machinery selection set justification 

8.6 Timeliness cost 

Prospective improvement and applications 

9 CONCLUSIONS 

10 REFERENCES 

11 APPENDICES 

Page 

160 

161 

161 

162 

162 

164 

165 

167 

170 

171 

172 

174 

334 



VI 

LIST OF TABLES 

No. page 

3.1 Mean energy requirements for different field operations 
(Dwyer, 1975). 202 

3.2 List of machine types (Audsley and Wheeler, 1978) 203 

3.3 Values of As and Bs coefficients for different resale 
groups. 204 

3.4 Values of Ar and Br coefficients for different repair 
groups. 204 

3.5 Values of the repair cost coefficients for the indices 
of accumulated repair costs for various types of 
machines. (ASAE, 1980). 

4.1 Site, soil series, soil type, surface cover and 
topography. 

4.2 Soil mechanical analysis, clay ratio and location. 

4.3 Measured and predicted cone penetration resistance for 
Darvel soil series (loamy sand, clay ratio = 0.10), 
together with soil data. 

4.4 Measured and predicted cone penetration resistance for 
Winton soil series (sandy loam, clay ratio = 0.21), 
together with soil data. 

4.5 Measured and predicted cone penetration resistance for 
Stirling soil series (silty clay loam, clay ratio = 

0.49), together with soil data. 

4.6 Measured and predicted cone penetration resistance for 

Stirling soil series (silty clay loam, clay ratio = 

0.54), together with soil data. 

4.7 Measured and predicted cone penetration resistance for 

Stirling soil series (silty clay, clay ratio = 0.87), 

together with soil data. 

4.8 Measured and predicted cone penetration resistance for 

Winton soil series (sandy silty loam, clay ratio = 

0.24), together with soil data (Eradat Oskoui and 

Witney, 1982). 

4.9 Measured and predicted cone penetration resistance for 

Macmerry soil series (sandy silty loam, clay ratio = 

0.26), together with soil data (Eradat Oskoui, and 

Witney, 1982). 

205 

206 

206 

207 

208 

209 

210 

211 

212 

213 



Vii 

List of Tables cont'd 

No. 

4.10 Measured and predicted cone penetration resistance for 
Silsoe soil series (dry clay soil, clay ratio = 1.60), 
together with soil data (Stafford, 1984). 

4.11 Measured and predicted cone penetration resistance for 

Silsoe soil series (wet clay soil, clay ratio = 1.60), 
together with soil data (Stafford, 1984). 

Page 

214 

216 

4.12 Relation between the tangent of friction angle and 
values of the clay ratio 218 

4.13 The relationships between the internal friction angle, 
q!), tangent of friction angle, tan 4 , tangent ratio, 
tan2ip /tang, and values of the clay ratio 

4.14 The effect of soil moisture content and clay ratio on 
the cone penetration resistance for a band of soil 
specific weight from 10 -16 kN /m3. 

218 

219 

4.15 Values of the clay ratio, cone penetration resistance 
coefficients, their standard errors and percentage 
explanation of the penetration results. 220 

5.1 Timeliness coefficients for early and late establishment 
of eight crops. 221 

5.2 The optimum establishment day number and peak yield for 
eight crops at various locations. 222 

5.3 The duration of the establishment period before and 

after peak yield for various average levels for the 
percentage yield loss. 223 

6.1 Calculated values of tractor price coefficients, their 
standard errors, and percentage explanation for 
September, 1983 and July, 1977. 

6.2 Calculated values of plough price coefficients, their 
standard errors, and percentage explanation for August, 
1983 plough list prices. 

6.3 Calculated values of drill price coefficients, their 
standard errors, and percentage explanation for August 
1984, Oct., 1976 and March, 1978. 

6.4 Calculated values of cultivator (power- driven) price 
coefficients, and their standard errors, and percentage 
explanation for June, 1984 and November, 1977. 

224 

225 

226 

227 

6.5 Ten year index of tractor prices (1980 = 100). 228 



VIII 

List of Tables cont'd 

No. 

6.6 Ten year index of agricultural machinery (e.g. drill) 
prices (1980 = 100). 

Page 

228 

6.7 Ten year index of soil preparation and cultivation 
machinery prices (1980 = 100). 229 

6.8 The relationship between predicted prices of 2 -wheel 
drive, unequal 4 -wheel drive and crawler tractors using 
the September, 1983 and July, 1977 equation No. (6.1) 

and the 1983 price index - linked to 1977. 

6.9 The relationship between predicted prices of mounted 
conventional and reversible ploughs with a 0.35 m furrow 
using the August, 1983 and July, 1980 equation No (6.2) 
and the 1983 price index -linked to 1980. 

6.10 The relationship between predicted prices of mounted 
drill, grain only drills with a 0.125 m coulter spacing 
using the August, 1984 and Oct., 1976 equation No. (6.3) 
and the 1984 price index -linked to 1976. 

6.11 The relationship between predicted prices of trailed 
drill, grain only drills with a 0.125 m coulter spacing 
using the August, 1984 and March, 1978 equation No. 

(6.3) and the 1984 price index -linked to 1978. 

6.12 The relationship between predicted prices of 
rotary -tined and harrow power driven cultivators using 
the June, 1984 and November, 1977 equations No. (6.4 and 
6.5) and the 1984 price index -linked to 1977. 

6.13 Proforma programme to calculate the present annual cost 
of a machine ownership used 1000 h /yr, owned 5 years 
(i.e. a 62 kW tractor purchase price £13855 and tax rate 
30 %) taking into account the effect of inflation and 

taxation. 

7.1 Weekly available soil workdays for Darvel soil series 
for three soil workability criteria and probability 
levels. 

7.2 Weekly available soil workdays for Macmerry soil series 
for three soil workability criteria and probability 
levels. 

7.3 Weekly available soil workdays for Winton soil series 

for three soil workability criteria and probability 
levels. 

230 

231 

232 

232 

233 

234 

235 

236 

237 



ix 

List of Tables cont'd 

No. Page 

7.4a Input data information: 
2 -WD tractor and plough specifications, cultivator, 
drill and soil specifications, operating conditions and 
operational costs. 

7.4b Input data information: 
4 -WD (unequal) tractor and plough specifications, 
cultivator, drill and soil specifications, operating 
conditions and operational costs. 

7.4c Input data information: 
4 -WD (equal) tractor and plough specifications, 
cultivator, drill and soil specifications, operating 
conditions and operational costs. 

8.1 Number of days available for field operations at varying 
probability levels and soil workability criteria in four 
quarters for Darvel, Macmerry and Winton soil series at 

Bush Estate near Edinburgh. 

238 

239 

240 

241 

8.2 Recommended load /tyre dimensions input data for 2 -wheel 
drive, 4 -wheel drive (unequal) and 4 -wheel drive (equal) 
tractors, Dwyer et al., 1975). 242 

8.3 Predicted performance parameters for optional tyres for 
2 -WD tractors. 243 

8.4 Single 2 -WD tractor -plough combinations with implement 
work rate, maximum, actual and theoretical pull and 
tractor power (soil series Winton). 244 

8.5 Summary of costing routine output for 2 -WD tractors. 245 

8.6 Summary of costing routine output for ploughs. 246 

8.7 Summary of costing routine output for cultivators. 246 

8.8 Summary of costing routine for drills. 246 

8.9 Performance of 2 -WD tractors and utilisation of multiple 
combinations selected for a 100 ha, operation starting 
at day no. 267 (week 39) and optimum day no. 296 for 
winter wheat, at 80% field efficiency together with crop 
yield losses (soil series Winton). 247 

8.10 Performance of 2 -WD tractors and utilisation of multiple 
combinations selected for a 200 ha, operation starting 
at day no. 267 (week 39) and optimum day no. 296 for 

winter wheat, at 80% field efficiency together with crop 
yield losses (soil series Winton). 248 



X 

List of Tables cont'd 

No. Page 

8.11 Performance of 2 -WD tractors and utilisation of multiple 
combinations selected for a 300 ha, operation starting 

at day no. 260 (week 38) and optimum day no. 296 for 

winter wheat, at 80% field efficiency together with crop 
yield losses (soil series Winton). 249 

8.12 2 -WD tractor costs in different operations for a period 
of ownership of 5 years. 250 

8.13 Feasible 2 -WD tractor- plough combinations for ploughing 
a 100 ha operation starting at week 39 and expected to 

finish at week 40, at 80% field efficiency (soil series 
Winton). 

8.14 Feasible 2 -WD tractor- plough combinations for ploughing 
a 200 ha operation starting at week 39 and expected to 

finish at week 41, at 80% field efficiency (soil series 
Winton). 

8.13 Feasible 2 -WD tractor -plough combinations for ploughing 
a 300 ha operation starting at week 38 and expected to 

finish at week 41, at 80% field efficiency (soil series 
Winton). 

8.16 Feasible 2 -WD tractor -cultivator combinations for 
cultivating a 100 ha at 80% field efficiency, a soil 
workability criterion of 110% and probability level of 
90% (soil series Winton). 

8.17 Feasible 2 -WD tractor -cultivator combinations for 
cultivating a 200 ha at 80% field efficiency, a soil 
workability criterion of 110% and probability level of 
90% (soil series Winton). 

8.18 Feasible 2 -WD tractor -cultivator combinations for 
cultivating a 300 ha at 80% field efficiency, a soil 
workability criterion of 110% and probability level of 
90% (soil series Winton). 

251 

252 

253 

254 

255 

256 

8.19 Water properties at 0.20 m plough cut depth for Wlnton 
soil series. 257 

8.20a Number of days available for field operations at a soil 
workability of 110% of FC and probability level of 90% 
for Winton soil series in 4 quarters. 

8.20b Number of days available for field operations at a soil 
workability of 105% of FC and probability level of 90% 
for Winton soil series in 4 quarters. 

258 

259 



XI 

List of Tables cont'd 

No. 

8.21a Feasible 2 -WD tractor -drill combinations for drilling a 

100 ha at 80% field efficiency, a soil workability 
criterion of 110% and probability level of 90% (soil 
series Winton). 

8.21b Feasible 2 -WD tractor -drill combinations for drilling a 
100 ha at 80% field efficiency, a soil workability 
criterion of 105% and probability level of 90% (soil 

series Winton). 

8.22 Feasible 2 -WD tractor -drill combinations for drilling a 
200 ha at 80% field efficiency, a soil workability 
criterion of 110% and probability level of 90% (soil 
series Winton). 

8.23 Feasible 2 -WD tractor -drill combinations for drilling a 

300 ha at 80% field efficiency a soil workability 
criterion of 110% and probability level of 90% (soil 
series Winton). 

Page 

258 

259 

260 

261 

8.24 2 -WD tractor -plough combination cost details for used 
hours in table 8.10. 262 



XII 

LIST OF FIGURES 

No. Page 

3.1 Soil failure zones for strip foundation 

a) resting on the soil surface with separate rupture 
geometry to account for the effect of weight (RHS) 
and for the effect of cohesion and a surcharge 
(LHS); 

b) at shallow depth with the soil above the foundation 
level treated as an integral part of the failure 
zone. 263 

3.2 Summary of different failure mechanisms proposed (after 
Durgunoglu and Mitchell, 1974). 264 

3.3 Proposed failure mechanism associated with wedge 
penetration into soils for large relative depths (after 
Durgunoglu and Mitchell, 1974). 264 

3.4 Proposed failure mechanism associated with wedge 
penetration for small and large relative depths (after 
Durgunoglu and Mitchell, 1973). 265 

3.5 Free body diagram for determination of bearing capacity 
factor Ncq (after Durgunoglu and Mitchell, 1973). 266 

3.6 Free body diagram for determination of bearing capacity 
factor Neq (after Durgunoglu and Mitchell, 1973). 266 

3.7 General form of yield response curve, showing the peak 
yield, and the average yield for a timespan. 267 

3.8 Linear yield responses. 267 

3.9 Timeliness loss models. 267 

3.10 Shear deformation diagram. 268 

3.11 Typical shear stress deformation curves. 268 

3.12 Idealization of shear -deformation diagram. 268 

3.13 Pull- torque -slip relation, wheels on soil. 268 

3.14 A simplified example of the ploughing performance 
predictor nomograph for planning rates of work and size 
of tackle. 269 

3.15 Price of tractor diesel for years 1975 -80. (Data 

supplied by B.P. St. Boswells, August 1980.) 270 

3.16 Flow diagram for selecting a complement of farm machines 

solid arrows indicate a major influence with double 

arrows indicating a major interaction, dashed arrows 

indicate secondary influences (Von Bargen and Cunney, 

1974). 270 



XIII 

List of Figures - cont'd 

No. 

4.1 (a) The effect of soil moisture content and clay ratio 
on the cone penetration resistance for a band of 
soil specific weights from 10 -16 kN /m3. 

(b) The relative size of the pressure bulb formed at 

the base of a cone penetrometer for clay (LHS) and 
sand (RHS). 

4.2 The effect of clay ratio on the frictional and cohesive 
components, of the soil penetration resistance at soil 
moisture contents of 20, 30 and 40 %, w/w and a soil 
specific weight of 14 kN /m3. 

4.3 Measured and predicted values of cone penetration 
resistance for Darvel soil series (loamy sand, clay 
ratio = 0.10), permanent grass, at Bush Estate. 

4.4 Measured and predicted values of cone penetration 
resistance for Winton soil series (sandy loam, clay 
ratio = 0.21), stubble at Bush Estate. 

4.5 Measured and predicted values of cone penetration 
resistance for two soil types (surface cover: grass and 
stubble) at Bush Estate. 

4.6 Measured and predicted values of cone penetration 
resistance for Stirling soil series (silty clay loam, 
clay ratio = 0.49), undersown, in the Stirling area. 

4.7 Measured and predicted values of cone penetration 
resistance for Stirling soil series (silty clay loam, 
clay ratio = 0.54), stubble, in the Stirling area. 

4.8 Measured and predicted values of cone penetration 
resistance for Stirling soil series (silty clay, clay 
ratio = 0.87), grass in the Stirling area. 

4.9 Measured and predicted values of cone penetration 
resistance for three soil types (surface cover: 
undersown, stubble, and grass) in the Stirling area. 

4.10 Measured and predicted values of cone penetration 
resistance for two soil types, Eradat Oskoui and Witney 
data, 1982. 

Page 

271 

272 

273 

274 

275 

276 

277 

278 

279 

280 

4.11 Measured and predicted values of cone penetration 
resistance for Silsoe soils series, Stafford data, 1984. 281 

4.12 Measured and predicted values of cone penetration 
resistance for five soil types (surface cover: grass, 
stubble; undersown, stubble and grass) at Bush Estate 
and Stirling area. 282 



XIV 

List of Figures - cont,d 

No. 

4.13 Measured and predicted values of cone penetration 
resistance for eight soil types at Bush, Stirling and 

Silsoe. 

5.1 The flattening effect on the mean response curve by 

combining sets from different experiments. 

5.2 The general form of the yield loss curve normalised for 

time from the optimum date of establishment. 

5.3 The questionable practical validity of adopting a 

complex waveform generated by a 5th order polynomial. 

5.4 Negative yield losses (yield gains) generated by the 
assymmetry of the 1st order term. 

5.5 

5.6 

5.7 

5.8 

Winter barley: 
establishment. 

percentage yield losses from untimely 

Winter wheat: 
establishment. 

percentage yield losses from untimely 

Spring barley: 
establishment. 

percentage yield losses from untimely 

Spring wheat: 
establishment. 

percentage yield losses from untimely 

5.9 Oats: percentage yield losses from untimely 
establishment. 

5.10 Potatoes: percentage yield losses from untimely 
establishment. 

5.11 Swedes: percentage yield losses from untimely 
establishment. 

5.12 Turnips: percentage yield losses from untimely 
establishment. 

6.1 Variation of the purchase price of 2 -wheel drive 
tractors with rated engine power, 1983 data. 

6.2 Variation of the purchase price of unequal 4 -wheel drive 
tractors with rated engine power, 1983 data. 

6.3 Variation of the purchase price of equal 4 -wheel drive 
tractors with rated engine power, 1983 data. 

Page 

283 

284 

284 

285 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 



XV 

List of Figures - cont'd 

No. 

6.4 Variation of the purchase price of crawler tractors with 
rated engine power, 1983 data. 

6.5 The effect of the furrow width and number of plough 
bodies on the price of conventional mounted ploughs, 
1983 data. 

6.6 Predicted against list price of various types of 
conventional mounted ploughs, 1983 data. 

6.7 The effect of the furrow width and number of plough 
bodies on the price of reversible mounted ploughs, 1983 

data. 

6.8 Predicted against list price of various types of 
reversible ploughs, 1983 data. 

6.9 The effect of number of coulters and coulter spacing on 
the price of mounted, grain only drills, 1984 data. 

6.10 The effect of number of coulters and coulter spacing on 
the price of trailed, grain only drills, 1984 data. 

Page 

297 

298 

299 

300 

301 

302 

303 

6.11 The effect of number of coulters and coulter spacing on 
the price of trailed combine drills (grain and 
fertilized) 1984 data. 304 

6.12 The effect of number of coulters and coulter spacing on 
the price of trailed cultivator drills, 1984 data. 305 

6.13 The effect of number of coulters and coulter spacing on 
the price of mounted combine drills (including 
cultivator and direct drill), 1984 data. 306 

6.14 The effect of number of coulters and coulter spacing on 

the price of trailed combine drills (including 
cultivator and direct drill), 1984 data. 307 

6.15 Predicted against list price of various types of grain 
drills, 1984 data. 308 

6.16 The effect of the machine width and number of blades 
(L- shape) on the price of power driven rotary 
cultivators, 1984 data. 309 

6.17 The effect of the machine width and number of tines on 

the price of power- driven cultivators, 1984 data. 310 



XVI 

List of Figures - cont'd 

No. 

6.18 The effect of the machine width on the price of power 
harrows, 1984 data. 

6.19 Predicted against list price of various types of power 
driven cultivators, 1984 data. 

7.1 Machinery Selection programme, MSP, simplified diagram. 

7.2 Flow chart of the Machinery Selection Programme, "MSP ". 

8.1 Available days for field operations at varying 
probability level and soil workability criterion in four 
quarters for Darvel soil series at Langhill. 

8.2 Available days for field operations at varying 
probability level and soil workability criterion in four 
quarters for Macmerry soil series at Langhill. 

8.3 Available days for field operations at varying 
probability level and soil workability criterion in four 
quarters for Winton soil series at Langhill. 

8.4 The effect of tax rate on tractor annual cost and 
optimum time of replacement for a 62 kW, 2 -wheel drive 
tractor owned for 10 years. 

8.5 Variation of ploughing costs against power level using 
one or two 2 -wheel drive tractor(s) for 100 ha over a 2 

week period and for a soil workability criterion of 110% 
and probability level of 90 %. 

8.6 Variation of ploughing costs against power level using 
two or three 2 -wheel drive tractor for 200 ha over a 3 

week period and for a soil workability criterion of 110% 
and probability level of 90 %. 

8.7 Variation of ploughing costs against power level using 
two 4 -wheel drive (unequal) tractors for 200 ha over a 3 

week period and for a soil workability of 110% and 

probability level of 90 %. 

8.8 Variation of ploughing costs against power level using 
two 4 -wheel drive (equal) tractors for 200 ha over a 3 

week period and for a soil workability of 110% and 

probability level of 90 %. 

8.9 The effect of machine width on various cultivating costs 
for 200 ha over a 3 week period using a 70 kW 2 -wheel 

drive tractor at forward speed of 6.24 km /h and for a 

soil workability criterion of 110% and probability level 

of 90 %. 

Page 

311 

312 

313 

314 

318 

319 

320 

321 

322 

323 

324 

325 

326 



XVII 

List of Figures - cont'd 

No. Page 

8.10 The effect of machine width on various sowing costs for 

100 ha using a 55 kW 2 -wheel drive tractor at forward 
speed of 4.46 km /h, a soil workability criterion of 110% 
and probability level of 90 %. 

8.11 The effect of machine width on various sowing costs for 

100 ha using a 55 kW 2 -wheel drive tractor at forward 
speed of 4.46 km /h, a soil workability criterion of 105% 
and probability level of 90 %. 

8.12 The effect of machine width on various sowing costs for 
200 ha using a 55 kW 2 -wheel drive tractor at forward 
speed of 4.90 km /h, a soil workability criterion of 110% 

and probability level of 90 %. 

8.13 The effect of power level of 2 -WD tractors on the cost 
of sowing 100 ha of winter wheat on Winton soil series 
with a soil workability criterion of 105 %, probability 
level of 90 %, operation started at week numbers 41 and 
42 and the optimum sowing day no. 296. 

8.14 The effect of power level of 2 -WD tractors on the 

accumulated costs for three sequential operations 
(ploughing, cultivating and sowing) started at week no. 

39 for an area of 200 ha of winter wheat on Winton soil 
series with a soil W. criterion of 110% of field 
capacity and workday probability of 90 %. 

8.15 The effect of power level of 4 -WD (unequal) tractor on 
the accumulated costs for three sequential operations 
(ploughing, cultivating and sowing) started at week no. 
39 for an area of 200 ha of winter wheat on Winton soil 
series with a soil W. criterion of 110% of field 
capacity and workday probability of 90 %. 

8.16 The effect of power level of 4 -WD (equal) tractors on 
the accumulated costs for three sequential operations 
(ploughing, cultivating and sowing) started at week no. 

39 for an area of 200 ha of winter wheat on Winton soil 
series with a soil W. criterion of 110% of field 
capacity and workday probability of 90 %. 

327 

328 

329 

330 

331 

332 

333 



XVIII 

APPENDIX 1 

ANNEX 1 Winter barley: percentage yield loss from 
establishment 

ANNEX 2 Winter wheat: percentage yield loss from 
establishment 

ANNEX 3 Spring barley: percentage yield losses from 
establishment 

ANNEX 4 Spring wheat: percentage yield losses from 
establishment 

ANNEX 5 Oats: percentage yield losses from 
establishment 

ANNEX 6 Potatoes: percentage yield losses from 
establishment 

ANNEX 7 Swedes: percentage yield losses from 
establishment 

ANNEX 8 Turnips: percentage yield losses from 
establishment 

APPENDIX 2 

untimely 

untimely 

untimely 

untimely 

untimely 

untimely 

untimely 

untimely 

Timeliness coefficients for early and late establishment of 8 

crops for a general yield loss equation of the form: 

Page 

334 

335 

339 

342 

342 

345 

348 

350 

YL = K1 (to-t)2 + K2(to-t) 352 



XIX 

APPENDI% 3 

No. Page 

Table la Predicted performance parameters for optional tyres 
for 4 -WD tractors (unequal). 354 

Table 2a Single 4 -WD tractor (unequal) -plough combinations 
with implement work rate, maximum, actual and 
theoretical pull and tractor power (soil series 

Winton). 355 

Table 3a Summary of costing routine output for 4 -WD tractors 
(unequal). 356 

Table 4a Performance of 4 -WD tractors (unequal) and 
utilisation of multiple combinations selected for a 
100 ha, operation starting at day no. 267 (week 39) 
and optimum day no. 296 for winter wheat, at 80% 

field efficiency together with crop yield losses 
(soil series Winton). 357 

Table 5a Performance of 4 -WD tractors (unequal) and 
utilisation of multiple combinations selected for a 
200 ha, operation starting at day no. 267 (week 39) 
and optimum day no. 296 for winter wheat, at 80% 
field efficiency together with crop yield losses 
(soil series Winton) . 

Table 6a Performance of 4 -WD tractors (unequal) and 
utilisation of multiple combinations selected for a 
300 ha, operation starting at day no. 260 (week 38) 

and optimum day no. 296 for winter wheat, at 80% 
field efficiency together with crop yield losses 
(soil series Winton). 

Table 7a 4 -WD tractor (unequal) costs in different 
operations for a period of ownership of 5 years. 

Table 8a Feasible 4 -WD tractor (unequal) -plough combinations 
for ploughing a 100 ha operation strating at week 
39 and expected to finish at week 40, at 80% field 

efficiency (soil series Winton). 

Table 9a Feasible 4 -WD tractor (unequal) -plough combinations 
for ploughing a 200 ha operation starting at week 
39 and expected to finish at week 41, at 80% field 
efficiency (soil series Winton). 

Table 10a Feasible 4 -WD tractor (unequal)- plough combinations 
for ploughing a 300 ha operations starting at week 
38 and expected to finish at week 41, at 80% field 
efficiency (soil series Winton). 

358 

359 

360 

361 

362 

363 



XX 

APPENDIX 3 cont'd. 

Table 

Table 

No. 

11a 

12a 

Feasible 4 -WD tractor (unequal) -cultivator 
combinations for cultivating a 100 ha at 80% field 

efficiency, a soil workability criterion of 110% 

and probability level of 90% (soil series Winton). 

Feasible 4 -WD tractor (unequal) -cultivator 
combinations for cultivating a 200 ha at 80% field 

efficiency, a soil workability criterion of 110% 

Page 

364 

and probability level of 90% (soil series Winton). 365 

Table 13a Feasible 4 -WD tractor (unequal)- cultivator 
combinations for cultivating a 300 ha at 80% field 
efficiency, a soil workability criterion of 110% 

and probability level of 90% (soil series Winton). 366 

Table 14a Feasible 4 -WD tractor (unequal) -drill combinations 
for drilling a 100 ha.at 80% field efficiency, a 
soil workability criterion of 110% and probability 
level of 90% (soil series Winton). 367 

Table 15a Feasible 4 -WD tractor (unequal.) -drill combinations 
for drilling a 200 ha at 80% field efficiency, a 

soil workability criterion of 110% and probability 
level of.90% (soil series Winton). 368 

Table 16a Feasible 4 -WD tractor (unequal) -drill combinations 
for drilling a 300 ha at 80% field efficiency, a 

soil workability criterion of 110% and probability 
level of 90% (soil series Winton). 369 

Table 17a 4 -WD tractor (unequal) -plough combination cost 
details for used hours in Table 8.10. 370 



XXI 

APPENDIX 4 

No. 

Table lb Predicted performance parameters for optional tyres 
for 4 -WD tractors (equal). 

Table 2b Single 4 -WD tractor (equal) -plough combinations 
with implement work rate, maximum, actual, and 
theoretical pull and tractor power (soil series 
Winton). 

Table 3b Summary of costing routine output for 4 -WD tractors 
(equal). 

Table 4b Performance of 4 -WD tractors (equal) and 
utilisation of multiple combinations selected for a 
100 ha, operation starting at day no. 267 (week 39) 

and optimum day no. 296 for winter wheat, at 80% 
field efficiency together with crop yield losses 
(soil series Winton). 

Table 5b Performance of 4 -WD tractors (equal) and 
utilisation of multiple combinations selected for a 
200 ha, operation starting at day no. 267 (week 39) 
and optimum day no. 296 for winter wheat, at 80% 
field efficiency together with crop yield losses 
(soil series Winton). 

Table 6b Performance of 4 -WD tractors (equal) and 
utilisation of multiple combinations selected for a 
300 ha, operation starting at day no. 260 (week 38) 
and optimum day no. 296 for winter wheat, at 80% 
field efficiency together with crop yield losses 
(soil series Winton). 

Page 

371 

372 

373 

374 

375 

376 

Table 7b 4 -WD tractor (equal) costs in different operations 
for a period of ownership of 5 years. 377 

Table 8b Feasible 4 -WD tractor (equal) -plough combinations 
for ploughing a 100 ha operation starting at week 
39 and expected to finish at week 40, at 80% field 
efficiency (soil series Winton). 378 

Table 9b Feasible 4 -WD tractor (equal) -plough combinations 
for ploughing a 200 ha operation starting at week 
39 and expected to finish at week 41, at 80% field 
efficiency (soil series Winton). 

Table 10b Feasible 4 -WD tractor (equal) -plough combinations 
for ploughing a 300 ha operation starting at week 
38 and expected to finish at week 41, at 80% field 
efficiency (soil series Winton). 

379 

380 



XXII 

APPENDIX 4 tont *d 

No. 

Table 11b Feasible 4 -WD tractor (equal)- cultivator 
combiations for cultivating a 100 ha at 80% field 

efficiency, a soil workability criterion of 110% 

and probability of 90% (soil series Winton). 

Table 12b Feasible 4 -WD tractor (equal)- cultivator 
combiations for cultivating a 200 ha at 80% field 

efficiency, a soil workability criterion of 110% 

and probability of 90% (soil series Winton). 

Table 13b Feasible 4 -WD tractor (equal) -cultivator 
combiations for cultivating a 300 ha at 80% field 

efficiency, a soil workability criterion of 110% 

and probability of 90% (soil series Winton). 

Table 14b Feasible 4 -WD tractor (equal) -drill combinations 
for drilling a 100 ha at 80% field efficiency, a 

soil workability criterion of 110% and probability 
level of 90% (soil series Winton). 

Table 15b Feasible 4 -WD tractor (equal) -drill combinations 
for drilling a 200 ha at 80% field efficiency, a 

soil workability criterion of 110% and probability 
level of 90% (soil series Winton). 

Table 16b Feasible 4 -WD tractor (equal) -drill combinations 
for drilling a 300 ha at 80% field efficiency, a 

soil workability criterion of 110% and probability 
level of 90% (soil series Winton). 

Table 17b 4 -WD tractor (equal) -plough combination cost 
details for used hours in table 8.10. 

Page 

381 

382 

383 

384 

385 

386 

387 



XXIII 

APPENDIX 5 

Page 

Machinery selection programme 388 

1 common blocks 388 

2 Initialise data 393 

3 Initialise System and user variables 395 

4 Initialise variables 397 

5 Calling files 399 

6 System and user 400 

7 Input data subroutines 401 

7.1.1 2 -WD drive tractor 402 
7.1.2 Unequal 4 -WD drive tractor 404 
7.1.3 Equal 4 -WD tractor 406 

7.2 Ploughs 408 

7.2.1 Mouldboard plough 409 
7.2.2 Chisel plough 410 

7.2.3 Shallow plough 410 

7.3 Cultivators 411 

7.3.1 Rotary L -shape cultivator 412 
7.3.2 Rotary tine cultivator 412 

7.4 Drills 413 

7.4.1 Mounted drill 414 
7.4.2 Trailed drill 415 

7.5 Soil specifications 416 

7.6 Operating conditions 419 

7.7 Operational costs 422 

7.8 Soil workability days and crop data 424 

8 Combination selection 427 

9 Open data files 431 



XXIV 

APPENDIX 5 cont'd Page 

10 Technical calculations 433 

10.1 Matching single tractor -implement combination 433 

10.2 Multiple tractor -implement combination 440 

10.3 Costing routines 441 

10.3.1 Tractor and plough costs 441 

10.3.2 Tractor and cultivator costs 447 

10.3.3 Tractor and drill costs 451 

11A Calling reports 457 

11B Sequential reports 458 

11.1 Report 1 (input data) 459 
11.2 Report 2 (predicted performance parameters) 462 
11.3 Report 3 (Single tractor -plough combination) 464 
11.4 Report 4 (Performance and utilisation of multiple 465 

combination) 
11.5 Report 5 (Tractor costs in different operations) 467 
11.6 Report 6 (Feasible tractor -plough combinations) 469 
11.7 Report 7 (Feasible tractor -cultivator combinations) 474 
11.8 Report 8 (Water properties in 0.20m plough cut 477 

depth) 
11.9 Report 9 (Number of available work days) 478 
11.10 Report 10 (Feasible tractor -drill combinations) 479 
11.11 Report 11 (Tractor -plough combination cost details) 483 



XXV 

LIST OF SYMBOLS 

a = area of contact depends on the ratio of 
residual to peak stress = 2.55 (fs- fm)0825 /fm 

= working depth, m 

a, al = crop factors 
ac,ad,ap,at = coefficient constants dependent on machine 

design and type 
A = area of crop enterprise, ha 

A' = tyre or track -soil deformation 
AL = area of tyre lugs as a proportion of peripheral 

area, m2 
An = annual cost of machine ownership, £ 

Ar = repair coefficient 
As = resale coefficient dependent on machine type 
(A /P)1N = amortisation factor dependent on machine type 

b = tyre section width, m 
b, b1, b' = yield /time coefficients 
be, bt = coefficients dependent on the tractor PTO power 

and ballast 
bf,br = front and rear wheel diameter, m 
bm = price coefficents dependent machine width 

bnc,bnf = price coefficients dependent on machine 
coulters or furrows 

B = foundation width, m 

(Bc)N = balancing charge over N years, £ 

BF, BR = front and rear numerics, MfWF,MrWR 
Br = repair coefficients dependent on machine type 
Bs = resale coefficients dependent on machine type 
BT = additional weight on the tractor, t 

c = cohesion, kN /m2 
c,c1 = yield /time coefficients 
cb = price coefficient dependent on added ballast 

and tractor type 

ccs, cfw, ont = coefficients dependent on number of coulters, 
furrows and blades or tines 

(CA)n = annual capital allowance for an nth year old 
machine, £ 

(CA)N = sum of annual capital allowances over N years 
of machine ownership, £ 

CI = cone penetration resistance MPa 
Cn = wheel numeric, CI /bdW 

CN = number of single feasible tractor -plough 
combination 

Co = unit oil cost, £/1 

Cr = clay ratio 

CR = crop gross return, £ 

Crf = capital recovery factor 

CRR = coefficient of rolling resistance 

(CRR)F = coefficient of rolling resistance for front 

wheel 

(CRR)R = coefficient of rolling resistance for rear 
wheel 



List of symbols cont'd 

Cs 

Cv 

XXVI 

= coefficient constant dependent of coulter 
spacing 

= average price per unit of crop, £ 

d, D = overall driven wheel diameter, m 
d1 = yield /time coefficient 
df, dr = front and rear wheel diameters, m 

D' = crop factor 
DA = actual finish sowing day number 
DDN = actual finish ploughing day number 
DE = expected finish sowing day number 

DL = available workdays in the actual finish week 
days 

DN = days required to complete the job in the actual 
finish week 

DP = horizontal component of the plough draught, kN 
DR = days required to perform an operation 
DS = optimum starting day number for drilling 

operation 
Dv = accumulated workdays 
DWC = dynamic weight transfer coefficient 

e1 = yield /time coefficient 
Ep = rated engine power, kW 
fm = coefficient of residual stress, Tmax /a 
F = towed force 

= maximum traction force 
FG = fuel cost, £ 

FD = diesel fuel consumption, 1 /kWh 
FG = gasoline fuel consumption, 1 /Kwh 
FL = unit fuel cost, £/l 
FLp = liquified petroleum fuel consumption, L /kWh 
FL = inflation /discounted ratio 

Fw 

g 

= furrow width, m 
= gravitational constant 

h = working hours per day 
= hours used 

hf, hr = front and rear tyre section height, m 

Ha = hours required to perform an operation 

ii = 

ii = 

it = 

IA = 

(IA)N 

( INS)n = 

(INS)N = 

interest rate 
loan interest rate 

net interest rate 
annual interest charge at nth year, £ 

sum discounted annual interest charge over N 

years of loan payments, £ 

annual insurance charge at the nth year, £ 

sum of annual insurance charge over (N -1) 

years, £ 



List of symbols cont'd 

It1, It2 

.] 

if 

k 

kc' 
k 

kT 

K1,K 
t 

,K2,K3 

K1, K1 

XXVII 

= machine index prices 

= soil factor, so 1/k 

= inflation rate 

= deformation modulus 
= cohesion and frictional moduli of soil 

deformation 
= displacement required to reach shear stress 
= factor dependent on kc and k 
= rate constant of maximum traction coefficient 
= constants 
= cohesive and frictional coefficients 
= early and late timeliness coefficients 

= length of the wheel in contact with the soil, m 
L = characteristic length of the tool, dim 
L' = crop factor 
Lc = labour cost, £ 

M 
Ma 
Mc 

Mf, Mr 

Ms 

Mv 

n 

= wheel mobility number 
= availability of the machine 
= tractive performance for clay soils 
= front and rear wheel mobility numbers 

= tractive performance for sandy soils 

= annual mortgage payments, £ 

exponent 

N = number of years the machine is owned 
= number of driven wheels 
= tool numerical number varied with, ß , a , (15 , _ 

ae btan 4 

Nb = number of plough bodies 
Nc = number of coulters 
Nc,Nq,Np,Na = tool dimensionless functions of, (1' 

Nc, Nq, Ny = dimensionless factors of internal soil 
shearing resistance 

Ncq, Nyq = bearing capacity factors 

Nl /t = number of blades or tines 

NPMv = net present mortgage value, £ 

NPv = net present value of cash flow, £ 

0 = oil consumption, 1/h 

Oc = oil can, £ 

OPDN = optimum planting 

q = overburden pressure, kN /m2 
Q = cone penetration resistance, kN /m2 

QD' Qi = input torque developed from the driven wheels, 
kNm 



List of symbols cont'd 

P 

PD 

Pe 

Pi 
Pr 

Pt 
PP 

Pp 

(PPD)h 

(PPC) p,/t 
PPD 
PPp 

PPT 

PPT19 PPT2 
PTO 

XXVIII 

= total axle power available, kW 

= horizontal component of plough draught, kN 

= rated engine power, kW 

= wheel loading stress, W /bd 
= ratio of equivalent PTO required by an 

operation to maximum available PTO power 
= tyre inflation pressure, kPa 
= machine purchase price £ 
= passive earth pressure due to soil weight, 

kN /m2 
= purchase price of power -drive harrow, £ 

= cultivator purchase price (L -shape or tine), £ 

= drill purchase price, £ 

= plough purchase price, £ 
= tractor purchase price. £ 

= machine purchase price using index prices, £ 
= power take -off power, kW 

ro = initial logarithmic spiral 
r1 = final logarithmic spiral 
r = rolling radius of driven wheel, m 
R = rolling resistance force, kN 

= soil reaction force, kN 
Rp = resultant of horizontal and vertical components 

of plough draught, kN 
Re, (Rc)n = current value of repair cost in the nth year, £ 
(Re)N = accumulated repair cost at the end of N years, 

s = wheel slip, % 

Scq, S = shape factors 
SN á 

= salvage value at the end of N years 
S(N_1) = resale value at the end of the previous, 

(n -1)th year, £ 

(SN)f = future salvage value at the end of Nth year 
She = shelter cost, £ 

t1 = operation starting day number (or date) 

t2 = operation finishing day number (or date) 

to = optimum sowing day number (or date) 

T = net available thrust from driven wheels, kN 
Tc = timeliness cost 

Tmax = maximum driven wheels thrust, kN 

Up = power utilisation ratio 

V = sample core volume, cm3 

Va = actual speed, Vt (1 -s) 



List of symbols cont'd 

Vp 
Vt 

w 
W 

WA 
WB 

Wd 

Wdd 

Wg 
Wm 
Wr 

WR 

WRS 
WS 
Wt 

Wti 

Wtt 

WT 

x 

x 
Xi 

Xa 

Y 

Yav 

YL 

Ym 

Yo 

Y(t) 

YV 

XXIX 

= vertical component of plough draught, kN 
= theoretical velocity of the tool, r 

= blade working depth, m 
= tyre load, kN 
= tractor weight, kN 

= actual finish operation week number 

= wheelbase 

= proportion of working days to calendar days 

= dry soil sample weight, g 

= dynamic weight on the front wheels, kN 
= machine width, m 
= working rate of the machine, ha /h 

= dynamic weight on the rear wheels, kN 

= static weight on the rear wheels, kN 
= starting operation week number 
= total weight transfer to the rear wheels, kN 
= weight transfer from the implement to rear 

wheels, kN 
= weight transfer from the front to rear wheels, 

kN 
= wet soil sample weight, g 

= total weight on the tractor, kN 

= number of days either before or after the 

optimum day 
= distance first contact, m 
= number of plants per hectare 
= the accumulative probability of completing 

harvest 

= crop yield for an operation executed at time, t 

average crop yield, t /ha 

= yield loss, % 

= mean yield loss, % 

= peak crop yield through sowing at the optimum 
time, to 

= yield function (unit of crop per unit area) 

= value of crop left in the field after 
harvesting as % of total crop value 

z = blade working depth 
zo = quasi- static component of specific plough 

draught 



List of symbols cont'd 

z 

XXX 

specific plough draught, kN 
vertical sinkage depth, cm 

a = soil /blade adhesion angle 

ß = soil /blade friction angle 

'ìi = soil specific weight, kN /m3 
= tyre deflection, m 

Sd = tyre -soil shear displacement 
f,Sr = front and rear deflections, m 

TIT 

'e 

e' 

Op 

er 

e/esat 

Xmax 

u 

P 

a 

an 
T 

Tmax 
(I) 

(Pp,(Pd 

cl) 

Op 

w 

= tractive efficiency 
= soil moisture content, % w/w 
= soil /soil friction angle 
= lateral direction angle of mould board plough 

= soil /rubber friction angle 

= initial tangent modulus for shear -deformation 
= displacement required to reach shear stress; 
= maximum of residual stress expression in 

prackets 
= apparent soil /material friction angle 
= 3.1415927, 1800 

= soil bulk denisty, g /cm3 

= normal stress, kPa 
= normal shear stress at the failure plane 

= shear stress or mean ground pressure, kPa 

= maximum shear stress 
= angle of internal shearing resistance, deg 

= draught angle below the horizontal plane 
= lug angle, deg 
= draught angle below horizontal, deg 
= (45+ /2), deg 

= angle subtended by the logarithmic spiral 

= angular velocity, radians 



1 

I ACKNOWLEDGEMENTS 

The author wishes to express his gratitude to the following people and 

institutions who have contributed to the development of the present 

work: 

to Dr B.D. Witney, Head of Agricultural Engineering and Mechanisation 

Department, Edinburgh School of Agriculture, for his excellent 

supervision, sincere criticism, help and endless patience without 

which the execution of this lengthy project would have been 

impossible; 

to the staff of the Agricultural Engineering and Mechanisation 

Department, Edinburgh School of Agriculture, for their help and 

encouragement, especially to Dr K. Erádat Oskoui for the provision of 

source references and his encouragement, P.M. Wilson for the 

production of some of the drawings and P.M. Blyth for his help in cone 

penetration experimental work; 

to the staff of the Computer Services Unit, the Edinburgh School of 

Agriculture for their help, with grateful acknowledgement to S. Gibson 

for his patience and providing substantial advice and Ms M. Palchynsky 

for her help with the printing requirements; 

to D. Gill, D. Smith and D. Rackham at the Scottish Institute of 

Agricultural Engineering, Bush Estate, for providing some publications 

and cone penetration data; 

to M.F. Franklin, at the Agriculture and Food Research Council, Unit 

of Statistics, Edinburgh University, on alternative analytical 

procedures in the crop section; 

to W.G. Addison of the Crop Husbandry Division, North of Scotland 

College of Agriculture, Aberdeen, for providing substantial quantities 

of unpublished experimental data from date of sowing trials for Oats, 



2 

Swedes and Turnips; 

to D. Arnott, at Blair Drummond, Stirling for access to his farm for 

cone penetration data and grateful acknowledgement to J. Stafford, 

National Instittue of Agricultural Engineering, Silsoe, Bedford, for 

providing some cone penetration data; 

to Ms R.M. Johnson and her staff at the Library of the Edinburgh 

School of Agriculture for providing necessary reference material; 

to Ms M. Brown and Ms F. Chrystal for their patience and skill in 

typing the thesis and grateful acknowledgement; 

The encouragement of my family during my studies far away from them 

was especially important and I am particularly grateful to my Mother 

and Father for their support. 

Finally, the author wishes to acknowledge the financial support 

provided by the Egyptian Government, Mission Department and the 

Cultural Education Bureau in London. 



3 

2 INTRODIICTION 

Tillage operations are a major part of the work needed to produce 

arable crops. These are influenced by the soil type, scale of 

enterprise, the timeliness of the operations, the crop rotation, the 

labour and the available price of fuel. Many different tillage 

techniques are available for cereal and root crop production. The 

selection of a machinery system is based upon the field condition, 

work specification, time available for the field operation, crop yield 

losses from untimely establishment, machinery capacity relations and 

field work conditions for tillage and sowing operations in a sequence 

of sub- optimisations, tractor power level and implement draught, and 

permissible multiple use of the equipment. A machinery selection 

programme must specify the proper size and number of each component, 

schedule work on a weekly basis of identify labour requirements, 

calculate fuel requirements for each farm operation and make a 

detailed cost analysis of the selected machinery complement. 

As labour, level and initial capital cost of a machienry complement 

are all major items of expenditure on the arable farm, there is a 

greater demand for sowings through careful selection of the individual 

components of the agricultural machinery system by varying the number 

and size of tractors in relation to labour and fuel costs and by 

correctly matching equipment. It is not only because of the high 

initial capital investment in machinery that more careful selection of 

the correct machine size is important but also because of the need for 

more economical use of fuel and improvement in management policy. 

Greater prominence has tended to be given to certain interacting 

variables than to others even though they are not necessarily the most 

important because of their irritation and increased risk, such as 

machinery breakdowns which may delay farm operation and decrease 

enterprise profitability. The purpose of this project is to provide 

an effective farm management procedure for power demand selection on 

an arable farm, taking into account all the possible pertinent 

variables. 

The intial approach was to select the tractor power level for the 
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heaviest farm draught operation, namely, primary tillage linked with 

the sowing operation. The major step was to select the correct power 

of 2 -wheel drive or 4 -wheel drive tractors power to match different 

implement sizes, from a knowledge of pedological, agronomic, 

engineering, meteorological and economic constraints imposed by the 

enterprise. This incorporated soil strength, weather variables, 

dynamic loading, tractor -implement performance, work rates of single 

or multiple combinations of machines, timeliness cost and machinery 

operating costs in the selection of a number of feasible solutions. 

The literature review is necessarily comprehensive to cover the 

breadth of the subject area. 

As cone penetration resistance is widely used to predict tractive 

performance, draught forces and soil compaction related to vehicle 

traffic, the first major investigation was to develop a cone 

penetration resistance equation, as a function of soil moisture 

content, specific weight and clay ratio (soil type) which linked with 

the plough draught equation and tractor performance (mobility). The 

second major investigation was to simulate crop yield losses from 

untimely establishment. The third major component was to extend the 

discounted cash flow costing procedure for machinery ownership, to 

account the effect of taxation and tax relief. The analysis of 

tractor performance was adapted to include dynamic weight transfer. 

The relevance of these investigations is demonstrated by a limited 

analysis of their combined effect in a machinery selection programme 

which, though restricted to a single farm enterprise, has been 

developed to include multiple tractor implement combinations. it is 

clearly shown in the thesis that the techniques which have been 

adopted are compatible and result in a limited number of realistic 

alternative machinery complement. 

Further investigations should be undertaken to extend the computer 

model to evaluate whole farm operations by the inclusion of farm 

scheduling and to examine the impact of the various alternative 

machinery management policies by means of sensitivity analysis. 
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LITERATURE REVIEW 

3.1 Cone penetration resistance 

The cone penentrometer is a simple versatile device which is widely 

used to check the strength of the soil in terms of its resistance to 

the penetration of a standard cone. The soil penetration resistance 

is a function of soil moisture content, soil specific weight and soil 

type. The soil type is characterised by means of a clay ratio which 

is the ratio of the clay content of the soil to the contents of silt 

and sand. 

The cone penetration resistance, or cone index, has been widely used 

to predict tractive capabilities of off -road vehicles (Wismer and 

Luth, 1973; Dwyer et al., 1974; Dwyer et al., 1975), to predict 

draught forces in tillage operation (Gill and Vanden Berg, 1967; 

Eradat Oskoui and Witney, 1982a), and to assess compaction related to 

vehicle traffic (Raghavan and McKyes, 1977). For these applications, 

the cone penetration resistance of the soil was obtained by direct 

measurement. There is, however, considerable merit in being able to 

evaluate cone index from the basic soil parameters. Following a 

detailed appraisal of variables which have been shown experimentally 

to affect soil penetration resistance, theoretical soil mechanics is 

applied to provide the form of an empirical cone index equation 

incorporating the interaction of soil type, soil moisture content and 

degree of compaction. Although these parameters are linked to the 

cohesive and frictional properties of soil, they are more widely 

available to, and understood by agriculturalists. Additionally, the 

variation in soil moisture content through changing weather patterns 

is linked to the soil strength measurements. Thus, computer 

simulation of traction, compaction and draught is possible directly 

from soil and weather variables. 
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3.1.1 Theoretical investigations 

The main thrust in soil exploration studies evolved from a need to 

establish the bearing capacity from foundations. The maximum soil 

bearing pressure depends on the mechanical properties of the soil (the 

density, the shearing strength, and the deformation characteristics), 

on the water conditions in soil and on the physical characteristics of 

the foundation itself (the size, shape and roughness). The classical 

theories of bearing capacity are based on the work of Prandtl (1920) 

and Ohde (1938) in which the stresses generated by a punch indentation 

in a material which deforms plastically were combined by a 

semi -empirical analysis with the stresses due to the weight of an 

incompressible material within a zone of incipient failure surrounding 

the punch Fig. (3.1a). The failure mechanism was related to a strip 

foundation resting on the soil surface such that: 

Q = c [ tan2 e26-1tan -1] + g [tan2 e2w tan (1 ] 

tan 4) 
+ ?lß[2 Pp sin - 4 tans] 

6132 

... 3.1 

where ß = foundation width, m 

c = cohesion, kN /m2 

Pp = passive earth pressure due to soil weight, kN /m2 

Q = soil penetration resistance, kN /2 

q = overburden pressure, kN /m2 

X _ soil specific weight, kN /m3 

= angle of internal shearing resistance, deg 

Ili 

= (145 + /2), deg 

w = angle subtended by the logarithmic spiral, rad 

From the geometry of the failure zone, the angle subtended by the 

logarithmic spiral was w/2 radians and the overburden pressure was the 

extra depth of the soil resting on top of the horizontal failure plane 

on the same level as the base of the foundation. The passive earth 
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pressure due to weight of the soil is a more complex function of the 

size of the logarithmic spiral and is proportional neither to the 

exponent of the subtended angle nor to the exponent of the square of 

the subtended angle but to a value somewhere in between. 

The additive bearing capacity equation for surface foundations 

(Terzaghi, 1943) was expressed in the form: 

Q = eNc + qNq + B N 
2 

... 3.2 

where the dimensionless factors, Nc, Nq and 116, were dependent only on 

the angle of internal shearing resistance. 

For shallow foundations, however, the soil above the level of the base 

of the foundation is not simply an overburden but part of the failure 

zone itself (Fig. 3.1b). By means of a more complex analytical 

procedure, Meyerhof (1951) expressed the bearing capacity for shallow 

foundation in a two part equation: 

Q = cNcq + 2S B N)sq ... 3.3 
2 

where Ncq and Ndq are bearing capacity factors. 

Subsequent investigations by Witney (1969) showed that these composite 

dimensionless factors, Ncq and N6q, for cohesive and frictional terms, 

respectively, were functions not only of the angle of internal 

shearing resistance but also of the depth to the width ratio, Z /B, of 

the foundation and of the ratio of cohesion to the soil weight terms 

the foundation width, c /'B, both ratios being dimensionless. 

Theoretical and experimental results show that the penetration 

resistance of both cohesive and cohesionless soils to wedge or cone 

shaped penetrometers is influenced by the penetrometer base apex angle 

and base roughness (Durgunoglu and Mitchell, 1974). Penetration 
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resistance factors, Ncq and N6q, based on the failure mechanism show 

in Fig. 3.2a (Durgunoglu and Mitchell, 1973) were employed to study 

the effects of base apex angle and base roughness, on penetration 

resistance. They concluded that the failure mechanism of Fig. 3.2b 

and 3.2e are not appropriate. A failure surface in Fig. 3.2a was 

found to represent closely the actual failure surface associated with 

wedge penetration, at least for shallow depths. It has been stated 

previously by (De Beer, 1963; Vesic, 1967; Witney, 1969) that when a 

critical depth /width ratio (Z /B) or a value close to it is reached, 

the increase in penetration resistance for further penetration may 

develop at a reduced rate or may cease all together. 

If a specific soil failure mechanism can be assumed to occur during 

the penetration test, the in -situ soil properties may be easily 

quantified. The use of plasticity theory in the form of differential 

equations of plastic equilibrium analysis, can be used to predict the 

penetration resistance, although this procedure has not been easily 

adapted for application in profile testing (Karafiath, 1980; Yong et 

al., 1972). Cavitation theory developed by Vesic (1972) has been 

to determine in -situ soil strength properties of compressible soils 

from pressuremeter tests, but has not been used extensively for 

interpreting penetration data (Ayres and Bowen, 1983). 

One means of describing soil failure is by utilizing the bearing 

capacity for deep foundations. This analysis assumes that as the 

wedge penetrates the soil, incompressible soil bodies are pushed 

outwards along a defined failure plane as shown in (Fig. 3.3) . The 

forces required for wedge penetration can be determined by obtaining 

the force required to mobilise the bodies. These forces along the 

plane of failure can be represented by Mohr -Coulomb soil strength 

parameters as in the form: 

Q= c+ an tamp ... 3.4 

where on is the normal stress at the failure plane. 
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The theory assumes successive failing of the soil and it impedes the 

movement of the penetrating wedge. Durgunoglu and Mitchell (1973) 

presented various proposed failure models as shown in (Fig. 3.2). 

Most of these models are limited by insufficiency of the soil and cone 

parameters included in the solution and some are not even designed to 

give exact solutions. They presented an exact solution of the 

theoretical wedge analysis. In their model, the shape of the failure 

surface is dependent upon the depth of the wedge as shown in (Fig. 

3.4). When the wedge is at a shallow depth the failure plane 

intersects the soil failure. Below a critical depth the failure plane 

reaches vertical tangency. The assumptions of an incompressible soil, 

an area of plane share and a logarithmic spiral shaped failure surface 

are made. These analyses define the penetration or ultimate unit tip 

resistance as in the form: 

Q = cNcgScq + B6NagS8q 

were Scq and Szsq are shape factors. 

3.5 

The bearing capacity factors, Neq, is determined by computing the 

resistance of the soil body to movement due to the cohesive force of 

the soil (Fig. 3.5) and the capacity factor, N6q, is determined by 

computing the frictional forces along the failure surface resisting 

the sliding of the soil body, the weight of the soil being mobilised 

and the lateral pressure of the surrounding soil (Fig. 3.6). Ayres 

and Bowen (1983) presented solutions for Neq and N6q along with the 

equations for the shape factors. 

The penetration resistance is defined to be a function of cone 

geometry, depth, soil unit weight, soil -metal friction ratio (ratio of 

soil -penetrometer friction angle to soil -friction angle and the soil 

strength parameters, soil cohesion and friction angle). These soil 

strength parameters have been shown to have definite relationships 

with the soil density and moisture content (Kuipers and Kroesberger, 

1966; Freitag et al., 1970a; Mulqueen et al., 1977). 
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As the cone index cannot be used in dimensionally correct equations 

constructed at variables related to the physico -geometrical 

characteristics of the vehicle and terrain, the Land Locomotion 

Laboratory has introduced empirical functions of stress- strain 

relationships in soils (Janosi, 1959). One of these equations 

representing the vertical load -deformation family of curves 

expressible by the equation: 

Q = (kc/b' + 4)Zn ... 3.6 

where kc = frictional modulus of soil deformation, lb /in(n +2) 

4 = cohesive modulus of soil deformation, lb /in (n +1) 

b' = width or radius of the footing or plate, in 

Z = vertical sinkage depth, in 

n = exponent of soil sinkage 

Accordingly, it became interesting to determine whether the cone index 

could be predicted as a function of the kc and k(I) and n, soil values. 

It is evident that the reverse process, i.e. prediction of the three 

values kc, 10 and n from the cone index is impossible as information 

contained in a set of the same cone indices is indeterminate in that 

respect (Janosi, 1959). 

Volfson (1984) has identified three essentially different approaches 

to the description of soil properties: 

a) the empirical approach which uses a single soil 

characteristic called the cone index, CI, 

b) the semi- empirical approach which requires from two 

to seven different soil characteristics including 

cohesion, c, and angle of friction, (I), and cohesive 

and frictional moduli of soil deformation, kc and kg), 

the exponent of soil deformation, n, and slip 

coefficients, and 

c) the classical or theoretical approach which considers 

a soil as a continuous three -dimensional medium with 

a set of associated constants. 

The classical approach is not of practical importance for two reasons: 

first, the lack of a complete and reliable set of equations 



11 

representing a soil as continuous three -dimensional medium with regard 

to real properties; second, the lack of appropriate experimental 

information to define the constants, even in the existing sets of 

appropriate equations. Experimental methods have not been developed 

to even define some types of soil constants (Volson, 1984). 

3.1.2 Experimental evaluations 

Experiments at the U.S. Army Engineer Waterways Stations have shown 

the effect of various soil properties, probe geometry and penetration 

method on the cone index measurements (Knight, 1961; Knight and 

Freitag, 1962; Turnage, 1970 and 1974). As a result of these tests, a 

standard cone penetrometer was developed. Basic penetrometers are 

hand -operated tools with the force being indicated by the deflection 

of a proving ring. In recent years, recording devices have been added 

for plotting the force -depth curve (Carter, 1967; Schafer and Prather, 

1968; Carter, 1969; Prather et al., 1970; Williford et al., 1972; 

O'Sullivan et al., (1983). 

The standard cone is widely used to measure cone index in tillage and 

traction (Gill and Vanden Berg, 1967; Eradat Oskoui and Witney, (1982; 

1982a; 1982b), soil mobility research (Wismer and Luth, 1973; Dwyer et 

al., 1974 and Dwyer, et al. 1975), soil compaction studies (Raghavan 

and McKyes, 1977) and plant growth studies (i.e. seedling emergence 

and root penetration (Taylor et al. 1964; Bowen, 1976). 

Several studies were conducted to relate cone index to more 

fundamental soil properties (Collins, 1971; Wells and Treesuwan, 1978; 

Ayres and Perumpral, 1982; Eradat Oskoui and Witney, 1982a; Witney et 

al. 1984). Cone penetration resistance depends on type of soil 

(cohesion, adhesion, angle of internal friction, soil -metal friction, 

viscosity, elastic modulus and bulk modulus), physical condition of 

soil such as bulk density and moisture content, geometry of the probe 

and the manner of movement of probe in the soil. Despite this 

complexity, however, measurement of cone index using a standard cone 

penetrometer is a straight forward process. 
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The empirical approach has been and is currently used extensively by 

off -road machine design engineers (Brixius and Wismer, 1978) and has 

proved to be productive. The semi -empirical approach incorporated 

well -known methods developed by Bekker (1955, 1956, 1960 and 1969) and 

Karafiath (1978). Their methods used up to seven soil constants. In 

the U.K., an approach similar to Bekker's methods has been used since 

1955 (Wills, 1963; Yong and Townsend, 1981). 

Collins (1971) made an extensive analysis of the field determination 

of cone index, in all cases involving a realistic range of soil 

moisture contents. He suggested that a successful methodology for 

predicting the soil strength characteristics in terms of moisture 

content, bulk density and other soil physical parameters would be 

based upon the soil cone index. A similar conclusion can be reached 

by considering the results of Smith (1964). This does not imply that 

cone index can be expressed more readily in terms of moisture content 

and bulk density than each of the bevametric parameters, but insofar 

as the development of a prediction methodology is concerned, the 

bevametric parameters must be considered in totality. The results of 

Collins (1971) and Hayes (1976) suggested that an accomplishment is 

possible, the soil strength parameters which exhibited dependancy 

relationships with respect to levels of soil bulk density and moisture 

content being cone index, Bernsteins' modulus of soil deformation, k, 

and angle of internal friction, cp. Other parameters were 

characterised by either minimal dependancy (exponent of soil 

deformation, n, cohesion c, and slip coefficients, or by variation 

which could not be satisfactorily interpreted of the cohesive modulus 

of the soil deformation, kc, and frictional modulus of soil 

deformation, k(1) (Wells and Treesuwan, 1978). From a penetration 

device pushed into a homogenous soil profile, (Bernstein, 1913) 

proposed that the penetration pressure, Q, was given by: 

Q:= kZn 

where n = exponent of soil deformation _ 0.5 

... 3.7 
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Goriatchkin (1963) suggested that equation 3.7 could be generalised by 

allowing, n, to take any value between 0 and 1.0. Bekker (1955) 

observed that the value of, k, is dependent on the size of penetration 

device and suggested that, k, can be expressed as: 

k = kc/b + k(1) ... 3.8 

Gill (1959) measured the tensile strength of Lloyd clay sample which 

had been compacted at the same water content and allowed to dry at 

different rates. The attained strength was different for all three 

drying treatments after any given aging time when the tensile strength 

value for all treatments were plotted against water content. Samples 

that were compacted with loose soil at the desired water content did 

not have the high increase in soil strength measured for samples which 

were allowed to dry after packing. 

The moisture status of the soil not only modified the soil critical 

state parameters but also influenced the stress regime through changes 

in ambient stress levels. Moisture content, together with the soil 

specific volume and its over consolidation describe the physical state 

of the soil. An integrated investigation of all these effects for a 

particular soil has, at a simplified level, to take account of 

interaction between stress, soil specific volume and moisture content 

(Hettiaratchi and O'Callaghan, 1980). 

Mitchell (1964) used the theory of rate processes to relate shearing 

of soils in triaxial compression to frictional and cohesive 

properties, soil structure, rate of strain, temperature and effective 

stress. He found that for a constant frictional characteristic of the 

soil and effective stress, variation in temperature, structure, and 

strain rate infleunce cohesion only. He concluded that the number of 

interparticle contacts per unit area of soil was the most important 

factor influencing cohesion. For a given void ratio, the more 

flocculent a soil structure, the higher the cohesion value. 
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Camp and Gill (1969) stated that the soil bulk density of all soils 

increased as water content decreased by linear and curvilinear 

regression and all were highly significant. The general increase in 

the cohesive parameter, c, is dependent upon the number of 

interparticle contacts per unit area and the interparticle stress 

transmitted through these points of contact, one would expect the 

value of, c, to increase when the bulk denisty increased. The general 

trend of the variation of the frictional parameter, cp, with drying is 

the same as that for the parameter, c. 

Fedds and Van Wijk (1976) recognized that the bearing strength of a 

soil depended on its water menisci tension and bulk density but the 

nature of the exact relationship was still unknown. However, research 

has shown that a soil's resistance to deformation is made up of 

frictional forces at the interparticle contact areas that resist the 

sliding of the particles and cohesive forces that hold the particles 

together (Terzaghi and Peck, 1967). While the frictional properties 

are a characteristic of the soil material, an increase in the water 

menisci tension serves to increase a soil's strength (Aitchison, 1961; 

Williams and Shaykewich, 1970; Towner and childs, 1972). 

The dimensional analysis technique is used to develop a penetration 

equation for cone penetration resistance. Schafer et al., (1969), 

Freitag et al. (1970a), Schafer et al., (1973), Upadhyaya et al. 

(1982) have listed various soil parameters which should be considered 

in soil -machine studies. For a given soil, cone index depends on soil 

bulk density and moisture content. Collins (1971), Hayes and Ligon 

(1981), Wells and Treesuwan (1978), Ayres and Perumpral (1982), Eradat 

Oskoui and Witney (1982a), Upadhyaya et al. (1982) have developed 

empirical relationships for cone penetration resistance in terms of 

soil moisture content, specific weight and soil types. 

Paul and De vries (1979a; 1979b) reported that the cone penetration 

resistance was found to be linearly dependent upon soil water tension 

within a limited range of tension close to saturation. This 

relationship was established with data collected from three soil 
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types. They developed a semi- empirical model for the penetration of 

soil strength from soil water tension, or vice versa, for mineral 

soils. Prediction for the organic soil could be carried out with the 

empirical relationship. Volfson (1984) concluded that the internal 

angle of friction remained fairly constant for a clay soil. Soil 

cohesion varied with the apparatus used to determine it. The 

instability of soil cohesion 

so- called side effect which can 

values can be partly caused by 

be decreased or even eliminated. 

the 

If 

the soil parameters are to be related to field conditions, they must 

be measured in the field. 

Whilst bearing capacity investigations provide a framework for 

prediction of cone penetration resistance, they do not account 

compressibility and soil moisture changes, except by adjusting 

the 

for 

the 

main soil variables, i.e. the U.S. Army Engineer Waterways Station 

have shown the effect of the various soil parameters, probe geometry, 

and penetration methods on cone index measurements (Knight, 1961; 

Taylor and Gardner, 1963; Barley, 1965; Taylor et al. 1966; Turnage, 

1970; Collins, 1971; Turnage, (1974) found that the soil strength 

measured with a cone penetrometer increased as the soil water 

decreased for several different soils. Using the cone penetrometer 

and a modulus of rupture to measure soil strength, Gerard et al. 

(1962) demonstrated that a slow rate of drying caused closer packing 

of the soil particles and harder conditions in fine sandy loam than 

did a fast rate of drying. Further investigations (Gerard, 1965) 

established that the soil strength /soil moisture relationship was 

significantly influenced by the soil moisture content, drying 

conditions, soil texture type and concentration of exchangeable 

cations, and the interactions between these factors. Chesness et al. 

(1972), Mulqueen et al. (1977), Wells and Treesuwan (1978), Ayres and 

Perumpral (1982), Ayres and Bowen (1983), Hassan (1983) examined the 

factors affecting the cone index and showed that the soil moisture 

content, specific weight and soil type can have a considerable 

influence on the cone penetration resistance for all soil types. 
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According to Eradat Oskoui and Witney 1982a, there was some 

justification, both theoretical and experimental, for the premise that 

the cone penetration resistance, CI, is a function of soil moisture 

content and specific weight which jointly represent the cohesive and 

frictional components of the penetration resistance such that: 

CI = f(c) + f(?) ... 3.9 

Further, it was argued that the cohesive strength of the soil was 

substantially influenced by soil moisture content, whilst both the 

soil specific weight and the angle of internal shearing resistance 

were affected to a lesser extent. From regression analysis of test 

data from three soils, ranging from sandy loam to clay loam, the 

empirical equation for the soil cone penetration resistance at median 

plough depth (Eradat Oskoui and Witney, 1982a) was: 

CI = 450.5e-2 + 0.0196 ... 3.10 

where O = soil moisture content, % w/w 

This equation, however, is appropriate for only a limited soil 

moisture range but, one, fortunately, covering the optimum soil 

workability conditions of agricultural operations. There is 

considerable experimental evidence of a much greater divergence of 

cone penetration resistance values at both the drier and wetter 

extremes of the soil moisture spectrum for different types of soils. 

On sandy soils Harrison and Chang (1966) found that the soil strength 

changed little with moisture content, in contrast with heavy clay 

soils where both cohesion and angle of internal shearing resistance 

decreased dramatically above the liquid limit. Voorhees and Walker 

(1977) quoted high cone penetration resistance values in clay soils 

below 25% moisture content and exceptionally high cone penetration 

resistances were obtained in reconstituted laboratory silt loam soil 

under dry conditions (Wells and Treesuwan, 1978). 

3.1.3 Logarithmic spiral 

When a circular probe is pushed into a partriculate soil, it develops 
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a pressure bulb around its base. The frictional component of the 

penetration resistance depends on the weight of the soil within this 

failure zone, the extent of which being related to the angle of 

internal shearing resistance of the soil Fig. (3.1 to 3.4). In the 

general shear zone OAC with angle e 135° + ß - E - /2 at point 0, 

it can be shown (Prandtl, 1920) that curve ACCC is a logarithmic 

spiral surface and along this surface and the radial sections the 

shearing strength is fully mobilised (Fig. 3.5). 

In particular, along OA Fig. (3.5) the normal and tangential 

components of the passive earth was given by Ohde (1938); Terzaghi 

(1943); Meyerhof (1951); Hettiaratchi et al. (1966) and Durgunoglu and 

Mitchell (1974). Evidently there are an infinite number of possible 

failure surfaces for a given interface geometry consistent with the 

location of the pole at the same point on OC. The required failure 

surface boundary is the one that gives the minimum force on the loaded 

interface OA Fig. 3.5 (Hettiaratchi et al., 1966). In general a slip 

line field will consist of two sets of curved lines intersecting at 

the correct angle of 7/2 + (I), where a discontinuity occurs in the 

boundary stress condition (as at the corner of a footing (Fig. 3.1a), 

two different slip line fields meet each other. In order to obtain a 

continuous slip line field, a third fan shaped zone is introduced with 

one set of slip lines emanating from the point of discontinuity of 

singular point (Witney, 1969). 

Although the evaluation of soil loads by the logarithmic spiral method 

has been described by Terzaghi (1943), the main considerations of 

their formation are the basis of the present investigation. This 

method assumes a composite failure boundary composed of a curved part 

ACE and a plane section EF, (Fig. 3.4), the latter is the last slip 

plane of the Rankine passive zone OEF which joins up with the failure 

zone containing the lower edge of the loaded interface. Thus, in the 

case of shallow footing, both ends of the plane sections make an angle 

of (450 - /2) with the horizontal free soil surface (Fig. 3.1 and 

3.2b). The curved part ABE was assumed to be a part of the 

equr -angular spiral represented by 
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r1 = ewtanyb 

w 
= spiral angle, radians 

ro = initial radius, OA 

r1 = final radius, OE 

... 3.11 

From elementary soil mechanics, if the sloping face of the cone 

penetrometer is taken as the initial radius of a logarithmic spiral, 

ro, the final radius, r1, acts as the boundary with the passive earth 

pressure one which breaks into the undisturbed vertical force 

surrounding the penetrometer shaft. Witney et al. (1984) proposed that 

for a completely formed pressure bulb, the included angle for the 

spiral is, approximately, it radians and the equation for the 

logarithmic spiral becomes: 

= ro e1 tan ... 3.12 

In general terms, a high value of 450 is realistic for the angle of 

internal shearing resistance of compact dry sands and declining to 

zero for heavy wet clays. The application of the failure geometry can 

provide the basis for the empirical evaluation of cone penetration 

resistance. 

3.2 Crop yield losses 

Timely operations in crop production have a major impact on the 

financial return from an arable enterprise. For example, the date of 

crop establishemnt affects the magnitude of the yield at harvest: 

planting too early in a cold wet soil may limit the rate of 

development of the crop or increase susceptibility to disease; 

planting too late results in either insufficient time for the crop to 

achieve peak productivity or greater harvesting losses due to the 

unfavourable soil and weather conditions which occur later in the 

season. 
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The best time for planting crops is normaly of short duration around 

the optimum date. Any deviation will reduce yield and income, but the 

size of the penalty of not planting at the correct time must be 

balanced against the cost of machinery to achieve it. Each farm 

situation will have its own optimum machinery capacity for planting 

which minimises the combined cost of lost yield and of the machinery. 

Since 1975, the price of cereals has risen by 82% and the cost of 

machinery by 135 %, so it is likely that the optimum machinery capacity 

is now less than it was (Knowles and Audsley 1983). 

3.2.1 Crop yield function 

There have been a number of studies in which a crop yield function has 

included in agricultural machinery selection some being concerned with 

harvesting as well as planting Hunt (1969). These relationships, 

based on experimental data together with direct and indirect costs of 

the machinery were used to determine the width of implement and 

tractor power for maximumprofit. Edwards and Boehlje (1980) used 

continuous quadratic functions, derived from experimental results to 

estimate the percentage yield reduction from the planting date. These 

functions were used in a simulation model to calculate net machinery 

costs for ten combinations of machines - for tillage, planting, weed 

control and harvesting operations. 

Link and Bockhop (1964) proposed a model for evaluating weather 

probability and acreage as constraints on completing a particular 

machine operation in the crop -production cycle, when machine capacity 

is known or assumed. Their model was developed for corn and presumed 

a knowledge of constraints imposed by the crop. Knowles and Audsley 

(1983) developed a quadratic equation for each main crop to predict 

average crop yield based on the relationship developed by Hull and 

Webb (1970). 

Harvesting and planting timeliness costs were used by Audsley (1977) 

in selecting labour and machinery for many cultivation models. The 
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model, a linear programme, uses timeliness cost for winter wheat, 

spring barley, sugar beet and potatoes. Scott and Audsley (1981) 

applied increasing costs for later drilling. These costs were a part 

of a dynamic programming model which evaluated tractor power and the 

cost benefit of using dual or standard tyres for 2 -wheel drive or 

4 -wheel drive tractors are ascertained. According to Knowles and 

Audsley (1982), these costs were highly affected by the timeliness 

costs used in their model. It was therefore recommended that more 

accurate timeliness penalty costs should be determined. 

Link (1967) asumed that the crop yield varied in some predictable way 

in relation to the time of operation Fig. 3.7. The abscissa in Fig. 

3.7 need not be calendar date but may be time measured, for example 

from the occurence of the isophyte. In different seasons, the same 

significant event of plant development may occur on different dates. 

Dates of the same event for several seasons plotted on a time scale 

permit the construction of iso- maturity lines, "isophytes ". 

Recognisable events which may be used to develop isophytes are date of 

planting, crop emergence and plant defoliation. For example, an 

isophyte of 50 percent cotton balls open was used to schedule chemical 

defoliation for harvest enhancement (Stapleton et al. 1967). 

Each field operation is expected to have a distinctive optimum day and 

timeliness cost associated with it. The optimum operational day may be 

defined as that day of the year when the maximum potential returns are 

obtained from the crop. The timeliness cost consists of both quality 

and yield reductions in the crop under consideration. Priority is 

determined by comparing the value loss between operations that use the 

same power source at the same time: the operation which suffers 

greater economic loss is the one that receives higher priority 

(Scarborough and Hunt, 1973). 

The optimum date on which an operation should be performed is the day 

when the crop yield function reaches a maximum value. Unless the 

enterprise concerned is on a small scale or the machinery used is very 

large, it is unlikely that the operation can be completed at that 
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specific time. It is necessary, therefore, to start early at t1 

before date to and to finish at date t2 after the optimum date Fig. 

3.7. This means that the average yield will always be less than the 

peak yield. Further, the time interval (t2 - t1) is greater for low 

output equipment than for higher capacity machinery so that the best 

average yield is less for a small machine than for a large machine 

(Link, 1967). Thus, the gross return, CR, from a crop as a function 

of the time interval (t2 - t1) may be determined by integrating the 

yield function to determine the average yield as in form: 

t 

CR ACv f 2Y(t)dt 

(t2 - t1) ti 

where CR = crop gross return; 

A = area of interprise; 

Cv = average price per unit for crop; 

y(t) = yield function (unit of crop per unit area); 

t1 = starting time for the operation; 

t2 = finishing time for the operation. 

... 3.13 

Hunt (1969) suggested that the yield time function can be presented by 

two straight lines, one on each side of an optimum point, as shown in 

Fig. 3.8 curve 'a'. Burrows and Siemens (1974) used only one straight 

line which represented a constant decline with time in the yield of 

maize which was not planted by mid -May in the U.S. corn belt Fig. 3.8 

curve 'b'. In order to overcome the various discontinuities of a 

linear function, Abo El Ees (1978) adopted a more general quadratic 

yield /time function of the form: 

Y = a1t2 + bit + c1 ... 3.14 

where Y = crop yield for an operation executed at 

time, t; 

a1,b1 and c1 = yield /time coefficients. 

Following a major study of experimental yield data from date of sowing 
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trials, Eradat Oskoui (1983) made a significant contribution by 

proposing that the base for the crop yield function should be 

normalised to date of crop establishment such that: 

Y = a1 (to - t)2 + b1 (to - t) + c1Yo + d1 
... 3.15 

where Y = crop yield through sowing at time, t; 

Yo peak crop yield through sowing at the 

optimum time, to; 

a1, b1, c1 and d1 = yield /time coefficients. 

In the same study, however, he attempted to include the effect of soil 

type, location and crop variety by introducing a quasi- constant term 

independent of time but influenced by the peak yield, Yo. This 

modification provided good prediction of the yield time curve. 

Indeed, subsequent analysis showed that suppression of the 

coefficient, d1, appeared to improve the agreement between the 

experimental and calculated values of the crop yield still further, 

with correlation coefficients ranging from 0.950 to 0.995 for eight 

arable crops (Witney and Elbanna, 1985). 

Careful scrutiny of equation 3.15, however, identifies an 

inconsistency in that the peak yield at the optimum date of sowing is 

not precisely predicted except for specific values of the 

coefficients, c1 and d1, which may not be realised. For the assessment 

of yield, the small error in the prediction of the peak value is more 

than compensated by the improved accuracy over the full timespan of 

establishment operations. As the yield /time curves are relatively 

flat, however, the horizontal translation of the point of peak yield 

with respect to time introduces a more significant error on the time 

scale and precludes the use of this form of equation for determining 

penalties from untimely operations. 

3.2.2 Time of sowing 

The effect of date of ploughing a ley, before drilling winter wheat, 
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has been investigated by several workers. McClean (1966) recorded a 5% 

reduction in yield when a Cockle Park type ley was broken in 

mid- September rather than in July. Hanley et al. (1961) tested the 

effect of ploughing one year clover at intervals of three weeks in 

early autumn; they reported a reduction in yield of 7.5% from 

ploughing in mid -October compared with late September but early 

September ploughing also led to a small reduction. Meadowcroft 

(1970), on the other hand, found that ploughing of a clover ley in 

late August or late September has no effect on the yield of the 

subsequent wheat crop, although the later date gave a 4% reduction in 

yield when pure grass swards were broken. In each of these trial 

series, the sowing date was common to each time of ploughing 

treatment. 

There is a number of problems in reporting the results of experiments 

where the dates of sowing or planting have varied in different years, 

principally because the calculation of average figures presupposes a 

linear response to time of sowing over the range of dates covered by a 

particular treatment. However, the method used by Hull and Webb (1970) 

satisfactorily overcomes this problem. They expressed treatment 

yields as a percentage of the mean yield for each year to eliminate 

seasonal differences in mean yield, and sowing date was expressed as 

days after the earliest sowing date in the whole trial series. 

Quadratic regressions were then calculated for both root and sugar 

yield on sowing date, these accounting respectively for 83% and 78% of 

the variance (Jarvis, 1977). 

Much of the earlier work compared no more than two sowing dates of 

winter wheat and tended to show little or no depression in yield when 

sowing dates were delayed from late September to mid- October; November 

sowings yielded less well. Mundy and McClean (1965) reported results 

of this type with the variety Cappelle Desprez; there is evidence in 

their results of difference between seasons and possibly between sites 

in the effect of delayed sowing. 

Results from trials of spring wheat at various Experimental Husbandry 
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Farms were reported by Francis (1974). He acknowledged that the most 

comprehensive data were for Aurther Rickwood where four varieties were 

sown at three dates in each of 3 years 1966 -1968. There were no 

indications of any interaction between variety and sowing date (either 

at Aurther Rickwood or elswhere) and all the varietal figures were 

pooled to demonstrate the seasonal effect. Francis (1974) also 

reported on a number of trials with spring barley and it is with this 

crop that the most comprehensive data were available. Several 

varieties were included at the different centres but as with spring 

wheat, there was no evidence of any varietal effect on the response to 

sowing date. The sowing dates spanned the apparent optimum only for 

Bridgets, although the Boxworth curve suggests very strongly that, as 

at Bridgets, a late March or early April sowing would have the highest 

yields. 

Results obtained from both sprouted and unsprouted seed potatoes of 

the variety, King Edward, planted on three dates in each of three 

years (Baldwin, 1964; Palmer and Jarvis, 1977) showed considerable 

variations in response to time of planting from year to year. On 

average, yield fell appreciably when planting was delayed beyond the 

third week of April and the rate of decline was more rapid with 

unsprouted than with sprouted seed. 

Jarvis (1977) concluded that for winter wheat there is evidence that 

the effect of time of sowing varies with variety, with spring -sown 

wheat and barley there is evidence that it does not. However, the 

data for spring barley provides a good illustration of differential 

effects at different sites. The lack of precision attached to these 

tentative conclusions must be stressed but it should be borne in mind 

that the effect of sowing date is compounded of the effect of weather 

condition before sowing, in as far as it affects seed quality, soil 

moisture content and temperature at the time of sowing, and weather 

condition and day length subsequent to sowing. 
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3.2.3 Timeliness function 

Sowell et al. (1971) defined the timeliness function as a relationship 

between the time of performing some operation on a crop and some 

measure of output, e.g. gross return, etc. Using a linear yield /time 

function, the slope or slopes of one line or more suggest the economic 

penalty suffered during the passage of time, a negative slope 

indicating an economic gain. The absolute cost depends on the value 

of the crop, so that Hunt (1969) adopted a relative timeliness factor 

to give some generality to the analysis. The relative timeliness 

factor, k', is defined as the decimal reduction of the quantity and /or 

quality of the potential crop per hour of machine operation. 

Computation of the hourly cost due to timeliness involves 

multiplication of the, k', factor by the area, peak yield and unit 

price of the crop under consideration: 

TC = k' AYoC ... 3.16 

where TC = timeliness cost 

For his quadratic yield /time function (Abo El Ees, 1978) developed a 

procedure which completed the approach by (Link, 1967). The 

timeliness cost due to untimely establishment of a crop was given by 

the equation: 

TC = Yo - Yav) ACv ... 3.17 

where Yav = average yield over a period of crop establishment 

starting at time, t1 and finishing at time t2. 

The optimum yield, Yo, was calculated by differentiating equation 3.17 

and setting the resultant equation to zero: 

Yo = c1 - bi /4a1 ... 3.18 

To calculate the average yield, Yav, over the duration of the time 

crop establishment period, Abo El Ees (1978) integrated the yield time 

function with respect to time over the given period, (t2 - ti), so 

that: 



26 

Yav= a1t2+D't+Q' 

where D' = a1L' + b' 

L' = t2 - t1 

Q' = 1/3 a1L,2 ¡ b1L, 

... 3.19 

By substituting the value for Yo and Yav in equation 3.19, the value 

of the timeliness penalty was given by 

TC = [1/3 a1(t2-t1)3 + ib1(t2-t1)+ a1t1t2 

+ b/(4a1)] ACv 

in which the coefficient c1, was eliminated. 

... 3.20 

The timeliness cost results from the loss in income from the crop 

because a farm machine was not operated at the proper time. Reduction 

in both yield and crop quality are included in timeliness costs (Hunt, 

1981). He used equation 3.14 to model a decreasing linear function 

for machine operating times before the optimum day and an increasing 

linear function after the optimum time, which means two straight lines 

starting with zero at the optimum establishment Fig. 3.9 curve 'a -a'. 

An alternative approach is to identify decision constants with an 

allowable time interval for field machine operations extending over 

severaldays at no cost but with infinite costs outside those days Fig. 

3.9 curve 'b -b'. Chancellor and Cervinka (1979) preposed that there 

are no penalty costs for both early and late establishment for a crop 

if the machine operation is completed in a certain timespan and, after 

this period, the penalty loss linear by increased along two sloping 

lines with different gradients for early and late establishment, Fig. 

3.9 curve 'c -c', as respresentative of the timeliness cost model for 

rice harvest in California. 

Edwards and Boehlije (1980) derived a quadratic function from field 

data to show the penalty for harvest delay, Fig. 3.9 curve 'd'. A 

parabolic relationship Fig. 3.9 curve 'e -e' was proposed as being a 
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logical predictor of timeliness costs which has a simple mathematical 

form, equation 3.21, and avoids discontinuities (Hunt, 1981). The 

timeliness coefficient, k, becomes the performing parameter for the 

parabolic curve as in form: 

Y=ktx2 3.21 

where Y = yield loss in value for days,x ; 

x = the number of days either before or after the optimum 

day. 

Adams and Hills (1977) stated that the responses of crop yield to 

increments of an applied treatment is often asymmetrical to treatment 

level. They described a procedure and computer program to define a 

parabolic function as in form: 

Y = a1 + b1x1 + c1x12 ... 3.22 

where Y = predicted crop yield, 

a1,b1 and c1 = coefficient constants, 

x1 = number of plants /ha, 

Knowles and Audsley (1983) showed that the yield loss due to late 

drilling after 14th September, (x = o), could be expressed as: 

YL = a1x + b1x2 + c1x3 + d1xli + efx5 
... 3.23 

where YL = yield loss, %, 

a1, b1, c1, d1 and e1 = coefficient constants; 

= number of days from 14th September 

In comparison between using a continuous timeliness function (equation 

3.23) to provide the optimum sowing dates for various crop and 

identifying optimum dates from experiments (ADAS, 1981), it was noted 

that the predicted optimum dates were much earlier by at least 3 to 4 

weeks over all the crops tested. For example, Knowles and Audsley 
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(1983) suggested that the optimum sowing date for winter wheat is 20th 

September whilst, ADAS (1981) stated the sowing time for winter wheat 

was during the first two weeks of October. In addition their optimum 

dates were always close to the earliest experimental dates which is 

rather surprising as the experimental dates of sowing are usually 

chosen to span the expected optimum date. This indicated not only 

that the reasons for using a higher order polynomial function are 

based on the statistical analysis of the data but also the 

difficulties of justifying the equation on particular grounds (see 

section 5). 

Frisby and Bockhop (1968) presented a relationship, in which annual 

cost of machine ownership and value of crop left unharvested in the 

field have a width probability for harvest completion. For all 

machine systems, the value left in the field, expressed as a 

percentage of total crop value was represented by the form: 

Yv = (1-xa) 100 ... 3.24 

where Yv = value of crop left in the field as % of total crop 

value, 

xa = the accumulative probability of completing 

harvesting 

They found that, for a large acreage, the value of crop left in the 

field is high, the annual cost of machinery ownership is only a small 

proportion of total crop value, and the probability of harvest 

completion is low. 

Farmers have the opportunity to spread crop planting over a period of 

time, t2-t1, and thus reduce the need for expensive, high- capacity 

machinery. Good farm management may include planting different crop 

varieties to obtain this spread. If machinery programs a field 

operation to have 2 or more distinct optimum operation times, the 

timeliness costs in the general equation should be divided by the 

number of times (nt). The coefficient, nt, is entered as a divisor to 
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provide for such flexibility by the farm management (Huan -Wen and 

Hunt, 1985). The duration of a field operation, t2 -t1, can be 

determined from the relationship for the machine capacity as in form: 

t2- t1 = A / (hMaWrWd) ... 3.25 

where A = area, ha; 

h = working hours per day, h /day; 

Ma = availability of the machine, decimal, 

(1 - decimal of down time); 

Wr = working rate of the machine, ha /h; 

Wd = the proportion of working days to calendar days. 

3.3 Workdays required and available 

The required operational time in the field is obtained by dividing the 

area of the field by the overall rate of work assuming an 8 -hour 

working per day (equation 3.25). For simplicity, down time for 

machine maintenance considered to be coincident with 

adverse soil weather conditions. 

The use of work days normally available, and their extension, could 

possibly be made more effective by changing techniques rather than by 

adding to the total machinery capacity available. For example, 

doubling the machinery and labour bill for cultivation would not be 

acceptable, whereas, halving the effort put into cultivation is often 

technically easy and not detrimental to yield. The available work 

days may give a rapid return in increased revenue. It may mean that 

autumn cropping can replace spring cropping, or that spring crops are 

planted on time. In other cases, more available work days will load 

to a higher degree of precision in each operation and to an 

improvement in profitability that may be long term and more difficult 

to assess (Finney, 1978). 

Workability in the spring for seedbed preparation is very important in 

arable agriculture. It influences the amount of labour and machinery 
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required and the date of sowing. Workability depends on the amount of 

moisture in the soil and drainage measures will affect this. 

Workability in the spring, however, especially depends on the moisture 

conditions of the top layer which are far more dependent on accidental 

fluctuations in rainfall and evaporation rate than on the amount of 

moisture in the soil mass. The moisture condition of the top soil 

therefore cannot be calculated simply as the total moisture content. 

With the aid of models of unsaturated flow, such calculations have 

become possible. Wind (1976) investigated soil workability in the 

spring using analog and numerical models and concluded that 

water -table depth had a critical effort on workability. He considered 

that good working conditions in the spring were achieved when the soil 

moisture suction in the upper 5 cm of soil reached 1/3 bar. The soil 

under study was permeable with a ground water -table. Under British 

conditions, shallow water -tables are more commonly caused by the 

presence of impermeable horizons but the overall effect on workability 

is similar. 

Wendle et al. (1978) developed a model to predict available spring 

workdays and the earliest possible planting dates for soils with a 

subsurface drainage system. Applying the model to Illinois soils, it 

was found that as many as two available workdays in April and 19 days 

in May are gained by installing a recommended subsurface drainage 

system. The optimum drain spacing based on the timeliness benefit of 

earlier corn planting ranged from 24 to 61 m depending on permeability 

and soil type. The average annual timeliness benefit for installing 

the optimum subsurface drainage was $37 to $156/ha. The model 

projected that weather conditions rather than the drainage system, 

limited the number of workdays in the month of March. In April, as 

many as 2 days would be gained in 80 percent of the years by 

installing the recommended drainage system; in May, as many as 13 days 

would be gained. 

Rutledge and MacHardy (1968) used a simplified version of the 

versatile budget for estimating work and non -workday probabilities for 

seven stations in Alberta with medium to heavy soils and sandy soils. 
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They assumed a 4 -in (10.2 cm) soil moisture storage capacity 

distributed over the six zones of the versatile budget. They 

recommended, as criteria for soil workability, an estimated soil 

moisture content in excess of 95% of field capacity in any of the 

three upper zones. However, inclusion of three zones was justified 

only in medium or heavy soils (loam or silty clay loam). In sandy 

soils, only two zones warranted consideration. 

Selirio and Brown (1972) used the 90% criteria for a loam soil to 

relate the estimated first dates of soil trafficability with the 

actual dates of field work at Guelph from 1946 to 1968. They found a 

significantly high correlation coefficient (R = 0.91). A check on 

their procedure with planting records from Merlin (Ontario) and 

climatological data for harrow (Ontario) for 1927 to 1964 also showed 

that, in 25 of the 38 years, the first field -work date occurred on a 

day examined to be tractable. The estimated date was within 1, 2 or 3 

days of the actual date in 75, 76 and 82% of all cases. The approach 

of using estimates from the versatile soil moisture budget as a basis 

for determining the number of field workdays has been outlined by 

Baier (1973). Daily climate records for the 1931 -1960 period at 10 

selected stations across Canada were anlaysed for this purpose. 

Because of the climatic variation between these locations, the number 

of field workdays from April to November for a standardised soil 

varied from 75 to 183. 

Armstrong (1977) demonstrated the kind of water regime that should be 

considered normal, that is a low water -table in summer, followed by a 

rising water -table in the autumn, a static high water -table during the 

winter, and a declining water -table in spring. Associated with the 

changes in the water -table are changes in the ground conditions, which 

are typically "backhard" in the summer, gradually getting softer 

during the autumn, and then again ameliorating in spring. He examined 

the effect of rainfall in September and October on the water -table in 

drained and undrained plots and concluded that the surface layers of 

both plots rapidly become saturated and hence unworkable, even though 

the soil profiles were dry at depth and the water -tables 
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correspondingly low. Nevertheless, once the initial wetting was over, 

there was a period in the autumn when the drained plot was workable 

and the undrained plot was not. Similarly, in spring the drained plot 

reached a workable state 40 days earlier than the undrained plot. 

Good soil workability implies an adequate period, in most years when 

cultivations can be undertaken without damage to surface or subsoil 

horizons, to achieve a reasonable quality of tilth without need for 

frost weathering. Poor workability implies only short periods of good 

conditions and that field operations are somewhat undertaken with more 

or less damaging results. It can also imply a reliance on frost or 

other weathering between operations to produce an acceptable tilth 

(Thomasson, 1982). Under British conditions, excessive soil wetness 

is the main restriction for both workability and trafficability. 

Susceptibility of soils to damage by cultivations or traffic, with 

consequent penalties for sustained crop production is governed by 

three factors: 

a) the duration and depth of waterlogged horizons; the 
depth to effectively impermeable horizons (Hodgson, 
1976) 

b) water -retention, plasticity and strength proporties 
of cultivated layer, and 

e) the climatic environment, mainly the length of the 
field capacity period as estimated from rainfall and 
evaporation data (Shaw, 1965; Smith and Trafford, 
1976). 

Workability and the duration of reasonable working conditions play an 

important role in assessing the suitability of land for particular 

crops or cropping systems. In England, the least demanding crops in 

this respect are probably winter cereals. Depending on the area of 

land involved, some 20 to 30 machinery workdays are needed after 

September 15th, when a conventional (plough, harrow and drill) system 

is used. Minimum tillage or direct drilling can reduce the time 

required. Sugar beet is a demanding crop in spring for seedbed 

preparation, precision drilling early establishment and in autumn for 

harvesting. There should preferably also be an opportunity to 

establish a following winter cereal. These requirements suggest a 
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minimum of 70 autumn and 25 spring machinery workdays or 100 machinery 

workdays overall. Examination of field data may improve these 

estimates (Thomasson, 1982). 

In some cases, observation of actual field days have been available 

(Donaldson, 1968). The Iowa Crop and Livestock Reporting (1958 -1967) 

has collected such data since 1958, using approximately 380 observers 

distributed throughout the state. Observations are recorded weekly, 

'and summarized for each of nine crop reporting districts as well as 

for the state as a whole. These observations were summarized by Ayres 

and Williams (1976). A number of researchers have struggled with the 

problem of defining which days in a given year were actually suitable 

for field work. One procedure is to estimate a prediction equation 

based on rainfall and temperature data and to apply it to a very long 

time series. Tulu et al. (1974) and Boisvert (1976) reported that a 

probability distribution of suitable field workdays can be developed 

for each of several key periods during the year. 

Machinery and available field days 

Regardless of the method used to estimate probability distribution of 

suitable field days, nearly all machinery selection models have 

converted this distribution into a single -valued expectation of 

suitable field days for each calendar period under study. Criteria 

for estimating these single -valued expectations have varied 

considerably. Mclsaac and Lovering (1976) chose simply to use the 

mean. This is correct if timeliness losses are a linear function of 

the number of days after the optimal date that planting and harvesting 

are completed, but this is a special case as Link (1967) pointed out. 

Others have chosen to use values somewhat smaller than the mean. 

Burrows and Siemens (1974) used values which they estimated would be 

smaller than the actual values 80 percent of the time. Boisvert 

(1976) employed both 70 percent and 80 percent estimates. 

Van Kampen (1971) and Tulu et al. (1974) avoided the question of which 

cumulative probability level is appropriate by calculating estimated 
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machinery performance and costs for a series of years. In this 

manner, a probability distribution for total machinery costs and for 

each cost component can be estimated, including its mean and variance. 

When producers grow wheat in a double cropping situation with 

soybeans, the soybean is usually considered the primary crop. Soybean 

yields following a wheat crop have been estimated to average 30% lower 

than single crop soybean (Jordan, 1983; Graves et al., 1980). In a 

soybean and wheat double cropping system, if conventional land 

preparation and planting practices were allowed, the planting date may 

become critically late for both crops (Sanford et al., 1979). The 

return from wheat can offset the soybean yield reduction if the 

production system is managed properly in terms of timing the planting 

and harvesting operations (Hale, 1982). Double cropping is a more 

management intensive farming system, and timeliness appears to be the 

key ingredient for success (Flinchum, 1982). Chen and McClean (1985) 

developed a double soybean -wheat cropping model in the U.S. to analyse 

the effect on the economic return of planting and harvesting rates, 

planting dates, and proportion of total farm area involved in double 

cropping. The model considered delays in planting due to rainfall. 

The maximum return occurred at 30% less double cropping area and at 

lower double area percentages (<50%) and the difference in average 

return between years was small for the various weather conditions. 

For efficient machinery management and drainage system selection, a 

farmer needs to have an estimate of favourable field working days. He 

must strike a balance between the timeliness costs of an inadequate 

production system and the inflated capital costs of an over -investment 

in machinery and drainage. A soil water balance model was developed 

to predict favourable tillage days for a farmer during the spring 

months (Witney et al., 1982). They have developed a model to predict 

values of soil moisture content in the top 300 mm of the soil profile 

from simple meteorological and soil data. Daily precipitation is 

balanced against runoff and evapotranspiration, the selection of the 

methods being influenced by simplicity of the input data requirement 

and the essential accuracy of the results in relation to the complete 
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model. The model has been developed specifically to facilitate the 

calculation of irrigation requirements, the prediction of drainage 

flow, the evaluation of work day probabilities. For different 

probability levels and soil workability criteria, this model which was 

tested on three Scottish soils provided a more integrated approach to 

agricultural machinery selection. This approach is used in this study 

and it has the advantage not only of producing a more accurate 

estimate of longterm expected total costs associated with each 

machinery complement, but also of including the effect of indirect 

costs on agricultural machinery selection. 

3.4 Tractive performance 

Performance evaluation is generally concerned with the determination 

of the traction characteristics of a specific running gear system 

(wheel or track) for specified terrain conditions. The traction 

performance can be expressed in terms of required input power, 

generated drawbar -pull, ride quality travel speed, etc. As well as 

these performance parameters, design considerations in vehicle 

traction are generally concerned with the determination of the 

geometrical analysis and configuration of the running gear, strength 

of the materials and the support and drive system components required. 

Trafficability, performance evaluation, and design considerations are 

the three off -road divisions of mobility which are inter -related and 

can not be studied or investigated separately (Young et al. 1984). 

They listed the main tractive -soil parameters which control the 

vehicle tyre performance as follows: 

a) geometrical configurations and dimensions (e.g. 

cross sectional shape, width, diameter and 

section height) 

b) structural parameters (e.g. number and direction of 

plies, mechanical parameters of tyre material 

composite) 
c) thermal properties of tyre material composite 

d) tread geometrical configurations, thickness, width 

and shape 
e) inflation pressure 
f) contact area on rigid surface 
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g) load deformation /distortion characteristics. 

Traction can be defined as the ability of vehicles to generate enough 

force through the tyre to overcome all the force resisting movement of 

the vehicle. These tractive forces should be generated without 

excessive slip or terrain surface damage, and should be in equilibrium 

with the torque product at the hub or track driving sprocket. 

Traction machines are related to nearly every phase of agriculture. 

The physical laws which govern tyre -soil and track -soil interaction 

influence agricultural operations such as tillage, planting, 

harvesting, transporting and land development. A full understanding 

and description of the traction process is essential for properly 

designing machine and power units to perform these operations. Due to 

the importance of traction in off -road mobility and agriculture, a 

large amount of research has been conducted and reported (Bekker, 

1956; Freitag, 1965, 1968; Turnage, 1970; Zoz, 1972; Turnage, 1972; 

Wismer and Luth, 1973; Dwyer et al., 1974 Turnage, 1974; Bohnert and 

Kenady, 1975; Dwyer et al., 1975; Brixius and Zoz, 1976; Gee -Clough, 

1976; Bailey and Burt, 1977; Burt et al., 1977; Dwyer et al., 1977; 

Gee -Clough et al., 1977a, 1977b; Brixius and Wismer, 1978; Burt et 

al., 1978; Dwyer, 1978; Gee -Clough, 1978, Gee -Clough et al., 1978; 

Wismer et al., 1978; Gee -Clough, 1980; Dwyer 1984). 

The tractive efficiency (the ratio drawbar power to axle input power) 

of a ground drive system for an agricultural tractor is generally 

considered to be the most important traction parameter. Ever since 

the advent of pneumatic tyres in the early 1930s traction research has 

mainly been directed towards improvements in tractive efficiency. 

Approximately 40 years ago, the Society of Automotive Engineers 

Co- operative Tractor Tyre Testing Committee Report (1938) listed four 

main conclusions arising from an extensive set of field tests. These 

conclusions were: 

a) the most important factor affecting the drawbar 

performance is the soil itself; 

b) for a given soil, the most important factor affecting 

drawbar pull is the weight that the tyre carries; 
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c) tractor with high power to weight ratios have to 
travel faster to utilise the available power or use 
added weight to operate at lower speeds; 

d) inflation pressure has an effect, lower pressures 
being advantageous on loose sand soils, this 
advantage disappearing on firmer soils. 

As originally reported by Freitag (1965), it is convenient to consider 

tractive performance on soil in three broad soil classes: purely 

cohesive soil, purely frictional soil and cohesive frictional soil. 

The purely cohesive soils represent a severe condition for the 

tractive performance of these machines, while purely frictional soil 

class is representative of the desert and beach operation which is of 

little significance to such machines. Although a conceptual 

difference in the tractive performance of wheels on cohesive and 

partially saturated, cohesive -frictional soils exists, a single 

equation is proposed for both classes (Freitag, 1965). This is based 

on an observation that the difference in the developed equations for 

the two classes was less than the uncertainty in the predictions of 

either. Cone index is used as a measure of soil strength in these 

relations (Freitag, 1965, 1968; Turnage, 1972; 1974; Eradat Oskoui and 

Witney 1982a; Witney et al., 1984). The performance advantage of 

operating tractor drive wheels in tandem is also documented (Southwell 

and Marwood, 1966; Holm 1969; Dwyer and Pearson, 1976; Dwyer et al., 

1977; Burt et al., 1978). They reported the importance of net 

traction as well as of tractive efficiency for a tyre operating in the 

rut of a loaded tyre. The magnitude of the increase is dependent upon 

the soil condition. 

The traction coefficient for a tyre can be defined as the ratio 

between the driving force and load. The driving force is the sum of 

the tangential forces of the wheel -soil interface. For a rigid tyre, 

it is equal to the driving torque divided by its radius. For a 

pneumatic tyre moving on a rigid, non -yielding surface, it is equal to 

the driving torque divided by the tyre rolling radius. The 

significant factors influencing the traction coefficient of a tyre 

are: wheel load, tread configuration, diameter, width, inflation 

pressure, tyre structure and soil (Dwyer, 1975). 
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3.4.1 Tyre load and dynamic load ratio 

Despite the advances in traction technology, the load to power ratio 

and speed are still the main factors affecting maximum tractive 

efficiency, Wilkins and Coleman (1971) explored some of the advantages 

and disadvantages of high field speeds. However, ideal speeds were 

not established for a specific load to power ratio. Dwyer (1975) 

indicated that two -wheel drive tractors do not achieve maximum 

tractive efficiency because of insufficient ballast and /or lower field 

speeds. Four wheel -drive tractors have a higher load /power ratio and 

can achieve maximum tractive efficiency of lower field speeds. 

The potential for improvements in tractive efficiency, together with 

availability of an automatic control system were discussed by Young et 

al., (1972; 1977) suggested the use of the dynamic load ratio (ratio 

of dynamic load on first pass to the dynamic load on the second pass) 

for improving the performance of tandem pneumatic tyres. Buchele 

(1959) and Dwyer et al.,(1977) also suggested that operating the first 

and second passes of tandem pneumatic tyres at different travel 

reduction values could affect tractive performance. Drive wheels 

operating in tandem can offer a distinct advantage. Several 

researchers have reported improved tractive performance from a tyre 

operating in the footprint of a leading tyre (Reed et al., 1959; 

Ricky, 1959; Buchele, 1959; Southwell and Marwood, 1966; Sohne 1968; 

Holm, 1969; Clark and Liljedahl, 1969; Osborne, 1971; Dwyer and 

Pearson, 1976; Dwyer et al., 1977). The magnitude of the increase in 

performance varied with soil conditions. Reported increases in 

tractive efficiency of the second pass when compared to the first pass 

varied from 3 to 35 %. 

The effect of the dynamic load on the performance of a single tyre 

reported by Burt et al. (1978) showed that at 20% of travel reduction, 

tractive efficiency of a tyre operating on a compacted clay loam soil 

increased from 0.68 to 0.72 when the dynamic load was increased from 

75 -105 percent of rated load. Conversely, it decreased from 0.55 to 
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0.53 with the same increase in dynamic load when the same tyre was 

operated on an uncompacted sandy loam soil. Therefore, the capability 

for controlling the dynamic load over a wide range, based on soil 

condition, could offer a significant improvement in tractive 

efficiency (Burt and Bailey, 1982). 

The two most common parameters used for comparing tyre performance are 

dynamic traction ratio (pull /load) and tractive efficiency. These 

parameters are usually plotted against travel reduction or wheel 

slippage. Nebraska test data for two -wheel drive tractors for the 

period 1963 to 1974 was analysed by Domier (1978). He concluded that 

only one tyre, 23.1 -34, had a travel reduction difference greater that 

1 %. An increase in maximum tractive efficiency of 1.2% was obtained 

with 45 deg lugs. An increase in tyre pressure of 27.5 kPa coupled 

with a corresponding increase in tyre load, resulted in an increase in 

travel reduction of 1% and a 0.6% decrease in maximum tractive 

efficiency. An increase in load factor of 0.2 resulted in an increase 

in travel reduction of 1 to 1.3% and a corresponding decrease in 

maximum tractive efficiency of 0.5 to 0.8 %. 

3.4.2 Tyre dimensions 

d 

Gee -Clough et al. (1977b) compared the effect of different tyre sizes 

on tractive performance in different field conditions. They concluded 

that the tractor with the 18.4 -30 in drive tyres delivered an average 

10% more maximum power in 3rd gear and 6% more in the 4th gear and 5th 

gear than the tractor with 13.6 -38 in tyres. The increases in pull 

were 14%, 7% and 9 %, respectively, for the above case. The correct 

choice of tyre size is a matter of great importance in the design of 

off -road vehicles. Even today, many vehicles are fitted with tyres 

which are too small (Dwyer, 1975 and Gee -Clough, 1978). Gee -Clough 

(1980) used the mobility equations to demonstrate the effect of 

varying diameter and width on a lightly loaded and heavily loaded axle 

in different field conditions. He showed that the aspect ratio of 

section height to section width of a tyre, h /b, is 0.75. 
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Gee -Clough et al. (1977c) also compared a 13.6 -38 and a 16.9 -34 

tractor drive wheel. Both tyres gave an average of 25% and 13% an 

increase in coefficient of traction at 20% slip when operating in the 

furrow. Nevertheless, the coefficient of rolling resistance and 

maximum tractive efficiency were the same in the furrow as on the 

surface and there was no difference between tyres. The surface 

condition of the field strongly affected the tractive performance. 

Reducing inflation pressure produced a significant increase in the 

coefficient of traction and increasing section width a significant 

reduction in rolling resistance (Dwyer et al., 1974). 

From Nebraska tests (1963 -1974), Domier (1978) reported that increases 

in tyre diameter of 10 and 18% resulted in decreases in travel 

reduction of 0.6 and 1.1% and increases in maximum tractive efficiency 

of 1 and 1.6 %, respectively. An increase in tyre width of 33 %, for 

two tyres with approximately the same loaded radius, had no effect on 

travel reduction and tractive efficiency. 

If the height of the side -wall is reduced relative to section width, 

eg the aspect ratio of the tyre sections, h /b, is lower, a lower 

inflation pressure for a given vertical load may be allowed by the 

manufacturer (McAllister et al, 1976). Improvement in tractive 

performance could be obtained from the low aspect ratio tyre tested 

and those arose from its ability to carry a a given vertical at a 

lower inflation pressure than a conventional tyre. 

3.4.3 Tyre inflation pressure 

The effects of inflation pressure and dynamic load on tyre performance 

have been recognized for many years. McKibben and Davidson (1940) 

reported that inflation was one of the most important factors 

affecting motion resistance of unpowered pneumatic tyres. Kliefoth 

(1966) and Zombori (1967) investigated the effects of inflation 

pressure on the performance of bias -ply tractor tyres. Results from 

these studies showed that a decrease in inflation pressure resulted in 

an increase in drawbar pull of a constant travel reduction. Zomborits 
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results showed that, at a constant drawbar pull, a reduction in 

inflation pressure resulted in a significant decrease in travel 

reduction, which caused a significant increase in tractive efficiency. 

Czako (1974) discussed the uses of central inflation pressure systems 

on military vehicles throughout the world. He reported results of 

drawbar pull tests which showed increases in drawbar pull on loam soil 

of up to 20 percent when the inflation pressure was reduced from 240 

to 103 kPa. He concluded that the central inflation pressure systems 

on military vehicles offered a definite increase in mobility with a 

relatively small increase in vehicles complexity. 

The design of a tractor drive tyre has to be a compromise between 

factors which will provide good tractive performance under varying 

field conditions and wear resistance and ride on the road. It has 

been shown previously (Dwyer, et al., (1974) that inflation pressure 

is an important parameter in determining tractive performance, 

performance reducing as inflation pressure is reduced. The inflation 

pressure, however, must be high enough to prevent the side -wall 

flexing when under load to such an extent that the wall failure ends 

the tyre's life prematurely (McAllister et al., 1976). 

Performance comparisons between single and dual tyres have also been 

reported by many authors (Sauve, 1939; McLeod et al., 1966; Clark and 

Liljedahl, 1969) and those with different inflation pressures and 

different dynamic loads for single and dual tyres by Southwell (1950, 

1964); Damier and Friesen (1968). They showed that if inflation 

pressure in the dual tyres is reduced while the axle load is held 

constant or if the dynamic load per tyre on the dual pair is reduced, 

the dual system generally shows superior performance to the single 

tyre. Melzer and Knight (1973) compared singles and duals in air -dry 

sand at equal dynamic load per tyre and equal inflation pressure. 

Spacing of the duals was superior to singles. 

The trend towards large scale farms favours the use of tipping 

trailers of 100 to 150 kN load capacity to provide efficient transport 
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of the harvester crops. Special attention has to bé paid to the wheel 

equipment of farm trailers, especially on moist and soft soils, such 

as are often encountered in the autumn. Sinkage, rolling resistance 

and field damage can be reduced by the use of low -pressure tyres. 

Thus, adequate tractive efficiency can be obtained and the power of 

the tractor more effectively utilised (Perdock, 1978). 

3.4.4 Tyre lug height 

The possibilities for design changes within the tyre tread are 

numerous. Some of the most common variables are, lug height, lug 

spacing, lug angle, tread width, tread curvature and lug shape. 

Within wide limits, all of these factors can be changed without 

affecting the design of tractor or cultural practices. Most of the 

changes introduced by tyre manufacturers since pneumatic tyres were 

first built have been concerned with one or more of these tread 

variables (Taylor, 1973; 1974 and 1976). He stated that the lug angle 

effect on dynamic traction ratio is very small and inconsistent. No 

trends can be established. There are indicatiaons that 70 -deg lugs 

were better than 50 -deg lugs, but in most cases 40 -deg lugs were also 

better than 50 -deg lugs. In contrast to the results of dynamic ratio, 

the smooth tyre had better tractive efficiency than several of the 

tyres with lugs. The angle of the lug may affect the rate of tread 

wear or the ride of tyres, especially on hard surfaces. The angle of 

the lug may interact with lug spacing or other variables to affect 

traction. 

It is generally recognised that tyre lugs improve traction by causing 

failure to occur between soil and soil rather than between soil and 

rubber. In both the laboratory and the field Randolph (1927) showed 

that the factors that influence the resistance of soil to shear by 

lugs are the weight of the tractor on the driven wheel, the depth of 

lugs and the lug angle on the steel wheel. Reed and Shields (1950) 

studied the effect of lug design variables with a series of tests 

using different tyre designs, on different soil types. They indicated 

that the lug has a significant effect on traction and some factors 
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were probably significant, but their significance was not easy to 

isolate because of the interference between the variables affecting 

the traction force of the wheel. 

Ali and McKyes (1978) studied the effect of the lug length, angle, 

width and cross sectional area for individual lugs with different 

normal loads at different speeds to identify the best lug design for 

the highest traction force. The results showed that a lug length less 

than 25 cm results in the best traction force per unit width with a 

lug depth of 5 cm, and the best lug angle for use on wheels is the 

smallest angle, since it gives a longer lug length and a higher 

tractive force, the lug angle being given by: 

where 

= tan-1 (Z/b) ... 3.26 

I = lug angle, deg; 
b = wheel width, cm; 

2 = length of the wheel in the contact with the soil, cm. 

Gee -Clough et al. (1976; 1977a) reported that the coefficient of 

traction at 20% slip was lower for the smooth tyre than for any other. 

The parameter decreased as lug height increased beyond 20 mm. 

Coefficient of traction at 80% slip, an indicator of maximum draught 

capability, was the same for 35, 45 and 70 mm lug tyres. Coefficient 

of traction at minimum tractive efficiency was only slightly affected 

by lug height. Coefficient of rolling resistance was lower for the 

smooth tyre than other tyre and increased as the lug height increased. 

Maximum tractive efficiency was higher for the smooth tyre than other 

tyres and decreased as lug height increased. Maximum tractive 

efficiency was independent of lug height. Should lugs higher than 20 

mm be required to ensure adequate tyre life, the increase beyond 20 mm 

should be a minimum. 

3.4.5 Tyre deflection 

A proper choice of tyres also depends on factors, like cost, row 

spacing and vehicle stability and can only be made on the basis of 

adequate data relating to tyre performance. Soil parameters 
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concerning the bearing capacity have been derived from measurements 

with a rigid test wheel, instead of a plate, by application of the 

Bekker (1962) theory on rolling resistance. 

The total rolling resistance of tyres is caused by two factors eg tyre 

deflection and soil deflection. On soft soils, low pressure tyres are 

preferred, because sinkage and rolling resistance due to soil 

deformation are reduced. On firm soils, high pressure tyres are 

recommended because tyre deflection is most reasonable for the total 

rolling resistance. High values of tyre deflection reduce sinkage and 

low values reduce rolling resistance (Perdock, 1978). 

Gee -Clough (1980) stated that tyre deflection, d, is normally measured 

statically on a hard surface and typical values of (6 /h) and (h /b) at 

a manufacturer's recommended load inflation pressure are 0.2 and 0.75, 

respectively. 

3.4.6 Tyre ply rating 

Research on radial ply tractor tyres at the National Tillage Machinery 

Laboratory was initiated in the late fifties after commercial use of 

such tyres in Europe. Forrest et al. (1962) reported drawbar pull 

superiority of 8 to 33 percent for the radials at slip values in the 

normal operating range and average field conditions. Vanden Berg and 

Reed (1962) claimed a 15% average improvement in traction (pull /weight 

ratio) for radials over bias ply tyres for slips in the normal field 

operating range in different soil conditions. Thanden (1962); Wann 

(1962) reported the results of tests in which radial -ply tyres 

developed up to 29% more drawbar pull at 16% slip than cross -ply tyres 

in certain soil conditions. The advantage tended to drop off at 

higher slip values. Thanden also showed that a radial -ply truck tyre 

had up to 20% lower rolling resistance on hard surfaces than its 

cross -ply equivalent. 

Taylor et al, (1976) reported the coefficient of net traction for the 

radial tyres exceeded that for the bias tyre from 6 to 8% at 15% 
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travel reduction, in five soil conditions. Tractive efficiency of the 

radial tyre was slightly higher than that of the bias across the full 

range of travel reduction in different soil conditions. Gee -Clough et 

al. (1977e) concluded that the tractive performance benefits from 

using radial -ply rather than cross -ply drive tyres in British field 

conditions are a probable average increase of 5 -8% in the coefficient 

of traction at 20% slip with no change in the maximum tractive 

efficiency, as long as the tyres are not too highly inflated. As 

inflation pressure is increased up to the maximum permissible value, 

these benefits tend to disappear. 

3.5 Prediction of tractive performance 

In attempting to predict the drag, or rolling resistance of towed 

wheels, some workers (McKibben and Davidson, 1939) have made limited 

comparative studies of a smaller number of wheels under both field and 

laboratory conditions, but the main efforts have been directed towards 

relating rolling resistance to soil properties. The prediction of 

tractive effort is an essential part of the requirement for vehicles 

performance simulation. Realistic soil values and tractive 

element -soil parameters are basic requirements for exact simulation of 

wheel or track performance. There are two approaches can be used for 

prediction of traction driving force for a wheel moving on a soil: 

a) dimensional analysis 
b) mathematical modelling of the traction behaviour 

the tyre -soil interface. 

3.5.1 Dimensional analysis 

A combination of literature review and experimentation was used in its 

development. The first line of approach was initiated by Bekker 

(1956) who developed a relationship between plate sinkage test results 

and rolling resistance. His work has since been developed by many 

workers such as Wills et al. (1965); Onafeko and Reece, (1965) Wong and 

Reece, (1967)and more recently by Gee -Clough (1976). All this work has 

been carried out under laboratory conditions in soil tanks, mainly 
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using solid wheels. With this approach, there is the problem of 

measuring the values of the soil modulus of sinkage and the soil 

exponent of sinkage from plate sinkage tests in the soil. Dimensional 

analysis included tyre variables and a simple measure of soil strength 

(Bekker, 1956; Zoz, 1972; Rula and Nuttall, 1971) to simplify the 

prediction equations for the multi -variable system as follows: 

F DB Q _ CIbd b r 
W, W, = f( 

W 
, d, a, s) 

where b = tyre section width, L; 

d. = overall tyre diameter, L; 

CI = cone index, FL-2; 
F = towed force, F; 

DB = drawbar pull, FL; 

Qi = input torque, FL; 
r = tyre rolling radius, L; 

s = tyre slip, (1- Va /rw); 
Va = tyre translational velocity; 

w = angular velocity of the tyre; 
W = tyre load, F. 

... 3.27 

Wheel torque and pull are observed to increase with increasing slip up 

to a maximum value which is approached asymptatically. This suggested 

a wheel slip function (Bekker, 1956; Taylor and Vanden Berg, 1966; 

Reece, 1967) of the form: 

DB, Qi = f(1-e-s) ... 3.28 

They showed that the towed force -load ratio decreases hyperbolically 

with increasing values of the soil supporting stress -wheel loading 

(stress- ratio). In contrasts, the proportion of torque to wheel 

radius and load or pull to load ratio with increasing values of 

(soil stress) to Pi and appears to approach maximum values 

asymptatically. As for the wheel slip relationships, the suggested 

equation was: 

DB Qi 
= f(1-e-s/Pi) 

W ' 

7.-- 

co 

where Pi = wheel loading stress, W /bd 

... 3.29 
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The second approach was made by Freitag (1965) using dimensional 

analysis, and included cone penetrometer reading to introduce a 

dimensionless number for each wheel (the mobility number), which could 

be related to tractive performance. He produced two -non dimensional 

numbers for sand and clay soils (sandy and clay performance number), 

which should be constant for each value of tractive performance number 

as in the coefficient of rolling resistance. These number were: 

Mc = CI bd/W 

Ms = CI (bd)3/2/W 

where Mc = tractive performance for clay soils 

Ms = tractive performance for sandy soils 

... 3.30 

Turnage (1972) extended Freitag (1965) work and produced a number, by 

including an additional correction term for width /diameter ratio and 

included the effect of tyre deflection, in ideal soils. Thus, the 

mobility number, M, was defined as follows: 

M 
CIbd 

(S/h) 
W 

1 

(1 +(b /2d)) ... 3.31 

where M = wheel mobility number 

S = tyre deflection, m. 

Dwyer et al. (1974, 1975) used Turnage's equation when examining the 

results of tractive performance tests on tractor drive wheel tyres and 

produced an empirical relationship between wheel mobility number and 

various tractive performance values, such as rolling resistance, etc. 

Wismer and Luth (1973) used Freitag's equation to formulate a method 

for predicting the performance of off -road vehicles. 

F 1.2 
+ 0.04 

W 

... 3.32 
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DB = 0.75 (1-6 0'3sCn) -(1.2 + 0.04) 

W Cn 

Qi = 0.75 (1-é(3'3sCn)rw 

n'T = DBVa/Qim = DBVa/Qi(Vt/rw) 

= DB 
( 

/W 
) (1-s) 

Qirw 
= {1 -[ 1-2 + 0.04)/(0.75(1-e0'3sCn))]} (1-s) 

. 3.33 

Cn ... 3.34 

where Cn = wheel numeric number, CIbd /W; 

Vt 

Va 

1T 

= theoretical speed, rw; 

_ (1 -s)Vt = (1 -s) rw; 

= tractive efficiency. 

By neglecting certain energy losses, wheel torque can be assumed equal 

to gross thrust acting at some effective moment arm. Thus, the torque 

demand of a driving wheel is defined by equation 3.34. The pull to 

torque and slip characteristics of a driving wheel define both the 

magnitude and efficiency of the tractive performance. The pull /weight 

:ratio is an accepted term for defining the magnitude level of 

performance. Similarly, the tractive efficiency of a wheel is defined 

by equation 3.34 

Tyre performance was predicted using cone index in stubble, ploughed 

and cultivated fields from the following empirical equations (Dwyer et 

al., 1974, 1975; Gee -Clough, 1976, 1978, 1980), to the accuracy 

indicated, with 95% probability, at 20% slip. 

= = (CT)max(1 - e-ks) 

(CT)max = 

Tmay 
= 0.796 - 

0M92 

3.35 

... 3.36 

k(CT)max = 4.838+0.061M ... 3.37 

0.287 
CRR = 

W 
= 0.049 + M ... 3.38 
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s = 9 + 19/M ... 3.39 

CT = coefficient of traction 

(CT)max = maximum coefficient of traction 
k = rate constant at maximum traction 
R = rolling resistance force, kN 

CRR = coefficient of rolling resistance 
T = net available thrust, kN 

T max = maximum driven wheel thrust, kN 
s = wheel slip, % 

w = wheel load, kN 

The tractive efficiency versus slip can be expressed as: 

CT(1-s) 
TIT - CT + CRR ... 3.40 

or, in terms of the tyre mobility number, it is given by the empirical 

relation form: 

nT=78-M5 ... 3.41 

Tyre dimensions loading and deflection data used to calcualate the 

tyre mobility are presented by Dwyer et al. (1975). The prediction of 

the previous parameters is all that is necessary to fully describe the 

tractive performance of a tyre in off -road mobility re- analysed by 

McAllister et al. (1979) and Gee -Clough (1980). Gee -Clough (1980) 

produced a guide to the selection of tyres for agricultural vehicles 

on the mobility number approach. 

3.5.2 Mathematical modelling 

The state of soil failure is generally expressed by the well -known 

Mohr -Coulomb failure criteria and can be rearranged to give the 

maximum traction forces: 

T = c +Q tan (1) 

F = cA' + Wtan(15 

... 3.42 

... 3.43 
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a = normal stress 
T = shear stress 

c and cp, = mathematical constants which can be interpreted 
as soil shear stress parameters for cohesive and 
friction 

F = maximum traction force 
A' = tyre or track -soil contact area 
W = tyre or track load 

Generally, one is interested not only in the maximum traction 

developed but also in the development of traction at specific degree 

of slip "deformation ". Soil displacement along the interface contact 

with the tyre depends on the degree of slip and the distance from the 

first point of the tyre and the ground, these factors being combined 

in the form: 

6d = sx 

where s = degree of slip 
dd = tyre -soil shear displacement 
x = distance from the first contact. 

... 3.44 

In order to mathematically express the soil shear stress -shear 

deformation relationship, the general behaviour of the soil needs to 

be established. It is known that the soil -shear diagram either 

increases monotoriously towards a horizontal asymptote or increases to 

a local maximum and drops towards a horizontal asymptote Fig 3.10 

(Young and Workentin, 1975). The local maximum may be due to the 

additional strength of the soil in the massive state or from plant 

roots. Bekker (1956) suggested an equation to describe the "hump" 

from the shear stress derived from an periodic "damped" vibration (Fig 

3.11): 

(-k2 +Vk22 - 1) k1 6d (-k2 - k22 -1) k1 6d 

T= c+ ß tan4 L e -e J 

Amax ... 3.45 

T = shear stress, kPa; 

c = soil cohesive, kPa; 

a = mean ground pressure, kPa; 

$ = soil internal friction angle; 

k1 and k2 = soil parameters; 

Amax = maximum of the expression in the prackets. 
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Kacigin and Guskov (1968) suggested that the general shear diagram 

illustrated in Fig. 3.11 could be described by the equation: 

T /o = fin [ 1 + 
a 

tanh (s d/k ) 3.146 
cosh (g d/k T 

where fm = ration of the residual strength to the contact stress 
at large displacement (coefficient of residual 
strength) 

k = displacement required to reach shear stress; 
a = constant depends on the ratio of residual to peak 

stress 
2.55 (fs - fm) 0.825 

fm 

In the case of an asymptotic shear curve (Fig. 3.11b), max = min when 

a = o. Equation 3.45 was simplified to the form: 

T io = fm tanh (d d/k ) . . . 3.47 

The different soil parameters are identified and defined schematically 

by Kacigin and Guskov (1968) as shown in figure 3.11 curve a and b. 

According to Mohr -Coulomb failure criteria, the peak shear strength 

can be expressed in the form: 

fm = Tmax = c + ß tang) ... 3.48 
a a 

Since in the majority of cases the soil does not exhibit a hump 

followed by a drop in shear stress -strain curve, Janosi and Hanamoto 

(1961) suggested a simple equation for describing asymptotic curves 

(Fig. 3.12) in the form: 

T = (c + 6 tan(1)) (1 - e-6dkT) ... 3.49 

For a large deformation ( d = o), equation 3.52 approaches Coulomb's 

equation (3.42). By differentiating both sides of equation 3.49 and 

setting j = o to represent the slope of the tangent drawn at the 
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origin (Fig. 3.11 curve b): 

( ) 

= c + otang) 
dj 

j = o k 
... 3.50 

The deformation modulus for a soil shear stress -strain curve, k, may be 

obtained from the experimental shear stress -strain curve as the 

distance of the intercept of the tangent drawn at the origin and the 

line given by euqation 3.52 (Janosi and Hanamoto, 1961). Observations 

from a shear -deformation diagram (Fig. 3.12a) at different pressures, 

represented a constant deformation modulus, k, in Fig. 3.12 'curve a', 

and a constant slope, kT, as shown in Fig. 3.12 'curve b'. For a 

constant deformation modulus, the shear deformation relationship is 

the same as in equation 3.49. For the constant slope modulus, kT, the 

relationship can be written in the form: 

t = (c + otancp)[ 1 - e(-SdkT/o )] 
... 3.51 

where k = initial tangent modulus for shear -deformation 

F = (c + Wtang)) (1 - 1 (1 - e-1)) 

j 

where F = tractive force 
A = contact area, bi 

b = contact area width 
i = contact area length 

W = tyre (track) load 

a = tyre (track) -soil contact pressure 

j = so ilk 

so = degree of slip 

k = deformation modulus. 

... 3.52 

Attempts to correlate measured and predicted tractive performance 

indicated that soil shear strength was more closely related to the 

coefficient of traction than was cone index but mobility number, 

calculated from cone index and tyre dimensions, gave a useful 
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indication of the coefficient of rolling resistance and the maximum 

tractive efficiency (Dwyer et al., 197+; 1975). Coefficient of 

traction at 20% slip could be predicted from an empirical expression, 

namely: 

CT = 0.8 [(c /pt + tang)) (1 -ad + (a /pt + tane ) 
l 

... 3.53 

Pt = tyre inflation pressure, 

aQ = area of tyre lugs as a proportion of tyre peripheral 

area, 

er = soil rubber frictional angle. 

3.6 Implement performance 

Draught requirements of tillage tools are an important consideration 

in selecting tillage systems. Tractor sizes are better determined 

when good draught and power requirement data exists for the desired 

tillage tools in specific soil types. In the 1960s, a number of 

researchers developed models based on civil engineering theories of 

soil failure adjacent to a retaining wall. These methods assumed that 

soil failure according to the Mohr -Coulomb criteria and were based on 

an assumed failure surface defined by a logorithmic spiral and a 

straight line. Such a surface has no rigorous theoretical basis but 

its use is justified from experimental observation. Most of these 

models are not easy to implement, but that proposed by Hettiaratchi et 

al. (1966) is readily applicable to problems of soil /tine interaction. 

The use of the chisel plough for primary and secondary cultivation has 

increased considerably in the recent years and, with its increasing 

use, there have been numerous investigations of the interaction 

between the tine and the soil, both in respect of the rupture of soil 

and the soil forces. The first comprehensive study was made by Payne 

(1956) and others up to 1968 have been well reviewed by Gill and 

Vanden Berg (1967). Dwyer (1985) reported from unpublished data at 

the NIAE the energy requirements for different field operations. 
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These data showed the need to allow for variations in soil conditions, 

the figures given in Table 1 being halved for lighter conditions or 

doubled for heavier conditions. The effect of variations in draught 

forces on implements has been studied extensively, particularly with 

regard to the design of draught control systems (Crolla, 1975). 

Variation in draught forces are caused by either changes in soil 

density or by variation in implement depth which, with a fully mounted 

implement, occur frequently as the tractor pitches over uneven field 

surfaces. 

3.6.1 Factor affecting implement performance 

It is generally accepted that the draught force on a mouldboard plough 

increased approximately with the square of speed (Sohne, 1956; Gill 

and Vanden Berg, 1967). As the mouldboard moves a considerable mass 

of soil, the draught increase can be attributed primarily to inertia 

forces. However, the relationship between draught and speed has been 

found to vary between a linear and a square law and this suggests that 

other rate processes are operative. The analysis of the effect of 

speed on mouldboard ploughs and subsequent designs for high speed 

working, however, have concentrated on the kinematics of soil movement 

over the plough (Söhne and Moller, 1962; O'Callaghan and McCoy, 1965; 

Zoz, 1972; 1974a; 1974b). 

The influence of speed on the interaction between narrow tines and 

soil is less clear. The results reported in the literature appear to 

be in conflict as to the magnitude of the effect of speed and on the 

relationship between draught and speed. ALthough it is generally 

agreed that the draught of a tine increases with speed, Dransfield et 

al. (1964) detected no change in draught with speed for three out of 

four soils. Payne (1956) observed a rise of only 20 -30% over a speed 

range of 0.2 -2.7 m /s. In contrast, Siemens et al. (1965) observed 

100% increase of draught in the range 0.2 -0.9 m /s. Luth and Wismer 

(1971) measured a similar increase over a range of 0.2 -2.5 m/s in an 

air -dry sand. 
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It has been shown by Kirtbaia (1958) that the moisture content of soil 

affected the draught of cultivating tools, each soil having a minimum 

resistance at one specific moisture level (Bachtin, 1960). This value 

coincides with the one at which ploughing is most effective, so that, 

not only is the work better, but if it is done when the moisture of 

the soil is right, it is done at less cost. However, other factors, 

such as sowing times, have a definite hearing on yield (Kirtbaia, 

1958; Barnes, 1960), so that we can not wait indefinitely for periods 

during which it is in a suitable state for ploughing and so we should 

attempt to increase the rate of ploughing to make best use of those 

periods. This can be done by one of the following methods: 

a) using a large number of ploughs and tractors 
b) using a large plough, having a greater number of bodies 
c) ploughing at greater speed 
d) using a large plough at a greater speed. 

The first method is economically impractical as it means having a 

number of tractors that are unused for long periods during the year. 

A large plough would of course, have a greater output at a given 

speed, but would need a more powerful tractor, the resulting outfit 

being less manoeuverable and consequently spending more time on 

headlands. Moreover, on uneven ground, the variation in depth of work 

is greater with a wider plough, and Barnes and Link (1959) suggested 

there is an optimum working width for each type of implement. The 

initial and operating cost of an implement increases with its size, 

but so does its rate of work. Because of the time in idle running, 

the rate of work does not increase in direct proportaion to the 

working width, so that a wider implement has a lower specific output. 

The increase weight of wider plough would if mounted, required a 

stronger and more powerful hydraulic linkage, also the line of draught 

of a wide plough may be far enough from the centre of pull of the 

tractor to cause steering difficulties. 

According to Söhne (1956) and Zoz (19714b), the rate of work of 2 

furrow plough can be increased by 50% either by converting the plough 

to 3 furrows or by increasing its speed by 50 %. In the first case, it 
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needs a 50% more powerful tractor weighing and costing 50% more; in 

the second case, a tractor having 60% more power but only 10% more 

weight will do the job. 

The use of mounted implements is universal; the power of the tractor 

can be more efficiently used and wheel slip is decreased. If a 

tractor with a more powerful engine, in conjunction with a larger 

plough, is used to increase the rate of ploughing, the weight of the 

tractor must be increased proportionally so that it is able to develop 

adequate drawbar pull. On the other hand, the rate is decreased by 

ploughing faster with a smaller plough, the tractor weight remaining 

unchanged. The latter confirms with the modern trend of lower 

specific tractor weight (Lehoczky, 1967). 

3.6.2 Prediction of implement performance 

Reaves et al. reviewed attempts at formulating analytical equations to 

predict forces on tillage tools. They found that even with simple 

tool geometry, a large number of variables must be considered and can 

become quite involved. Similitude techniques have been applied in 

physical and engineering sciences. It has become a widely used design 

tool. In several studies (Barnes et al., 1960; Larson et al., 1968; 

Reaves et al., 1968; Schafer et al. 1968), the principles of 

similitude have been applied to investigate the dynamic interaction 

between simple tillage tools and agricultural soils. Schafer et al., 

(1968) and Young (1966) believed that distorted model theory must be 

used in the study of most soil -machine systems. 

Schuring and Emori (1965) demonstrated that, of low velocities and 

disregarding soil -material friction, the soil reaction to the tool can 

be represented in the form: 

- 

PL3 
f((p') + pL3f(r) 

where R = soil reaction force, 

p = soil bulk density, 

L = characteristic length of the tool, 

3.54 
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soil -soil friction angle. 

They noted the similarity between equation 3.34 and Terzaghi's 

equation 3.2. Luth and Wismer (1971), Wang and Liang (1970) and Wang 

et al., (1972) showed that for geometrically similar agricultural 

implements by extending equation 3.54, dimensionless groups can be 

used to relate similar and implement variables: 

PL3 - gL PL' 
u, 

4)') ... 3.55 

where g = gravitational constant, 
u = apparent soil -material friction angle, 
Va = velocity of tool 

Wang and Kwang -Lo (1973) extended the approach used by Wang et al. 

(1972) and presented experimental evidence to show that equation 3.55 

can be used to predict tool draughts at different velocities as such 

that: 

F á V c L3- k1 gL+ k2 tsL ... 3.56 

where = soil specific weight, KN /m3 
k1 and k2 = coefficient constants depend on soil type. 

Reece (1965) extended equation 3.2 to represent implement draught as 
the following form: 

where 

F = cL3Nc + L3N + gL3Nq + a L3Na, 

F = draught force, 

a = soil -blade adhesion, 

Ne, N, Ng and Na = dimensionless functions of, 4,', 

... 3.57 

when surcharge pressure and soil -material adhesion are negligible, 

equation 3.57 takes the form of equation 3.2. Hettiaratchi et al. 

(1966) and Hettiaratchi and Reece (1967) derived a more complex form of 

the equation for implement force which included the most essential 

variables affecting draught: 
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F = wz ( zN + cNc + a N 
a 

+ qN(4) sin( 4)+ 8) ... 3.58 

8 = soil -blade friction angle, 
= soil internal friction angle 

z = blade working depth, 
w = blade working width, 
N = numerical factors, vary with a, 0 and 8. 

= aebtanq 
a and b = coefficient constants. 

Stafford (1979) presented the numerical value, N, for all soil 

conditions, the draught increasing with speed, and significant 

regression curves could be fitted in each case. He used a polynominal 

of the second order for the force -speed curves as well as an 

exponential term for time. The effect of speed on draught was shown 

to be approximated by: 

F = cwz Nc sin 4 + 8 ) 

= acwz ebtand) sin4 + 8 ) ... 3.59 

Some evidence was presented that, e, is proportional to the logarithm 

of strain rate, and that 8 decreased with the strain rate, cp probably 

also varying. Thus, in equation 3.59, there are logarithmic, 

exponential and sine terms all containing a velocity (Stafford,1979). 

Kydd et al. (1984) reported that for draught results obtained over a 

number of years, it is very difficult to measure differences between 

two machines. This due to the large variation in draught that occurs 

from changes in soil condition and the difficulty in measuring and 

maintaining a uniform depth across the width of the machine. However, 

he presented a linear fit equation for individual tillage implements. 

For three soil types, Bainer et al. (1965), Hunt (1974), ASAE (1978), 

Collins (1978) concluded that the relation between unit draught and 

speed for mould - board. ploughs tends to increase with speed, and 

presented a quadratic form for plough draught. Morever, Summers et 

al., (1984) concluded that plough draught varies linearly with speed 

for chisel ploughs, discs and sweep ploughs and is a quadratic 

function of speed for mouldboard ploughs, and linear with depth for 

all tillage implements. 
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The draught force of a mouldboard plough is a combination of the 

quasi- static soil shearing resistance and the dynamic component 

increasing with the square of the velocity influenced by the lateral 

direction angle of the mouldboard tail. Sohne (1960) adapted an 

equation developed by Goryachkin (1940) to express the draught and 

speed relation of tillage tools in the form: 

Z = zo + k Va (1 - cos 4) p) .. , 3.60 

where Z = specific draught, 
zo = quasi -static component of specific draught, 
`gyp = lateral direction angle of the mouldboard plough 
k = coefficient constant. 

Using a similar form of algebraic equation, Voorhees and Walker (1977) 

identified the effect of soil moisture -content, 6, on the quasi- static 

draught component as in the form: 

Z = k1 + k20 + k3Va ... 3.61 

where k1, k2 and k3 = coefficient constants. 

In a more extensive study using field data, Gee Clough et al. (1978) 

proposed an empirical mouldboard plough draught equation based on the 

dimensionless groups identified by Krastin (1973): 

Z = 13.36a + (3.06?sVa /g) ... 3.62 

From regression analysis of field data, a significant correlation was 

obtained by using the cone index value as a measure of soil stress. 

It was argued further, however, that the soil stress could be 

eliminated from the draught equation to give the quasi -static 

component dependent only on soil specific weight. Eradat Oskoui and 

Witney (1982a) found that the simplification of Krastin's equation to 

form (3.62) using only soil specific weight as an indication of soil 

strength eliminated the cohesive term from the equation and precluded 

any effect from changing soil moisture content. They proposed that 

because the cone index values incoporate cohesive and frictional 

components of the soil, there is practical validity for the 
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assumption, that the quasi- static 

function of cone index. The plough 

reintroduction of the effect of 

dynamic component of plough draug 

equation takes the form: 

component of plough draught is a 

draught was further refined by the 

the mouldboard tail angle on the 

ht. Thus, the plough draught 

D = 0.05CI + [9.66 6Va2(1- cos(1)p) /gl }awNb ... 3.63 

where D = plough draught, kN; 
CI = cone penetration resistance (equation 5.6), kPa; 

2S = soil specific weight, kN /m3, 
g = gravitational constants, m /s2; 
Va= actual forward speed, km /h; 

a = working depth, m; 

w = furrow width, m; 
Nb = number of plough bodies. 

Combining the cone index value in equation 3.63, it is possible to 

condense plough performance data into the form of a nomograph (Fig 

3.14). The ploughing performance predictor takes the hard work out of 

the calculation by portraying the relative significance of the various 

factors affecting plough draught in a series of linked graphs 

(Terratec, 1982). A wide range of soil moisture values can be 

distilled to provide the lower plastic limits of light, medium, and 

heavy soils, soil specific weights can be equated to the degree of 

compaction associated with well -trafficked headlands, stubble ground 

and loose soil after roots, whilst mouldboard shapes are loosely, 

identified as digger, semi -digger and shallow plough bodies. 

Ploughing speed combines with width of furrow, number of plough bodies 

and field efficiency to give rates of work. In addition, speed not 

only influences the total plough draught but also combines with 

draught to yield the drawbar power required and, with a knowledge of 

the tractive and transmission efficiencies of the tractor, the engine 

power rating of the tractor can be established. 

3.7 Comparison of the 2- and 4 -wheel drive tractors 

The two wheel drive (2 -WD) tractor has dominated the farm tractor 

market for years. The main advantage of the 2 -WD tractor has been its 

versatility in row crop, tillage and utility operations. As farm size 
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increases, large four -wheel drive (4 -WD) tractors become more 

important in relieving the 2 -WD tractors from tillage and other heavy 

draught operations. These 4 -WD tractors have unequal and equal size 

wheels on the front and rear axles. Domier et al. (1971) tested 

performance characteristics of 2 -WD, 4 -WD and crawler tractors in 

different field conditions. They reported that for three field 

conditions ranging from deep tilled soil to stubble, the tractive 

efficiencies ranged from 53% to 67% for the 2 -WD tractor, 66% to 72% 

for the 4 -WD tractor and 72% to 78% for the crawler tractor 

Dwyer and Pearson (1976) reported results of field comparisons of the 

tractive performances of 2 -WD, 4 -WD and a modified 4 -WD tractor called 

a front wheel assist (FWA) which is now becoming more popular (unequal 

4 -wheel drive). Each was fitted with the same engine size, 63 kW, and 

were ballasted to the manufacturers recommendations, at 20% slip. The 

results showed 17% and 7% higher drawbar pulls for 4 -WD and FWA 

tractors, respectively, compared with the 2 -WD. Domier and Friesen 

(1969) reported results of a comparison between tractors equiped with 

singles, duals and FWA. For the comparative tests, the tractors were 

ballasted with 33 %, 43% and 59% of the static tractor load on the 

front axle with singles, duals and FWA, respectively. The static load 

on the rear axle was essentially the same for the three tractors. 

However, the static front axle load of the tractor equipped with duals 

and FWA, were 20% and 80% heavier, respectively, than the front axle 

load of the tractor equipped with singles. They concluded that the 

tractor equipped the FWA showed slightly higher tractive efficiency 

due to lower motion resistance and reached a maximum tractive 

efficiency near a travel reduction of 104 instead of 16 %. 

A mechanical front wheel assist tractor was tested in 2 -WD and 4 -WD 

modes on concrete and on a tilled clay loam soil. Wheel speed ratio, 

distribution of ballast and travel speed were varied and tractor 

performance measured (Bashford et al., 1985). They concluded from 

their data, that gross traction from the axle increased when the speed 

ratio was increased or when ballast was removed to the front axle; the 
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effects of that a wheel speed ratio of 1.01 to 1.05 was near optimum 

tractive efficiency; and the influence of tractor forward speed on 

tractive efficiency varied as a function of test conditions. A 

ballast distribution with approximately 40% to 45% of total static 

tractor load on the front axle of a FWA tractor operating on soil or 

concrete resulted in the better tractive efficiencies. A minimum of 

front axle ballast should be used for best tractive efficiency when 

operating in the 2 -WD mode. Tractive efficiency was more sensitive to 

dynamic load when the tractor was operated on loose soil than 

operated on concrete. When the tractor was ballasted optimally 

the 2 -WD mode, tractivé efficiency of the tractor in the FWA mode 

approximately the same as in the 2 -WD mode and when the tractor was 

ballasted optimally for the FWA mode, the tractive efficiency of the 

tractor operating in the 2 -WD was reduced. 

when 

for 

was 

In the case of the unballasted tractors with no -load transfer, the 

four wheel drive tractor is clearly superior. The two wheel drive 

'tractor is too light to work at an excessive speed in order to use its 

engine power and it can work at 25% higher rate than the four wheel 

drive tractor (Reece, 1967). However, the effect of weight transfer 

has a 10% performance advantage for 2 -WD over for 4 -WD. Osborne 

(1971) compared 2 -WD and 4 -WD tractors, on a firm dry surface. He 

concluded that as surface conditions become softer, the 4 -WD has an 

increasing advantage over the 2 -WD. Overall, a 2 -WD 90 hp could be 

expected to have a similar rate of work of a 70 hp tracklayer. 

Analysis of the power measurements showed that the large 2 -WD machine 

had a higher rolling resistance coefficient and a lower traction than 

the 4 -WD and, as a result, lost an average about 9% more of its 

maximum power to slip and rolling resistance than the 4 -WD. The 

medium powered 2 -WD tractor was 5% more efficient than that the large 

2 -WD. The tracklayer was the most efficient power, in spite of its 

high final driave losses. 

Murillo -Soto and Smith (1978) concluded that tractive efficiency can 

be optimised by selection of static weight distribution, drawbar 

height and front /near axle speed ratio, for a given drawbar load and 
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soil condition. Changing the axle wheel speed ratio to values other 

than one push /pull and hence increased shaking and vibration of the 

model. Three static weight distributions, with 62, 55 and 51 percent 

of the total weight on the front with 0.95, 1.00, 1.05 and 1.10 axle 

speed ratios were used. Generally, tractive efficiency remained 

approximately the same for the 55% of weight distribution, increased 

for the 62% and decreased for the 51% weight distribution towards the 

front. 

Dynamic weight transfer 

Dwyer (1984) modelled tractor performance by extending the work of 

Gee -Clough (1980). The thrust from the driving wheels can be 

calculated from the drawbar pull plus the rolling resistances from 

equation 3.35 and the wheel slip is calculated from equation 3.35 or 

3.39. He showed that it is necessary to take account of the weight 

transfer from the front axle to rear axle due to the torque required 

to overcome the rolling resistance of the undriven wheels. Dwyer 

(1984) assumed that the rolling resistance of the undriven wheels, the 

thrust from driving wheels and the implement draught force all act in 

the same horizontal plane and do not, therefore affect the weight 

distribution between the axles. 

The weight on the near axle, WR, is then given by: 

WR = WRS + 
QD 

WB 
... 3.64 

where WRS = static weight on the near wheels, 

QD = torque required to overcome the rolling resistance 

of the driving wheels, 

WB = tractor wheelbase. 

For a two wheel drive tractor 

WR = WRS + LWR(CRR)Rik ... 3.65 

where (CRR)R = coefficient of rolling 
resistance of the rear wheels 

(equation 3.38), 
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r = rolling radius of the driving wheel. 

For a four (unequal or equal) wheel drive tractor: 

WR = WRS + [Wf(CRR)f + WR(CRR)R]WB ... 3.66 

where Wf = weight on the front wheels, 

(CRR)f = coefficient of rolling resistance of the front 
wheels, 

WR = weight on the rear wheels, 
= WT -WR 

WT = total weight of the tractor. 

However, Dwyer (1984) assumed that the weight transfer from the 

implement to the rear axle was equal to the implement weight and 

included with tractor weight to represent the total recommended weight 

on the tractor (Dwyer, 1975). Zoz (1972) assumed the weight from the 

implement and from the front tractor axle, to the rear axle can be 

expressed by: 

Wti = PD tan (pd ... 3.67 

Wtt = PD [ 
WB 

+ (WB)tan 
(I'd] ... 3.67a 

DWC = [ 
WB 

+ (1 + ) tan (15d] 
. , . 3.67b 

Wt = PD.DWC ... 3.67c 

where PD = horizontal implement draught, 
DWC = dynamic weight coefficient, 
Wti = weight transfer from the implement to the rear wheels, 

Wtt = weight transfer from the front axle to rear axle, 

Wt = total weight transfer to the rear wheels. 

(pd = draught angle below horizontal,. 

B, H = horizontal and vertical coordinates of point of 

application of implement, 

WB = wheelbase, 

Zoz (1972) reported that the curves within each soil represented 

typical weight transfer conditions for the implement; the dynamic 
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weight coefficients being integral hitch type (DWC = 0.65), semi 

integral type (DWC = 0.45) and towed (DWC = 0.25), Fig 3.14. 

3.8 Modelling the tractor -plough combination 

For all the feasible permutations of tractor tyre loading, pull, speed 

and implement draught, there are relatively few realistic alternatives 

which can be identified by introducing a number of filters, to 

eliminate mismatched solutions. First, the pull able to be delivered 

by the tractor driving wheels is composed of two parts, that due to 

the draught of the plough (equation 3.63) and that due to the rolling 

resistance of the tractor undriven wheels (equation 3.38). Combining 

these equations, the net tractive effort from the driven wheels 

(Gee -Clough, 1978) is: 

,where 

EN (Wr)n {(CT)max}n (1-e(ks)n) = [0.05 CI + 
n=1 

(9.666Va2(1-cosqop)/g)]awNb + EJ(Wf) {(CRR)f}J 
j=1 

a = ploughing depth, m 
w = furrow width, m 

Nb = number of plough bodies 
Va = actual ploughing speed, km /h 
CI = cone penetration resistance, kPa, 

= soil specific weight, kN /m3, 
(Pp = plough tail angle on the dynamic component of its 

draught, deg, 

Wf = weight on the undriven wheel, kN, 

Wr = weight on the driven wheel, kN, 

k = rate constant, 

s = wheel slip 

N = number of driven wheels 

J = number of undriven wheels 

(CT)max = maximum tractive efficiency of wheel. 

... 3.68 

The second filter, was introduced to avoid the use of a very powerful 

tractor with a allow implement draught acceptable solutions were 

restricted to those in which the net tractive effort available did not 

exceed the required draught by more than 30% (Gee -Clough, 1980, Witney 

and Eradat Oskoui, 1982). In the third filter, the tractive 

efficiency (equation 3.41) must not be less than an arbitrary 

selected, acceptable value of (nT > 0.65). The fourth filter, imposes 
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an upper limit on the 2 -WD tractor weight /power ratio of 100 kg /kW and 

the 4 -WD tractor weight /power ratio of 60 kg /kW (Domier and Willams, 

1978; Dwyer, 1978; Witney and Eradat Oskoui, 1982). 

To optimise the output of a wheeled tractor performing a draught 

operation in any soil condition, there has to be a proper match of 

tractor power, weight, speed and draught force (Fornstrom and Becker, 

1984). For a given tractor size this means that tractor weight, speed 

and draught force exerted by the implement have to be manipulated 

until the optimum operating conditions are reached. Zoz (1974b) 

produced a tractor drawbar performance predictor for 2 -WD tractors, in 

several different soil conditions. Brixius and Zoz (1976) produced a 

ballasting- speed -power recommendation for 4 -WD tractors in the form: 

W 
= 1.50/Va 

where W = dynamaic weight on driven wheels, kN 
P = total axle power available, kW 

Va = forward speed, m /s. 

... 3.69 

They quoted value of 0.13 for slip and 0.50 for coefficient of 

traction. Dwyer (1975) and Gee -Clough et al., 1982) used average 

values from field tests for the tractive performance of drive tyres in 

many different field conditions to derive a curve giving the weight on 

the drive wheels per unit of axle power to ensure operation of maximum 

efficiency, with a 10% slip and 0.40 coefficient of traction, for 2 -WD 

(equation 369b) and for 4 -WD (equation 3.69c): 

W/P = 1.33/Va 

W/P = 1.79/Va 

3.9 Mechanisation systems analysis 

... 3.69b 

... 3.69c 

In practice, the effectiveness of a mechanisation policy is determined 

by the management skill in matching the output of the power and 

machinery system to the time available at an acceptable level of fixed 
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and operating costs. The annual cost surcharge of any overinvestment 

in tractors and implements should be balanced against the timeliness 

penalties of an inadequate production system. A farm manager who 

operates primarily with owned machinery is faced with the task of 

selecting the size and number of equipment items to perform field 

operations within a given time frame. Crop yields may be reduced if 

an operation such as planting is delayed because of above average 

rainfall during the optimum planting period. Large and /or additional 

machinery ensure increased timeliness of operations. However, the 

problem is one of balancing the extra cost of additional machinery 

capacity against the value of crop yield reduction and /or the reduced 

time required to carry out a specific operation such as planting or 

cultivating. Machinery selection would be a less difficult task if 

the manager could be certain of the available number of days or hours 

to perform a particular farming operation. 

Selecting a complement of machines for a crop production system is a 

major decision facing machinery managers. It is an important problem 

because over one -third of crop production costs can be attributed to 

the operations, according to Hunt (1969). Control of these costs 

through good farm machinery management can contribute significantly to 

the improvement of profits. However, Hunt (1969) was more specific 

and argued that the collection of machinery on a farm is a system 

because it has the two characteristics of a system, ie 

inter -dependence and inter -action of its elements. He proposed, 

therefore, a systems approach to select machinery complement for a 

farm. 

Coales (1969) proposed that a farm satisfied the definition of a 

system which was presented in the May, 1967 issue of the Newsletter of 

the I.E.E.E. Group on System Science and Cybernetics: "A system is 

collection of interacting diverse functional units, such as 

biological, human, machine, information and natural elements, 

integrated with an environment to achieve a common objective by 

manipulation and control of materials information, energy and life ". 

This definition emphasises the need for the measurement and evaluation 



68 

of essential variables incorporated into the mathematical models of 

the processes which jointly govern the effectiveness of the systems 

approach. 

The fact that machinery has no optimal cropping patterns and vice 

versa is often "assumed away" by simply including the costs for 

machinery ownership as a budget item which is predetermined and 

included as one of the production input costs. This approach assumes 

that proper equipment complements have been selected, that enough 

equipment is on hand to accomplish a given field task for all field 

and weather conditions and that specialised equipment utilised for 

short periods during the year can be utilised enough to justify 

ownership. Once an hourly estimate of cost is made and included in an 

enterprise budget, an optimisation model may select a crop mix 

requiring but a fraction of the total available. Thus, machinery 

costs may be underestimated because of the low annual hours of use 

(Whitson et al. 1981; Bowers, 1975). A problem also exists when 

different equipment sizes are available for performing similar tasks. 

An individual must pre -select the equipment complement to include the 

size of equipment in order to develop a budget cost. The size and 

complement selected may be incorrect after observing the recommended 

crop acreages. Many machinery selection studies are designed to 

minimise machinery cost for a predetermined crop mix, thus eliminating 

interaction between the selection of the machinery complement and the 

specific crop mix. 

3.9.1 Machinery selection and Computer models 

Modelling a system is somewhat removed from the real world situation 

by certain simplifying constraints and assumptions that are set to 

permit the initial construction of the model. Continuing research 

allows modifications to these assumptions to produce a model closer to 

the real world. In agriculture, systems of farm machines are employed 

to accomplish animal and crop production. These systems must be 

economic and timely even though they are subjected to the constraints 

of available machinery power, and maximum available implement size, 
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labour required per operation and other lesser constraints. 

A computer model to select tractor -implement combinations requires a 

tractor's physical and geometric characteristics as exogenous 

parameters for a tractive performance model. These input variables 

include, drive arrangement '2 -and 4 -wheel drive' single or dual 

wheels, tractor wheelbase, drawbar height, rear axle dynamic load and 

front and rear tyre size (Zoz, 1972; Gee -Clough, 1980). Next, 

information is required on the soil (Witney et al. 1984). Values of 

the cone indices are intered for the soil under the front and rear 

tyres. Tractor operating conditions also are intered; these include 

the presence of drive wheel slip, and the field speed and gears being 

modelled (Dwyer, 1984; Macnab et al. 1977). They developed computer 

models to predict the effect of tractive performance and soil strength 

on fuel economy for agricultural tractors. 

Two basic models for selecting farm machinery were developed by Hunt 

(1967, 1972). The first model was a Fortran program for selecting 

optimum farm machinery width for field operations by finding the 

minimum average annual farm machinery system costs of different 

tractor power levels. The second model extended the first model by 

using parameters defined by Zoz (1972) to more precise model tractor 

performance. Many assumptions were used in the development of these 

models. Two of the most important were that the farmer knew exactly 

when the machine should be replaced and no operation was ever in 

conflict with another for a power source. These two assumptions were 

fully discussed by Scarborough and Hunt (1973). Machinery selection 

investigated by Link (1967); Chancellor (1968); Frisby and Bockhop 

(1968); Hughes and Holtman (1976) and Singh and Holtman (1979). Ozkan 

and Frisby (1981a) also developed a model using the concept from 

different prospective to select the optimum power level and matching 

implements to minimise the overall energy efficiency of a multi -crop 

farm. 

Computerised models to assist farmers' decisions with respect to 

machinery selection were used by Von De and Batterham (Batterham et 
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al. 1973). In particular, linear programming and simulation models 

have been developed to determine the possible actions that might be 

taken by the farmer. Economic models for the selection of farm 

machines, and systems of -farm machines have been outlined by Batterham 

(1973) and Batterham et al. (1973). These models were based on a 

generally accepted economic theory of investment that has been 

rigorously stated by Hirsh le i fe r (1958) . Most of the models evaluate 

varying alternatives that contribute to the economic and other 

objectives of the farmers, by taking into consideration the physical 

requirements set by the engineering characteristics of the machines, 

and by the agronomic characteristics of the crops to be grown. The 

models for the selection of farm machines used a capital budgeting 

technique. In addition to the capital budgeting technique, these 

models used an optimising algorithm (linear program). 

An optimisation model was developed by Ozkan (1979); Frisby and 

Summers (1979) to consider various aspects of energy consumption in 

crop production, based upon field work classifications, field 

operation calendar date constraints, machinery capacity relations and 

field conditions (Singh and Holtman, 1979, Singh et al., 1979). One 

application of the model was the selection of machines to minimise 

net -energy return of the farm and the optimisation of the overall 

energy efficiency. 

Careful selection and efficient use of a farm machinery system is 

increasingly important because of a rapid rise in cost of both 

equipment and fuel consumption. Crabtree (1978) quoted Nix's view at 

the 1978 Oxford Farming conference that during the period 1970 -1977 

for a 200 ha, mainly arable farm, costs had risen by 490 percent or an 

average annual increase of 23 percent., In support of this argument he 

quoted the data supplied by the Department of Industry which showed an 

average rise between 20 and 27 percent on tractor purchase prices for 

1970 -75 and 1975 -77, respectively. These price rises are around the 

same level for other forms of machinery. Like the tractor price rise 

(Crabtree, 1978), the fuelprice rise for the period 1978 -80 

considerably exceeded that for the period 1975 -78 (Fig. 3.15). 
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For 1975, Cottrell and Audsley (1976) calculated that the average 

purchase price of tractors in the British market was around £50 /kW. 

The comparable figure for 1979, showed an increase of 130% which is 

considerably higher than the ones suggested by Nix and the Department 

of Industry. In the case of the fuel costs, the price of tractor 

diesel has risen from 6.51 pence /litre in 1975 to 15.46 pence /litre 

for deliveries of 2250 litres for the Borders Region in Scotland, 

which is an overall increase of 137% in 5 years, an average annual 

increase of 27.4 percent. 

With rapidly rising costs and dwindling profit margins, there is a 

greater need to avoid machine downtime and power wastage by 

efficiently scheduling machine operations and carefully choosing 

suitable machine types and sizes in conjuction with the appropriate 

power units. This can be achieved by referring to previous personal 

experience or that of others in small farms or using different 

management aids such as published data studies and machinery 

scheduling or selection program in the case of big and more complex 

farms. Information on performance cost and reliability of different 

machines under average working conditions can be obtained from the 

Agricultural Engineering Yearbook (ASAE, 1980). Price guides are 

published in Power Farming in the U.K. and in the U.S. in the 

Agricultural press. Weather data is available directly from local 

meteorological offices or from the relevant publications. Applying 

these data, machine selection advice can be obtained from either 

simple procedures, with the aid of small calculators and mini 

computers (Hunt, 1974) or extensive selection models which required 

programming experience and main frame computers. Although access to a 

large computer is more restricted and more expensive, nearly all of 

the complex models required their use. However, in a survey made by 

Erichson (Hunt, 1974) to assess the willingness of Illinois farmers to 

use a computer assisted management program developed by him to solve 

their machinery management problems, 91% of farmers favoured small 

computers while 60% and 13% were willing to use medium and large 

computers, respectively. 
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With the world trend towards large and more highly mechanised 

agriculture machinery selection for arable farms is becoming more 

important and the need for complex models and main frame computers is 

becoming inevitable. There has been a rapidly growing interest in the 

development and usage of extensive and very detailed machinery 

selection models and computer programmes during the past decade. 

Analysing the computer procedures and type of mathematics used in 

modelling of farm machinery management problems, Nelson and Bowers 

(1968) classified the available computer programmes under seven 

categories. The classification as quoted in Nelson and Bowers (1968), 

together with more complex additions is as follows: 

a) Linear programming: 

b) 

c) 

- Programming for minimum machinery combinations 
(MacHardy, 1966a) 

A linear program for 

- 

- 

programming application (Audsley, 1979) 

Simulation 

- Simulation of expected crop returns (Sowell et al., 

1971) 

- Farm simulation with emphasise on machinery management 

(Kizer, 1974) 

- Simulation of crop yield losses from untimely 

establishment (Witney and Elbanna, 1985) 

system (Candler, 1968) 

selection of corn production 

Linear programming for vegetable processor (Wound and 

Mundell, 1968) 

Application of a linear program of corn production 

(Arndt, 1968) 

Planning an arable farm's machinery needs - a linear 

Discounted cash flows: 

- A discounted cash flow programme for capital 

investments (Brueck, 1968) 

- The annual cost of machinery calculated using cash 
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flows (Audsley and Wheeler, 1978) 

d) Computerised budgeting: 

- Optimising material handling systems by mathematical 
programming (Peart et al., 1963) 

- A Fortran programme for selecting farm equipment (Hunt, 
1967) 

- An heuristic agricultural field machinery selection 
Algorithm for multi -crop farms (Singh and Holtman, 
1979) 

- A Fortran programme for selecting 
multi- tractor -implement combination (in this study 
section 7). 

e) Replacement models: 

- A practical approach to vehicle replacement (Ayres and 
Waizeneker, 1978) 

- Application of mathematical formulas to repair cost 
data (Bowers and Hunt, 1970) 

- Dynamic programming formulation of machinery 
replacement problem with application to replacement of 

corn pickers (Sowell and Link, 1971) 

- Economic analysis of a complement of farm machines (Von 

Bargen and Hines, 1973). 

- Economic life for machinery replacement decisions 
(Peterson and Milligan, 1976) 

f) Cost records: 

- Methods for cost analysis (Kampe, 1971) 

g) Others: 

- Operating procedure to simulation farm 

planning- Monte -Carlo methods (Donaldson and Webster, 

1968) 

- Farm planning with Monte -Carlo method (Everett, 1970). 



74 

For the literature review, it is considered more appropriate to 

classify the machinery selection computer models as follows: 

a) Tractor - implement performance 

b) Tractor power selection 

c) Matching single /tractor -implement combinations 

d) Matching multi -tractor -implement combinations 

e) Crop- machinery simulation 

f) Machinery selection model for specific task weather 

g) Machinery selection model for the whole farm operation 

These models will be examined in more detail in sections (5 to 

8). 

3.9.2 Machinery selection for specific weather risk 

Risk in the outcome of alternative actions is an important element in 

farmers decision making. The uncontrolled nature of weather makes it 

necessary to use probabilities to determine the risks associated with 

each action a farmer might consider. To determine the suitability of 

alternative farm machinery systems in a given climatic region by means 

of a machinery program, it is desirable to simulate the outcome of a 

crop production programme using weather data from past years for each 

machine system. Thus, it is very important that the data has been 

collected as a result of previous research work to facilitate the 

simulation of crop yield losses Appendix 1 (Witney and Elbanna, 1985). 

However, Batterham (1973) used probabilities distribution rather than 

summarised into averages. 

Some farmers' machinery purchasing patterns have tended towards 

aquiring bigger machinery capacity than apparently, can be 

economically justified. Yet this investment, as a type of insurance 

against untimely field operation, has been quite profitable for many 

reasons. In order to describe the relationship between timeliness and 

machine reliability, agronomists, engineers and economists developed 

the coefficients and analytical tools commonly used for machinery 
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analysis (Hunt, 1971; Parsons et al., 1981; Simons, 1979). Farm 

managers who wish to reduce the risk associated with weather use more 

machinery in order to increase confidence of accomplishing a given 

task on time and so increased investiment in machinery. The optimal 

crop strategies also shifted to crops, which required fewer available 

hours to perform field task. Leasing machinery and equipment and 

increasing the use of custom operations would be another option 

available to a producer who wanted to complete a field task during a 

critical time period. It would be more advantageous for a manager to 

plan for a lower level of timeliness of field operations and lower 

crop yield in years of poor weather than to incur the additional fixed 

costs associated with maintaining what is, in many years, an excessive 

investment in machinery. Further, it could be hypothesised that small 

farms have greater machinery capacity, at higher costs, due to the 

individual sizes of machinery. This small procedure with 1400 ha or 

less might face less weather risk than a large producer because of 

having excess equipment on hand. This situation might explain 

differences in crop mixes between small and large farm operations 

(Bowers, 1975; Whitson et al., 1981). 

However, when a particular agricultural practice is performed, there 

is a certain amount of useful work that must be accomplished. The 

useful energy required for this work should be the same, regardless of 

how the particular task is performed. Excess energy might be used if 

the task is inefficient as might be the case with poor operation or 

management. Useful energy required for a practice remains constant and 

this is the basis for comparison within a model (Bridges and Smith, 

1979). 

Since weather varies from year to year, the optimum machine size will 

normally be one which minimises cost over a period of years. An 

analysis of combining costs completed by Russell (1969) provided an 

estimate of optimum time for completing combining associated with 

minimum cost. Russell and MacHardy (1970) reported that grain 

harvesting in Westerm Canada is a weather dependent operation. The 

slower an individual farmer completed his combining the greater was 
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the risk that adverse weather will cause a yield or grade penalty on 

unharvested acreage. To reduce the risk of penalty, the farmer may 

speed harvesting by purchasing a large combine. However, in buying a 

large machine, the farmer then has a larger capital cost write -off 

each year. It was shown that there was a linear approximation for the 

fixed costs of the combine and, as penalties increased, the large 

combine became more favourable. As fixed cost increase, the smaller 

combine became more favourable. The penalties may be added to the 

fixed cost of the appropriate combine capacity to give a total fixed 

and penalty cost per acre for the particular combine capacity or 

harvesting time period. If operating costs per acre for the combine 

capacity are constant and fixed costs are linear with respect to 

capacity, the cost -time curve calculated will be independent of 

acreage (MacHardy, 1966a, 1966b). 

An operation analysis is an evaluation of the effects of many 

activities performed (Fig. 3.16) by the man /machine combination in 

performing field operations. Von Bargen and Cunney (1974) measured 

the ratio of the effective and theoretical reliability performance of 

machine in specific field operations. They classified machine 

activity ratios for farm machinery into productive and non -productive 

categories. Field efficiency has been used as primary measure of 

machine productivity during field operation (ASAE, 1972). 

Most techniques for farm and machinery planning in the autumn use the 

concept that a certain number of hours will be available for a task. 

This is a simplification which is necessary to make the calculation 

feasible, but neglects two factors. First, the number of hours 

available each year ranges from very few to very many workable hours. 

The penalty for not completing the task is frequently high and obvious 

(e.g. field not planted, but the penalty for completing the task too 

quickly, which means having too much machinery, is less obvious. 

Between the extremes there is an optimum level of machinery. Second, 

the state of the ground ranges over the autumn season from definitely 

workable to definitely not workable. Working on wet soil may cause 

compaction and loss of yield and farmers have to decide whether to pay 
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this penalty or wait. If the conditions improve, then he was right to 

wait; if conditions further deteriorate, he has to pay the higher cost 

of not completing the task (Audsley, 1984). 

The interaction between weather risk, machinery complement selection 

and crop mix in order to maximise return to the farm's field resources 

was illustrated by Hughes and Holtman (1976). They utilised a 

simulation model to evaluate alternative machinery systems which would 

meet predetermined machinery requirements. Alternative tractor sizes 

and associated equipment were evaluated in order to select a machinery 

system that was best in terms of capital cost, energy consumption, 

labour and annual costs. They found that many machinery combinations 

had to be examined in order to select the best one for a given number 

of field operations and no interaction between crop mix and machinery 

complement was allowed. 

3.9.3 Tillage- machinery selection systems 

Energy efficiency is the ratio of energy output per unit of energy 

input. It is probably the most straightforward criteria for the 

evaluation of a production system from the energy point of view. By 

calculating energy efficiency, one can easily compare the utilisation 

of energy to produce various crops. However, energy can be 

misleading. A system with low energy efficiency may be more desirable 

than one with higher efficiency if the second system required large 

quantities of scarce resources. In order to eliminate undesirable 

results "such as decreased yield ", the entire production system must 

be analysed to improve the net energy return. Ozkan and Frisby 

(1981b) reported no return level and matching implement on an energy 

basis. In order to maximise the overall energy efficiency of 

multi -farm, with soybeans, wheat and alfalfa the highest overall 

energy was produced with the 70 kW tractor and matching implements. 

Increasing the power level beyond 70 kW did not increase net energy 

return. 

The amount of energy used in agricultural production depends on many 
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factors. The total energy input of a particular practice not only 

includes the fossil fuel used, but also energy used in manufacturing, 

marketing and repairing equipment as well as the annual labour 

required to perform the operation. In 1976, development was begun on 

a simulation model (Loewer et al., 1977) which assesses alternate 

strategies of energy and capital as constraints. Many energy 

determinations or approximations are presented in the literature. 

Average values showing energy level of various farming operations used 

for corn production are presented by Pimental et al. (1973). The 

energy requirement of fuel consumption values for various practices 

were presented by White (1974); Bridges and Smith (1979). 

The rotary cultivator has become popular as a primary cultivating 

machine in many parts of the world in direct competition to the 

traditional plough, in spite of its generally higher power 

requirement. Early studies of the power requirement of a rotary 

cultivator with spring -loaded tines and with the more commonly used 

models with rigid blades were carried out using scale models and 

working in soil -bath (Ghosh, 1956, Wolfe, 1958). During 1954 -1955, 

Ghosh (1956) first studied the performance characteristics of a scale 

model followed by a full -scale machine under different field 

conditions. A number of investigations have since used Ghosh's model 

(Söhne, 1957, Söhne and Thiel, 1957; Beeny and Greig, 1965). These 

include a study of the effect of blade or tine width and the blade 

pitch at different forward speeds on power consumption, measurement of 

power or torque under various working conditions and the expression of 

power requirement in terms of specific work or as a function of 

working speed and depth. They reported a decrease in torque of 20 -40% 

by a reduction in speed from 200 -400 rev /min. 

Cereal experiments were started to compare the performance of various 

tillage at a number of sites over several years (Patterson et al., 

1976; 1977). The main results as follows: 

a) traditional ploughing had a lower output than other 

techniques when compared on heavy soil using the same 
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tractor; in addition, ploughing often led to cloddier 

seedbeds, 

b) complete burial of surface trash was preferable but not 

essential for both weed control and ease of drilling, 

c) cultivation to a depth of more than 100 mm was not 

beneficial, 

d) the application of tractive power on heavy soils could 

be inefficient and often led to soil compaction and 

smear. 

These results identified the benefit of developing a power take -off 

driven machine which would eliminate the problems of draught. 

However, the design would also have to provide a good degree of crop 

residue incorporation, cultivation to a depth 100 mm and have a work 

rate on heavy soils well in excess of the traditional plough. 

Chamen et al. (1979) tested a power take -off driven machine which gave 

an output of approximately one hectare per hour on heavy soils with a 

56 kW tractor. The rotary digger, using a bite length 250 mm, 

provides a coarse tilth which because it is open to frequent wetting 

and drying cycles, tends to weather quickly. While complete soil 

inversion has not been achieved, the degree of incorporation of crop 

residues has been satisfactory. The optimum design to achieve this 

250 mm bite length was a rotor of radius 380 mm having 4 -L shaped 

blades on each flange. This kept power requirement to a minimum. 

Chamen et al. (1979) reported from continuous cereal growing 

experiments that there was no significant difference in yield between 

the rotary digger and other techniques over a period of 4 years. 

This machine drew between 80% to 100% of its power from the tractor PTO 

and had the potential for reducing tractor costs and achieving a 

greater efficiency in the field than a draught implement. 

Conventional tillage and seedling machines have been employed to 

accomplish the renovation of grass fields (Evans et al., 1976). A 

disk harrow or field cultivator can be used to disturb 40% to 60% of 

the sod for sowing clovers and 80% to 100% of the sod for sowing 
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alfalfa. Several trips over a grassfield are required with one or 

both of these tillage tools, and the field surface is usually quite 

rough as a result of this kind of tillage. The tillage has to be 

followed by chain drag harrow or some other surface smoothing tool to 

smooth the seedbed. 

A research program (Taylor and Smith, 1965) was carried out to respond 

to these problems and this research resulted in the development of 

unique tillage system (Smith et al., 1968; 1973). This power tillage 

system was incorporated into an experimental grass land renovator 

which accomplished tillage, seedbed preparation, seed placement in one 

trip over grass field. The power tillage system was designed to 

operate on rough, rocky terrain such as is prevalent in many grassland 

situations. With the rapid increase in energy costs and with the 

present threat of energy supply interruptions, these tillage schemes 

are being investigated from an energy conservation viewpoint. In 

fact, several energy analyses of reduced tillage practices have been 

conducted in the last couple of years (Allen et al., 1977; Vaughan et 

al., 1978; Clark and Johnson, 1975; Nalewaja, 1974). In most cases, 

energy is conserved by using reduced tillage practices, although the 

amount of energy saved is small when compared to overall energy used 

in crop production. 

The energy measurements on the various implements provided a basis for 

selection of implements and cropping rotations. No -till, or some 

combination of minimum tillage and chemical weed control, offered 

potential savings in the field -applied energy for dryland wheat. 

These energy savings are attainable by substituting chemical and weed 

control for mechanical tillage where practical and by reducing the 

amount of high- draught tillage with implements such as the mouldboard 

plough and disk (Smith and Fornstom, 1978). 

3.9.4 Tractor selection 

Over the past two decades, the average power of farm tractors has 

steadily increased. It has been projected that in 1985, 35 percent of 
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tractor sales will be for tractors which have 140 hp or greater. As 

the power increased all -wheel drive systems were developed to 

efficiently utilise this power (Burt et al., 1978). There is a 

widespread belief that the power of a tractor has an effect on its 

optimum form. It is often asserted that below a certain figure, 

usually 65 hp, the highest power for which cheap two -wheel drive 

tractors happen to be available, the two -wheel drive tractor is best 

and above this power the four -wheel drive is required (Reece, 1967). 

He concluded that, thrust is partly proportional to weight and to tyre 

contact area. As rolling resistance grows with weight and depends on 

tyre contact shape, it also remains in proportion. Slip would tend to 

grow with increasing size as it depends on the ratio of contact length 

to fixed soil parameters, and load transfer has been shown to be 

important but there is no reason to suppose that it is any less 

effective as tractors get bigger assuming implements grow in size 

proportionately. 

There has been a steady increase in the power of new tractors, the 

average having risen from about 20 hp in 1964 to about 55 hp in 1971 

(Osborne, 1971). The indications are that this trend will continue 

and there is a growing demand for tractors of 100 hp. The demand for 

high powered tractors has been created by the increasing cost of 

labour and the amalgamation of farms into large units. As tractor 

power size increased, the design became more complex. In a study in 

Oklahoma, Bowers (1980) found that in 1953, a tractor with 25 kW at 

the drawbar was considered to be a big tractor. By contrast, in 1972, 

37% of the farm tractors sold in that region were rated at 80 kW PTO 

power or greater. The economic climate in the U.K. is encouraging a 

similar trend towards large tractors but the problems of tractor power 

has received much less attention in this country. The lack of 

interest is mainly attributed to the following reasons (Witney and 

Oskoui, 1979). 

a) marginal cost of extra engine capacity is low, 

b) there is little objective data on soil compactability, 

c) there is over -sensitivity to bad weather. 
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The demand for high powered tractors has affected the pattern of 

engine design and high power density engines (high power in a small 

package) have been developed by the introduction of turbo -charging and 

intercooling systems. High power density engines also retard the rate 

of engine cost increase (Kress and Koenigsaecker, 1976). 

In order to compare systems, the tractor size selection must be based 

on a practical method that relates power to the farm energy 

requirements. Bowers (1980) suggested that the late 1974 prices on 

large tractors could be divided into size and type categories as 

follows: 

a) two -wheel drive from $180 /hp for 100 hp tractor to $150 /hp 
for 175 hp tractor, 

b) four -wheel drive from $200 /hp for 150 hp tractor to 

$175/hp for 300 hp tractor. 

These prices per horsepower were based on the actual cost to the 

farmer and with a typical complement of accessories such as cabs, air 

conditioners, etc. 

The justification for the larger tractor is thought to be labour 

saving and timeliness. When selecting the tractor for a single main 

power unit operation, some caution must be used in choosing the 

optimum size. Hunt (1972) examined the problems associated with 

selection and management of big tractors based on a mathematical model 

of tractor performance as a constraint, in addition to existing 

economic operational and power constraints. Witney (1983), Witney and 

Eradat Oskoui (1982) and Witney et al. (1984) demonstrated the 

feasibility of a comprehensive computer model for the selection of 

economically -viable tractor -plough combinations, by predicting 

traction, plough draught and available workdays for a given climate 

and soil type within machinery, labour and timeliness penalty cost 

framework. 

Although, farmers tend towards big tractors to reduce their yield 



83 

losses, they do not always consider the economic justification for 

their decisions. On some occasions, a small or medium tractor can be 

more reliable and useful than a large one, but complexity of the 

choice can not be resolved without recourse to some form of selection 

program. In this study, two approaches are adopted for the selection 

of optimum fleet size and the number of tractors with different field 

operations for a given area and time. The basic selection of a 

farm -tractor for tillage operations may be justified by: 

a) prediction of draught of different implements 

b) prediction of tractor drawbar pull for each implement 

c) matching a single tractor - implement combination 

d) estimation of tractor -implement combinations required 

to perform the job for a given area and time 

e) consideration of soil workability days to set the 

correct time required 

f) estimation of tractor -implement combination costs 

for each operation 

g) calculation of timeliness costs 

h) determination of total field operation costs 

i) selection of the best combination for power and 

fleet size. 

3.10 Cost of mechanisation system 

While profit maximisation or cost minimisation are not the only 

management criteria for the evaluation of a farm enterprise, 

identification of the different cost items is essential for the 

economic appraisal of any system, and a farm machinery system is no 

exception. Farm costs can be classified into two groups namely, cost 

of machinery and the timeliness penalties (see section 3.2) 

Machinery costs are directly associated with the farm machinery system 

and are usually divided into two categories, fixed and variable costs. 

Variable costs increase proportionally with the amount of operational 

use given to the machine, while fixed costs are independent of use 
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(Hunt, 1956). Chancellor (1968) further subdivided the variable costs 

into energy costs and time costs. Energy costs are in direct 

proportion to the amount of work done by a machine or a tractor 

regardless of its size. Included are fuel, lubrications, all 

maintenance and repairs, and the proportion of the depreciation 

associated with the obsolescence of the tractor use. Time costs which 

are directly proportional to the number of hours the tractor operates, 

regardless of its size. He used the conventional definition for fixed 

costs (Hunt, 1956). The main item in these categories is the 

operator's wage, in this study, the usual classification under two 

groups of fixed and variable costs will be used. 

Fixed costs 

Fixed costs are those items of agricultural machinery expenditure 

which do not change through variation in the amount of the machine 

used. Identification and prediction of these costs are easier than 

variable costs. The fixed cost items can be analysed as: 

initial capital depreciation; 

insurance; taxation; 

shelter; inflation; 

interest and investment. 

Variable costs 

Variable costs are more difficult to identify and evaluate than fixed 

costs. The term 'availability cost' has also been used to identify 

this group of farm mechanisation costs (Kolarik et al. 1979). Various 

definitions have been proposed by different authors. Hunt (1956) 

defined the variable cost of a farm machinery system as "those costs 

which increase proportionally with the amount of operational use given 

the machine ". He categorised the cost of fuel, lubrication, daily 

servicing and maintenance, power and labour (operator) as dependent on 

the use of the machine and the two other cost items, depreciation and 

cost of repairs, as functions of both use and the calendar -year time. 
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Kolarik et al. (1979) used a similar definition for availability 

costs. They quoted: "availability costs are those costs directly 

associated with the availability of a system ". They used a similar 

classification to Hunt (1956) but excluded the depreciation and added 

repair and timeliness costs to their list of variable costs. In this 

study, the variable cost of a mechanisation system will be reviewed 

under the following categories: 

fuel costs; 

repair costs; 

3.10.1 Purchase decisions 

labour cost; 

maintenance costs. 

Investment decisions are among the most critical of the management 

decisions that farmers have to take. Their importance emanates from 

a number of factors. Typically, they involve the expenditure of a 

large sum of money; it may be both difficult and costly to change the 

decision once taken; some farmers make such decisions infrequently and 

thus experience is only gained in the long -term; and the results of 

investment decisions are usually realised over a relatively long 

period of time. Therefore, the time performance which decision makers 

have for income or consumption must be considered, and the element of 

uncertainty concerning return on investment is enhanced. It is 

unusual for an investment to be exclusively associated with a single 

farm machine and, instead, it often forms an integral part of a wider 

investment in a farm machinery system. An analyst, with a call on 

computing facilities, would therefore be an essential tool for farmers 

considering an investment decision. The analyst could use an 

appropriate model to specify several investment and financing 

alternatives for a farm machine or farm system, in terms of the 

decision makers' requirements and perhaps in terms of opportunity 

costs. 

Tractor and implement purchases take place within the context of 

commercial decision -making and frequently influences the accumulation 

of capital equipment. It clearly should be categorised as industrial 
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purchasing rather than as final consumer buying. Farmers' purchase 

behaviour is thus closely bound up with the purchaser's reactions to 

and evaluation of, such elements of the marketing mix as the technical 

characteristics of the product and after -sales service. Negotiations 

and bargaining within rather strict economic guide lines are also an 

important feature of accounting for such behaviour. Analysis of final 

consumer behaviour differs in that they emphasise the social and 

psychological influences which shape buyers' decisions. It is 

worthwhile mentioning some of the peculiar features of farmers' 

purchase decision processes (Foxall, 1979). These have been described 

by the manager of a large tractor manufacturing company, (Barton, 

1972) as: 

(i) the lag between movements in farm income and the 

purchase of farm durables may be up to sixteen 

months, since prices are fixed annually with the 

result that farm incomes are not sensitive to 

change in the rate of inflation, 

(ii) the decision to buy machinery is a very personal 

one and farmers like to deal with someone they 

know, especially when credit is involved, 

(iii) the purchase of farm machinery represents a 

capital investment whose success will be judged 

mainly according to its contribution to farm 

output, 

(iv) farmers are highly suspicious of advertisers' 

claims of "extrovert marketing" which is believed 

to hide deficiencies in the product, 

(v) farmers demand a particularly high standard of 

after -sales service. 

The capital investment is proportional to the size of the machine. 
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The purchase prices of tractors are linear functions of their engine 

power (Hunt, 1963; MacHardy, 1966a; Witney and Eradat Oskoui, 1982). 

The analysis of prices of tractors for the year 1975 by Cottrell and 

Audsley (1976) identified the price of added ballast in the general 

form of the tractor price equation: 

PPT = at + be(PTO) + cb BT ... 3.70 

where at, be and cb = coefficient constants depending on the 
currency and units used, 

BT = additional added weight (Ballast) to the 
tractor weight, ton, 

PTO = tractor power take off power, kW, 
PPT = tratctor purchase price. 

Although the coefficients of the equation can vary from one year to 

another and from one country to another, the availability of 

up to -date data from most of the manufacturers during different years 

and in different countries justifies its use. However, some 

adaptation to extend the validity of equation 3.70 over a longer 

period of time is possible (see section 6.1). 

The purchase prices of ploughs were correlated with the width of the 

ploughs and the square root of the ploughing speed. The prices of 

chisel ploughs were also correlated with widths and speeds. The 

purchase prices of rotary diggers were found to correlate with a cubic 

term of their power input and a linear term of their width (Cottrell 

and Audsley, 1976). However, Witney and Eradat Oskoui (1982) 

presented the purchase price of the mouldboard plough as a linear 

function of the number of bodies. 

Many agricultural economist suggested that the U.K. farmers have many 

more tractors than they require, and it may be that if tax allowances 

had not been so generous, this would not have been the case. It may 

be that the Chancellor has solved the problem of over mechanisation by 

cutting tax allowances. Interestingly, sum 75% of Massey Ferguson 

tractors sold in the U.K. market in the first half of 1985 were leased 

(Jewett, 1985). This suggests that farmers are not looking for 75% 



88 

tax allowances to set against excessive profits or it may be that they 

just like cheap money. It seems that the probability is that U.K. 

farmers are significantly "overtractored" and this could well continue 

to be the case. Certainly personal experience indicates that many 

farmers could manage with fewer tractors, especially if they were 

prepared to make more extensive use of contractors, share ownership, 

make small modifications to their farming system and use matched 

equipment for the tractors retained, and these are all steps which 

should be considered if reducing machinery costs is a desired 

objective. 

A wide variety of choice in additional tractor models is available to 

the U.K. farmers, the majority being produced by the 

'multi- nationals'. Most manufacturers offer a range of sizes in 2 and 

4 wheel drive tractors, with variations available on a standard 

specification, for instance live and independent PTO., cross or radial 

ply tyres, PAVT wheels, pick up hitches, spool valves, etc. 

Experience suggested that, by and large, these machines are well tried 

and tested products, with similar technical specifications and 

reliability. They should be, since development has taken place over a 

long time and the original Harry Ferguson patents have run out. A 

power Farming survey 1985, in Jewett (1985), indicated the main 

factors in order of priority for buying a tractor: 

(i) performance 
(ii) ability of the dealer responsible for selling, 

(iii) value for money, 

(iv) equals a) dealer proximity, b) specification, c) the 

fact that the farmer had owned the same make and a 

similar model before 

Economic theories suggested that an important variable influencing the 

demand for a commodity is the price of close substitutes. In this 

case, the most obvious close substitute to a used machine is a new 

machine. Where capital is not limiting, the degree of 

substitutability between the two is determined by the relative 

technical and functional obsolescence, used machine reliability, and 

income tax considerations (investment credit and fast depreciation 
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methods). Schoney and Finner (1981) reported that the degree of 

substitutability is assumed to be a function of machine age. Thus, 

the salvage value is expressed as a sole function of two variables: 

current new list price of the closest new substitute and the calendar 

age of the used machine. Although many other variables may affect the 

value of used machines, it is assumed that the current list price of 

the most comparable new machine is the primary determinant of used 

machine prices. 

Other items of fixed costs, such as insurance, taxation, interest on 

borrowed capital and the effect of inflation are direct functions of 

the size of the machinery and indirect functions of management 

policies. These costs can easily be predicted with a consistently 

high level of accuracy and accounted for in the machinery cost 

calculations. Audsley and Wheeler (1978) included these items in the 

calculation of the present annual cost farm machinery. Shelter is the 

only item of machinery fixed costs for which quantitative evaluations 

and economic justification is not yet clarified. Hunt (1956) stated 

that shelter can improve the expected useful life of machinery and has 

a constant retarding effect on the average annual estimated repair 

expenses. He suggested that the annual cost of a typical shed could 

amount to 1% of the original purchase price of the machine. The use 

of cheap shelters, such as empty grain stores, driveways or unused 

animal sheds can reduce the annual cost of shelter to as low as c.5% 

of the machine purchase price. This cost is not usually accounted for 

in machinery cost calculations and selection programmes and is assumed 

to be constant. 

3.10.2 Depreciation 

Depreciation, often the largest cost of a farm mechanisation system, 

is the reduction in value of the machine through the usage of the 

machine and the passage of time, whether used or not. It can be 

calculated from the value of the machine at the beginning and end of a 

given year, but for a selection programme, when the machine is not yet 

purchased, it is necessary to develop a method of predicting the 
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estimated value of the machine at the end of a given year. Hunt 

(1956) summarised the methods available in the USA for the evaluation 

of the depreciation of agricultural machinery. 

The straight line method is the simplest approach. Annual 

depreciation is calculated by simply deducting the salvage value of 

the machine from the actual purchase price and dividing by the number 

of the years, the machine is owned. The depreciation rate calculated 

by this method is constant for every year. 

In the declining balance method, the depreciation for a given year is 

the difference between the remaining value of the machine at the 

beginning of the year in question and the previous year. The 

depreciation is different for each year in the life of the machine. 

Using the sum of the years- digits method, the depreciation for a given 

year is calculated by substracting the age digit of the machine from 

its estimated life dividing by the sum -of -years digits and multiplying 

that by the difference between purchase and salvage values. 

The sinking fund method, according to Hunt (1956), considers the 

problem of depreciation as one of establishing a fund which will draw 

compount interest. Uniform annual payments to this fund are of such a 

size that by the end of the life of the machine, the fund and their 

interest have accumulated to an amount which will purchase another 

equivalent machine. He recommended that this method approximates to 

the actual depreciation of the equipment with slow and fast 

depreciation rates for the early and final years of the machine's 

life, respectively. This method was adopted by Audsley and Wheeler 

(1978) in the development of a machinery costing programme which is 

utilised in the current study. 

3.10.3 Resale value 

To estimate the cost of depreciation, it is necessary to know the 

purchase price (as opposed to the manufacturer's list price) and the 
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expected resale value. Purchase price is a matter of record, resale 

value, however, depends upon the market for used machinery and is not 

the salvage value of 10 percent usually assumed for tax purposes. In 

a Michigan State study, Peacock and Brake (1970) were able' to predict 

the trade -in value of certain machines based on the age of the 

machines. They used both linear and logarithmic forms and found that 

either form gave satisfactory answers. Using the logarithmic form 

expressed as a power function gives the equation: 

SN = As(Bs)N ... 3.71 

where As and Bs = coefficient constants depend on the machine type; 
N = machine age, years; 
SN = resale value, as percentage of purchase price. 

From the available information in USA and UK, Audsley and Wheeler 

(1978) divided farm machinery into 7 groups. The values of the 

coefficients, As and Bs, are given in Table 3.5 and are used in this 

study. 

Schoney and Finner (1981) showed that commonly, accepted estimates of 

remaining or salvage machine value could be expressed by equation 

3.71. However, they stated that their coefficients, As and Bs, and 

the accumulated use value, X, were estimated in times of little, but 

some, inflation (ASAE, 1978), as strongly inflationary forces persist, 

the impact of inflation on machine values should be considered. They 

suggested the current value of a used machine based on current list 

prices. It remains to establish the future used value of a current 

new machine. Where the relationship between new and used machine 

prices is relatively stable over time, then the future salvage value 

for investment analysis is a function of the new machine list price 

and sale age in years. They showed that, the sinkage between current 

list prices and future salvage value is established through the effect 

of inflation on new machine list prices. If the list prices of new 

machines appreciate at constant annual rate, then the future salvage 

values may be expressed by form: 

(SN)f = f[PP(1 + an), N] ... 3.72 
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where an = annual appreciation in new machine, 
PP = list price of a new machine, 

(SN)f = future salvage value, at the end of Nth year. 

3.10.4 Repair costs 

Repair cost, the most important and the most difficult to assess and 

predict, is that part of machine costs which is associated with the 

unplanned replacement, amendment or adjustment of parts of a machine 

which will bring the system back into operation. Boyd and Dickey 

(1949) as quoted by Puzey and Hunt (1966) stated that: repairs are 

those normally required to keep an asset in an efficiently operating 

condition. Repair costs may be considered as being composed of two 

parts. The first is the cost of a repair including the cost of labour 

and parts and the second is the cost of delay in the field operation 

due to machine 'down time'. Emphasis will be given to the actual cost 

of the repair, and the second part (down time cost) was included in 

the timeliness penalties cost. Repair costs are affected by initial 

cost, type and quality of the machine, number of hours of annual use, 

age of machine, proficiency of the operator, inspection, maintenance 

and service frequency, type of terrain, type of crop and crop yield. 

Despite the complexity of the problem, the mathematical prediction of 

repair costs and the probabilistic prediction of the frequency of 

occurrence of a breakdown have been approached by many researchers. 

Puzey and Hunt (1966), in a study of the data made available by 

farmers interviews, Illinois Farm Bureau Farm Management Service and 

data study by Mueller and Wilken (1963) examined the possibility of 

developing repair cost patterns for key components of farm machinery. 

They hypothesised that the restoration expenses of machinery 

components are due to four causes of random events, management 

failures, transportation and accumulated wear and suggested that the 

repair costs pattern of a component due to accumulated wear in a 

static operational environment as related to accumulated use should 

have the appearance of a stairway with identical steps at the origin. 

Chancellor (1968), from the examination of data for California, Malaya 

and East Africa, concluded that the repair costs of farm machinery are 
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a function of their new price, engine power and hours of use. Laing 

and Link (1970) used the seven standard equations (developed by Larson 

and Bowers (1965) and reported in the Agricultural Engineers' 

Yearbook) to develop a preventive maintenance scheduling programme. 

The general form of the equation is: 

Re = ar(X)br ... 3.73 

where ar and br = coefficient constants, greater than 0; 
X = total accumulated use hours to lifetime hours, %; 

Re = accumulated repairs, % of lists price. 

Bowers and Hunt (1970) analysed the data obtained from a survey of 

1,600 Illinois and Indiana farms in order to develop mathematical 

relationships between farm machinery costs and pertinent variables. 

They used a computer programme to produce least square regression for 

linear quadratic and cubic equations to express repair rate functions. 

The correlations were sought between the total accumulated repair 

costs, percent of life of the machine at the point for which the costs 

are calculated, initial list price of machine and other pertinent 

variables for several different types of farm machinery. The best fit 

equations were linear for discs, quadratic for tractors and cubic for 

the rest of the farm machinery. Correlations were significant but as 

the coefficients were affected by climate, soil type; operating 

conditions and quality of operator, the world wide application of 

these equations is questionable. However, equations, similar to Liang 

and Link (1970) equation's also were fitted to Kansas Survey data by 

Fairbanks et al. (1971) and good correlation were obtained. 

Information on farm machinery repair cost patterns for the UK is very 

limited and collection and analysis of the data in this field has 

received very little attention. Gill (1971) examined the data 

collected for 92 tractors, 57 self -propelled combines and 51 PTO type 

balers from 81 farmers in Hampshire, Berkshire, Oxfordshire and 

Buckinghamshire for the period 1964 -68. Correlations were sought 

between age of machine, year's work, accumulated work, accumulated 

repair costs and previous year's costs for tractors, combines and 

balers. For the tractors, accumulated work was responsible for most 
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of the variations (16 %) in the annual repair cost. For combines, the 

variable 'previous year's repairs' accounted for most of the 

variations (26 %) in the repair costs and for balers, as for the 

tractors, the single variable responsible for the variation in the 

annual repair costs was 'accumulated work'. The best fit equations 

were generally in the form: 

Ln(Rc) = ar Ln(X) + br ... 3.74 

The wear -out life used in total accumulated repair cost equations was 

12,000 h. This was a nominal value, selected for consistency with 

data obtained (Bowers and Hunt, 1970; Hunt, 1971; ASAE 1972; ASAE 

1975; Hunt, 1974). The high values of accumulated repairs at an 

accumulated use of 12,000 h (viz 259% and 284% for 2- and 4 -wheel 

drive tractors, respectively) suggested that the real wear -out life of 

tractor is somewhat less than 12,000 h. However, Ward, et al. (1985) 

stated that a total accumulated use of 65% (8000 h) is a more 

realistic estimate of the actual wear -out life of tractors. The 

wear -out -life and repair coefficient values for different tractor and 

implement groups as presented by Audsley and Wheeler (1978) are given 

in Tables (3.2 and 3.4), respectively. 

Ward et al. (1985) presented repair costs for 2- and 4 -wheel drive 

tractors which were higher than previously estimated. After 6000 h of 

use, a 2 -wheel drive tractor has an accumulated repair cost equivalent 

to 70% of the original purchase price, while the nearest estimate from 

other sources was 46 %. In addition, 4 -wheel drive tractors were found 

to have marginally higher costs than 2 -wheel drive tractors. This was 

in direct contrast to other sources. It was concluded that the 

inclusion of this data in system cost models would result in a 

reduction in the accumulated tractor replacement age and an increase 

in overall system costs. 

ASAE (1980) on repair and maintenance costs were highly variable and 

unpredictable as to time occurrence. Surveys of accumulated repair 

and maintenance costs are expressions based on the accumulated use do 
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show consistent trends. Repair and maintenance are expressions based 

on the accumulated use of the machine and are set to be equal to the 

accumulated repair and maintenance divided by list price. The 

accumulated, X, in equation (3.73) is given for tractors as the 

accumulated hours of use divided by 1,000. For implements used 

accumulated hectares divided by 1,000. Correlation coefficients in 

Table (3.5) for equation 3.73 fitted with the new method were 

generally, 0.90, which is better than the 1970 data (ASAE, 1975). 

Other variables examained were load, soil type, housing, maintenance, 

crop and weather, but no quantitative relationships were obtained. 

Hunt and Fujii (1976) analysed eight years data collected from 45 

Illinois farms which included 740 tractors and implements. They 

reported the results in two percentages to evaluate the magnitude of 

the repair costs and frequency of their occurrence. The first 

percentage was based on the average annual repair and maintenance 

costs and the second percentage was based on the number of failures. 

They provided useful information on the cost and frequency of 

machinery breakdowns but were unable to suggest quantitative 

prediction equations. 

Attempts have also been made to predict the frequency of the 

occurrence of failures in a particular component. Hunt (1971) 

examined the data collected from 1963 Indiana and Illinois soyabean 

farmers in order to obtain a criterion for the prediction of the 

reliability of tractors and combines decreasing with accumulated use 

and the age of the machine and concluded that an average farmer in 

this area has a 50 -50% chance of getting through the season without 

having a breakdown. This chance is even lower for complex harvesting 

machinery (25 -75 %). Despite the existence of the slight correlation 

between breakdown frequency and accumulated use and the age of the 

machinery, he suggested that breakdowns are highly random in nature. 

The quality control practices of manufacturers and management skills 

of the farmer also influenced the probability of occurrence of a 

breakdown incident. Another study of this phenomenon was carried out 

in Central Illinois by Hunt and Fujii (1976) in order to predict a 
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farm workshop inventory. From the foregoing review of the literature 

it is evident that there is no complete solution for the prediction of 

repair costs. The use of standard procedures suggested by ASAE (1980) 

are therefore the best available. Inevitably they introduce errors 

through applying data collected in one area to completely different 

environment. 

3.10.5 Service and Maintenance costs 

Service and maintenance costs are those items of machinery costs 

associated with keeping an asset in an operating condition and helping 

to maintain its efficiency or that of the workers who use it. Such 

expenditure includes cleaning, oiling, greasing, painting and similar 

items of maintenance carried out during machine ownership life as 

defined by Boyd and Dickey (1949) and quoted by Puzey and Hunt (1966). 

Maintenance costs are usually regarded as part of the combined 'repair 

and maintenance' costs and seldom calculated separately. Liang and 

Link (1970) used the term "preventative maintenance costs" which in 

nature is more a repair cost than a maintenance cost and defined it as 

those costs associated with the repair and replacement of those 

elements of the machine which are likely to break down in the very 

near future. This is a useful practice if the probablity of the 

breakdown of an element in the middle of a very busy season is too 

high. Maintenance costs are calculated by accumulating the amount of 

cost required to complete an estimated number of maintenance jobs. 

The number and nature of these jobs are usually obtainable from the 

manufacturers' instruction manuals. Tractor maintenance items have 

been identified and fully studied on sixty tractors by Webber (1958). 

This cost is insignificant when compared with other machinery cost 

items and can be neglected (Hunt and Fujii, 1976). 

3.10.6 Fuel and Oil costs 

The need for applying better economic judgement to alternate solutions 

of farm production problems has naturally focused more attention on 
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the subject of farm fuel type and fuel cost. Today the farmer must 

choose between three tractor fuels: gasoline, diesel and LP -gas. For 

the large enterprise particularly, differences in the total cost of 

owning and operating these three engine types can be large enough to 

substantially affect production cost and profit. However, selection 

of the most economical type is difficult, since costs of both 

ownership and operation can vary widely between tractor types and 

between different farms. Fuel costs are strongly dependent on the 

size and variation of tractor power as well as being a function of 

hours of utilisation. The type of fuel used has also an influence on 

the cost of fuel required to complete a given task. 

Pfundstien (1960) in a study to compare the effect of varying fuel 

type on the overall cost of tractors. He developed a set of summary 

tables by means of which costs of three tractors using gasoline, 

liquid petroleum and diesel would be compared. Costs factors affected 

by fuel type were, tractor size and price, depreciation, interest, 

taxes, insurance, fuel lubrication, service and maintenance, hours of 

use and amortisation time. The effect of varying power on the tractor 

fuel economy has also been studied. Sulek and Lane (1968a) analysed 

Nebraska test data and found linear relationships between tractor fuel 

consumption operating at the maximum P.T.O. power and part- throttle 

for three different fuel types and concluded that the maximum P.T.O. 

power fuel economy of a tractor is a good indicator of its 

part -throttle fuel economy in most cases. Average values of fuel 

costs have been used in most of the machinery cost analysis models. 

In another study, Sulek and Lane (1968b) established unbiased 

part -throttle fuel economy characteristics for three different fuel 

types. They found that the mean fuel economy of a fuel class is a 

poor estimator of an individual tractor model. Cottrell and Audsley 

(1976) calculated tractor fuel costs per unit work done (hectare) from 

the tractor maximum P.T.O. power and work rate using a tractor fuel 

energy content factor. 

The energy used for different field operation has often been quoted in 

the past, usually in the form of power requirements for fuel 
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consumptions (Von Bargen and Hines, 1973; Scarborough and Hunt, 1973; 

Mayfield et al., 1981, Dwyer, 1985). Quoting power requirement 

presupposes a given size of implement, since for a given operation in 

a given field condition, the fuel consumption will be approximately 

the same, for the same area covered, whether a large tractor and 

implement is used to do the job more quickly, or a small implement is 

used, taking longer but using less fuel per hour. Whatever units are 

used, they are inevitably very dependent on the field conditions. So 

that the units used, kWh /ha, which are considered to be the most 

useful charge, since they enable the power requirement to be readily 

calculated. 

Hence, fuel efficiency varies by type of fuel and by percent load on 

the engine. The ASAE (1980) quoted typical consumptions for farm 

tractor and combine engines by means of three equations: 

FG = 3.15 + 2.74Pr - 0.2(697 x)1 ... 3.75 

FD = 3.91 + 2.64Pr - 0.2(738 + 173)i 

FLp = 3.14 + 2.69Pr - 0.2(646 x)1 

where FG = gasoline fuel consumption, 1 /kWh; 

FD = diesel fuel consumption, 1 /kWh; 

FLp = liquified petroleum gas, 1 /kWh 

Pr = ratio of equivalent PTO power required by an operation 

to that maximum available power from the PTO. 

3.75a 

... 3.75b 

Oil consumption is defined as the volume per hour of engine crankcase 

oil replaced at the manufacturer's recommended change interval and the 

oil consumption for the rated engine power, kW, (ASAE, 1980) is given 

by the equations: 

OG = (24.87 + 0.56 Pe)10-3 ... 3.76 

OD = (21.69 + 0.59 Pe)10-3 ... 3.76a 

OpL = (20.00 + 0.41 Pe)10-3 ... 3.76b 
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where 0 = oil consumption for gasoline, diesel and liquified 
petroleum, 1 /h; 

Pe = rated engine power, kW. 

The ASAE (1980) method presented above is used in the present study 

for calculating fuel and oil consumptions. 

3.10.7 Labour costs 

Labour costs or machine operator costs of a farm machinery system are 

directly proportional to the hours of utilisation of the machinery and 

current tax and insurance rates. The amount of operator cost 

allocated to a tillage operation can be calculated on an hourly basis 

or as a percentage fraction of the oeprator's yearly salary, depending 

on the number of hours devoted to the tillage operations. The cost of 

labour varies with geographic location. For owner- operators, labour 

cost should be determined from alternative opportunities for use of 

the time. For hired operators, a constant hourly rate is appropriate. 

In no instance should the charge be less than a typical, community 

labour rate (ASAE, 1980). The owner -operator's labour may be at a 

higher rate. Skill levels, value of labour at different seasons and 

differences in the importance of labour expended on different crops 

can also be reflected in the rates (Kampe, 1971). 

3.10.8 Machinery replacement decisions 

A machine is usually replaced by another one because: 

a) its physical life is ended; 

b) its economical life is ended; 

c) it is absolute; 

d) of other reasons, such as taxation, personal desire, etc. 

Replacement of an existing machine when it is worn out or unable to 

perform its expected duties in a satisfactory manner due to a major 

breakdown with a newer one, is a very common practice, but is not an 

ultimate procedure. Some farmers do not favour retaining a machine 

until the end of its physical life. Instead they prefer an early 
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replacement in conjunction with negotiations for a satisfactory 

trade -in value or they may conclude that retention of the machine 

beyond a certain year is no longer economical. In other words, the 

economic life of the machine is over. In other cases, the machine is 

neither non -operational nor uneconomical but the farmer favours the 

replacement of the machine by a more advanced one because the new 

machine is more reliable and functionally superior. This situation is 

defined as obsolescence. There are some other factors which affect a 

replacement decision. It is very difficult to identify these factors 

and assess the extent of their effect on machinery replacement 

decisions. Examples of these factors are taxation, bargain buying and 

prestige buying. 

Replacement decisions are based on determining the economic life which 

is an estimated span, beginning at the optimal acquisition age and 

ending at the optimal retirement age of the machine (Peterson and 

Milligan, 1976). They stated that the criterion for the determination 

of this service life was minimisation of the annual equivalent 

recovery costs and operation and maintenance costs. An efficient 

replacement decision should consider all the relevant factors and aim 

for an optimum replacement policy. This objective has been approached 

by many researchers and computerised models have been developed to 

determine an optimum machinery replacement policy for agricultural and 

industrial machinery. Dunford and Pickard (1961) used a graphical 

method in terms of the average rate of holding cost introduced by Fox 

(1957), and includes the initial and repair and maintenance costs of a 

machine per unit of working life, to determine an optimum replacement 

time for agricultural machinery. They suggested that the optimum time 

for replacing farm machinery is when the average value of the holding 

cost is at a minimum. An arithmetic minimisation procedure was used 

to calculate the replacement interval. 

Scarborough and Hunt (1973) defined the best time for replacing farm 

machinery as the point at which operating costs (sum of capital cost, 

repair and maintenance costs and the costs of obsolescence) of 

machinery per unit of usage time is at minimum. They developed a 
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procedure based on methods used by Bowers and Hunt (1970) and 

initiated by Larson and Bowers (1965), to obtain the optimum 

replacement time for agricultural machinery. This method and a 

scheduling procedure were used to complete the two machinery 

programmes which had been developed by Hunt (1966, 1972). Boyce et 

al. (1976) and Jardine et al. (1975) adopted a similar concept to 

tackle machinery replacement problems. The only departure from the 

model by Scarborough and Hunt (1973) was that the term "operating 

costs" used by Boyce et al. (1976) did not include obsolescence costs. 

Both these models took into the account the effect of inflation and 

interest rate on the replacement policy. However, costs of fuel, oil 

shelter and labour were excluded from the calculation of operating 

costs in all of the studies which have been reviewed so far. These 

costs were assumed to be constant and had no effect on economic life 

of machinery. 

A method to determine the most economic time to replace a machine was 

described by Boyce et al. (1976) based on discounting the cash flows 

which are incurred when a machine is purchased, used and resold. The 

discounted cash flow can also be represented as an annual equivalent 

cost and the machine should be replaced at a time which will minimise 

this. This analysis has been extended so that the effects of farm 

profits on machinery purchase and replacement can also be considered. 

Ayres and Waizeneker (1978) used the concept of economic life and 

analysed the data collected at the London Borough of Hammersmith to 

develop a simpified approach to vehicle replacement. This method did 

not take into account the timing of the receipts and payments, and, as 

a result, the life of a vehicle as determined by this formula is not 

optimal. Friedlander (1979) stated the better measure of the optimum 

life is by using the discounted cash flow. This theory and the 

equations developed by Boyce et al. (1976) was used in the machinery 

modelling costs and machinery management computer model sections 6 and 

7. 
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3.11 Present annual cost 

Various aspects relevant to agricultural machinery costing are 

discussed in different text books and by different authors, but there 

does not seem to be a general description of a comprehensive method of 

machinery costing available which provides an annual cost for owning 

and using a machine comparable to other annual returns and costs. The 

profitability of a farm enterprise is usually determined on an annual 

basis as the difference between the return from crops less cost of 

producing the crop. 

There is confusion between depreciation for tax purposes, the 

reduction in resale value of a machine and the depreciation averaged 

over the life of the machine. None give an accurate picture of the 

annual costs of a machine or take into account tax allowance and 

inflation. Audsley and Wheeler (1978) avoided the term 'depreciation' 

and stated that, the annual cost of a machine may be defined as the 

annual income which exactly balances the machine costs, so that over 

its life the charge in farm bank balance is the same with the machine 

as without it. With tax allowances and inflation, the annual income 

is chosen so that it has equal purchasing power each year. 

The net present value of an investment in farm machinery may be 

calculated using a series of steps. First and most importantly, the 

cash flow generated by the investment must be estimated for each year. 

Secondly, the cash flow are discounted by a present value factor. 

Thirdly, the discounted cash flow are assumed over the number of years 

analysed (Batterham (1973); Liang et al., (1979) used terms of the 

present value of a future sum which brings the future sum back to the 

value of the present sum at a discounted investment rate. Statistical 

models were developed by Schoney and Massie (1979) and Schoney and 

Finner (1981) to estimate 'as is' values during periods of high rate 

of inflation for five categories of farm tractors and three groups of 

combines. The results indicate that at current inflation rates, most 

tractors and combines are likely to contain a very substantial portion 
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of their original prices. 

Although there may be non -economic reasons for ownership of farm 

machinery such as pride and prestige, economic efficiency is 

important, particularly in a relatively unfavourable economic climate. 

Tractors and combines represent sizeable investments, generating 

substantial ownership costs. For most farmers, from 60 to 70 percent 

of the total cost of ownership and operation is associated with 

capital recovery. Although many analysts continue to use the average 

interest and depreciation methods, the capital recovery method is the 

appropriate method for determining annual charges. Smith and Oliver 

(1974) calculated the capital annual recovery factor based on 

discounting techniques by the form: 

Crf = (AC-SN)(A/P) 
N 
i + SN ii ... 3.77 

where Crf = capital recovery factor 
(A /P)1 = amortisation factor, a uniform series of payments 

N from a present value of 0.10; 
AC = acquisition cost, currency value; 
SN = salvage value at the end of N years, currency value; 
N = planning horizon in years. 

Whereas the, Crf, is an annual charge which recovers both the loss in 

asset value and the opportunity cost of capital and consists of two 

components. The first component amortises the loss in asset value 

over the planning period and the second component consists of an 

annual charge for capital associated with the salvage value of the 

machine at the end of its life. Inflation affects both of these 

components, interest and salvage value. 

Valid comparisons of economic alternatives having different cash flows 

at different points in time required that these cash flows be 

converted to equivalent cash flows. Peterson and Milligan (1976) 

studied different cash flows at different points in time converted to 

annual equivalent cost by application of compound interest factors as 

suggested by Smith (1973). Audsley and Wheeler (1978) produced a 

procedure to calculate the annual costs of a machine ownership which 
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is based on four types of cash flows; the capital cost to buy the 

machine, recurring annual maintenance and repair changes, the resale 

value and interest paid on borrowed capital. They combined these cost 

elements to present the annual cost as in the form: 

An = (PP + 
n=1 

N Rc FLn -SN FLN) (FL -1) /FL(FLN -1) 
... 3.78 

where An = annual cost of machine ownership, 
FL = (1 + jf) /(1 + ii), 
ii = interest rate, 
jf = inflation rate, 
N = number of years the machine is used, 

PP = initial purchase price 
Rc = current value of repair cost in the nth year. 
SN = current resale value after N years old machine 

This procedure is used in the current study (see section 6.2 to 6.4) 

with further refinement to extend the suitability of the approach to 

include the affect of taxation, tax allowances, and balancing charges 

on the annual cost of machine ownership. 
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4 INVESTIGATION OF CONE PENETRATION RESISTANCE 

4.1 Introduction 

The objectives of these investigations were to determine the 

relationship between soil shearing resistance and the penetration of a 

cone, clay ratio, soil moisture content and specific weight; to 

evaluate the coefficients of these relationships for several soil 

types in terms of clay ratio; and to generate an empirical equation 

for agricultural topsoils. 

4.2 Equipment 

4.2.1 Cone penetrometer 

The British Military Engineering Experimental Establishment soil 

assessment cone penetrometer, Model 244 (manufactured by Farnell and 

Co Ltd) was used to measure soil strength (Sanglerat, 1972). The hand 

operated penetrometer was equipped with a 300 conical tip, the base 

area being 322 mm2. The cone was pushed vertically into the ground at 

a slow uniform rate and the penetration resistance which was 

registered on a rotating scale was recorded at an average depth of 150 

to 200 mm from the soil surface. 

4.2.2 Bulk density and moisture content sampling cores 

Cylindrical sampling cores were used to obtain a given volume of soil 

sample. Dimensions of the cores used are: 

diameter = 71 -73 mm; 

height = 72 -78 mm; 

wall thickness = 1 mm. 

The total volume of the core was 285061.83 -326460.18 mm3 (285.62 - 

326.46 cm3). 
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4.2.3 Soil moisture tins 

Metal tins with a volume of 350,000 mm3 (350 cm3) were used to hold 

the soil samples required for the soil moisture content determination. 

4.3 Sites 

Two sites were located on the Bush Estate in Midlothian, Scotland and 

three sites at Blair Drummond in the Stirling area. At each site at 

Bush Estate, a plot of 20 x 20 m was identified and sub -divided into 

five smaller plots 4 x 4 m, whilst at each site in Stirling, a plot of 

24 x 20 m was identified and sub -divided into smaller plots of 

4 x 4 m. Table 4.1 indicates the soil sites, soil series, soil types, 

surface cover, and topography of the field used. 

4.4 Soils 

For the experimental sites located on Darvel, Winton and Stirling soil 

series, five soil types were identified, namely, loamy sand, sandy 

loam, silty clay loam, silty clay loam and silty clay, having clay 

ratios of 0.10, 0.21, 0.49, 0.54 and 0.87, respectively. Additional 

experimental data for four soil series were collected, namely, Darvel, 

Macmerry and Winton at Bush Estate (Eradat Oskoui and Witney, 1982a) 

and on clay in the Silsoe soil series near Bedfordshire (Stafford, 

1984). In fact, further soil samples were taken and analysed to 

identify the classification of the soil fractional contents at earlier 

test sites used to obtain the results quoted by Eradat Oskoui and 

Witney (1982a). From the mechanical analysis, only two clay ratios of 

0.24 and 0.26 were obtained and identified as two soil series, namely, 

Macmerry and Winton series, respectively, the original Darvel data 

being reallocated to Macmerry. The Silsoe series is a clay soil with 

a clay ratio of 1.60. The soil types and the mechanical analyses are 

presented in table 4.2. 
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4.5 Measurements 

4.5.1 Soil bulk density and moisture content 

A depth of 15 cm chosen to represent the median plough layer and for 

each small plot (subplot), five samples were taken after removing 

5 -8 cm of the topsoil. The moisture content core was pushed into the 

soil until full, then the extra soil was removed from the top and 

bottom to get a plane surface. Each sample was sealed in a plastic 

bag to retain the moisture. Soil samples were put in the tins of 

known weight. Each soil sample with its container was weighed and the 

wet soil sample was determined. Soil samples were dried in an oven at 

105 °C for 24 hours the weight of the dried samples were determined. 

Then, the mean soil moisture content (dry basis), e, of five 

replicates from each smaller plot was taken. 

From soil sample cores for the five replicated small plots, the mean 

soil bulk density was determined, and converted to specific weight, s . 

Wtt-Wdd 
e _( )100 

Wdd 

P = Wdd/v 

... 4.1a 

2S = p.g ... 4.1b 

where 6 = soil moisture content, % w /w; 

Wtt = wet soil sample weight, g; 

Wdd = dry soil sample weight, g; 

v = sample core volume, cm3 
p = soil bulk density, g /cm; 
ó = soil specific weight, kN /cm3; 

g = acceleration due to gravity, cm /s2. 

4.5.2 Clay ratio 

Five soil samples from each site were taken for the determination of 

soil mechanical analysis. The clay ratio was determined in terms of 

the clay content to silt and sand content. Four soil types were 

identified: loamy sand and sandy loam, (clay ratio of 0.10 and 0.21) 
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in the Darvel and Winton soil series at Bush Estate near Edinburgh; 

silty clay loam (clay ratio of 0.49 and 0.54) and silty clay (clay 

ratio of 0.87) in the Stirling soil series near Stirling. Additional 

experimental data for three soil types were obtained from the earlier 

investigations on sandy loam and sandy clay loam in the Macmerry and 

Winton soil series again at Bush Estate, near Edinburgh and on clay 

soil in the Silsoe soil series, near Bedfordshire (Table 4.2). 

4.5.3 Cone penetration resistance 

The mean cone penetration resistance for twenty separate measurements 

was determined in each smaller plot from which soil samples were taken 

for the determination of soil mechanical analyses, soil specific 

weight and soil moisture content. The measurement reading of the cone 

penetration resistance was obtained by the cone penetrometer in terms 

of, lb /in2, and converted to, MPa. The measurement of the cone 

penetration resistance for various soil types are presented in Tables 

4.3 to 4.11). 

4.6 Theoretical investigations 

4.6.1 Clay ratio, Cr 

The mechanical analysis of particle size is a simple, widely available 

and readily understood classification method which can account for the 

local variability of agricultural soils. As the clay fraction has 

cohesive properties by virtue of its mechanical bonds, it is proposed 

that the ratio of clay to silt and sand, Cr, is a practical monitor of 

soil texture which can be included in the cone penetration resistance 

equation. Thus, the cohesive component of the cone penetration 

resistance becomes not only an inverse exponential function of the 

soil moisture content but also directly proportional to the clay 

ratio. At high clay ratio and low moisture contents, therefore, very 

high cone penetration resistance results from this cohesive component, 

decreasing virtually to zero above the liquid limit when heavy soils 

turn into fluid mud. 
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4.6.2 Friction angle, 

For the tangent of the friction angle, the limiting value of 1 and 0 

bound a range which can be related to the clay ratio, Cr, by a 

simplistic empiricism (Table 4.12). In general, a high value of 45° 

is realistic for the angle of an internal shearing resistance in a 

compact dry sand for which the clay ratio is zero. At the other end 

of the scale, a frictional angle of 5° is only found in heavy, wet 

"brickwork" clays with over 80% clay content. This leads to the 

adoption of the empirical relation: 

tan $ = 1/(1 + 2Cr) ... 4.2 

and the correspondence of the two scales of values is shown in table 

(4.12). As a result, the tangent angle of shearing resistance of the 

soil becomes an inverse function of the clay ratio, Cr. This was 

incorporated in the equation for the logarithmic spiral boundary which 

defines the extent of the bulb- shaped failure zone surrounding the 

conical probe (Fig 4.1b). Then, for a completely formed pressure 

bulb, the included angle for the spiral is approximately, if radians, 

the logarithmic spiral equation 3.12 becomes: 

r1 = ro 1 + 2Cr) 

4.6.3 Cone penetration resistance equation 

... 4.3 

Identifying the most important parameters, quantitatively, from 

equation 1, the cone penetration resistance equation may be presented 

in the form: 

CI = (ICoc + .ICS 2S tanp) 
tan24) 43,4 

tan 
tan cp 

... 4.4 

As the dimensions of the conical base of the penetrometer have been 

standardised and the soil strength measurement if specified at the 

median depth of plough' layer at which point the pressure bulb can be 



110 

fully developed, they can be included in the cohesive and frictional 

constants K; and ,K"(1). By trigonometry the tangent, tan2Otancp, can be 

presented in terms of clay ratio equation (4.5): 

tan2,U/tan = 
sin2(45 + (1)/2)/tan 

cos2(45 + /2) P 

= 1 - cos(90 +$ )/tan 
1+cos(90+) 

1 + sin$ /tangy 
1 - cos 

V1 + (1 + 2Cr)2 + 1 

(V1 + (1 + 2Cr)2 - 1)/(1 
+ 2Cr) 

1 + 2Cr 

5(1 + Cr)2/(1 + 2Cr) ... 4.5 

This additional complexity is hardly justified because the magnitude 

of the tangent ratio remains relatively unaffected for angles of 

internal shearing resistance from 150 to 450 - the typical range for 

agricultural soils (Table 4.13) - and again this factor can be 

absorbed into the cohesive and frictional constants. 

Finally, cohesion is directly proportional to the clay ratio and 

inversely proportional to an exponential function of the soil moisture 

content. In order to limit the effect of soil moisture content in 

very dry soils, the ratio of the actual to saturated moisture content, 

e /esat, was explored but found to provide inadequate compensation 

because there is only a small variation in the saturated soil moisture 

content with soil type. Although the incorporation of the saturated 

soil moisture content proved unsuccessful, it did focus attention on 

the relevance of pore space. As the pore space is influenced by the 

particle size distribution, the clay ratio was an obvious alternative 

offering a broader spectrum of values over the range of soil types. 

The frictional component of the cone penetration resistance is 

directly proportional to the soil specific weight and inversely 

proportional to the clay ratio, Cr. For purely mathematical reasons, 

a minor arithmetical adjustment was necessary to avoid the exponential 

function tending to infinity as the clay ratio tended towards zero. 
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Thus, the complete expression for the cone penetration resistance at 

median plough depth becomes: 

CI = EKc Cr -6ne/(1 + Cr) + K(I) 6/(1 + 2Cr)]e /(1 + 2Cr) 

where CI = cone penetration resistance, MPa; 
Cr = clay ratio; 

Kc and K(1) = cohesive and frictional coefficients; 
n = exponent; 
e = soil moisture eontent, % w /w; 
S = soil specific weight, kN /m3. 

... 4.6 

By means of regression analysis of the experimental data, the values 

of the cohesive and frictional coefficients and the exponent were 

found to be Kc = 3.62, K(1) = 6.63 x 10 -3 and n = 0.10. Using these 

values, the effect of soil moisture content, specific weight and clay 

ratio is shown in Table 4.14 (Fig 4.1a). In purely frictional dry 

sand, the soil moisture content has no effect on the penetration 

resistance but the variation in soil specific weight has a 

considerable influence as represented by the width of the horizontal 

band. As the clay ratio increases, the effect of soil specific weight 

diminishes but the changes in soil moisture content become 

increasingly more important, with lower soil strength at high moisture 

content and very much higher cone penetration resistance at low 

moisture contents compared with the purely frictional sand. 

The relative contribution of the frictional and cohesive component of 

the cone penetration resistance equation (4.6) is shown in Fig 4.2 for 

three soil moisture contents and one soil specific weight. The curves 

for the frictional component decays with the clay ratio to a modest 

value. The curve of the cohesive components all emanate from the 

origin and rapidly establish different levels of the direct 

proportionality with the clay ratio, the drier soils contributing the 

highest cohesive strength component. 

For the primary study to develop equation 4.6 using the experimental 

data for four soils (Eradat Oskoui and Witney, 1982; Stafford, 1984) 

"only dry clay soil data" was analysed for each soil series and in 
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total to determine the values of the regression coefficients, Kc and 

K and the exponent, n, which were found to be K0 = 15.92; K0 = 2.63 

x 10 -3 and n = 0.08. The overall percentage explanation of the 

experimental data with these values was 91.3% ( Witney et al. 1984) . 

However, by using the present equation (4.6) with regression 

co- efficient values in Table (415) and the exponent, n= 0.10, the 

percentage explanation was improved to 93% for a much wider range of 

soil types including Stirling soil data. 

4.7 Discussion of cone penetration results 

The results for each soil type were analysed individually to obtain 

specific values of the cohesive and frictional coefficients (Table 

4.15). The optimum value of exponent, n, was found to be 0.10 from an 

analysis of all the soil data. The prediction of the cone penetration 

resistance by means of individual equations for each soil type is very 

acurate, with overall 98% explanation of the results in all soils, 

apart from the Silsoe soil series. 

The experimental results at Bush Estate on loamy sand and sandy loam 

soil types, (Cr = 0.10 and 0.21) with a surface cover of both grass 

and stubble are listed in Table 4.3 and 4.4 (Fig 4.3 and 4.4). These 

results of the cone penetration resistance are joined together to 

represent set I equation at Bush Estate, Table 4.15 (Fig 4.5). 

Experimental results of the cone penetration resistance in the 

Stirling area on silty clay loam (Cr = 0.49 and 0.54) and silty clay 

(Cr = 0.87) with a surface cover of undersown stubble and grass are 

listed in Tables 4.5, 4.6 and 4.7 (Fig 4.6, 4.7 and 4.8, repectively). 

These results of the cone penetration resistance are joined together 

to represent set III equation for the Stirling soil series in Table 

4.15 (Fig 4.9). The same procedures applied to the data from Eradat 

Oskoui and Witney (1982a) and Stafford (1984) on sandy loam, sandy 

clay loam, and clay soil types (Cr = 0.24, 0.26 and 1.60). These 

results are represented by the coefficients for data sets II and IV 

(Table 4.15) and are shown in Tables 4.8 to 4.11 and Fig 4.10 and 

4.12. 
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For the combined measurement undertaken in this study, data sets I and 

III Table 4.15 (Fig 4.12), higher explanation was obtained, despite an 

eight fold increase in the range of the clay ratio, the inclusion of 

more data at the lower end of the soil moisture spectrum and the 

spread of the cone penetration resistance data increasing from 3 times 

the lowest value to 10 times compared with the series II experiments 

(Table 4.15). The overall accuracy of the general empirical equation 

(4.6) for the cone penetration resistance is demonstrated in a 

comparison of the measured and predicted values with the percentage 

explanation of 93% (Fig 4.13). 
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5 SIMULATION OF CROP ESTABLISHMENT LOSSES 

The selection of the correct size of machinery for a particular 

farming operation is complicated by a number of factors. Firstly, the 

machinery cost does not depend solely on a single machine or on a 

discrete operation but interacts with the whole farm machinery 

complement and with a fleet of one or more tractors having different 

power ratings. Secondly, some machinery related costs are not 'out of 

pocket' expenses and may not be readily recognised or determined, for 

example, depreciation changes and penalty costs from untimely 

operations. The true cost of machinery depreciation can not be 

adequately determined until the machine is sold after a period of 

years, and even then the replacement equipment may not be directly 

equivalent in terms of size of operational specification. Equally, 

penalty costs from untimely operations involve an assessment of loss 

in crop yield at harvest associated with establishment at a 

sub -optimal time period, even though time is only one of several 

factors influencing the dynamic simulation of crop growth. Finally, 

as a wide range of sizes and types of machines are now available for 

the production of a given crop, such as cereals or roots, the 

operation for a particular enterprise has become more complex. 

Large machines help to reduce labour costs but may also cause a 

reduction in crop yield due to soil compaction 'damage'. The same big 

equipment provides greater assurance that crop production operations 

can be completed during the optimal period but the benefit may be 

offset by higher depreciation, interest and other fixed costs. As the 

penalties of untimely operations consititute such a major element in 

the economics of farm machinery selection (Witney and Eradat Oskoui, 

1982). Crop yield data from numerous field experiments were analysed 

to provide a more sound basis machinery purchase and management 

decisions. 

Timely operations in crop production have a significant affect on the 

financial return from an arable crop enterprise. In order to balance 
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the penalties of the crop yield loss through not executing an 

operation at the optimum time, against the investment in machines of 

unnecessarily high capacity, it is important to assess the average 

crop yield losses over an operational timespan. 

The primary aim of this study was to develop the necessary models to 

analyse timeliness costs associated with machinery capacity of the 

planting operation reflected in yield changes at harvest, and to 

over'COrfie the limitations of crop yield equations (3.14 and 3.15) by 

deriving a new approach to simulate crop yield losses from untimely 

establishment. 

5.1 Source of crop data 

For the development of timeliness coefficients for the dates of sowing 

eight crops, namely, winter and spring barley, winter and spring 

wheat, oats, maincrop potatoes, swedes and turnips, crop data were 

collected from trial results at various sites in the United Kingdom, 

over the past 30 years. 

The date of sowing for each crop variety at different locations was 

converted to day number considering day number 1, as 1 January, and 

accounting for February 29 every four years. Optimum sowing day 

number, to, and peak crop yield were identified for each crop variety 

and at different locations. The remaining data for each site and crop 

variety was allocated to early and late establishment to generate the 

input data and output results. None of the data have been collected 

and normalised in this format before, and almost half of the data has 

not been published previously. 

Winter wheat, spring barley, oats and maincrop potato experiments 

provided almost 400 sets of data. Over 300 sets of data were analysed 

for swedes, whereas winter barley and turnips each involve about 200 

sets of data. Spring wheat experiments were less common with only 69 

sets of data available. Crop yield, and actual calculated yield 

losses are tabulated in Appendix 1 (ANNEX 1 to 8). 



116 

5.2 Analysis of normalised experimental data 

Although the crop yield response for one location, soil type and 

variety may be quite different from another, the individual responses 

are surprisingly similar in shape. Traditionally, however, the 

results of individual crop yield experiments from different seasons 

and /or locations are then combined into an average curve of yield 

which is much flatter with respect to time (Fig 5.1). 

Date of sowing trials are designed to span the optimum date of crop 

establishment from which the peak yield is later identified. 

Consequently, the experimental results can be normalised to give the 

percentage loss of yield against time of crop establishment (Fig 5.2). 

Of course, seasonal effects may well interfere with the anticipated 

trend so that experimental results exhibit an increasing trend in 

yield with the date of crop establishment or, conversely, a decreasing 

trend. On balance, inclusion of such data was considered justified on 

the grounds of providing more information on the slopes of the curve 

to one side of the highest recorded yield and in the belief that the 

actual yield was not seriously biased (upwards or downwards), so that 

it was more accurate than any peak yield extrapolation which would 

introduce curve fitting errors. 

Once the experimental data was normalised, the data sets from 

individual experiments were uncoupled and all the data points were 

given equal weighting in the regression analysis. Again, 

establishment dates were converted to day number, day 1, being 1 

January. A number of different equations were investigated. In every 

equation, the variable was the time deviation from the optimum date of 

crop establishment and the constant was suppressed so that the yield 

penalty was always zero for zero time deviation. 

Up to a fifth order polynomial which was fitted to the yield loss data 

for both early and late establishment for one crop gave good agreement 

with the experimental values. This solution was rejected, however, 
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because the complex waveform of the resultant curve is difficult to 

justify in terms of known crop responses with time (Fig 5.3). 

A second order polynomial was more vigorously examined. Asymmetry of 

the combined curve for both early and late establishment is dependent 

on the slope of the first order term so that negative penalties can 

occur (Fig 5.4+). Independent second order polynomials, one for early 

estblishment and one for late establishment, introduce a discontinuity 

at zero, as do independent linear equations passing through zero. 

On the basis of both statistical evidence and practical considerations 

in which the penalties of late establishment are more important than 

those for early establishment, it was decided to adopt two independent 

equations of general form: 

YL = K(to - t )2 

where YL = percentage yield loss, 
K = timeliness coefficient. 

... 5.1 

Integrating the yield loss (equation 5.1) with the relevant timeliness 

coefficients for early and late establishment, K1 and K. respectively, 

over the time period, (t2 -t1) which spans the optimum establishment 

date gives the mean yield loss in the form: 

K1 to K1 t2 

Ym - f (to -t1)2 dt + f (t2- t0)2dt 

to-ti ti t2 -to to 

= 
3 

K 1(t0 -t 1) 2+ 
3 
r1(t2 -t0) 2 

where Ym = mean yield loss, %; 

K1 = early timeliness coefficient; 

K'1 = late timeliness coefficient; 

t1 = operation starting day number; 

to = optimum sowing day number; 

t2 = operation finishing day number. 

... 5.2 

At the optimum date for crop establishment, there is a smooth 

transition from one curve to the other because of the gradients of 

both curves are zero at that point. From an analysis of almost 3500 
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experimental yield measurements for eight separate crops, the 

timeliness coefficients are listed in Table 5.1 together with their 

standard errors and correlation coefficients. Comparative analytical 

results for other forms of the yield loss equations which were 

discarded for practical reasons despite achieving high correlation 

coefficients are given in Appendix 2. 

The mean yield loss is, therefore, one third of the marginal yield 

loss for the earliest and /or latest date of the most suitable time 

period which spans the optimum establishment date. In the particular 

cases when the establishment period ends on or before the optimum 

date, the mean yield loss for early sowing is given by: 

Ym = K1(t2-t1)2/3 ... 5.3 

Similarly, when the establishment period starts on or after the 

optimum date, the mean yield loss for late sowing is given by: 

Ym = K1(t2-t1)3 ... 5.4 

In general, when crop establishment operations span the optimum date, 

the mean yield loss is one third of the marginal yield losses for both 

the earliest sowing date and the latest sowing date. 

There are statistical problems in obtaining a correct interpretation 

of these data, firstly to identify the date of establishment for 

maximum yield and, secondly, to separate within trials error from 

between trials error. The estimation of the optimum date of crop 

establishment is complicated by the presence of experimental error in 

the yield data and by the necessity for interpolation or extrapolation 

of the results. There is also the problem that two points from the 

same trial have a smaller standard error of their difference than two 

points from different trials. For this analysis, interpolation was 

discarded and the data points were all given equal weighting. Whilst 

it appears unlikely that more rigorous and complex statistical 

treatment would significantly reduce the extent of the data scatter 
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for all crops, the mathematical equation for the regression curve 

introduces some bias in the data analysis. 

5.3 Crop simulation model results and discussion 

The analytical model was applied to eight crops, namely, winter and 

spring barley, winter and spring wheat, oats, maincrop potatoes 

(unsprouted), swedes and turnips using trials at various sites in the 

United Kingdom, over the past 30 years. The percentage yield losses 

for early and late establishment are plotted in (Fig 5.5 to 5.12). 

The regression curves are included on each graph. All the 

experimental yield data together with the establishment day numbers 

(maximum yield at optimum day number are shown in Bold), and the 

percentage yield losses (actual and calculated) are tabulated in 

Appendix 1 (ANNEX 1 to 8). 

Very high yield losses, of 50 percent or more, which occur close to 

the optimum date of crop establishment have, by definition, more 

questionable experimental validity. Less weighting is accorded to 

these results by constraining the regression curve to be tangential to 

the abscissa at the optimum date of crop establishment. Equally, the 

small number of data points giving minimal yield losses of only 1 

percent or 2 percent for very early or very late establishment dates 

up to 10 weeks from the optimum date are atypical, perhaps because of 

unusual seasonal conditions, and have only marginal effect on the 

overall shape of the regression curve. 

For all eight crops, there was better agreement between the predicted 

and actual yield losses for the late establishment period than for the 

early sowing period (Table 5.1). The correlation coefficients for the 

late sowing period ranged from 0.57 to 0.84 compared with 0.45 to 0.86 

for the early period. This trend is partly influenced by the greater 

volume of data for the late sowing period, between two and three times 

that for the early period. Even so, the analysis of early 

establishment data for autumn sown crops is particularly variable. It 

is fortunate, therefore, that the accuracy of the analysis is higher 
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for the more critical period in farm scheduling, namely, late sowing. 

A sowing timespan carefully chosen to cover the optimum date of 

establishment can be skewed off -centre by a few days of unfavourable 

weather, placing much more importance on the yield losses for the late 

sowing than for early sowing. 

By reference to the series of graphs (Fig 5.5 to 5.12) and to the 

values of the timeliness coefficients in Table 5.1, the composite 

curve for winter wheat is virtually symmetrical about the ordinate of 

the graph (Fig 5.6). The loss for this crop is, therefore, similar 

for both early and late establishment. The turnip crop suffers a 

substantially greater yield loss through early establishment (Fig 

5.12). The yields of all other crops, namely, winter barley, spring 

barley, spring wheat, oats, potatoes and swedes, suffer greater 

reductions with late establishment (Fig 5.5, 5.7 to 5.12). 

Winter cereals have yield loss curves which are much flatter than 

those for spring cereals and potatoes, whilst the yield of fodder 

crops are most sensitive to time of establishment. This borne out in 

practice by farmers switching from swedes to turnips if a delay in 

sowing became unavoidable. 

In contrast with this simulation of crop yield losses from untimely 

establishment, the parabolic timeliness model (Hunt, 1981) 

incorporates a symmetrical curve about the origin. Clearly for an 

autumn sown cereal crop and for fodder roots, there is no evidence to 

confirm symmetrical curves for both early and late establishment as 

mentioned before. Also, for an autumn sown crop, the nearer winter it 

is planted, the higher is likely to be the soil moisture content and 

therefore the greater the soil compaction. For small plot experiments 

with no wheelings, this does no matter, but, on a large scale, sowing 

nearer to winter is likely to give a reduced yield due to soil 

compaction as well as an effect due to sowing date. The information 

is not available yet to remove this factor from the data. 

For the correct scheduling of crop establishment operations, it is 



121 

necessary to identify three discrete items of information: 

a) the optimum date for crop establishment 
b) the expected peak crop yield, and 
c) the effect of the timespan allocated to the establishment 

operation on the average crop yield. 

The optimum date (day number) for crop establishment and the peak 

yield for each crop were obtained by further analysis of the 

experimental data. Mean values were calculated for all the data for 

each crop. In addition, more specific mean values for the optimum 

sowing dates (day numbers) and peak crop yields were determined for 

those crops included in sufficient trials at two particular locations 

in Scotland (Bush Estate and Craibstone) and two in England (Arthur 

Rickwood and Boxworth). These results are presented in Table 5.2. 

For example, the optimum Julian day for sowing winter cereals became 

progressively earlier in the Northerly location (Bush versus Arthur 

Rickwood), whilst the optimum day number for barley is similar for all 

the specific sites. 

For a given average yield loss, the duration of establishment period 

before and after the date for peak yield is presented in Table 5.3 for 

various crops. The greater the average yield loss which is considered 

acceptable, the longer the timespan for establishing the crop and the 

smaller the capacity of the equipment required. 

5.4 Timeliness costs 

Timeliness costs are those resulting from the loss in income from the 

crop because a farm machine was not operated at the proper time or is 

defined as the ability of available labour, using a given set of 

machinery, to complete each operation within an optimum time period. 

The measure of untimeliness is the cost incurred because the operation 

was not completed in the optimum time period. 

The penalties of untimely operations which constitute a major element 

in the economics of farm machinery selection can be expressed as the 
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percentage yield loss, due to a crop being established either too 

early or too late, against a time scale of the number of days 

deviation from the optimum date of establishment Table 5.3. From the 

crop establishment data and the simulated in Fig 5.5 to 5.12, the 

penalty of an untimely drilling equation is minimised by adopting 

equal timespans before and after the optimum sowing date. By 

calculating the percentage crop yield loss (equation 5.2), the 

timeliness cost can be given by a simple equation of the form: 

Tc = YoYmACv ... 5.5 

where A = crop area, ha 
Tc = timeliness cost, £ 

Yo = peak crop yield, t /ha 

Ym = average crop yield loss, % 

Cv = crop value, £/t 
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6 MODELLING MACHINERY COSTS 

Field machinery costs are a major component of the total farm budget. 

Field machinery capacity requirements depend upon the amount of work 

to be done and the time available to complete the job. The topic of 

machinery investment can rarely be discussed for long with farmers 

before the subject of income tax allowance is introduced and many 

regard them as a strong inducement to the more frequent replacement of 

equipment. This view for the most part stems from an imperfect 

understanding of the manner in which allowances are given. The 

present section covers an examination of machinery, prices and price 

indices, repairs, sale values, capital allowance, balancing charge, 

interest charge and the effect of the investment and inflation on 

these elements with taxation. 

Two methods exist whereby income tax allowance may be given in respect 

of capital expenditure on machinery. (Repairs, which form the other 

component of holding cost are, of course, a current expense and fully 

deductible in determining profit). The first of these is known as the 

'renewal basis' and the second as the 'capital allowance basis'. The 

former, which in the main is applied to types of asset which are 

frequently changed, is rarely used by farmers, but it is a 

comparatively simple method. On the renewal basis, no allowance is 

given until the machinery is renewed and the cost of renewal is then 

allowed against profit. In other words, no allowance is made for the 

machinery first bought but only for that which replaced it. Since the 

method of computing allowances on the renewal basis is related 

strictly to the actual cost involved on replacement, the adoption of 

this basis in claiming income tax relief in respect of any item of 

equipment can in no way affect the depreciation of the optimum time of 

replacement in the manner previously described. 

The second, and by far the more common method of giving income tax 

relief on machinery and plant is by the capital allowance method. On 

this basis, an initial allowance may be claimed when the machinery is 
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bought, an annual allowance is made each year during the period of its 

use and then, finally, when it is scrapped or sold, a balancing charge 

or allowance is made depending upon whether the value realised upon 

disposal is in excess of or below its written -down value. Farmers are 

often attracted by the sizeable capital allowance which may be claimed 

in the first years of a machine's life (particularly in the first year 

if an initial allowance is claimed) and this leads them to advocate, 

often mistakenly, frequent machinery replacement. 

6.1 Evaluation of machinery prices 

Data was collected on the list prices of a wide range of farm machines 

including 2 -wheel drive and 4 -wheel drive (unequal and equal) tractors 

( A n o n . , 1983), conventional mounted and reversible ploughs 

(What's new in Farming,1983),conventional and trailed grain drills (Power 

Farming, 1984) and driven -power cultivators (Power Farming, 1984). 

Initial price equations for those machine types were developed using 

regression analysis and compared with earlier data by means of price 

indices. 

6.1.1 Tractor purchase prices 

In a highly competitive market, the list prices of various categories 

of tractor are closely determined by the manufacturing costs for the 

design specification, plus a realistic profit margin. Tractor list 

price July, 1977 and September, 1983 were analysed for 2 -wheel drive 

and 4 -wheel drive (unequal and equal) and crawler tractors. It is not 

surprising, therefore, to find that the 1983 prices of 2 -wheel drive 

tractors, all basically of the same design are a linear function of 

the maximum power- take -off (PTO) power: 

PPT = at + be (PTO) ... 6.1 

where at and bt = coefficient constants depend on tractor type; 

PPT = tractor purchase price, £; 

PTO = maximum engine rating power, kW. 
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The various coefficients, their standard errors and percentages of 

explanation for each tractor type are given in Table 6.1 and are shown 

graphically in Figs. 6.1 to 6.4. 

6.1.2 Implement purchase prices 

Purchase price trends for implements can be estimated in the same way 

as for tractors. The major elements of a plough are the main frame 

per furrow and the number of plough bodies. These cost elements are 

linked in a linear equation of the form: 

PPp = ap + bnf Nb + efwFw ... 6.2 

where ap, bnf and cfw = coefficient constants depend on machine 
design and type, number of furrows and 
furrow width; 

Fw = furrow width, m; 

Nb = number of plough bodies; 
PPp = plough purchase price, E. 

The analysis included list prices at August 1983 for various plough 

types; conventional (mounted fixed -leg and auto -resest, semi -mounted 

fixed -leg and auto -resest), reversible (mounted fixed -leg and 

auto- resest, 

semi -digger 

semi mounted fixed -leg and auto -resest), shallow 

mounted. 

and 

The regression coefficients, their standard 

errors and percentages of explanation for various plough types are 

given in Table 6.2 and the correlations between the predicted and the 

list prices are illustrated in Figs. 6.5 to 6.8. 

A change in frame design from mounted to semi -mounted or trailed 

versions and from conventional to reversible specification jointly 

affects the independent coefficient and the machine width, whilst the 

addition of automatic resetting of the plough leg after hitting an 

obstruction affects the plough body coefficient, the reversible plough 

having twice as many bodies as the same conventional plough (Table 

6.2). 

For grain drills, the relevant elements were found to be the machine 



126 

width per coulter and the number of coulters, using list prices at 

August 1984 for various types of drill: conventional drills (mounted 

and trailed, grain only) combine drills trailed (grain and 

fertiliser); trailed cultivator drills; mounted and trailed combine 

drills, including direct drills and cultivator drills. 

PPD = ad + bnc Ne + ccs Cs 

where ad, bnc and ccs = coefficient constants; 
Cs = coulter spacing, m; 
Nc = number of coulters; 

PPD = drill purchase price, E. 

... 6.3 

The regression coefficients, their standard errors and percentages of 

explanations, for various drill types are given in Table 6.3. The 

frame design for mounted or trailed versions, for grain only drills, 

or combine grain and fertiliser hoppers, and coulter type for prepared 

seedbeds or direct drilling influence the coefficients (Figs. 6.9 to 

6.15). 

A slightly different form of the price equation is used for 

power- driven cultivators, in that the price coefficent, bn, is related 

to the machine width rather than to the spacing between blades or 

tines. The change to machine width is necessary because the blade or 

tine spacing on a rotary cultivator is related not only to the 

distance but also to the angular position on the rotor, so that, the 

cultivator (L -shape blades or tines) price is a function of machine 

width and number of blades or tines on the rotor. By using the June, 

1984 list prices for L -shape and /or tine cultivators: 

(PPC )Q /t = ac + bm Wm + cnt (NR, /t) ... 6.4 

where ac, bm and cnt = coefficient constants; 
(N /t) = number of blades or tines; 

(PP )t /t = cultivator purchase price (L -shape or 

tine), £; 

Wm = machine width, m. 

The regression coefficients, their standard errors and percentages of 
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explanation for both L -shape and tine cultivators, using equation 6.4, 

are given in Table 6.4 and are shown in Figs. 6.16 and 6.17. 

For power- driven harrows, the predicted equation is a function of 

machine width which included the number of blades or tines on the 

rotor. By using the June, 1984 list price for power- driven harrows: 

(PPc)h = ac + bm Wm 

where (PP )h = driven -power harrow purchase price, L. 

... 6.5 

The regression coefficients, their standard errors and the percentage 

of explanation, for power harrows are listed in Table 6.4 and 

illustrated in Fig. 6.18. The predicted prices are compared with the 

list prices of various cultivator types in Fig. 6.19. 

6.1.3 Machinery index prices 

Purchase prices for any one year are severely limited in their 

usefulness, to the extent that reference to the current price guide is 

easier and quicker than applying the purchase price equations. 

Fortunately, the availability of official price indices simplify the 

updating of prices on a monthly or annual basis. The ten year tractor 

and implement (including ploughs, drills and cultivators) price 

indices are listed in Tables 6.5 to 6.7. The list prices for various 

types of tractor at July, 1977 were analysed using the same method as 

for the prices at Septemebr, 1983. The regression coefficients, their 

standard errors and percentages of explanation (for 1977) are given in 

Table 6.1. 

List prices for conventional and reversible mounted ploughs at July, 

1980; mounted and trailed, grain only drills at: October, 1976 and 

March, 1978, respectively; and power- driven cultivators; rotary tined 

and harrow at November, 1977 were analysed using the appropriate 

equation for machine type mentioned in section 6.1.2. Regression 

coefficients, their standard errors and percentages of explanations 
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for these machine types are listed in Tables 6.2 to 6.4, respectively. 

It is evident, therefore, that price updating is possible using the 

price indices. For example, if the list price of a new tractor is, 

PPT11 in September, 1983 and the price indices for September, 1983 and 

July, 1977 are It1, and It2, respectively, the July, 1977 predicted 

list price, PPT2, of a similar tractor was given by the form: 

PPT2 = PPT1 (It2/It1) ... 6.6 

Table 6.8 shows the relation between the prices of 2 -wheel drive and 

4 -wheel drive (unequal) and crawler tractors using the price equation 

(eqn 6.1) for September, 1983 and July, 1977, and index linking from 

September, 1983 to July, 1977 by means of equation 6.6. The 

percentage differences between those prices are given in Table 6.8. 

In a comparison between the September, 1983 index -linked prices to the 

July, 1977 and July, 1977 predicted prices for various tractor types, 

the percentage differences are: 2.35 to 3.95 popular power size of 50 

to 75 kw for 2 -wheel drive tractors, whilst the percentage differences 

decreased from -4.32 to -11.11 and -5.84 to -26.54 for the 4 -wheel 

drive (unequal) and crawler tractors, respectively. These differences 

would suggest that increased market competition has led to a reduction 

in tractor prices (Table 6.8). 

Tables 6.9 to 6.12 show the same comparisons for conventional and 

reversible mounted ploughs; mounted and trailed drills, grain only 

drills and power- driven rotary -tined and harrow cultivators, 

respectively. For the common size of 3 -5 furrow conventional and 

reversible ploughs, the percentage differences between the August, 

1983 prices index - linked to the July, 1980 and the July, 1980 list 

prices were 15.93 for conventional plough and from 11.99 to 15.21 for 

reversible plough, respectively (Table 6.9). For the mounted or 

trailed drills, from 2.5 to 3.75 m wide and with 20 to 30 coulters, 

the percentage differences between August, 1984 prices index - linked to 

Oct., 1976 and Oct -, 1976 list prices decreased from 19.43 to 0.57 for 

mounted drills (Table 6.10), whilst August, 1984 prices index - linked 
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to March, 1978 and March, 1978 list prices for trailed drills 

decreased from 25.40 to 15.52 for the same machine width and number of 

coulters (Table 6.11). However, the percentage differences between 

June, 1984 prices index - linked to the November, 1977 and November, 

1977 predicted prices were only 1.42 to 1.36 for the 3 to 4 m width of 

power- driven tine cultivator and the differences ranged from 17.47% to 

11.58% for the same widths of power harrow cultivator (Table 6.12). 

In terms of the actual price increase of individual prices of 

machinery, Department of Industry statistics give a better guide. The 

price index for agricultural tractors increased from 32.4 in 1974 to 

123.0 in 1983 (an average increase of 10.10 percent per year over the 

ten years (Table 6.5). For agricultural machinery, the price index 

increased from 38.2 in 1974 to 114 in 1983 (an average increase of 

8.44 percent per year over ten years) Tables 6.6 and 6.7. This 

compares with an average increase of 27 and 17 percent over a period 

of seven years, 1970 -1977, for tractors and agricultural machinery, 

respectively (Crabtree, 1978). ' Farm machinery prices have certainly 

increased rather more than the retail price index. 

6.2 Machinery costing procedures 

A quick, simple estimate of machinery operating costs is obtained by 

averaging the annual costs over the full period of ownership. This 

ignores the fact that depreciation is higher during the first year of 

ownership than in subsequent years, whilst repair and maintenance 

charges increase with age of the machine. This simple estimating 

procedure provides a useful guide to average trends but does not 

identify the variation in costs for different periods of ownership. 

The average operating costs are not strictly comparable with other 

annual farm costs and returns such as contractors' hire charges or 

crop gross margins. Neglecting the account for changes in costs from 

year to year also excludes the possibility of allowing for the effect 

of inflation. The correct evaluation of the annual costs is 

particularly important to ascertain the economic life of a machine. 

For solutions to more complex machinery management problems, the 
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annual machinery costs are calculated using the actual cash flows 

which occur each year. The calculation of the annual cost of machine 

ownership is based on three types of cash flow: 

(i) capital cost repayable by equal mortgage instalments; 
(ii) recurring annual repair and insurance charges; 

(iii) income from selling the machine. 

The discounted annual interest charge paid on the borrowed capital is 

affected by the loan rate and its period. For a given standard tax 

rate, the tax relief is calculated for repair and insurance costs and 

annual capital allowances deducting the actual balancing charge (Table 

6.13). 

6.2.1 Interest and inflation rates 

In calculating the cost of owning and operating individual machines, 

there must be a charge for the interest on the capital which is 

invested in the machine. Either the capital is borrowed and the 

interest has to be paid, or the capital is already owned and has an 

opportunity cost which is the highest return that the capital could 

earn from an alternative investment. The opportunity cost of capital 

is by no means easy to define but a realistic allowance can be 

calculated from the earning power in safe investment such as a 

Building Society. 

Inflation and tax allowances makes the real cost of borrowing much 

lower than indicated by overdraft interest rates, so it is much more 

appropriate to use investment interest rates, ii, and inflation rates, 

jf. Thus, the real interest, ir, using identical monetary values, is 

the total repayment related to the purchasing power of the loan and it 

can be expressed mathematically as in the form: 

ir = (11 - if) 100 

1 + jf ... 6.7 
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6.2.2 Resale value 

The resale value of an N years old machine (equation 3.71) and their 

coefficients, As and Bs are given in Table 3.3 (section 3.10). As a 

result of changes in the inflation and interest rates, the resale 

value of the machine will have changed in N years time. The present 

resale value of a machine after being inflated and discounted equation 

3.71 may be rewritten in the form: 

SN = As (Bs)N FLN (PP /100) 

where As and Bs = resale coefficient constants; 

SN = inflation /discounted resale value of the 
machine after N years is owned, £; 

FL = (1 + 1f)/(1 + ii), ratio of inflation to 

interest rate. 

6.2.3 Repair and Maintenance costs 

68 

Maintenance and repairs are essential in an effort to guarantee a high 

standard of machiné performance and reliability. Reliability is a 

measure of the confidence which can be placed on a machine to complete 

a planned duty cycle without a component failure. Over the life of a 

machine, components become worn. Excessive wear adversely affects 

output and increases the likelihood of random failures. This 

introduces a greater financial risk by prolonging a critical operation 

either through a slower rate of work or through an unforeseen 

breakdown. 

An accurate record of repair and maintenance costs should be kept for 

each machine on the farm. As a guide, however, average repair costs 

are influenced by the size of the machine, as reflected by its price, 

and the amount of use. For any category of machine, there is an index 

of accumulated repair and maintenance costs which is the ratio of the 

accumulated repair and maintenance costs to the initial purchase price 

(equation 3.73). Since, the coefficients, Ar and Br, for equation 

3.73 were estimated in times of little (but some) inflation, by 
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multiplying this equation by the inflation /discounted ratio, FL, 

equation 3.73 becomes: 

(Rc)N = EN Ar(Xn)Br FLn (PP/100) 
n=1 ... 6.9 

where (Rc)N = accumulated repair and maintenance costs at 

end of N years, the machine is owned 
Ar and Br = repair and maintenance coefficients 

(Table 3.5). 

The accumulated use, x, for tractors is given as engine hours divided 

by 1,000, whilst that for machinery is given as area covered in 

hectares divided by 1,000. As the engine hours are recorded on a 

tractor hourmeter which is only correct at a particular engine speed 

for that tractor model, an under -utilised tractor, operating at low 

engine speeds, will record a lower hourmeter reading than a tractor 

operating at maximum power for the same period. Thus, the accumulated 

use, based on the hourmeter reading, partly accommodates for different 

levels of power utilisation in the calculation of tractor repair 

costs. For machines, however, hours of use can be misleading because 

high speed operation would result in lower repair costs than low speed 

work on the same area. Area of use for field equipment provides a 

more realistic estimate of machinery repair costs. 

When the present annual repair cost is required on a year by year 

basis, it can be calculated by subtracting the accumulated repair 

costs for the previous accumulated years, (Rc)N_1, from those for the 

current year, (Rc)N, as in the form: 

(Rc)n = (Rc)N - (Rc)N -1 

6.2.4 Road tax and insurance costs 

... 6.9a 

The registration of agricultural tractors and self propelled machinery 

for use on the public highway involves an annual payment of vehicle 

excise duty at a nominal rate of £15, provided that the governed 
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engine speed of the vehicle does not permit a road speed in excess of 

32 km /h. Otherwise, the tractor must be licensed as a haulage vehicle 

which attracts vehicle excise duty of £400 /year and must use ordinary 

non -rebated diesel fuel. 

It is worth while, in practice, to insure farm machinery against loss 

by fire. The insurance charges for farm equipment vary from insurance 

company to company and fall between 0.6 and 1.2 percent of the machine 

value covered per year. Insurance for tractors and self -propelled 

machines cover third party liability, fire and theft. In many cases, 

the insurance cover also includes free cover for attached trailers and 

for accidental damage to trailed machinery when attached to the 

tractor, including internal damage to the machine caused by the 

ingress of foreign objects. Current premiums are based on a minimum 

charge of £25 up to a current market value of £1,000 and therefore on 

a sliding resale of £1.20 per £100 up to £5,000, £0.95 per £100 for 

the next £10,000 and £0.85 per £100 for the next 25,000. The current 

market value of the machine is considered to be the resale value, 

S(N_1) of the machine at the end of the previous (N -1)th year: 

S(N-1) = As Bs(N-1) (PP/100) ... 6.10 

After the insurance charge is identified from the sliding resale for a 

specific resale value, S(N_1), the inflation- discounted of the 

insurance charge over (N -1) years may be given in the form: 

(INS)N = EN-1(INS)n 
FLn 

n=1 ... 6.11a 

where ( INS)n = insurance charge at the nth year, £ 

(INS)N = insurance sum over (N -1) years, £ 

For an individual year, the insurance charge may be given by the form: 

(INS)n = N-1(INS)n(FL)n _ £N-2(INS)n(FL)n 

n=1 n=1 

where ( INS)n = yearly insurance charge, £ 

... 6.11b 
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6.2.5 Annual interest charge 

When repaying the purchase price of a machine by means of a mortgage 

in equal instalments, the initial instalments largely comprise 

interest whilst later instalments, are mainly repayment of the 

principal. The annual interest charge is given by the interest on the 

outstanding balance of the loan after repayment of the mortgage 

instalments in the preceding period of the loan as in the form: 

(1 + iQ)N - (1 + iQ)n-1 
IA = PP iQ 

(1 + i)N-1 

... 6.12 

and the total discounted sum of the annual interest charge is given 

by: 

(1 + iQ)N - (1 + iQ)n-1 

(IA)N = nN1PP iQ 

[(1 + iQ)N -11(1 + ii)n 

... 6.13 

where IA = annual interest charge at nth year, £; 

(IA)N = total discounted of annual interest charge over 
N years loan payment, £ 

ii = investment interest rate 
iQ = loan interest rate; 

6.2.6 Annual repayment of loan capital 

The capital cost of the machine may occur as a payment, on outward 

cash flow, at the beginning of machine ownership at time zero, or else 

the machine may be bought by borrowing the money and paying a series 

of equal annual mortgage payments as: 

(1+iQ)N 
MV = PP 

(1+iQ)N-1 

... 6.14 

If it is assumed that the period of the loan is the same as the period 

of ownership, N, payment of one's own capital may be thought of as 

borrowing from oneself at a lower interest rate. Thus the concept of 
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opportunity cost of capital may also be included. The discounted cash 

flow or present cost of a cash flow, Cn, is the net present annual 

value, which must be invested to pay the cash flow in the nth year as 

in the form: 

NPV = Cn/(1 + ii)n ... 6.15 

For a series of equal annual cash flows, Mv, over the life of the 

machine, the total net discounted present mortgage value over the 

machine life is given by the form: 

NPMV = MV 
EN 1/0 + ii)n 
n=1 

... 6.16 

Rearranging terms and combining equations 6.14 and 6.16 gives the 

total sum of mortgage cost as: 

(1 + iQ)N [(1 + ii)N - 11 

NPMV = PP (it/ii) 
(1 + ii)N [(1 + iQ)N - 1] 

where Cn = annual cash flow for nth year, £ 

MV = annual mortgage value, £ 

NPV = net present value of cash flow, £ 

NPMV = total present mortgage value, £ 

... 6.17 

If the interest rate on the investment is the same as the loan 

interest rate, the total present mortgage cost is the same as the 

purchase price. 

6.3 Investment grants and net -taxation 

Investment incentives and tax considerations affect farmers' decisions 

regarding the total investment in equipment and the timing of 

individual machinery purchase. Investment grants are made available 

to farmers as an incentive for further mechanisation. The grants are 

a straight forward payment which reduces the net cost of a machine. 

It is, effectively, a Government discount to the buyer. This form of 
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Governmental incentive benefits all farmers equally, irrespective of 

the level of business profitability or taxable income. These grants 

are being decreased or discounted with the shift in emphasis from 

increasingly efficient production techniques to conservation of the 

rural environment. 

In general, any investment that must be paid back over a period of 

time in the future must have the income discounted at the percent it 

could have earned in its alternative use in order to make a true 

comparison. Taxation for machinery ownership is a complex matter in 

valuing most of the farm business and the personal circumstances of 

the farmer. It is sometimes stated that machinery is purchased in 

order to reduce tax liability. It is this aspect of taxation which 

will now be briefly considered. In sections 6.1 and 6.2, it was 

stated that purchasing a machine introduces a number of cash flows. 

As the purchase of a machine may also have an effect on the amount 

paid out in tax, also a cash flow, tax can also be analysed in terms 

of discounted cash flow. Discounted cash flow can be used to justify 

the purchase of a more costly machine which results in some annual 

saving such as the reduction in the labour force. Considering tax can 

upset this decision. 

6.3.1 Annual capital allowance value 

Capital allowance in buildings and machinery is also eligible for tax 

relief, by means of annual capital allowance. In contrast with the 

investment grants, capital allowances only benefit farmers, who make 

sufficient profit to pay tax. The more profitable the business, the 

higher the marginal tax rate and the greater the benefit from the 

capital allowance. In discounted cash flow terms, the tax relief on 

annual capital allowance is worth progressively less relative to an 

investment grant of the same total amount received soon after the time 

of purchase. The effect of various tax allowances can be more readily 

understood by using the discounted cash flows (section 6.2) to 

calculate the present annual ownership costs for a machine taking 

into account tax relief at the standard rate. 
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For taxation purposes, the annual rate of capital allowance for a 

building is 44% of the purchase price, using straight line depreciation 

over 25 years. For machinery, the annual rate of capital allowance is 

25% on a diminishing balance basis,that is on the written -down value 

of the machine. Thus, the annual capital allowance for an, n, year 

old machine is: 

(CA)n = 0.25(0.75)n-1 pp ... 6.18 

where (CA)n = annual capital allowance for an nth year old 
machine, £ 

The discounted of the annual capital allowance (CA)N, over N years the 

machine is owned is given by the form: 

(CA)N = EN (CA)n/(1 + ii)n 
n=1 

6.3.2 Balancing adjustment 

... 6.19 

When the machine is sold or ceases to be used, a balancing adjustment 

is made to bring the total capital allowance (excluding any investment 

allowance) equal to the net cost. The letter is the acquisition cost 

paid for the old machine less any resale value. The balancing 

adjustment may either be in the company's favour (balancing charge). 

If the resale value exceeds the written -down value, then it is 

necessary to have a balancing charge on which tax must be paid. 

Alternatively, if the resále value is less than the written -down 

value, then there is a balancing allowance (i.e. a negative balancing 

charge) on which additional tax relief is available. This balancing 

charge which is balancing the initial cost of the machine, with the 

summation of the capital allowance values and the inflated- discounted 

salvage value, in the last year of ownership of a machine, together 

give the discounted balancing charge as in the form: 

(Bc)N = SN + (En=1(CA)n - PP)/(1 + ii)N ... 6.20 
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where (Bc)N = balancing charge over N years, the machine is 
owned, £ 

SN resale value of the machine (equation, 6.8), £ 

6.4 Present annual cost with tax relief 

The previous sections have described how to calculate the separate 

cost elements of operating machinery. These costs were determined 

with discounted cash flows, which in many cases this may be an over 

complication. Discounted cash flows are necessary when looking at 

problems of machinery ownership, such as replacement and taxation when 

the calendar time at which cash flow occurs is important. 

The currently accepted method for agricultural costing, used most 

frequently for comparing alternative machine, is based on straight 

line depreciation, with repairs and maintenance charged at a constant 

annual rate as a percentage of the initial capital cost of the 

machine. This approach is deficient for a number of reasons. It does 

not take into account the variation in machinery costs (i.e. repair 

and maintenance as the machine becomes older. Partly for this reason 

it does not, provide an annual cost for a machine which is comparable 

to other farm costs and returns such as contractor hire charge or crop 

gross margin. This inability to take into account changes in the 

costs from year to year does not allow the effects of inflation on 

machinery costs to be determined. If a constant annual repair and 

maintenance rate is assumed over the machine life, there appears to be 

no economical point to replace an ageing machine with a new one. 

Various aspects relevant to agricultural machinery costing were 

discussed in section 3.10 but they did not give a general description 

of a comprehensive method of including tax relief in machinery 

costing. Thus, the present procedure of machinery costing is based on 

the determination of an annual cost with tax allowances for owning and 

using a machine which is comparable to other annual returns and costs, 

and gives an accurate estimated cost (Table 6.13). The annual cost of 

a machine is defined as the annual income which exactly balances the 

machine costs over its life, taking into account the effect of 
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inflation and taxation (Table 6.13), the depreciation term is avoided. 

So that the change in the farm bank balance is the same with the 

machine as without it. 

The various tax allowances are multiplied by the marginal tax rate to 

give the tax relief. There is a series of taxable income bands, each 

with its own tax rate, ranging from the standard tax rate of 30% up to 

60% at higher levels of taxable income. The annual tax relief is 

deducted from the grass cash outgoings to give the net amount for 

discounting. 

The following cost elements influence the tax liability: 

1) total sum of annual repair and maintenance costs 
(equation 6.9), 

2) total sum of annual insurance costs (equation 6.11a), 
3) total sum of annual interest charges (equation 6.13), 
4) total sum of annual capital allowances (equation 6.19), 
5) balancing charge (equation 6.20). 

Joining, the net present mortgage value (equation 6.17) and the 

inflated- discounted salvage value (equation 6.8) with the allowance 

elements (1 to 5). The present annual ownership machine cost 

including tax relief, is given by an algebric expression as in the 

form: 

An = {NPMv - [(Bc)N + (CA)N + (IA)N]Tr + (1 -Tr)[(Rc)N 

+ (INS)N] - SN} (FL-1)/ FL(FLN-1) ... 6.21 

where An = present annual cost of a machine ownership, £; 

(Bc)N = balancing charge over N years, the machine is 

owned, £ 
(CA)N summation of annual capital allowances over N 

years, the machine is owned, £; 

(IA)N = summation of annual interest charges over N years, 
L; 

(INS)N = summation of annual insurance charges, over N years; 

FL = (1 + jf) /(1 + ii), inflated /discounted ratio; 

NPMv = net present mortgage value, £; 

(Rc)N = summation of repair and maintenance sosts, £; 

SN = salvage value after N years, the machine is owned, 

£; 
Tr = tax rate 
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6.5 Other costs 

There are other costs which should be added to the present annual cost 

of machine ownership to obtain the total operating costs. These 

additional costs are running costs, labour and shelter costs. 

6.5.1 Running costs 

The fuel consumption of a tractor and self -propelled machine is 

governed by the amount of energy demanded at the drawbar or through 

the PTO. The net energy requirements for typical farm tillage 

operation are presented in Table 3.1. Fuel efficiency varies with 

engine loading and reaches a maximum at about 90% of maximum power. 

The average engine loading throughout the year is 55% of the maximum 

PTO power of the tractor. The specific fuel consumption, for a diesel 

(equation 3.75a) is used to represent fuel consumption (1 /kWh) which 

is multiplied by the charge per unit fuel to give the fuel cost as in 

the form: 

Fe = [2.64Up + 3.91 - 0.2(738Up + 173)1] PTO(CL)h 

where CL = fuel cost, (£ /L) 

Fc = fuel cost, £ 

PTO = power take -off power, kW 
Up = power utilisation ratio (see section 3.10.6) 
h = used, h 

... 6.22 

and the oil consumption is related to the rated engine power (Ep) by 

means of equation 3.76a which gives the oil consumption in terms of 

litres per hour, at the rated engine power, kW, which is multiplied by 

the price per litre to give the oil cost as in the form: 

Oc = [(21.69 + 0.59Ep)10-3] h(C0) ... 6.23 

where Ep = engine rate power, kW 

Co = oil cost, (£ /L) 

h = used hours. 
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6.5.2 Labour cost 

For 1984, the average charge cost -including National Insurance, 

Employer's Liability Insurance, overtime and benefits is £117 a week 

for a general agricultural worker, £132 for a tractorman and £154 for 

a dairy stockman. Taking the average cost to the farmer for a 

tractorman, the hourly rate comes to £3.50 and the labour charge for 

machinery is simply this hourly rate multiplied by the time required 

(Witney, 1985) as given in the form: 

Lc = (£/h)/(Area/Wr) ... 6.24 

where Lc = labour cost, £ 

area = farm area, ha 
Wr = machine work rate, ha /h 

This calculation for the labour charge infers that labour is available 

by the hour, on a casual basis, whereas the real value of labour at 

the time for which it is required may be considerably higher because 

of its opportunity cost. It may be necessary, for example, to hire 

permanent agricultural workers to ensure their availability at a 

critical time of the year. In such circumstances, the annual cost is 

more appropriate than the hourly labour cost. Provided that this 

aspect of labour availability is borne in mind, the hourly labour 

charge is an important part of machinery operating costs for systems 

comparisons the enterprise level. 

6.5.3 Shelter cost 

Although the financial benefit of shelter for farm machinery is 

difficult to evaluate, most complex machinery is stored under cover 

for at least part of the year. Apart from providing facilities for 

maintenance and repair, a tidy machinery shed demonstrated a substantial 

commitment to good machine care. A purpose built machinery store 

requires enclosed workshop facilities and garaging for self -propelled 

machine. More robust implements are usually in an adjacent lean -to 
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shed with open sides. Depreciating this type of structure over an 

economic life of 20 years generates an annual cost of 12% of the 

initial purchase price of the machinery store, which gives an average 

0.5 to 1.0% of the initial price of the machinery stored inside the 

building as shelter cost. In this study an average rate of 0.01 of 

purchase price is considered to give an approximate estimate for 

shelter cost. By using this consideration, the ratio of shelter cost 

for a farm operation to the total annual use is given by: 

Shc = 0.01 PP[(Area/Wr)/h] ... 6.25 

where h = used hours per year 
Shc = shelter cost of a farm operation, £ 

Concluding comment 

The various cost elements form part of the simulation model and the 

relative importance of the major cost elements is discussed in more 

detail in section 7 and 8. 
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7 MACHINERY MANAGEMENT COMPUTER MODELS 

A tractor combined with an implement represents a productive unit. 

Users require information about the performance and cost of such a 

unit. A suitable source of information may be a specialised 

measurement in the field. If desired, the measurement may be extended 

to several alternative tractor -implement combination and various soil 

conditions. But the measurement itself cannot usually provide a 

definite answer to the question of whether the properties of the 

tractor -implement combination could be further improved by some 

modification and what kind of change would be the most effective. 

Performance analysis may assist in improving tractor -implement 

combination. A reliable theoretical solution reduces considerably the 

risk in developing new machinery. It may be used to estimate the 

characteristic of very unorthodox combinations. Unlike field 

measurement, however, the theoretical analysis only provides results 

as computed from the original equation, and with accuracy depending on 

the quality of the input information. A suitable method of 

computation is not much use unless it is associated with an adequate 

knowledge of the principal relationships between the data information 

of the tractor -implement combination and the relevant operational 

features, soil force, implement draught, transfer load, tractor pull, 

tractive efficiency, matching tractor -implement combination, work 

rate, fuel consumption, machinery and labour costs and penalty cost. 

7.1 Machinery selection computer programme 

For agricultural machinery selection, the computer programme "MSP" 

(Machinery Selection Programme) frequently seeks to optimise an 

objective function (least cost or maximum profit). This programme was 

developed to select the optimum tractor fleet with matching implements 

for tillage and sowing operations. The languages used were Edinburgh 

FORTRAN IV and 77. The programme consists of (a) the main control 

frame, (b) the input data routines, (c) the calculation routines and 

(d) the reports. The flow diagrams for the machinery selection 
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programme "MSP" are shown in Figs 7.1 and 7.2 and the complete listing 

is given in Appendix 5. It is divided into the following subroutines: 

a) The main control frame: 

1. Common blocks called "MS.CMN" 
2. Initialise data called "MS.BDY" 
3. Initialise system and user variables called "MSDI.BDY" 
4. Initialise variables called "MSCL.BDY" 
5. Calling files called "MSDSEC.BDY" 
6. System and user called "MSDSU.BDY" 

b) Input data: 

7.1 Tractors called "MSDA00,BDY" 
7.1.1 2 -wheel drive called "MSDA0I.BDY" 
7.1.2 4 -wheel drive (unequal) called "MSDA02.BDY" 
7.1.3 4 -wheel drive (equal) called "MSDA03.BDY" 

7.2 Ploughs called " MSDCOO.BDY" 
7.2.1 Mouldboard called "MSDC0I.BDY" 
7.2.2 Chisel called "MSDCO2.BDY" 
7.2.3 Shallow called "MSDC03.BDY" 

7.3 Cultivators called "MSDIOO.BDY" 
7.3.1 Rotary (L -shape blade) cultivator called " MSDI0I.BDY" 

7.3.2 Rotary tine called " MSDI02.BDY" 

7.4 Drills called "MSDFOO.BDY" 
Mounted drill called " MSDF01.BDY" 
Trailed drill called " MSDF02.BDY" 

7.5 Soil specifications called "MSDSS.BDY" 

7.6 Operating conditions called "MSDOC.BDY" 

7.7 Operational costs called "MSDAC.BDY" 

7.8 Soil workability and crop data called "MSWDD.BDY" 

8. Combination selection called "MSDSC.BDY" 

9. Open data files called "MSOPEN.BDY" 

c) Technical calculations called "MSCALC.BDY" 

10.1 Matching single tractor - implement combination 
10.2 Multiple tractor -implement combinations 
10.3 Costing routines 
10.3.1 Tractor and plough costs 

10.3.2 Tractor and cultivator costs 

10.3.3 Tractor and drill costs 

d) Reports: 

11.A Calling report called "MSRT.BDY" 

11.B Sequential reports called "MSDRT.BDY (MSR 1 to MSR 11) ". 
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The main objective of the "MSP" programme is to predict the 

performance of each tractor -implement combination; to accumulate each 

single combination for a given field operation, area and time; and to 

calculate the system costs. This involves the following elements: 

a) performance models 

- single tractor -implement model 
- multiple tractor -implement model 

b) costing model. 

7.2 Performance models 

The development of a machinery selection programme was simplified by 

examining tractor - implement performance and matching the tractor and 

implement combinations for sequential field operation for cereal 

crops. Either single or multiple tractor and implement combination(s) 

can be considered and it is also possible to include the effect of 

multiple cropping operations. 

The selection of an agricultural tractor -implement combination 

comprises six major steps namely: 

prediction of the soil moisture; 
prediction of the soil workability days; 
prediction of the soil strength; 
prediction of the plough draught; 
prediction of the tractor power; 
matching of the tractor and implement combination. 

7.2.1 Prediction of soil moisture and workability days 

Soil moisture model which balances the amount of water gained by the 

soil against the amount of water lost from the soil and the soil 

workability model were developed by Eradat Oskoui (1981). The soil 

workability model use the information produced by the soil moisture 

model and assigns each calendar day as suitable or not suitable for a 

given operation. This model was analysed by Eradat Oskoui (1981) for 

a number of years (up to 20) and the accumulative number of years on 
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which a given day was a work day or a non -work day with a given 

criterion are tabulated in both absolute and percentage terms. The 

percentage form was referred to as probability level. This table can 

be used to identify the location of dry or wet season in a particular 

year. The available work days for three Scottish soil series, namely 

Darvel, Macmerry and Winton soil series for three soil workability 

criteria 100, 105 and 110 percent of moisture content at field 

capacity and for three probability levels 80, 90 and 100 percent are 

given in Tables 7.1 to 7.3. These output results are used as input 

data files, named MS1080 MS1090 and MS1100 for Winton, MS2080, MS2090 

and MS2100 for Macmerry and MS3080, MS3090 and MS3100 for Darvel soil 

series, in the subroutine "MSWDD.BDY ". 

7.2.2 Calculation of soil strength 

A separate programme predicting cone penetration resistance was run on 

the Edinburgh Multiple Access System "EMAS ", using the Multreg. 

Package. By means of equation 4.6 and its coefficients (Table 4.15), 

the soil strength was predicted as a function of soil moisture 

content, specific weight and the clay ratio. 

7.2.3 Calculation of the plough draught 

By means of the empirical equation 4.6, the plough draught is 

calculated by equation 6.63 to pull a plough with given dimensions of 

furrow width and depth, tail angle, number of bodies and forward 

speed. 

7.2.4 Tractor -implement performance 

Tractor performance for a given set of tyre dimensions and load is 

determined from equations 3.31, 3.35 to 3.41, together with the cone 

index equation 4.6. However, the most important factors affecting 

tractor performance or the wheel mobility number are the load on the 

tractor and the weight transfer. 
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Dynamic load transfer investigations 

Matching tractor and implements for field operation has been based 

largely upon prior experience of acceptable combinations because of 

the complexity of the interaction between the vehicle, the soil and 

implements (equation 3.68). Detailed study however, reveals that the 

dynamic ratio (ratio of pull developed by the driven wheels to the 

dynamic weight upon the wheels), weight transfer takes place when a 

tractor is pulling and this transferred weight alters the static 

weight acting on the driven wheels of the tractor. The usual way is 

to calculate weight transfer from implement to the rear axle of the 

tractor is based upon the angle and location of the line of the 

resultant of the draught force. The transferred weight from the front 

axle to the rear axle of the tractor must be considered. 

By using the tractor implement model developed by Dwyer (1984), the 

weight on the rear wheels was defined by equation 3.64, which can be 

modified with the coefficient of rolling resistance, CRR, equation 

3.38 to give the dynamic load on the rear axle of the tractor, WR, as 

follows. All the terms in the mobility number other than the wheel 

load are represented by the single terms BF and BR, for the front and 

rear wheels respectively, such that 

MF 

MR 

BF CI bfdf df 
i 

1 

= = 

Wg_ 
( ) 

(1 ) + (bf/2df) 

BR (Sr i 1 

= 

W 

= CI b ,, 

( h 
) (1 

) 

R W + ( br/2dr) 
r 

... 7.1 

... 7.2 

Substituting the value of the mobility number, MR, from equation 3.38 

in equation 3.65, the rear wheel load, WR, for a two -wheel drive 

tractor becomes: 

(0.287) r 

WR = WRS + WR [0.049 + WM- 
BR WB 
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0.287 r r 

WR + (0.049 - - 1)WR + WRS = 0 

BR WB WB 

D 0.049D D 
WR = {- (0.049 - - 1) - [( - 1)2 - 2(0.287- WRS)]11/ 

2WB 2WB WB 

D 

(0.287 ) 

BRWB 
7.3 

Similarly by using BF for the front wheel and BR for the rear wheel, 

the dynamic load, WR, on rear wheels of the 4 -wheel drive tractors 

(equal or unequal) can be defined by: 

0.287 r 0.287 r 

WR = WRS + WF[0.049 + ( )WF] - + WR[0.049 +( )WR] - 
BF WB BR WB 

0.287 r 0.287 r r 0.287 
[ (BF + BR) ]WR - [2( W ) + 1]WR + [W-( W + 
BFBR WB BF WB WB BF 

0.049) + WRS ] = 0 

D D BF + BR D 

WR = (0.287W + 1) - {(0.287W + 1)2 - [0.287( ) ] 

BFWB BFWB BFBR WB 

D W BF + BR D 

[W- (0.287- + 0.049) + WRS111 / [0.287( ) ] ... 7.4 
WB BF BFBR WB 

where BF 
BR 

D 

MF 

W 
WF 

WR 

WRS 

MF WF 
MR WR 
rolling diameter of driven wheel (2r), m; 

front wheel mobility number; 
rear wheel mobility number; 
total tractor weight, kN; 
dynamic weight on the front axle, kN; 

W -WR 
dynamic weight on the rear axle, kN; 

static load on the rear axle, 1<N 

All forces acting on an implement in a vertical plane can always be 

resolved into a single resultant force in space of magnitude, Rp, with 

an angle, p to the coordinate, with the horizontal and vertical 
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co- ordinates define its points of application. Zoz (1972) assumed 

that the weight transferred from the implement to the tractor rear 

axle was given by the product of the horizontal component of the 

implement draught, PD, and tancDp, as mentioned in equation 3.67. The 

resultant force, Rp, due to the horizontal component of the plough 

draught, PD, and due to the vertical component, Vp, acts at the angle, 

(I) p, to the horizontal such that: 

Rp = (PD2 + V2)1 

Vp = PD tan 

... 7.5 

... 7.6 

Since the angle, (D p, varied with the depth and the reaction of the 

soil on the implement moving in the soil also varied, it is difficult 

to define the vertical force component, Vp, and the angle, (Dp. For 

simplicity, therefore, it is assumed that the weight transfer from the 

implement to the rear axle of the tractor is equated to the implement 

weight, Wti. Using the NIAE handbook for agricultural tyres (Dwyer et 

al., 1975), the recommended wheel load /dimensions were used. There 

recommended loads on the tractor wheels include the implement weight. 

In order to calculate the weight transfer from the front axle, it is 

necessary to assume a dynamic load distribution on the front wheels of 

35 %, 42% and 60% of the total weight of 2 -wheel drive, 4 -wheel drive 

(unequal) and 4 -wheel drive (equal) tractors, respectively. 

By means of equations (7.1 to 7.4), the mobility number were 

calculated for different tractor types. Equations 3.35 to 3.38 were 

used to calculate the rolling resistance of undriven wheels, maximum 

and net thrust available from the driven wheels as a function of wheel 

slip (equation 3.35 or 3.39) and the load on the driven wheels. The 

tractive efficiency, TIT, is calculated as a function of wheel mobility 

number by means of equation 3.41. The tractor power is predicted from 

the thrust developed by the driven wheels (pull + rolling resistance 

of undriven wheels) multiplied by tractive efficiency and the 

appropriate transmission efficiency (0.90). The ratio of equivalent 

power is calculated as the implement draught to the net drawbar pull 
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on the tractor, which was calculated for the determination of the fuel 

consumption. 

Up to 20 sets of load /tyre dimensions may be used as input data for 

each tractor type (tractor subroutines). All single tractor -implement 

combinations were examined through a series of filters which print out 

only the feasible tractor -implement combinations. 

7.2.5 Matching the tractor and implement 

Four filter criteria are used for matching the tractor with the 

implement, namely: 

i the pull produced by the tractor should either equate with or 
exceed the sum of draught of the plough and the rolling 
resistance of the undriven wheels of the tractor; 

ii to avoid the very high powerful tractor and low draught 
implement, the tractor pull should not be greater than 1.25 
the plough draught; 

iii the tractive efficiency of tractor should not be less than 
acceptable level of 65 %; 

iv the soil damage due to smearing and soil compaction must not 
exceed a certain limit such that the weight on the driven 
wheels to the tractor power should not be greater than 100 

kg /kW. 

These filters appropriately match the different tractor -plough 

combinations and the feasible solutions were printed in either concise 

or detailed form (Fig 7.2) and were stored in a sequential files 5 and 

9. (Appendix 5, section 10.2). 

7.3 Multiple feasible tractor -plough combinations 

For a given area and time period to perform a specific field 

operation, starting day and week numbers, expecting finish day and 

week numbers, soil workability criterion, probability and feasible 

single combination work rates were given as input here. The programme 

re -read these data as output from the previous routine and accumulated 
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each single feasible combination work rate until the sum of the work 

rates was adequate to complete the job in a given time, taking into 

account the available soil workdays. The number of single feasible 

combination required may be given by the equation: 

J=WA 
CN = Area/[(8E14 (Wr)n E (DA)j] 

n=1 j=Ws 
... 7.7 

where Area = area, ha; 

CN = number of single feasible combinations performed 
the job; 

DA = available workdays in each week number, days 
N = appropriate number less than 10; 

WA = actual finish ploughing week number 
Wr = single tractor -implement work rate 
Ws = starting week number 

As the sum of the work rates for the complete number of single 

feasible combinations may exceed the minimum specified, the exact 

hours used, Ha, from the equation: 

Ha = Area / CN(Wr) ... 7.8 

7.44 Programme operation 

The sequence of the operation in the multiple tractor -implement 

selection programme and associated subroutines (Figs 7.1 and 7.2) are 

summarised below. 

1) Read data subroutines 

a) Soil workability available workdays: (subroutine 

MSWDD.BDY). 

This subroutine is designed to specify each soil type 

probability level and soil workability criterion. By giving a 

name with four figures the first figure specified the soil 

series and the other three figures specified the probability 

level (MS1080 MS1090 and MS1100 probability levels of 80 %, 90% 

and 100% for Winton soil series; MS2080, MS2090 and MS2100 
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probability levels of 80 %, 90% and 100% for Macmerry soil 

series and MS3080, MS3090 and MS3110 probability levels of 

80 %, 90% and 100% for Darvel soil series. Each of these files 

has four columns (fields), the first field reading week number 

and the other three fields reading 100, 105 and 110 soil 

workability criteria as a percentage of field capacity. 

Tables 7.1 and 7.3 give the available weekly soil workability 

days for three Scottish soils, namely, Darvel, Macmerry and 

Winton soil series. 

b) Soil strength: (subroutine MSDSS.BDY). 

Soil moisture content, specific weight, clay ratio, cohesive 

and frictional coefficients, probability level and soil 

workability criterion were read as input data for specific 

soil types. By means of equation 4.6 and their coefficients, 

Kc and K (Table 4.15), the soil strength was calculated as a 

function of soil moisture content, specific weight and clay 

ratio. 

c) Plough draught: (subroutine MSDC01.BDY) 

Plough bodies, furrow width and depth tail angle and forward 

speed, were given as input data. Plough draught was 

calculated by means of equation 3.63, using the cone index 

value (equation 4.6). 

d) Operating conditions: (subroutine MSDOC.BDY) 

Starting day and week number, expecting finish day and week 

number for the ploughing operation, optimum sowing day number, 

peak yield, the crop loss coefficients for different crops 

(Table 5.1), and field efficiency were given as input data. 

e) Cultivator /drill (MSDIOO.BDY and MSDFOI.BDY) 

The number of cultivator tines /drill coulters, coulter 

spacing, or machine width, machine life and speed were given 

for cultivator and drill files, respectively. 
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f) Tractor performance data (subroutines MSDA01.BDY, 

MSDA02.BDY and MSDA03.BDY) 

Up to 20 sets of different recommended load /tyre dimensions 

(NIAE Handbook of agricultural tyres Dwyer, et al. 1975) were 

used for 2 -WD and 14 -WD (unequal and 4 -WD (equal) tractors 

using the above subroutines, respectively). The load 

distribution on the front axle was assumed to be 35 %, 42% and 

60% of the tractor weight for 2 -WD and 4 -WD (unequal and 

equal), respectively. Tables 7.4a, 7.14b and 7.4c show the 

input data for these tractor types. 

2) Call technical calculations (MSCALC.BDY subroutine 10.1 

Appendix 5) 

By using, the call and open commands in MSOPEN.BDY subroutine, 

all the input data were ready available for the calculations 

performed in subroutine MSCALC.BDY: 

a) calculate cone index and plough draught (7.2.2 and 7.2.3); in 

the following order: 

b) predict tractor performance and calculate tractor pull 

produced (section 7.2.4) by using cone index value step 2a; 

c) match implement draught with the tractor pull by testing with 

the four filter criteria (section 7.2.5) and rewriting all the 

feasible single- tractor implement combinations into a 

sequential file (MSCALC5.RES). If the pull produced by the 

tractor match the plough draught, otherwise: 

d) reject unmatched combination proceed by: 

- increasing the speed by one increment and go to step 2a or 

- increasing the number of plough bodies by one and go to 2a 

e) call multiple feasible combinations (section 7.3) and 

accumulate the single combination work rates to calculate the 
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number of single combinations to perform the job for a given 

operating time, and the actual hours used for the ploughing 

operation (equations 7.7 and 7.8, respectively). 

3) Call soil workability days routines (MSWDD.BDY) 

For a certain soil type, workability criterion and probability 

level step la (section 7.4), the number of workdays are 

determined as follows: 

a) add up number of days available for farm work in the given 

week numbers; 

b) check whether number of days available are equal to or greater 

than number of days required. If not, add one week to the 

desirable finishing week number and go to step 3a otherwise 

move to step 4. 

4) Call costing routines ('MSCALC.BDY subroutine 10.3 Appendix 

5) 

The sequential field operation system costs are calculated using 

the input data routines and the information produced from 

previous steps. The costing procedure (section 6) involves the 

following equations: 

a) tractor and implement purchase prices (equations 6.1 to 6.5); 

b) tractor implement salvage values (equation 6.8 with 

appropriate salvage coefficients, As and Bs, Table 3.2 and 3.3 

for each machine type). 

c) tractor and implement repair and insurance costs (equations 

6.9 and 6.11a with repair coefficients, Ar and Br, Table 3.5, 

respectively); 

d) annual repayment of loan capital, net percent mortgage value, 

sum of capital allowances and balancing charge (equations 
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6.13, 6.17, 6.19 and 6.20, respectively); 

e) the annual cost of machine ownership balancing the machine 

costs over its life and including the effect of tax (equation 

6.21); 

f) running costs for the number of operating hours, namely: fuel, 

labour and shelter cost are calculated by means of (equations 

6.22, 6.24 and 6.25, respectively); 

g) timeliness cost to minimise the early and late establishment 

yield loss by arranging that the drilling operation starts and 

finishes at a certain date as close to the optimum sowing date 

(day number) as possible; such that: 

DE = DS + DR ... 7.9 

where DE = expected finish drilling day number; 
DR = required days for drill operations, days; 
DS = start drilling day number. 

Taking into account the available workdays and testing with the 

required days for drilling operation, the actual finish drilling day 

number may be given at the end of the finishing week because workdays 

are given on a weekly basis. This may not give the actual finish 

drilling day number. However, to the nearest correct actual finish 

day number, this may be given by: 

DN=DR- [Dv -DL] 

DA = (DS - 1) + [(WA - WS)7] + DN + [(DN/DL)(7-DL)] 

SD = (7WS - 6) 

7.10 

7.11 

where DA = actual finish drilling day number; 

DL = available workdays in the actual finish week number, 

days; 
DN = day required to complete the job from the available 

workdays of the actual finish week number, days; 
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WA = 

WS = 
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accumulated available workdays from starting to 

actual finish week number, days 
actual finish week number; 
starting week number. 

The term (DS -1) was used to bring the start of the operation to the 

beginning of starting day number DS. Taking into account the 

available work days and testing with the required days for a 

sequential operation until the drilling operation (in this study the 

drilling and cultivating operation are together after the ploughing 

operation), the actual finishing plough day and week numbers were 

identified: 

DR = Area /(8 Wr) ... 7.12 

where DR = required days for drill operation 

DS = OPDN - (DR/2) 

where OPDN = optimum drilling day number for peak yield, 
Dg = optimum start day number. 

7.13 

The optimum start drilling day number, DS, is compared with the actual 

finish ploughing day number. As the available soil workdays are given 

weekly basis, that it means that any operation should start at the 

beginning of a new week. For this reason, the actual finish ploughing 

day number, PDN, was set at the last day number of the actual finish 

week number. PDN and SDN can be compared by the following steps: 

If PDN = DS then DS = PDN + 1 

If PDN > DS then DS = PDN + 7 

If PDN < DS and DS - PDN < 7 then DS = PDN + 1 

If PDN < DS and DS - PDN < 14 then DS = PDN + 7 

If PDN < DS and DS - PDN <21 then DS = PDN + 14 
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For a certain soil workability criterion and a proper probability 

level, the number of days available in the first week number at the 

start of the operation is compared to the days required. If the 

number of available workdays is less than the required days, a week 

more is added. If the accumulated available workdays equated with or 

exceeded the required days the exact finished day number is defined by 

equations 7.10 and 7.11. This minimises the yield losses for both 

early and late establishment. 

By using the start and actual finish drilling day numbers and the 

timeliness coefficients Table 5.1 the average yield loss is calculated 

from equation 5.2 for both early and late establishment or equations 

5.3 and 5.4 for early and late, respectively. The Timeliness cost is 

calculated by means of equation 5.5. 

5) Reports: 

The performance and costing system input and output results are 

printed in the form of data summary tables and reports. These 

results will be discussed in the next section. 
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8 DISCUSSION 

The system model which was developed in section 7 selects a field 

machinery system (single or multiple combination) for a sequence of 

farm operations based on time constraints. The machinery system 

selection procedure basically consists of a series of suboptimisations 

by an iterative search, subject to constraints on the completion of 

each operation by a specific date, soil workability criterion and 

probability level. For each suboptimisation, the suitable work time 

that can be expected for a given soil workability and probability 

level is calculated. 

Tractor performance was predicted to match the draught of a particular 

implement, denoted by the number of furrows for a plough or by the 

width, and used for the rest of the field machine operation. Tractor 

power and a machine width is considered as a productivity unit, and is 

calculated subject to the constraints on available power, implement 

size and speed. The field time required for each farm operation is 

based on multiple productivity units for (ploughing) or single 

productivity unit (for the rest of the farm operations) and is 

determined by dividing the total crop area by the number and rate of 

work of each productivity unit, in each field operation. This result 

is compared with the available time within the specific calendar start 

and finish date constraints. If there is a difference between the 

available field time, the assumption is adjusted by adding one week 

and the procedure was repeated until the available field time is 

either equal to or greater than the field time required. This means 

that each combination contains a number of productivity unit(s) 

depending on the time required to perform a specific field area. The 

sequential selection procedure considers firstly tillage and then 

drilling operations, based on the productivity of the single or 

multiple tractor implement combination. In each optimisation, 

minimum, maximum and incremental values of implement width, speed and 

tractor load /tyre dimensions were given to select the optimum power 

level matching the implement width or draught. 
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8.1 Input data required 

Calendar date constraints for each field operation specifications, and 

suitable field workdays are required to calculate available field 

time. The calendar date constraints are specified in terms of weekly 

soil workability days. Weekly workdays were determined from soil 

moisture data for Eastern Scotland. For Darvel, Macmerry and Winton 

soil series data for a 20 year period were averaged to calculate 

weekly workdays, for three high soil workability criteria of 100, 105 

and 110% of soil moisture content at field capacity (Tables 7.1 to 7.3 

and Figs 8.1 to 8.3). The average weekly available workdays from 

these tables, is presented on a quarterly basis, the first quarter 

commencing on 1 January (day number one), in Table 8.1. Winton soil 

series and winter wheat were chosen to calculate various tillage and 

drilling costs, for different tractor -implement combinations. The 

recommended tyre loads and inflation pressures which were used for 

2 -wheel drive, and for 4 -wheel drive equal and unequal) tractors are 

listed in Table 8.2. The general form of input data to the computer 

model is presented in (Table 7.4a to 7.4c) for the three tractor 

categories. In these data files, it was assumed that the fuel price 

was, £0.25/1 and labour for each tractor was available as required at 

rate of, £5 /h. For simplicity, work on Saturdays and Sundays was 

permitted as well as during other holidays at the standard hourly 

rate. Field work hours per day for any sequence of farm operations 

was assumed to be 8 hours /day. 

The start and finish day and week number were given only for the 

ploughing operation. Calculations were always assumed to start at a 

new week number after the finish of the ploughing operation. The 

sowing operation however, was controlled by the optimum crop sowing 

day number, so that the start of drilling was scheduled with half the 

time required for drilling before the optimum day number (Table 5.2). 

The optimum day number to begin sowing was modified by equations 7.9 

to 7.13 (section 7). 
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8.2 Tractor fleet and implement size 

The programme permits the use of three categories of 2 -wheel drive, 

4 -wheel drive (unequal) and 4 -wheel drive (equal) tractors; in each 

category, the power level varied according to a given recommended 

load /tyre dimensions (Table 8.2). Up to 20 sets of load /tyre 

dimensions are available to match the draught at medium plough cut 

depth of 0.20 m for various sizes of ploughs (2 -8 furrows) and various 

forward speeds. In practice, it may be necessary to add ballast to 

keep the front of the tractor on the ground, thereby ensuring safe 

operation. The effect of drawbar force of the plough is to add weight 

to rear wheels of the tractor and reduce the load on the front wheels. 

The dynamic load procedure ensures that a safe but effective weight 

distribution is achieved on the front and rear wheels of the tractor. 

Load distribution ratios of 35, 42 and 60% of the total recommended 

weight of tractor (excluding plough weight) were assumed for the front 

wheels of 2 -wheel drive, 4 -wheel drive (unequal) and 4 -wheel drive 

(equal), respectively, and the plough weight was added to rear wheel 

loads. The weight transfer from the front to rear wheels was 

calculated by means of equations 7.3 and 7.4 for 2 -WD and 4 -WD (equal 

and unequal) tractors. 

The predicted performance parameters, dynamic load on front and rear 

wheels, actual and theoretical pulls, and drawbar and PTO power for 

various numbers of ploughs bodies and speeds for 2 -wheel drive 

tractors are presented in Tables 8.3 and 8.4. Similar data which were 

predicted for 4 -wheel drive (unequal) and 4 -wheel drive (equal) 

tractors were presented in Tables la, 2a (Appendix 3) and lb and 2b 

(Appendix 4), respectively. These tables show how to match the static 

and dynamic loads for the three tractor types. Utility tractors of 

equal size in the range of 28 to 78 kW (2 -WD), 45 to 150 kW (4 -WD 

unequal and equal) tractors can be used. The 4 -wheel drive (unequal 

and equal) tractor developed more thrust and power than the two -wheel 

drive tractor, the 2 -wheel drive tractor having the advantage of 

greater manoeuvrability which favours its more widespread use. The 

4 -WD (unequal and equal) tractor matched with big machines is more 
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appropriate for the larger area and causes less compaction to the soil 

due to the distribution of the loads over a larger contact area with 

the soil and less inflation pressure than for the 2 -wheel drive 

tractor. 

Selection of the big 4 -wheel drive tractors must necessarily be a 

suboptimisation of the large machinery optimisation, but if a specific 

assignment of field operations and implements to the big tractor is 

consistently followed, the amount of economic interaction between the 

big tractors and the rest of machinery system can be expected to be 

small and the suboptimisation is a valid one. Such assignments also 

minimise fuel and labour costs as explained in the following section. 

8.3 Cost analysis 

The calculation of machinery operating costs involved the estimation 

of machine prices, average present annual cost, wages, fuel charges 

and timeliness penalties. 

8.3.1 List price of machines 

The list prices of various tractors, ploughs, cultivators and drills 

(grain only drills) were explained in section 6 by means of equations 

6.1 to 6.5, with their regression coefficients in Tables 6.1 to 6.4, 

using the Power Farming Buyers' Guides for those machines. Several 

regression relationships were developed to relate the list prices of 

various tractor types to their sizes in PTO power kW (Figs 6.1 to 

6.4). High coefficients of determination, R2, (percentage of 

explanation) of 88, 89, 94 and 90% for 2 -wheel drive, 4 wheel drive 

(unequal and equal) and crawler tractors, respectively, were obtained 

(Table 6.1). 

The machine list prices were calculated as a function of the number of 

bodies /coulters /tines, and width per body /coulter /tine. Machine 

width, however, gave a higher regression coefficient than width per 

coulter (in the case of the power harrow cultivator). As a result of 



162 

this machine width was used instead of the coulter spacing. The list 

prices of various plough, drill,` cultivator (L -shape blades or tines) 

types and power harrow cultivator were calculated by means of 

equations 6.2 to 6.5, and regression coefficients, R2, in range of 84 

to 93% were high for those machines (Tables 6.2 to 6.4). The 

relationships between predicted against list prices of various 

ploughs, drills (grain only) and cultivators were plotted in Figs 

6.5 to 6.19. The index price linked to any year may be used to 

predict list prices of tractor and implement as given in section 6. 

8.3.2 Machinery costs 

A farm manager is concerned with the economic performance of a 

complement of machines during both the planning and the control phases 

of machinery management. In the planning phase, tractor and machine 

size should be determined and cost estimates made. Subsequently, 

control must be exercised over operating costs by keeping the 

appropriate records. Decisions to retain or replace machines are 

based upon these cost records and future cost estimates. Two 

approaches are possible for determining machine sizes in the planning 

and scheduling phase. One is to determine the optimum machine size 

within a complement. The other is to evaluate alternative complements 

and select the best one. Machinery complement analysis has the 

advantage of considering only machines that are suitable but only a 

limited number of analyses can be made because of the many options 

available for each operation. 

Machinery investment 

Investment theory and specifically the capital budgeting technique is 

applied to analyse various methods of financing an investment. The 

analysis can be subdivided into a series of steps. 

identify various of credit available finance the purchase of 

farm machinery (purchase is assumed by borrowing; 
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calculate the principal and interest repayments associated 

with the band and the size of each repayment using 

amortisation method; 

include tax credits in the net cash flows of interest 

charges, capital allowances, balancing charge and repair and 

insurance costs; 

discount the net cash flows, and sum to give the net present 

annual value of financing alternatives. 

Table 6.13 shows how an investment allowance differs from the other 

allowances in providing the claimant with a tax concession over and 

above the market rate at depreciation. Obviously, however, if such an 

allowance were continuously available, it would have no effect on the 

timing of machinery replacement. But being a fiscal device for 

regulating the flow of national investment, it can be granted, 

withdrawn, or its rate can be changed from any financial year. In 

other words, it is a concession which is liable to alteration at short 

notice. Whilst the investment allowance which is used herein can 

influence the timing of replacement by offering, during the period 

when it is in operation, an attractive tax concession, its more 

precise effect can be seen within the context of replacement timing as 

determined by the theoretical cost procedures in section 6. For a 

tractor annual use of 1000 hours, Fig 8.4 shows the effect of the tax 

allowance on the annual machine cost (2 -wheel drive tractor) at tax 

rates, 0, 30 and 60% and the effect of taxation on the machine 

replacement points. As the tax rate was increased so the optimum 

period for ownership is extended. This does not take into account 

either declining machine reliability or greater downtime risks. 

Consequently, the reverse trend of earlier replacement occurs in 

practice because the tax rates have a much greater impact on the level 

of annual cost than the optimum time of replacement. The annual cost 

of a tractor replaced every 7 years, assuming a tax rate 0 %, is 

equivalent to that for a tractor replacement every 2 years when tax is 

levied at the standard rate of 30% and to that for a tractor replaced 
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annually with tax is levied at 60 %. 

Annual cost of ownership of machinery complements 

The costing routine forms an important part of the machinery selection 

programme. For each technically acceptable combination of tractor and 

plough or multiples of that combination, together with a range of 

cultivators and drills, the costing routine is used to calculate the 

respective annual machine costs. It is assumed that tractor fleet is 

used for 1000 h /yr and the annual costs are apportioned according to 

the tractor hours of use for the individual field operations as 

influenced by machine size, operating speed and area. For the 

purposes of the flowing appraisal of annual costs, a number of 

parameters were held constant for all the tractors and machines, 

namely; salvage age (5 years), the tax rate (30 %), inflation rate 

(5 %), interest rate (8 %) and loan rate (11 %). 

The various cost elements and the present cost were calculated for 

different sizes of 2 -wheel drive tractors, ploughs, cultivators and 

drills Tables 8.5 to 8.8, respectively. Similar data for different 

fleet of 4 -wheel drive (unequal or equal) tractors were summarised as 

costing routine output in Tables 3a and 3b (Appendix 3 and 4), 

respectively. It can be seen that the annual cost of an implement 

depends on its size and hours used for a farm operation. This is due 

to the tractor -implement performance and their work rate to cover 

specific area. 

One interesting point that emerged, however, is that the faster the 

speed of operation, the less the machine hours used and so the lower 

the accumulated repair costs. Although the impracticality of this is 

apparent, the introduction of a speed compensation factor in the 

repair cost function was outside the scope of this study. Provided 

the speed variation is not too great, and this is a requirement for 

many field operations anyway, the errors are acceptable. Tables 8.9 

to 8.11 show the performance of different fleet sizes of 2 -WD tractors 

together with the utilisation of multiple tractor plough combinations 
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and single tractor -cultivator and drill combinations selected for a 

sequential cereal crop operation on 100, 200 and 300 ha at a soil 

workability criterion of 110% and probability level of 90% for Winton 

soil series. The ploughing operation started at week no. 39 (day no. 

267) and expected to finish at week no. 40 and 41 for a 100 ha and 200 

ha, respectively, whilst for a 300 ha the work was started at week no. 

38 (day no. 260) and was expected to finish at week 41. The same 

procedure was applied to 4 -WD (unequal and equal) Tables 4a to 6a and 

4b to 6b (Appendix 3 and 4), respectively. Different proportions of 

tractor fleet costs were allocated to tillage and sowing based on the 

operational time required (for a 200 ha, Tables 8.10., ,5a and 5b 

appendix 3 and 4), Tables 8.12, 7a and 7b (Appendix 3 and 4) for 

various 2 -wheel drive 4 -wheel drive (unequal) and 4 -wheel drive 

(equal), respectively. 

8.4 Operation schedule 

The operations were scheduled on a weekly basis according to the 

priority established in the input data. The general procedure used 

for preparing an operation schedule was as follows: 

i the start day and week number based on calendar date 

constraints were selected for the field operations that could 

be scheduled (ploughing); 

ii for each operation the tractor was matched to machine size for 

various speeds; 

iii a tractor fleet with 2 or more units of the same size matched 

to the appropriate plough sizes were selected for the ploughing 

operation for each of the three tractor categories; 

iv the same size of tractor was allocated to cultivating and 

sowing operations, both being completed simultaneously after, 

ploughing; 



166 

v - a check was made for violation of the completion date 

constraints for each operation at the end of that week and, 

if a violation occurred, an adjustment was made either to 

the number of the productivity units or their work rates 

(ploughing operation), or the work was redistributed among 

the tractor numbers in each operation, 

- if no violation occurred the next. week was taken and the 

whole procedure was repeated until the job was performed 

over a period of available soil workdays equal to or 

exceeding the required days. 

In ploughing, the tractor numbers and power levels differed from one 

combination to another due to the implement draught and work rate 

necessary to complete a specific area within a certain time 

constraint. Tables 8.13 to 8.15, 8a to 10a (Appendix 3) and 8b to 10b 

(Appendix 4) show the feasible multiple tractor -plough combination for 

ploughing 100, 200 ha operation started at week no. 39 and 300 ha 

operation started on 38 and expected to finish at week no. 41 at 80% 

field efficiency. The number of tractors is given at the top of each 

column, machine specifications, operating conditions and costs are 

included in these tables. The total ploughing cost for various 

combinations were obtained from the product of the single combination 

cost and the number of the tractors assigned in each of the three 

tractor categories, 2 -wheel drive, 4 -wheel drive (unequal) and 4 -wheel 

drive (equal) tractors, respectively. The variation Ln the ploughing 

costs against power level using the one or two tractors of 2 -wheel 

drive tractors to complete a 100 ha over a 2 week period is 

illustrated in Fig 8.5. For two tractors, the reduction in labour 

cost is more than offset by increased fuel use of the more powerful 

units so that the most economic cost is for two 43 kW tractors. 

Tractor annual cost and plough annual cost are virtually constant 

because the greater annual cost of a bigger machine is completed by a 

smaller proportion of annual use. For 1 tractor the total ploughing 

cost is uniform because the extra annual cost of the bigger ploughs 

balanced the reduction in labour cost. 
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The variation in ploughing costs for 200 ha is shown in Fig 8.6. In 

this case, either 2 or 3 tractors proved acceptable with the best 

combinations being a 43 kW and 67 kW, respectively. For both the 100 

ha example and the 200 ha example, however, the biggest fleet size 

gives the lowest ploughing costs because of the lower labour cost. 

Whilst this lower cost can be translated into real whole farm savings 

it is beyond the current stage of development of the model. 

In the comparisons of 2 -wheel drive and 4 -wheel drive (unequal and 

equal) tractors for 200 ha Figs 8.6, 8.7 and 8.8, for those tractors, 

respectively illustrated that the minimum ploughing costs occurred 

with a fleet of three of 43 kW tractors or a fleet of two 67 kW 

tractors for 2 -wheel drive tractors, whilst a fleet of two 63 and 67 

kW 4 -wheel drive (unequal and equal) tractors performed that job. The 

lowest cost curve points were £4,700 for both the 4 -wheel drive 

tractors whilst the minimum points for three 43 kW tractors and two 67 

kW tractors, all 2 -wheel drive were £5,500 and £4,200, respectively. 

It is clear from Figs 8.7 and 8.8 that the larger the tractor (4 -WD), 

the higher the fuel cost and the lower the labour cost. Increasing 

the power level of the tractor involves three step increases in the 

machine annual cost as the number of plough bodies changes from 6 to 8 

and higher tractor annual costs. 

It has been already indicated that one of the ploughing tractors was 

specified for the cultivating and sowing operations. The actual 

finishing day numbers were varied due to the machine work rate. An 

accurate justification was made for the actual finishing day number 

for the cultivating and sowing operations. Tables 8.16 to 8.18 show 

the various cultivating cost elements with the actual start and finish 

day number for a 100, 200 and 300 ha using various power level of 

2- wheels drive tractor at various speed and machine widths. Fig 8.9 

shows the total cultivating cost for different machine widths using a 

70 kW 2 -wheel drive tractor at a forward speed of 6.24 km /h. Although 

the annual machine costs increase with size due to the higher capital, 

the tractor cost declines because a smaller proportion of its annual 



168 

use is allocated to cultivations, the fuel cost decreases as the 

tractor is used more efficiently with bigger machines and, of course, 

labour cost decreases as less time is required to complete the work 

when a wider cultivator is used. Thus, the cultivation cost is 

minimised by selecting the largest acceptable machine for a tractor of 

a given size. Tables 11a to 13a and 11b to 13b (Appendix 3 and 4) 

show various cost elements for cultivating 100, 200 and 300 ha using 

4 -WD (unequal and equal) tractors, respectively. 

For sowing, the tractor speed was held constant at 4.45 km /h to 

achieve a constant sowing depth. Although, there are only a limited 

number of machine widths manufactured, the sowing cost curves followed 

a similar trend to those for cultivating, the largest machine giving 

the lowest sowing cost. 

On completion of sowing, however, the timeliness, penalties associated 

with the sequence of operations can be determined. The more rigorous 

the soil workability criterion, the drier the soil required and the 

fewer the workdays available. The soil water properties at median 

plough depth of 0.20 m for Winton soil series are shown in Table 8.19. 

The available workdays at a probability level of 90% for two soil 

workability criteria namely, 110% and 105% are listed in Tables 8.20a 

and 8.20b. Although the probability level of 9 years of 10 is fairly 

stringent, a soil workability criterion of 110% of field capacity is 

well above the lower plastic limit. This explains why the number of 

workdays which is at a maximum for each quarter at a soil workability 

of 110% of field capacity falls rapidly to rather less than half for a 

soil workability criterion of 105% of field capacity. 

In a comparison of the effect of the above workability criterion, the 

timeliness costs are negligible when a large number of workdays are 

available (Fig 8.10) whereas, the penalties are very high when there 

are few workdays (Fig 8.11) for soil workability criteria of 110% and 

105% of field capacity, respectively. The other factors such as 

sowing speed, tractor size and area were maintained constant. 
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By changing workability level from 110 to 105% the total cost of the 

sowing operation including the timeliness cost was increased from 

£2,300 to £5,200 for a 2.0 m wide machine, whilst those for a 4.0 m 

wide machine increased from £1,600 to £3,760. It is not surprising 

that sowing and timeliness costs (Fig 8.12) less for a 200 ha at a 

soil workability criterion of 110% than these costs (Fig 8.11) for a 

100 ha at a soil workability criterion of 105% due to the effect of 

the few workdays available in the latter case. Tables 21a to 23; and 

14a to 16a (Appendix 3) and 14b to 16b (Appendix 4) show various 

tractor -drill combination cost elements for 100, 200 and 300 ha using 

the 2 -wheel drive, 4 -wheel drive (unequal) and 4 -wheel drive (equal) 

tractors, respectively. It is concluded that there is no need to use 

4 -wheel drive tractors for either the cultivating or drilling 

operation due to their higher costs. They may only be used in heavy 

field operations. Tables 8.24, 17a (Appendix 3) and 17b (Appendix 4) 

give more specific details for 2 -wheel drive, 4 -wheel drive (unequal) 

and 4 -wheel drive (equal) tractors, respectively, with different hours 

used for ploughing. 

8.5 Machinery selection set justification 

Adjustments were made, if the machinery set selected inadequate for a 

realistic schedule. Again, a check was made for violation of the 

completion date constraints for those operations established in the 

previous section, whenever, a violation occurred, an adjustment was 

made in the number of tractors and number of plough bodies. The 

adjustments were based upon the feasible tractors selected for the 

ploughing and were assigned to the rest of the field operations. If 

the number of tractors which were assigned for ploughing were greater 

than the two which were needed for cultivating and drilling 

operations, the rest were discarded. Attempts were made to restrict 

the number of tractors for ploughing to two. This is possible either 

by increasing or reducing the time required to complete a certain 

area. If only one tractor was required for ploughing, it was assumed 

(in case of a big tractor) that two tractors were needed for the 

cultivating and sowing operations, or those operations conducted in a 
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sequential order (cultivating followed by sowing). 

8.6 Timeliness cost 

For a given duration of time before and after the optimum date (day 

number of crop establishment, the average and margin of crop yield 

losses for both early and late establishment were given in Table 5.3, 

those yield losses were calculated by means of equations 5.3 and 5.4 

with their coefficients k1 and k1' (Table 5.1), for early and late 

establishment, respectively. An average yield loss for the planting 

operation started before, and finished after the optimum day number 

(peak yield day number) was calculated by means of equation 5.2. It 

can be seen that the greater the tractor fleet and machine width or 

work rate, the smaller the yield loss Fig 8.10 to 8.12. The penalty 

cost due to the untimely establishment of the crop was given by the 

product of the percentage yield loss, the optimum maximum average crop 

yield (t /ha), the crop value (£100 /t), and the crop area (equation 

5.5) 

Timely operation in crop production has a major impact on the economic 

viability of arable land enterprise. Late establishment of an arable 

crop curtails the growing season and reduces the potential yield or 

introduce risk from harvesting in more unfavourable conditions towards 

the end of the year. In consequence, the vital importance of adequate 

machine size is recognised and accommodated by selecting the machine 

rates complete the operation within the available soil workdays. 

These interactions are best illustrated by presenting the total costs 

for ploughing, cultivating and sowing in a combined form (Figs 

8.13 -8.16). The total costs are represented by a series of 

overlapping curves which account for fleet size and plough size which 

are also shown as individual curves. Additionally, of course, the 

cultivating and the sowing cost curves are composites different 

machine sizes, even though they are each represented by single curves. 

The high timeliness costs in Fig 8.13 for 100 ha are almost eliminated 

in Fig 8.14 by accepting wetter sowing conditions, despite increasing 
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the area to 200 ha. In both cases, the total cost curves are 

flattening at the 80 kW size of 2 -WD tractor on Winton soil series. 

For the 4 -WD tractors (Figs 8.15 and 8.16), the timeliness penalties 

are not significant. Hence, it is easier to identify an optimum power 

size of 83 kW for two 4 -WD unequal tractors and of 100 kW for 4 -WD 

(equal) tractors. 

Prospective improvement and applications 

The present version of the machinery selection programme "MSP" is 

designed for single and multiple combinations of tractors for 

ploughing and other sequential farm operations. A single tractor from 

the fleet required for ploughing was allocated to the cultivating and 

drilling operations. However, it requires extension of this approach 

by adding more routines for other field operations until harvesting 

and for considering a fleet with a variable power mix. Procedures and 

techniques are available to carry out these additional routines by 

extending the same calculations. 

The prime objective of developing this programme is to provide a tool 

for a farmer, farm manager and mechanisation advisor by means of 

which, he can select the proper tractor fleet which will enable him to 

complete operation of his farm(s): conveniently, satisfactorily, 

economically and timeously. The development of a machinery selection 

programme is important in farm planning, machine replacement, work 

scheduling and economising in the use of fossil fuels. 
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9 CONCLUSIONS 

9.1 Soil workability days, as determined from an existing soil 
moisture model, can be used to specify the actual finish date 
constraints for field operations. 

9.2 Cone penetration resistance (cone index) is strongly a function 
of soil moisture content, specific weight and clay ratio (soil 
type). A cone index can be predicted from these properties 
over a wide range of soil types with a high level of accuracy 
and can be used to specify the average soil strength at the 
median depth of a segment. 

9.3 Cone indices were found to be a satisfactory measure of soil 
strength for inclusion in the equation predicting both tractor 
performance and plough draught. 

9.4 The characterisation of plough draught by the cone index, 
specific weight of soil, moisture content, depth and cut width 
of the plough body, speed and tail angle is confirmed. 

9.5 Dynamic load transfer on the tractor due to implement draught 
is included in the analysis of tractor -implement performance. 

9.6 A simulation of crop yield losses from untimely establishment 
for eight crops over a period of 30 years in U.K. was 
developed. A satisfactory prediction of crop yield loss 
related to the sowing date was found to be a function of the 
square of the time duration from the operation sowing date for 
both early and late establishment. 

9.7 The optimum crop sowing date (day number) and peak yield of 
each crop were specified for the U.K. as a whole and for 
particular sites in Scotland and England. 

9.8 A discounting cash flow costing procedure was mod fied to 
involve the effect of taxation, Government tax allowance and 
tax relief and used to calculate the annual cost of a machine 
ownership for the machinery selection programme. 

9.9 The selection of single and multiple combinations of tractors 
and implements demonstrates the feasibility of the 
suboptimisation sequence for farm operations (tillage and 
sowing). The "MSP" machinery selection computer model includes 
a tractor implement performance model to select a tractor fleet 
matched with proper sizes of ploughs. Each of the technically 
feasible combinations is added together to give the total 
machinery complement. A specific job during the workdays 
available within a specific calendar period; and the costing 

routine is used to identify only those tractor -implement 
combinations which are economically viable. The final choice 

of the appropriate system is dependent on whole farm 
constraints of labour team size, level of capital investment. 
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9.10 Timeliness penalties have a major impact on the machinery 
selection. For an inadequate machinery system, the timeliness 
penalties were very high and could exceed the cost of the 

machinery system itself. Once the machinery complement was 
sufficient to complete the work on time, the increase in costs 
for oversize machines was relatively small. 

9.11 Labour and fuel costs are calculated within the machinery 
selection model for each sequence of field operation. As 
tractor size increases, the labour cost of the operation 
declines and fuel cost increases. The total tractor operating 
costs (including fuel and labour) are surprisingly constant 
over a wide range of tractor sizes for a given area. 
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