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ABSTRACT 

The force performance of different tillage tools was investigated in sandy loam and 

clay loam fields at a working depth of 18 em and at three operating speeds. The tools 

included four cutting edges: flat, 90°, 40°, and elliptical with rake angles of 20° and 

3 3 °. Draft, vertical, and side forces were measured using six loadcells in a three 

directional arrangement such that two loadcells measured draft, three measured 

vertical force, and one measured the side force. All the variables were combined to 

form a 2x3x4 factorial experiment with three replicates. The force data were 

analyzed using balanced analysis of variance with a Mini tab statistical package. The 

instrumentation included an accelerometer to investigate the movement of the shank, 

a potentiometer to determine working depth, and a magnetic pickup to indicate 

operating speed. The draft measurements for all tools were compared to the values 

generated using a prediction equation from an ASAE standard. Results indicated that 

two of the modified tools had lower draft than the predicted values. 

Draft increased from a minimum for the flat cutting edge to a maximum for the 

elliptical shape in the sandy loam and clay loam soils. There was no significant 

difference in draft with respect to the rake angle, but there was a significant increase 

in draft due to higher operating speeds in sandy loam and clay loam soils. The clay 
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loam field had draft values lower than those of the sandy loam field. Similar trend 

was observed for the vertical force. Due to tool symmetry, the side force was 

insignificant. A linear relationship existed between resultant force and operating 

speed in both soil types. 

The accelerometer data showed that there was vibration of the shank during tillage. 

The results were similar to the ones reported by Zhang ( 1997) and indicated an 

increase in vibration frequency of the shank with an increase in resultant force. 
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1.0 INTRODUCTION AND OBJECTIVE 

1.1/ntroduction 

With increase in the cost of fuel, energy consumption becomes a major concern in tillage 

operations. By definition, tillage is the process to modify soil properties by 

pulverization, cutting, inversion or movement of the soil resulting in improved soil 

conditions for optimal crop growth and yield (Grisso et al. 1996). Essentially, it changes 

the bulk density, soil aggregates, and other physical properties of the soil. 

Deep tillage is the process by which the soil is pulverized without inversion and a 

minimum mixing of the soil surface with the shatter layer that inhibit the movement of 

water or root development (ASAE 1993). This practice will improve water infiltration, 

aeration, and root penetration (Henderson et al. 1981 ). 

Tillage energy is a function of the operating speed, working depth, tool characteristics, 

and soil properties. Selecting the optimal operating speed with the proper tool 

characteristics can reduce the cost of tillage. There have been several investigations to 

determine the optimum operating speed and tool characteristics for a specified working 

depth. However, various relationships have been developed between operating 

parameters and soil forces. It has been reported that draft on tillage tools increases 
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significantly with speed and the relationship varies from linear to quadratic. Similarly, 

effect of depth on draft, also varies linearly (Al-Janobi and Al-Suhaibani 1998). 

Draft requirements will dictate the tractor size and power required on a farm (Summers et 

al. 1986). The power unit represents a major capital investment. Therefore, knowing the 

draft required will aid in machinery management decision (Thompson and Shinners 

1989). Draft information will not only be useful in selecting farm machinery but in 

simulating the performance of the farming system and comparing the performance of 

alternative systems (Harrigan and Rotz 1994). 

To measure the tool operating parameters, there must be proper instruments and sensors. 

With the development of instruments and data acquisition systems operating parameters 

can be measured in the field. These parameters must be measured in the field without 

interference from dust, moisture, and vibration. However, the selection of instruments 

and sensors depends on the accuracy required. 

This project investigated the performance of different tool characteristics with three 

operating speeds and one working depth. The tools had four cutting edges with two rake 

angles making total of eight tools. These tools were tested in a sandy loam and a clay 

loam field. Based on previous investigations, draft was considered to have a linear 

relationship with operating speed. Draft, vertical, and side forces were measured using a 

set of loadcells connected to a datalogger. The loadcells were arranged such that three 

measured the vertical force, two measured the draft, and one measured the side force. 

The data were analyzed using balanced analysis of variance with the Minitab statistical 
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package. An accelerometer was used to measure the vibration on the shank during the 

deep tillage operation. 

1.2 Objective 

The objectives of the study were: 

1 to determine the effect of the operating speeds, tool cutting edges, and rake angles 

on magnitude of draft in two different soil types under deep tillage operation; 

2 to determine the effect of the operating speeds, tool cutting edges, and rake angles 

on magnitude of vertical forces in two different soil types under deep tillage 

operation; 

3 to determine the relationship of the resultant force to the three different operating 

speeds; 

4 to compare the measured draft with the values from the ASAE prediction 

equation and to select the tools that demand the least energy; and 

5 to compare the vibration of the shank to the results from Zhang (1997). 
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2.0 LITERATURE REVIEW 

Draft required during tillage is a function of soil properties, working depth, tool 

geometry, travel speed, and width of the implement. Draft is an important parameter for 

measuring and evaluating implement performance for energy requirements. Several 

studies have been conducted to measure draft and energy requirements of tillage 

implements under various soil conditions (Grisso et al. 1996). Soil properties that 

contribute to tillage energy are moisture content, bulk density, cone index, soil texture, 

and soil strength. 

The soil bulk density influences the strength for structural purposes and affects plant 

growth, water infiltration, and performance of tillage tools. Different methods of 

determining soil bulk density and moisture content were reviewed. It was noted that the 

required level of accuracy dictated the selection of each method and the necessary 

calibration of equipment (Erbach 1987). 

Henderson et al. (1981) reported that several investigations have shown improvement in 

the physical properties of soil with the application of deep tillage. Improvements 

included increase in soil pore space, increased water uptake, and a reduction in the bulk 

density but there was little effect on other soil properties. 
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Harrison and Reed ( 1961) investigated the effect of depth and speed on draft. They 

concluded that determining the relationship between draft and depth at a constant 

operating speed and the relationship between draft and speed at a constant working depth 

were important to obtain linear regression with good correlation. 

Summers et al. (1986) investigated draft relationship for primary tillage in Oklahoma soil 

using four tools. It was concluded that draft had a linear relationship with speed for 

chisel ploughs, disks, and sweep ploughs and had a quadratic relationship with speed for 

mouldboard ploughs. Linearity was observed between draft and depth for all the tools. 

Garner et al. (1987), and Khalilian et al. (1988) found that draft increased linearly with 

an increase in tillage depth. 

Total tillage energy can be divided into frictional, deformation, cutting, and acceleration 

components (Kushwaha and Linke 1996). Figure 2.1 shows the influence of speed on 

tillage energy. The effect of draft at high operating speeds was investigated using 

different blades operating in sandy loam, and clay soils. It was reported that the critical 

range occurred around 3 m/s. In this region, the draft increased less with the speed above 

the critical range and the amount of soil deformation decreased above this range. 
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Figure 2.1 Influence of speed on tillage energy (Kushwaha and Linke 1996). 

2.1 Prediction of Draft 

The relationship between draft and speed has been found to depend on the mode of 

failure, which in turn is a function of soil strength, soil moisture, and tool design 

(Stafford 1984). 

Several models have been developed to predict implement draft using soil physical and 

mechanical properties, working depth and velocity, tool characteristics, and soil-tool 

interaction parameters. Desboilles et al. (1998) predicted tillage draft using cone 

penetrometer data by investigating the correlation between soil strength (S) and specific 

cone penetration energy (P e) for different ranges of soil types. To quantify the correlation 

between S and P e, the ratio F was defmed as SIP e· 
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Using the equation, 

D =S*G s s (2.1) 

Gs = 0. 707w + 1.225d. (2.la) 

where Ds is the draft of a standard tine and Gs is a function of standard tine width(w) and 

working depth (d). 

The equation for total draft is: 

(2.2) 

where Dt is the draft of one tine (Dt =I * F* Pe*Gs) and I is the tool index defined by 

Desboilles et al. (1998) based on experimental results. 

Therefore, Dt = I*Ds 

Dr= total draft reduction due to tool interaction on an implement comprising of n 

equally spaced tools 

Da = additional draft due to fitted accessories I attachment 

Draft was predicted using four primary tillage implements operating at low speed and a 

typical working depth. Using the correlation and standard tine draft, the tillage 

implement draft was predicted within 26% of the average. This provided a quick 

calculation for in situ values. 

Upadhyaya et al. (1984) used the following equation for draft requirements of a subsoiler 

in sandy loam and loamy sand fields: 

(2.3) 

where 

D =draft (F) 
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Bo , B I =constants 

w = width of subsoiler (L) 

d = depth of operation (L) 

Pw =wet bulk density (FL 4 T-2
) 

S = operating speed ( L T-I) 

C I = cone index (FL -2) 

This expression for tool draft was developed to incorporate the width of tool, depth of 

operation, dynamic cone index, bulk density, and operational speed. The force needed to 

fracture the soil and to allow the implement to move through is called the cutting force, 

which is a function of dynamic cone index, width of tool, depth of cut, cutting angle, and 

geometric parameters (Upadhyaya et al. 1984). 

From ASAE Standard 497.4 (ASAE 1999) and Harrigan and Rotz (1995), typical draft 

requirements could be calculated using the following equation taking into account the 

soil texture, implement width, working depth, and travel speed: 

where 

D = Fi [ A+ B (S) + C (Si] W d 

D = implement draft, kN 

F =soil texture adjustment parameter 

i = 1 for fine, 2 for medium and 3 for coarse textured soil 

A, B & C = machine-specific parameters 

S = field speed km/h 

W = machine width (m), number of rows or tools 

8 
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T = tillage depth (m) 

Soil and machine parameters are provided in the ASAE Standard ASAE D497 .4 (ASAE 

1999). Equation 2.4 is used to estimate the typical draft for a wide variety of tillage and 

seeding implements and is a useful tool for machinery management (Harrigan and Rotz 

1995). 

Al-Janobi and Al-Suhaibani (1998) applied the proposed model by Harrigan and Rotz 

(1995) to disk harrows, mouldboard ploughs, disk ploughs, and chisel ploughs in sandy 

loam soils and found that the specific drafts measured were less than those predicted for 

disk implements. The difference was attributed to different soil conditions, shapes, and 

sizes of the disk tested. However, specific draft for the mouldboard plough and the 

chisel ploughs were very close to the predicted values. The authors developed the 

following regression equation as a function of travel speed and working depth: 

UD = Po+ P 1 d + P2 d2 + P3 s + P4 S2 + Ps d s 

where 

UD = unit draft (N/mm or N/tool) 

d = tillage depth (em) 

S = travel speed (km/h) 

Po.1.2,3,4,5 =regression coefficients 

9 
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2.3 Soil Forces 

Forces on a tillage tool are important in determining the total power requirements, proper 

hitching, or application of the pulling force, designing for adequate strength and rigidity, 

and determining the best shapes and the adjustment of tools. There are three major 

forces that a tillage tool is subjected to in equilibrium, namely: 

• forces of gravity acting upon the implement; 

• soil forces acting on the implement; and 

• forces acting between the implement and the prime mover (Kepner ,et al. 1978). 

Clyde (1961) reported that due to the disposition of a chisel-shaped tool, it tends to be 

balanced laterally; therefore the horizontal and vertical forces must be measured in order 

to locate the resultant. 

2.3.1 Prediction Models 

The prediction accuracy of tillage tool forces is directly related to the proposed failure 

zone (Kushwaha et al. 1993). McKyes (1978) proposed a failure wedge to represent the 

failure geometry using a simple 3D model. Figure 2.2 shows the forces at the front and 

at the side of the soil wedge. 
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Figure 2.2 Soil forces in front of the blade (a) and soil forces and pressures at the 
side of the blade(b) (McKyes 1978). 
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Using the fundamental earthmoving equation, several parameters were developed to 

account for the soil strength, and blade geometry. 

D = (yd 2 N rH + cdNcH + qdNqH )w 

where 

r (1 2 r d . ') - +---slnp 
N-2d 3dw 

rH -cot( a+ 8) + cot(p + ~) 

[1 + cot P cot(p + ~)] x [1 + ~ d sin p'] 
N _ dw 

cH - cot( a+ 8) + cot(p + ~) 

r (1 r d . ') - +--slnp 
N _ d dw 

rH -cot( a+ 8) + cot(p + ~) 

(2.6) 

This model was useful to predict forces on a simple tool and to estimate the volume of 

soil cut. Godwin and Spoor (1977) also used the earthmoving equation and the proposed 

failure zone to develop equations to estimate draft and vertical forces. 

Kuczewski and Piotrowska (1998) improved the existing models by observing that a 

deformed soil wedge can be divided into four sections: two side sections, a centre 

section, and a lower horizontal section below the critical depth de. Figure 2.3 illustrates 

the soil forces acting on the soil wedge. 
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(a) (b) 

z, 

(c) 

Figure 2.3 Forces acting on the soil wedge (Kuczewski and Piotrowska 1998). 

The total resistance of the soil wedge was calculated to be the sum of the resistances 

from the centre, both sides, and lower section of the soil wedge. The force in the 

horizontal direction, Px and the force in the vertical direction, Py are defined as follows: 

Px =Cx +2.!dS.[sin(a8 +8).cosB-cos(a8 +8).sinB.sink]+D (2.7) 

py = cy + 2 Jds.cos(a8 + 8).cosk (2.8) 
8 

where the total force P acting on the tine is given as the vector sum: 

P=~P2+p2 
X y (2.9) 

Zhang and Kushwaha (1998) investigated the effects of operating speed on the advancing 

soil failure zone. The deformation of the soil during tillage was measured using piezo-
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films that were embedded in the soil. It was concluded that the influence zone area 

increased with an increase in operating speed. 

2.3.2 Effect of Rake Angle 

Mouazen and Nemenyl (1999) worked with four shank types to determine the 

appropriate tool design using the finite element method. The four tools had 90 and 75° 

as the shank rake angles (9)and 15, 23, and 31 o as the chisel angles (y). Figure 2.4 shows 

the vertical and horizontal components of the forces acting on the interface. 
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Figure 2.4 Horizontal and vertical components of the forces acting on the tillage tool 
(Mouazen and Nemenyl1999). 
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The draft, vertical force, soil deformation and normal pressure distribution were 

measured. The tool having 15° chisel angle and shank rake angle of 75° resulted in the 

lowest draft, and developed good soil loosening quality. Increase in soil volume was the 

parameter used to measure soil loosening. 

In an experiment to verify a two-dimensional finite element model, Zein-Eldin et al 

(1990) used the effects of tool depth, rake angle, and tool shape on soil failure pattern. It 

was found that for depths greater than 100 mm, the draft force increased considerably, at 

an exponential rate, with an increase in rake angle. At 30-degree rake angle, the rate of 

increase was very small and extrapolating to 20°, it was found that there was no 

significant decrease in draft. Tools with a rake angle of20° were longer than tools of30° 

so any reduction in draft will be negated by the increase in length of the blades. 

However, the magnitude of the vertical force decreased with an increase in rake up to 

approximately 70°. 

McKyes (1984) conducted tests using flat tillage tools of varying width, depth, and rake 

angle to measure the effect on draft and the volume of soil disturbed in clay and sandy 

clay loam soils. The author found that the use of a 20-degree rake angle tool in soils with 

low moisture, required lower draft force than tools with rake angle of 35° while in wetter 

clays, the specific draft was the same for both angles. It was concluded that narrow tools 

(63- 125 mm) with rake angle of30 to 45° or more should be used if the volume of soil 

disturbed and soil loosening is the objective of the tillage operation. Wider tillage tools 
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(125- 200 mm) with lower rake angle of20° or 25° should be used when low draft force 

and energy input are the major interest. 

2.3.3 Frequency Analysis 

Sharma et al. (1994) investigated the force-time behaviour of flat tines in dry sand using 

various rake angles. The angles used were placed into three groups, 15 to (90°- ~), (90-

~) to 90°, and greater than 90°. Angle ~ is the angle of soil-tool friction corresponding to 

the peak stress state. Cyclic variations in the soil reactions were the major factor that 

resulted in the sinusoidal oscillation of the tillage tool. It was observed that the 

wavelength and amplitude of the draft had the tendency to increase with an increase in 

rake angle. 

Frequency analysis of tillage tools was investigated by Summers et al. (1985) to reduce 

forces and improve tool design. Fluctuations in the soil forces were attributed to varying 

soil strength; consequently, spectral analysis techniques were employed to determine the 

frequencies that contributed to the cyclic deviations. It was found that the draft, and 

vertical forces due to soil-tool interaction occurred at 1.43 to 10 Hz. 

Chen et al. ( 1997) conducted field experiments to quantify the cyclic variations of tillage 

forces using a mole-plough in clay soils. The frequency intervals were divided into three 

ranges: 

(i) low frequency (0- 2 Hz); 

(ii) soil fracture frequency range (2-15Hz); and 
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(iii) high frequency (15- 300Hz). 

It was concluded that the random soil rupture and heterogeneity influenced the low 

frequency range, while vibrations from the tractor-plough system influenced the high 

frequency range. 

The relationship between force and distance was investigated using flat rigid tines in 

clayey soils. Results showed that the force-distance curves were cyclic for collapsing 

and fracturing failures. By comparing the failure patterns, it was concluded that both the 

wavelength and peak/trough force were functions of soil moisture content and tine width. 

Also, for moisture contents below the plastic limit, the wavelength of the force-distance 

curve, and the ratio of peak/trough force required several failures in the soil before 

stabilized values were achieved (Rajaram and Gee-Clough 1988). 

Makanga et al ( 1997) investigated the effect of tine rake angle and aspect ratio (tine 

width/tine depth) on soil reactions. It was found that the horizontal, and vertical soil 

reactions in a dry loam were cyclic in nature. This cyclic variation in the soil was mainly 

due to the soil failure patterns being repetitive and periodic throughout the tine travel. 

2.4 Instrumentation 

There are seve~al designs of different instruments used to measure tillage forces and 

operating parameters. Strain gauge loadcells and extended octagonal ring dynamometers 

have been the most commonly used for pull-type and three-point hitched implements 
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(Thompson and Shinners 1989). Instrumentation in tillage operation provides 

instantaneous digital measurements, eliminates manual reading, and is useful in 

measuring energy (Carter 1981). To study the behaviour of implements based on 

changes in soil properties, Godwin ( 197 5) developed an instrumentation system to 

measure the vertical dynamic behaviour of soil-engaging implements. The magnitude, 

direction, and position of the force were determined by measuring both the vertical and 

horizontal components of the resultant force and the resultant moment. Extended 

octagonal ring transducers were used to measure the force and bending moments and 

pin-jointed strain gauge dynamometers measured the horizontal soil reaction and the 

total implement resultant force. 

An extended ring transducer fitted with strain gauges can indicate two orthogonal forces 

and the torque about the centre of the ring (Hoag and Yoerger 1963). Al-Janobi (2000) 

developed a data-acquisition system to measure force and working depth for three-point 

linkage mounted implements. An extended octagonal ring transducer was mounted on 

each lower link and a loadcell placed at the top link. The operating depth was measured 

with a rotary position transducer, which also determined the angular position of the 

linkage. Johnson and Voorhees (1979) used similar technique to measure draft, vertical 

force, and torque. Figure 2.5 shows the extended octagonal transducer and forces acting 

on the dynamometer with the tillage tool attached and the strain gauge bridge circuits 

(Godwin 1975). 

Thompson and Shinners (1989) developed a portable instrumentation system that can be 

used for pull-type or three-point hitched mounted implements. Strain gauge loadcells 
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measured the draft and vertical force; radar ground speed sensor indicated the operating 

speed. 

Vaishnav (1983) used a six-loadcell system mounted on a frame. The arrangement ofthe 

loadcells was such that one loadcell measured the draft, two measured the vertical force, 

and three measured the side force. The tool was attached to the bottom of the load frame, 

while the top of the frame was attached to the carriage of the soil bin. The forces from 

the tool were transmitted through six loadcells to the carriage frame. This tool-force 

measuring system has been in use at the soil bin facility at the Department of 

Agricultural and Bioresource Engineering, University of Saskatchewan since 1978. 

Recent modifications have been made to arrange the loadcells in a way: with two in the 

direction of travel (draft), three in the vertical direction, and one measuring the side 

force. 

Regardless of the type of transducers and sensors used to develop the instrumentation, 

there must be an appropriate hardware for data acquisition and storage of data. There are 

different types of analog to digital converters that are used to collect data while 

computers are utilized to store and analyze these data. 
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Figure 2.5 Forces acting of the dynamometer with tillage tool attached and strain 
gauge bridge circuit (Godwin 1975). 
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2.5 Vibratory Analysis of Tillage Tools 

When a tillage tool operates in the field, bending is induced in the shank, which is 

dependent of the transverse force. The magnitude of the transverse force is a function of 

the soil resistance. When the shank is subjected to this force, it stores energy and 

releases it as soon as the soil resistance decreases (Zhang 1997). However, the shank 

will store and release this energy provided that the applied stress does not exceed the 

yield strength of the shank. 

Zhang ( 1997) installed .two accelerometers on the shank to measure the acceleration 

during tillage. The accelerometers measured the vibration on the shank due to variable 

soil resistance. However, it was concluded that the energy consumption for soil cutting 

decreased as the amplitude and frequency increased. 

Butson and Macintyre (1981) applied a sinusoidal vibration in the direction of travel and 

found that there was no significant change in draft if the velocity ratio was less than one. 

The velocity ratio is the peak vibration velocity divided by the forward speed. However, 

the application of the vibration would increase the total power consumption even without 

a reduction in draft. 
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3.0 METHODOLOGY 

In this chapter, work done in preparation for the fieldwork is explained. A detailed 

description is given for all the instruments along with their calibration methods. 

3. 1 Estimating Soil Forces 

Draft was estimated using the prediction equation in ASAE Standard D497 .4. 

D = Fi[A+B(s) + C (S)2]W d 

From the table in ASAE D497 .4 

F2 = 0.7, A= 226, B = 0, c = 1.8, S = 10 kmlh, 

W =!(number of tools) and T = 20 em. 

D = 0.7[226 + 1.8(10)2] 20 

= 5680 N. 

(3.1) 

Draft forces were also compared to another prediction equation (ASAE 1994) 

For Saskatchewan clay, the draft at a depth of 8.26 em is 527 + 36.1 S, where S is the 

operating velocity in km/h. 

The operating parameters are: 

Speed = 12 km/h and working depth = 20 em 
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Ds.26 em= 527 + 36.1 * 12 

= 960.2 N. 

Calculating draft at 20 em, 

D -D dx ( J
2 

20 - 8.26cm &.26 ' (3.2) 

D=5630N. 

The estimated draft from both of the above equations is approximately equal. Assuming 

a factor of safety of 2, the draft now becomes 11260 N. 

From the draft prediction equations, a shank was selected that was able to work 20 em 

deep and to withstand the predicted draft. A John Deere 913 shank was chosen with 

shear bolt safety. Figure 3.1 shows the drawing of the shank. 
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0 0 

Figure 3.1 Shank used to test the performance of the diff~rent tools. 
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3.2 Design of Tools 

The objectives were to evaluate and compare different shoe with respect to the soil 

forces, working depths, soil properties and operating speeds. It was decided to use four 

different tool shapes at two rake angles. 

3.2.1 Design Considerations 

Firstly, the shoe that was purchased with the shank was considered as the control, and the 

others were designed with similar characteristics. This tool had a 33° rake angle with a 

50 mm flat cutting edge. Figure 3.2 shows the control tool. 

Figure 3.2 Flat tool at 33° (Control). 
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Three different cutting edges were added to the control tool. They were a 90°, 40° and 

an elliptical cutting edge. Another design had similar cutting edges with a 20° rake 

angle. Figure 3.3 shows the tool (a) having a 33° rake angle and 90° cutting edge and (b) 

with a 20° rake angle with the elliptical cutting edge. 

(a) 

Figure 3.3 (a) 90° cutting edge with the 33° rake angle and (b) the eUiptical cutting 
edge with 20° rake angle. 

While designing each tool, it was considered important to maintain the same height from 

the ground to the bottom of the tool That is, when each tool was mounted on the shank, 

the distance from the bottom of the tool to the ground must remain equal. Thus, the tool 

depth would remain the same without having to change the position of the shank. 

However, this caused some of the tools to be longer as shown in Figure 3.3. Figures 3.4 

and 3.5 show all the cutting edges of the tools used. 
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Figure 3.4 Tools with 33-degree rake angle and the different cutting edges. 

Figure 3.5 Tools with 20-degree rake angle and the different cutting edges. 
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3.3 Selection of Loadcells 

The predicted draft from section 3.1 was used to determine the capacity of loadcells 

necessary to measure soil forces. With a factor of safety of 2, a draft of 11 kN was used 

to determine the capacity of the loadcells. An additional factor of safety of 4 was applied 

to take impact loading into consideration. This was necessary in the event the shank 

should make contact with a stone while operating. Six loadcells were arranged to 

measure the soil forces. They are: 

• two- 22 kN S-type loadcells to measure draft; 

• three - 45 kN S-type loadcells to measure vertical force; and 

• one - 22 kN S-type loadcell for measuring side force. 

Figure 3.6 shows the arrangement of the loadcells and the support for the shank. 

3.4 Selection of Shear Bolt 

The shank was manufactured with a shear bolt safety to protect the tillage tool. In the 

event that the shank comes in contact with an obstruction while operating, this bolt 

would shear without damaging the shank, and the loadcell assembly. By equating the 

clockwise and the counter clockwise moments, the grade of the bolt was determined. 

Figure 3. 7 shows the shank with the relevant dimensions necessary to calculate the 

strength of the shear bolt. 
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Figure 3.6 Assembly of six loadcells to measure soil forces in three orthogonal 
directions (V = Vertical force, S = Side force and D = Draft). 
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~ 152.4 Pivot point A 
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Shear Bolt 

7 .. 0 

Figure 3. 7 Shank showing dimensions necessary to determine the strength of shear 
bolt needed. (All dimension in mm). 
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There were two 22 kN loadcells to measure draft making a total of 44 kN, if both should 

operate at full scale. The purpose of the safety bolt is to provide protection to the 

loadcells and shank in the event the horizontal force exceeds the predicted draft. 

< 
?0 

Shear j 
Bolt p

1 

152.4 

>~ 
0 

720mm 

Pivotal Point A 

11 kN 
Not Drawn to Scale 

Figure 3.8 Diagram showing forces and moments about the pivotal point A. 

Taking moments about A (IMA = 0), as shown in Figure 3.8, then 

F, = 720 X 11 = 52 kN 
I 152.4 

The tensile strength of SAE Grade 2 bolt with diameter of 15.8 mm is 510 MPa, and for 

Grade 5 it is 826 MPa. Therefore, the shear strength for a Grade 2 bolt can be assumed 

to be 255 MPa and 413 MPa, for a Grade 5 bolt (Kreith, 1998). 

Area of bolt (A) is, 

trll2 

A=-
4 
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A= 1.961 x 10-4m2
, but due to double shearing, the total area becomes 3.922 x 10-4m2

• 

Force to shear a Grade 2 bolt is Fo = 255 x 103 * 3.922 x 10-4 = 102 kN 

Force to shear a Grade 5 bolt is Fo = 413 x 103 * 3.922 x 10-4 = 161 kN 

With the factor of safety applied to the predicted force, the maximum draft becomes 11 

kN. Assuming that when there is an increase in draft due to impact, the force will 

increase beyond 11 kN. To ensure that the bolt shears between 11 kN and half of the full 

scale, it would be necessary to select a Grade 2 bolt to protect the loadcell assembly. If 

the draft were greater than 34 kN, which is 78 % of the full scale of the loadcells, then it 

would be enough to shear a grade 5 bolt. 

3.5 Instrumentation and Data Acquisition System 

3.5.1 Introduction 

The sensors and equipment used were: 

1. Campbell 21 X datalogger; 

2. six load transducers (three 45 kN and three - 22 kN); 

3. 10 G accelerometer; 

4. 10 turn rotary potentiometer; 

5. magnetic pickup; 

6. 486 laptop computer; 

7. ACIDC inverter; and 

8. ± 5 V power supply. 
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3.5.2 Description of Sensors and Instruments 

3.5.2.1 Loadcells 

Figure 3.9 S-Beam loadcell (Massload, Saskatoon, SK). 

The S-Beam loadcell had an output capacity of approximately 3.000 mVN with a rated 

excitation voltage of 10 V de. It had a gauge factor of 2.0 and output and input resistance 

of 350 ohms. Non- linearity was less than 0.03 % of full scale and hystersis was less 

than 0.02 % FS. The wiring code was as follows: 

• Red 

• Black 

• Green 

• White 

+ Excitation 

- Excitation 

+Output 

-Output 

The cable was shielded to reduce noise and interference (Massload 2002). 
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3.5.2.2 Rotary Potentiometer 

The rotary potentiometer was an analog resistor, which provided a variable signal when 

rotated. It had a 0 to +5 V range and an excitation voltage of +5 V de. This was used to 

measure the working depth. 

3.5.2.3 Accelerometer 

Figure 3.10 Flat pack accelerometer (Sensotec, Columbus, OH) 

Shown in Figure 3.10 is a flat pack type accelerometer with sensitivity of 9.67 mV/g, 

excitation +5 Vdc and a range of± 10 g. Non- linearity and hystersis were within the 

range of ±1 %FS. The wiring code was as follows: 

• Red 

• Black 

• White 

• Green 

+ Input Power 

- Input Power 

+Output 

-Output (Sensotec Inc., 2002). 
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This was used to measure acceleration and deceleration of the shank during tillage. The 

data were used to determine the movement or vibration of the shank 

3.5.2.4 Magnetic Pickup 

Figure 3.11 Magnetic pickup (Daytronic Corporation, Dayton, OH). 

This is a coil wound around a permanently magnetized probe. When discrete 

ferromagnetic objects such as gear teeth, turbine rotor blades, slotted discs, or shafts with 

keyways are passed through the probe's magnetic field, the flux density is modulated. 

This induces AC voltages in the coil. One complete cycle of voltage is generated for each 

object passed. If the objects are evenly spaced on a rotating shaft, the total number of 

cycles will be a measure of the total rotation and the frequency of the AC voltage will be 

directly proportional to the rotational speed of the shaft. The magnetic pickup used in 

conjunction with a 60-tooth gear to measure the rpm of a rotating fifth wheel. This gear 

is often selected because the output frequency (Hz) is numerically equal to rpm. For very 

high rotational speeds, a smaller number of teeth may be required (Daytronic 

Corporation 1996). 
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3.5.3 Description of Data Acquisition System 

3.5.3.1 Campbell Datalogger 

Figure 3.12 Campbell Scientific 21X Micrologger (Campbell Scientific Inc., Logan, 
UT). 

The 21X datalogger has 16 single ended analog inputs (8 double ended), 4 pulse counting 

inputs, 4-switched excitation outputs, 2 continuous analog outputs, and 6 digital control 

outputs. It has 19328 storage locations, a keypad interface, a software interface for 

programming, and an LCD display with a maximum sample rate of 100 Hz. Data are 

stored in the memory for transfer via a 9-pin D type connector to a cassette tape, modem, 

printer or directly to a computer. The 21X Micrologger has a 14-bit precision on 5 

software ranges and 0.33 fJ.V resolutions at 37 ms per channel. 

Short programs can be entered using the number pad as shown in Figure 3.12. However, 

it is recommended to use Edlog and Graph Term (GT) for longer programs. Edlog is a 

DOS application used to write programs for the Campbell Scientific datalogger, reducing 
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or eliminating the need for the keypad. Appendix A shows the programs written in 

Edlog to collect data while testing in the field. To send the program to the datalogger 

and to view real-time data from more than one channel at a time, Graph Term (GT) was 

used. GT is also a DOS application that allows the computer to communicate with the 

datalogger. It is mainly used to download the Edlog programs into the Campbell 

datalogger and export collected data to the computer for final storage (Campbell 

Scientific Inc 1987 and Pacific Gas and Electric Company 2001 ). 

3.5.4 AC/DC Inverter 

This was used to provide AC voltage from the DC power supply of the tractor. AC 

voltage was needed to run the laptop computer, datalogger, and the power supply. 

3.5.5 Power Supply 

The power supply was necessary to provide the ±5-excitation voltage for the loadcells. 

The output excitation voltage of the datalogger was +5 V. It was also used to supply the 

excitation voltage for the potentiometer, and the accelerometer. Appendix B shows the 

schematic of the circuits, and connections of the sensors, and instruments. 

3.5.6 Laptop Computer 

This was used to write the commands using the Edlog Program, download the program to 

the datalogger, view real-time data from the input locations, and to save exported data for 

analysis. 
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3.6 Calibration 

All the sensors were calibrated in order to generate engineering units. Each coefficient 

was entered in the datalogger program so that while operating the tractor, real-time data 

could be monitored in engineering units. 

3.6.1 Loadcells 

The loadcells were calibrated using the Instron machine (Model 113 7, Instron 

Corporation, Canton, MA) in the Department of Mechanical Engineering as shown in Fig 

3.13. Firstly, a Vishay Measurement Group P-3500 strain indicator was used to 

determine if each loadcell was responding correctly to the applied static load. Each 

loadcell was subjected to an increment of approximately 10 % of full scale both loading 

and unloading. The signal was recorded with the strain indicator. Figure 3.14 shows the 

Vishay Measurement Group P3500 strain indicator. 
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Figure 3.13 22-kN loadcell mounted on the lnstron. 
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Figure 3.15 shows the result of one of the loadcells after loading and unloading of 

incremental loads measured using the P-3500 strain indicator. Appendix C shows the 

charts with strain against force for all the loadcells. From the charts, it can be seen that 

all the loadcells responded linearly to the applied static loads. 

Figure 3.14 Model P-3500 Strain Indicator (Vishay Intertechnology Inc., Malvern, 
PA) 

The second aspect of the calibration was to connect the loadcells to the Campbell 

Scientific 21x datalogger and measure the signal (mV). Each loadcell was subjected to 

both loading and unloading of a fixed force with each signal stored in the datalogger. 

After each test, the data was downloaded to the laptop computer for final storage and 

analysis. Figure 3.16 shows the curve and coefficient generated from the calibration of a 

44-kN loadcell. 
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Figure 3.15 Strain vs. Force (kN) for a 44-kN Loadcell 
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Figure 3.16 A sample of the calibration curve for a 44-kN loadcell 
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Appendix D shows the curves and the equation of the lines for all the loadcells. 

3.6.2 Rotary Potentiometer 

The calibration process for working depth was conducted in two stages. The fifth wheel 

was mounted on blocks with thickness of 50 mm to establish the slope of the calibration 

curve. Each block was used to raise the height of the fifth wheel and the datalogger 

measured the signal for loading and unloading. The second step was conducted in the 

field with the tractor connected to the frame. Hydraulic cylinders on the frame were used 

to lift and lower the tool in the ground while operating at a constant velocity. The depth 

was measured by digging to the bottom of the tilled furrow. When the desired depth was 

achieved, hydraulic stops were used as the depth control device to prevent any further 

movement of the hydraulic cylinder. This position was maintained, and the signal was 

recorded with the Campbel121X datalogger. At this stage, they-intercept was realized. 

The value achieved from they-intercept was used with the slope of the curve to produce 

the equation of the line. Figure 3.17 shows the calibration curve for the rotary 

potentiometer. The slope of the line was used as the multiplier, and the y-intercept was 

entered as the offset in datalogger program to generate data in millimetres. 
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Figure 3.17 Calibration chart of the rotary potentiometer. 

3.6.3 Magnetic Pickup 

Two stakes were placed in the ground 50 m apart to calibrate the speed sensor. The 

datalogger was turned on at the first stake, and turned off at the second. The time, and 

signal from the magnetic pickup were measured simultaneously for the known distance. 

The average signal (mV) was taken, and equated to the calculated velocity, which was 

the distance traveled divided by the time taken. This was done three times, and the 

average values were used to generate the calibration coefficient. 
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3.6.4 Accelerometer 

The manufacturer calibrated the accelerometer powered by a 5 Volt DC voltage source. 

The sensitivity of 9.67 mV/g was reported on the calibration certificate. The sensitivity 

represents the frequency response magnitude ratio across the usable frequency range for 

the accelerometer. No further calibration was conducted because values of acceleration, 

and deceleration were not required. The purpose of using this sensor was to determine if 

there were any vibration of the shank in the direction of travel. 

3. 7 Assembly of all Components 

The shank and loadcell assembly consisted of the shank, loadcells, and accelerometer. 

The Magnetic pickup and the potentiometer were installed on the fifth wheel assembly. 

Both the shank and loadcell assembly and the fifth wheel assembly were mounted on the 

walking beam frame. 

3.7.1 Shank and Loadcell Assembly 

The shank was bolted to the lower section of the loadcell assembly and held in place 

between two-3x3 equal angles. A pipe was welded on the back of the shank to protect 

the cable that was connected to the accelerometer, which was placed to the lower end of 

the shank. Figure 3.18 shows the assembly of the loadcells and accelerometer with 

shank and tool. 
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Accelerometer 

Figure 3.18 Assembly of the loadcells, shank, and accelerometer. 
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3.7.2 Fifth Wheel Assembly 

The potentiometer and the magnetic pickup were both installed on the fifth wheel 

assembly. A 60-tooth gear was installed in the centre of the wheel. The magnetic pickup 

was carefully threaded in place close enough to generate a magnetic field. The rotation 

of the gear generated a magnetic field and induced an AC voltage in the coil of the 

magnetic pickup to determine operating speed. Figure 3.19 shows the assembly of the 

magnetic pickup to the fifth wheel. Although there are other sensors that could be used 

to measure the operating speed, the magnetic pickup was used because it was available at 

the time of testing. Also, it fitted perfectly with the fifth wheel assembly. 

Figure 3.19 Assembly of the magnetic pickup to the fifth wheel. 
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The arm that connected the fifth wheel to the frame had a spring installed to modulate the 

force of the wheel on the ground. This spring ensured that the wheel was always in 

contact with the ground and also reduced bouncing that might occur on an undulating 

surface. The potentiometer was connected to the arm such that, when the arm extended, 

the potentiometer would turn and generate the signal to read the operating depth. Figures 

3.20 and 3.21 show the assembly with the arm of the fifth wheel and the rotary 

potentiometer. 

Figure 3.20 Rotary potentiometer connected to the arm of the fifth wheel. 

48 



Figure 3.21 Potentiometer connected the arm of the fifth wheel (rear view). 

3. 7.3 Walking Beam Frame 

The fifth wheel assembly, loadcell assembly, and shank were bolted to the walking beam 

frame, which was lifted and lowered by the two hydraulic cylinders. Clamps were placed 

on both pistons of the hydraulic cylinders as a means of limiting depth of operation. 

Figure 3.22 shows the hydraulic stops on a fully extended piston. Figure 3.23 shows the 

walking beam frame. 

There were two screw jacks used as a levelling mechanism for the frame. The working 

depth was determined after which the two screw jacks were used to level the frame. The 

hydraulic cylinders, clamps, and the screw jacks maintained the working depth, while 

variations in operating depth were recorded with the potentiometer. 

49 



Figure 3.22 Hydraulic stops on a fully extended piston. 

Figure 3.23 Walking beam frame. 
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3.8 Soil Properties 

3.8.1 Introduction 

The field tests were conducted near the campus of the University of Saskatchewan. Two 

soil types were selected, a sandy loam and a clay loam. Both fields had barley stubble 

that was harvested in late summer to early fall of 2001. The Saskatoon area was very dry 

having had 52.2 nun of rainfall in July, 6.00 nun in August, and 7.6 nun in September. 

Tests were conducted in the sandy loam field in July and in the clay loam field in 

September, which explains the low moisture content in the clay loam field. The sandy 

loam field showed higher moisture content due to rainfall that occurred two days before 

testing. Table 3.1 shows the rainfall from June to September 2001. 

Table 3.1. Rainfall for June to September 2001 as recorded at the Saskatoon 
Airport (Environment Canada 2001 ). 

Month (2001) Rainfall (nun) 

June 38.3 

July 52.2 

August 6.0 

September 7.6 

In order to quantify the soil properties, tests were conducted for moisture content, bulk 

density, cone index, and soil texture. Bulk density measurements were obtained by using 

core samples taken at 120 and 250 nun deep. Moisture content and soil texture were 

obtained from samples taken at similar depths. Cone index profiles were measured with 
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a tractor mounted hydraulically operated instrument known as a Bevameter (University 

of Saskatchewan, Saskatoon, SK). 

3.8.2 Moisture Content 

In each fields, samples were taken from five locations at depths of 120 and 250 nun and 

placed in jars of known weights. These jars were weighed with the soil sample and then 

placed in the oven set at 100 °C for 24 hours. The jars were then taken out of the oven 

and weighed. The moisture content was determined by the formula below. 

W-D 
%M = x 100 (dry basis) 

D 
(3.3) 

W-D 
%M = x100 (wet basis). w (3.4) 

where 

%M = moisture content in percentage 

w = wet weight sample 

D = dry weight of sample 

The moisture content was 14 - 15% (db) in both fields at 250 nun. 

3.8.3 Bulk Density 

Two methods were used to determine the bulk density in each field. The sandy loam 

field had sufficient moisture to apply the core sample but when that method was tried in 

the clay loam field, the samples broke into small clods. Therefore, the wax immersion 
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method was used. The two methods are discussed as the core sample and the wax 

immersion method. 

3.8.3.1 Core Sample Method 

The core samples were taken at 5 locations in each field at 120 and 250 mm depths. 

These samples were evenly trimmed to determine the volume of the samples. The core, 

and soil samples were weighed and placed in the oven for 24 hours. The dry weight, and 

the weight of the wet samples were used to determine the wet and dry bulk density. 

Pw 
MD 

=-v (3.5) 

M 
PD = vw (3.6) 

Where 

Pw = wet bulk density 

Pd = dry bulk density 

Mo = dry weight of sample 

Mw = wet weight of sample 

v = Volume of sample 

v = {(Inner diameter of core )2*n *height of core} I 4 
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3.8.3.2 Wax Immersion Method 

The moisture available in the field was below the permanent wilting point so it was 

difficult to trim the core sample without breaking into several pieces. Instead 

undisturbed clods were collected at 0-50 mm, and taken to the lab for the wax immersion 

test. The bulk density was measured according to the standard ASTM C914 (ASTM 

1995). 

Each clod was weighed and immersed in hot wax and then the waxed sample was 

weighed to determine the weight of the wax. The waxed clod was placed into water 

suspended by a string connected to a balance to determine the weight in water. It was not 

necessary to determine the moisture of the clods because moisture values from the 

samples in the field were used to determine the bulk density. 

B lk d 
.ty Weight of Sample 

u ensz =~----------------~--~--~----~-----------
(Weight of Sample - weight of Sample in Water)- volume of wax 

17 1 if mass of wax 
r o ume o wax = --------

0.89 

Density of wax= 0.89 g/cm3 

3.8.4 Cone Index 

The Bevameter was interfaced to the Campbell Scientific 21X datalogger for automatic 

recording of penetration force and depth. Tests were conducted with a 30° cone of 323 
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mm2 base area in accordance with the standard ASAE S313.3 standard (ASAE 1995). 

Figure 3.24 shows the Bevameter connected to the tractor. 

Figure 3.24 Bevameter connected to the tractor. 

3.8.4.1 Calibration of Bevameter and Data Collection 

The loadcell, and the linear potentiometer were calibrated to represent penetration force 

(kN) and depth (nun), respectively. Both were connected to the Campbell Scientific 21X 

datalogger to generate coefficients. The 4.4 kN loadcell was calibrated by hanging 

several45 kg masses after which each load was taken off to record the unloading signal. 
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The linear potentiometer was placed at the zero position and then extended to the 

maximum depth. The signals received at both positions were used to determine the zero 

to maximum depth. Maximum depth is a function of the length of the probe. The signals 

from the loadcell and the linear potentiometer were recorded with the datalogger. Core 

index profiles were measured up to 180 mm at 18 points in each field. Appendix E 

shows some of the cone index results for both fields. 

3.8.5 Hydrometer Test for Soil Texture 

Samples were collected from the surface to a depth of 120 mm to determine the soil 

texture. The results were compared with the information provided by the Saskatchewan 

Land Resource Centre of the University of Saskatchewan. Four samples were tested 

from each field and the averages were used to determine the soil texture using the USDA 

Soil Textural Triangle. Figure 3.25 shows the USDA Soil Textural Triangle and the 

position of both fields. 

The information from the Saskatchewan Land Resource Centre showed that field 1 was 

sandy to sandy loam according to the Bradwell and Asquith area soils of Saskatchewan. 

Field 2 ranged from clay to clay loam according to the Aberdeen soil association. Table 

3.2 shows the summary of physical and mechanical properties of the two fields used. 

Appendix F shows the results of the hydrometer test. 

56 



Percent CLAY Percent SIL. T 

FTELD2 

PercentSANO 

Figure 3.25 Textural triangle for fields 1 and 2. 
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3.8.6 Summary of Soil Properties 

Table 3.2. Physical and mechanical properties of the fields used in research. 

Field 1 Field 2 

Soil Associations Bradwell/ Asquith Aberdeen 

Bulk Density {kg/m3
) 

0-120mm 1705 1740 

120-250mm 1750 

Moisture Content (%) 

0-120mm 14 14 

120-250mm 14 15 

Soil Texture Sandy Loam Clay Loam 

Sand(%) 67 32 

Silt(%) 24 39 

Clay(%) 9 29 

Average Cone Index (MPa) 

0-80mm 1.97 2.04 

80-1800 mm 3.63 4.02 

58 



3.9 Data Acquisition 

Draft, vertical, and side forces were measured using four tool cutting edges, two rake 

angles, and three different travel speeds at a depth of 160 to 200 mm. These variables 

were combined to form a 2x3x4 factorial experiment with three replications. The 

experimental design, which is shown in Fig 3 .26, was carried out in the sandy loam and 

clay loam fields. 

During the test, the tractor (MF165) operated in a gear range best suited for each targeted 

speed running at approximately 1800 engine rpm. Data collection time was between 20 

and 30 seconds with a sampling rate of 10 Hz per channel for soil forces, speed, and 

depth data. This resulted in a total of 200 to 300 data points for each parameter during 

each replication. 

For each tool, one measurement of the acceleration of the shank was made at an 

operating speed of approximately 8 kmlh. For this, a different program was uploaded in 

order to achieve a sampling rate of 50 Hz. Data collection time was greater than 30 

seconds for each tool tested. 
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3.9.1 Experimental Design 

The experiment was considered to be a factorial design. Figure 3.20 shows this design. 

Fields I 1 I 2 I 

Tools 1 2 3 4 

Rake Angles 1 2 1 2 1 2 1 2 

~, ,, ,, ~, 

Operating Speeds 2 

Figure 3.26 Factorial design showing the test parameters. 

Therefore, for three replications, there are 2 soils x 4 tools x 2 rake angle x 3 speeds x 3 

replicates, making 144 data sets. Example, F 1 T2 A2 S2 is a data set for test done on 

field 1 using the tool flat cutting edge at a rake angle of 33° and an operating speed of 

approximately 6.8 kmlh. 
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3.10 Field Work 

Figure 3.27 Tractor connected to the walking beam frame. 

The tractor used was a Massey Ferguson MF165, which had maximum power of 34 kW 

(46 Hp) as shown in Figure 3.27. The gear selections used were 6th, 7th, and 8th, which 

had a forward speed of 6.8, 7.2, and 9.0 km/h respectively at 1800 engine rpm. 

For data acquisition, each tool was subjected to the three speeds, and three replications at 

a specified working depth. Upon completion of one tool, the next tool was fitted, and 

tested similarly. This was continued until all for the eight tools were used. 
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4.0 EXPERIMENTAL RESULTS AND DISCUSSION 

4. 1 Introduction 

In the previous chapter, the procedures used for the data collection were explained. In 

this chapter, the analysed data will be presented, and the variations will be discussed and 

complemented with explanation from previous investigations and observations. 

The data collected were transferred from the Graph Term (GT) software to Microsoft 

Excel (Microsoft Corporation, Redmond, VA) to generate tables, and charts to compare 

the performance of each tool. Statistical analysis was conducted by using Minitab version 

12.1 (Minitab Inc., State College, PA). Analysis was also performed using the ANOV A 

(One-way Analysis of Variance) at a significance level of 5%. Table 4.1 shows the 

naming of the tools based on the cutting edge and rake angle. The tool identification 

system in Table 4.1 is used to present the summary of data collected. Tables G2 and G4 

show the averages of the measured parameters for each replicate in the sandy loam and 

clay loam fields, respectively. A complete presentation of the data can be seen in Tables 

G 1 and G3 in Appendix G. 
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Table 4.1. Tool terminology. 

Tool Cutting edges Rake angles 

1 Flat 33 

2 90-Degree 33 

3 40-Degree 33 

4 Elliptical 33 

5 Flat 20 

6 90-Degree 20 

7 40-Degree 20 

8 Elliptical 20 

From Tables G2 and G4 in Appendix G, charts were generated to show the comparison 

of draft against the different operating speeds for all the tools. Figures 4.1 and 4.2 show 

the draft for the different operating speed in both fields. These results show that the tools 

with the flat cutting edge and the ones with the 90-degree had lower draft than the ones 

with 40-degree and the elliptical cutting edges. Based on the draft measured, the tools 

were divided into two groups to compare with the predicted values. One group contained 

tools with flat cutting edge and the 90-degree cutting edge while the other had those with 

the 40-degree edges and the elliptical cutting edge. The following charts show the draft 

for all the tools at different operating speeds. 
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Figure 4.1 Effect of operating speed on draft in the clay loam field. 
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4.1.1 Statistical Analysis 

For statistical analysis, the data were separated into the three replicates and placed in a 

table to be entered in MINITAB. During testing, the tools were labelled from I to 8 but 

for analysis, they were separated into 4 tool cutting edges, 2 rake angles, 3 speeds, and 3 

replicates. Data from each field were analyzed separately because two different soil 

types were used. Table 4.4 shows the notation given to the parameters used in the 

analysis. 

Table 4.2. Notations used in the analysis. 

Notation Parameters 

Field 1 Soil Type - Sandy Loam 

Field2 Soil Type - Clay Loam 

Angle I Rake Angle - 3 3 o 

Angle 2 Rake Angle - 20° 

Tool I Flat Cutting edge 

Tool2 90° - Cutting edge 

Tool3 40° - Cutting edge 

Tool4 Elliptical Cutting edge 
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Analyses were conducted using balanced ANOV A with a significance level of 5%, so 

significant differences would exist when the probability is less than 0.05. To determine 

the effects and interactions of the different parameters, vertical force, draft, side force, 

working depth, and operating speed were entered as the responses; replicate as the 

random factor; and all the combinations of tools, rake angles, and speeds were entered as 

the model. Appendix H contains the results from running a balanced ANOVA on data 

from both fields for the tools. Analyses were also performed on the tools in groups 1 and 

2 to examine if there were any differences within each group. 

4.1.2 Soil Properties 

The soil properties measured in the fields, are given in Table 3 .2, were bulk density, cone 

index, moisture contents, and soil texture. These soil properties were compared to the 

soil associations reported in Action and Ellis (1978). The soil associations for the sandy 

loam field are Bradwell and Asquith and Aberdeen for the clay loam field. 

Action and Ellis (1978) described Bradwell and Asquith as a group of Chemozemic Dark 

Brown soils formed under grassland vegetation. The surface textures are predominantly 

loam but limited amounts of sandy loam and very fme sandy loam are also present. 

These soil associations can be describes as class 3 to 5 having moderate to severe 

limitations for sustained cultivation. Lack of precipitation and low moisture holding 

capacity are factors limiting the agricultural capability. The moisture characteristics 

ranged from 10.5 to 13.4% for the permanent wilting point and the field capacity ranged 

from 17.1 to 23.3% at a depth of0-50 mm. 
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Arberdeen soil association is described as having a group of Chemozemic Dark Brown 

soils formed under grassland vegetation in moderately fine to fine textured deposits. 

Surface textures are mostly clay to clay loam. It is classified as land capability class 2 

and 3. Limitations are attributed to lack of precipitation. The moisture characteristic for 

permanent wilting point is 28.5% while the field capacity occurs as 50.2% for 0-50 mm 

horizon depth. 

From the hydrometer test, the soil textures in field 1 and field 2 were sandy loam and 

clay loam, respectively. The moisture content for the sandy loam field was 14%, which 

was between the wilting point and field capacity. The clay loam field had 14% moisture 

content, which was lower than the permanent wilting point. 

The cone index for sandy loam field was approximately 1 MPa while the clay loam field 

had a cone index of 2.04 MPa up to a depth of 80 mm. 

4.1.3 Variation in Speed Measured 

Initially, the plan was to operate at three different speeds between 6.5 and 12 km/h. 

Therefore, the gear ratios, and engine rpm were selected based on the targeted speed 

range. To select the engine rpm in the Massey Ferguson MF165 was not as precise as 

needed. Each time, it was selected as close as possible to 1800, but it was observed that 

during operation, there would be a reduction in the engine speed by as much as 400 rpm. 

The operating speed decreased by as much as 20% of the intended speeds due to this 
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variation. To correct this problem, the rpm was set at the maximum recommended at 

2000 rpm. However, reduction still existed resulting below 1800 rpm. This variation in 

engine speed accounted for reduction in the operating speed below the intended values. 

Tractors of higher rated power were not available to be used. Usually in the summer 

months, these tractors on the University's farm are being used to harvest crops, transport 

materials, and for other farm activities. Therefore, the only available tractor was the 

Massey Ferguson MF 165 tractor. 

From the statistical analysis, the average of the operating speeds with respect to the 

replicates, tools, and rake angles for the sandy loam field was 6.4, 7.2, and 9.0 km/h and 

6.9, 7.8, and 9.5 km/h for the clay loam field. There were no significant differences with 

respect to the replicates in both fields. This shows that throughout the fields, each 

treatment and replicate had operating speeds without any significant variation. However, 

significant differences (p<0.05) existed within the rake angles, and tool shapes. 

From the ANOVA test, when considering the means of the operating speed for both 

fields with respect to the tool cutting edges, the result showed that Tooll had the highest 

speed while Tool 4 had the lowest. These values ranged from 8.2 km/h for Tool 1 and 

decreased to 7.4 km/h for Tool 4. Figure 4.3 shows the actual speed recorded against 

each tool with respect to the replicates and rake angles. From the chart, it can be seen 

clearly that there is a decrease in the actual operating speed from Tooll to Tool4. 
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Figure 4.3 Effect of Tool Cutting edges on operating speed. 

Due to an increase in draft from tool I to tool4, the tractor performance was affected by 

a reduction in the engine speed, thereby reducing the operating speed. 

Based on the output frequency of the magnetic pickup, and the calibration coefficient, the 

operation speed was calculated in km/h. Table 4.3 shows the conversion from the output 

frequency to km/h. For example, an output frequency of 8Hz was calibrated to be 5.36 

km/h using 0.6695 as the coefficient. 
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Table 4.3. Output frequency of the magnetic pickup and corresponding speed. 

Output Frequency (Hz) Operating Speed (km/h) 

8 5.36 

9 6.03 

10 6.70 

11 7.36 

12 8.03 

13 8.70 

Table 4.3 shows that the difference in each speed recorded was 0.6695, which is the 

calibration coefficient. The average of the operating speed for each replicate could have 

been more accurately measured if the difference between each increment were smaller. 

Using a 60-tooth gear, it is said that the output frequency is numerically equal to the 

revolutions per minute (rpm). To measure the actual speed with a higher accuracy a gear 

with a greater number of teeth could have been used. This would have resulted in higher 

frequency readings thus a smaller value as the calibration coefficient. A smaller 

coefficient would yield a greater accuracy. For example, if it were possible to increase 

the number of teeth by four times, the accuracy would be increased to 0.167. 

From the statistical analysis, operating speed varied with rake angle. The effect of the 

rake angles on operating speed showed that there were higher values measured for the 

speed when using the tools with 20-degree rake angle. Figure 4.4 shows the mean 
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velocity against rake angle in both fields with respect to the tool cutting edges and 

replicates. 

From Figure 4.4, the sandy loam field had a slight increase in speed with respect to the 

rake angle but the clay loam field, showed a significant decrease from 33-degree to 20-

degree rake angle. There should not be any effect of rake angle on operating speed as 

shown for the sandy loam field. 
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Figure 4.4 Effect of rake angle on operating speed. 
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4.1.4 Variation in Depth Measured 

To evaluate the performance of the tools in deep tillage, three working depths were 

proposed. They were 200, 250, and 300 mm. However, the 46-HP tractor had limited 

power for operating deeper than 200 mm. Therefore, tests were conducted only at a 

depth of 180 mm. 

The variation in depth was measured with a rotary potentiometer connected to arm of the 

fifth wheel. Although clamps were placed on the hydraulic cylinders as a means of 

depth control, there were variations in the working depth with respect to time. This can 

be attributed to the bouncing of the fifth wheel in undulating areas. The working depth 

was measured from the frame relative to the ground, and was based on the calibration 

coefficient. However, variations observed did not indicate that the working depth 

fluctuated in a similar manner. 

From the statistical analysis, significant difference existed within the tool cutting edges 

and rake angles with respect to the depth. However, hydraulic stops that were used 

should have maintained a constant working depth, which should result in no significant 

difference with respect to any of the parameters. This indicates that the combination of 

different cutting edges and rake angles contributed to the statistical differences. 
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4.2 Effect of Variables on Draft 

According to Sharma (1984), the cyclic variations in the soil reactions were the major 

factor that resulted in the sinusoidal oscillation of the tillage tool. Figure 4.5 shows an 

example of the variation of draft with time. 
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Figure 4.5 Draft against time for tooll in the sandy loam field. 
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From the statistical analysis, there were significant differences in draft with respect to 

tool cutting edges, operating speed, and rake angles for clay loam field and tool cutting 

edges and rake angles for sandy loam field. 
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4.2.1 Effect of Rake Angle 

According to McKyes (1984), a rake angle of 20° should require less draft than 35°. 

However, the 20-degree tools were longer than the 33-degree tool. This increase in 

length of the tool would have caused an increase in the soil-tool friction and in the soil 

failure zone resulting in an increase in draft. Table 4.6 and Figure 4.6 show the 

dimension of the shoes. Dimension c refers to the length of the tool. It can be noticed 

that the length increased from tool I to 4. 

However, the sandy-loam field with high moisture content had an increase in draft from 

33-degree to 20-degree rake angle, but the clay-loam field with low moisture content had 

a decrease in draft. Figure 4. 7 shows the comparison of the effect of rake angle on draft 

of both fields. From the statistical analysis, there was no significant difference in the 

draft with respect to the rake angle. 
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Figure 4.6 Dimensions of the tools used. 
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Table 4.4. Tool length. 

Tools a(mm) b(mm) 

Tl AI 165.1 254 

T2Al 190.5 292.1 

T3AJ 223.5 345.4 

T4Al 231.1 348.0 

T1A2 142.2 391.2 

T2A2 167.64 464.8 

T3A2 205.7 566.4 

T4A2 205.7 569 

TIAI =Tool with flat cutting edge and has 33-degree rake angle 
T2Al =Tool with 90-degree cutting edge and has 33-degree rake angle 
T3Al =Tool with 40-degree cutting edge and has 33-de~e rake angle 
T4Al =Tool with elliptical cutting edge and has 33-degree\fake angle 
TIA2 =Tool with flat cutting edge and has 20-degree rake angle 
T2A2 = Tool with 90-degree cutting edge and has 20-degree rake angle 
T3A2 =Tool with 40-degree cutting edge and has 20-degree rake angle 
T4A2 =Tool with elliptical cutting edge and has 20-degree rake angle 
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Figure 4. 7 Effect of rake angle on draft for both fields. 

4.2.2 Effect of Speed 

From the statistical analysis, there was a significant difference in draft for the two soil 

types with respect to the operating speed. Figure 4.8 shows the effect of operating speed 

on draft measured in the sandy loam and clay loam fields. 
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Figure 4.8 Effect of operating speed on draft in both fields with respect to the four 
tools and two rake angles. 

From Figure 4.8, the R2 values for the eight tools are 0.953 for the sandy loam field, and 

0.999 for the clay loam field. However, the individual R2 ranged from a low of0.646 in 

field 2 and 0. 714 in the sandy loam field to 0.999. From the R2 values for the tools, it can 

be seen that there is a linear relationship with the tools and operating speed. The 

performance of each tool was compared to the ASAE prediction equation, and the control 

tool. From Figure 4.8, tools 1 and 2 had draft lower than the predicted draft for both 

fields. 
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4.2.3 Effect of Tool Cutting Edges 

The results showed that the draft increased from tool 1 to tool 4. This means that the 

tools with the flat cutting edges had the lowest draft values while the elliptical cutting 

edge had the highest. From the statistical analysis, there was a significant difference 

(p<O.OS) with respect to effect of tool cutting edges on draft for both soil types. Figure 

4.9 shows the effect of the tool cutting edge on draft in the two soil types. 
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Figure 4.9 Effect of tool cutting edge on draft on the sandy loam and clay loam field. 

The reason for the increase in draft would be due to the length of the shoes. As shown in 

Table 4.6, there is an increase in tool length from tool 1 to 4. This increase in length 

would result in an increase in draft that may have been caused by the increased soil 

failure pattern and increased soil-tool interaction. 
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4.2.4 Comparison of Soil Types 

From Figure 4.8, the sandy loam field had higher draft when compared to the clay loam 

field. The clay loam field, with 14% moist moisture content and 2.04 kPa as the cone 

index at 80 mm should have higher draft than the sandy loam field. Under normal 

conditions, a clay loam field will have higher draft than on a sandy loam field. The 

moisture content of the clay loam field can be described as below the permanent wilting 

point and the moisture content of sandy loam field can be said to be just below the field 

capacity (Action and Ellis 1978). 

The possible explanation lies within the soil-to-soil friction, movement, and surface area 

of the soil particles after failure. While operating, the clay loam soil fractured into clods 

of different sizes due to low moisture while the particles in the sandy loam flowed 

around the tillage tool. If the soil breaks into clods, the friction between the soil particles 

could be less than that for the soil breaking into small particles. This would have caused 

the higher draft in the wet sandy loam soil compared to the draft in the dry clay loam. 

This difference in surface area resulted in higher draft values for the sandy loam field. 

Figures 4.10 and 4.11 show the comparison of both fields after tillage. Evidence of large 

clods can be seen in the clay loam field while the sandy loam field showed uniform 

fragmented particles. Another reason for lower draft in the clay loam soil could be due 

to presence of deep soil cracks caused by soil drying of Prairie clays. 
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Figure 4.10 Clods after tillage in the dry clay loam field. 

Figure 4.11 Result after tillage in a wet sandy loam field. 
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4.3 Effect of Variables on Vertical Force 

Variations of vertical force with time exhibited similar characteristics to that of draft. 

This relationship would be due to the cyclic variation in soil properties that existed in 

soils. The force in the vertical direction is important when considering the total force on 

the tool. Figure 4.12 shows a sample of tool I in the sandy loam field. 
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Figure 4.12 Variations of vertical force with time for tooll in sandy loam field 
operating at 7 kmlh. 
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From Figure 4.12, the negative values show that the force varied in direction; the positive 

direction was considered to be pointing downwards. Theoretically, negative values mean 

that the suction force that is needed for tool penetration acted in the opposite direction. 

These negative values occurred initially . for approximately one tenth of a second, 

indicating the tendency of tool to penetrate the soil. 
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4.3.1 Effect of Rake Angle 

In the both soil types, there was no significant difference (p>O.OS) with the vertical force. 

This means that regardless of the rake angle used, the vertical force did not significantly 

decrease or increase when considering all the tools. However, when the ANOV A test 

was conducted on tools 1 and 2, significant difference existed in the clay loam field but 

not in sandy loam field. Figure 4.13 shows the effect of rake angle of group 1 tools on 

vertical force in both fields. 
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Figure 4.13 Effect of rake angle on vertical force. 
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Figure 4.14 Effect of rake angle of Tools 1 and 2 on vertical force in both fields. 

From Figure 4.18, both fields show a reduction in vertical force when the rake angle was 

changed from 33° to 20°. 

When tools 3 and 4 were compared, the statistical analysis showed that there was a 

significant increase in vertical force from 20-degree to a 33-degree rake angle. Figure 

4.14 shows the effect of rake angle on vertical force in both soil types for tools 1 and 2. 
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Figure 4.15 Effect of rake angle of tools 3 and 4 on vertical force in both fields. 

Tools 1 and 2 showed a reduction in the vertical force while tools 3 and 4 had a 

significant increase with a decrease in rake angle. Overall, the vertical force increased 

when the rake angle was changed from 33° to 20°. Under normal conditions, vertical 

force should decrease with a lower rake angle as demonstrated in Figure 4.15. The 20-

degree angle tools were longer and had to fail a larger soil area, thus increasing the 

vertical force component. This resulted in higher vertical force for tools with 20-degree 

rake angle and the longer tools. Tools 1 and 2 were shorter, thus giving smaller values 

for the vertical force. As shown in Figures 4.14 and 4.15, tool1 and 2 had 1.8 kN as the 

highest force while tools 3 and 4 ranged between 1.7 and 3.2 kN. 
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4.3.2 Effect of Speed 

From the analysis, there was a significant difference in vertical force with the increase in 

operating speed for the clay loam field but the speed had no effect in the sandy loam soil. 

Figure 4.16 shows the effect of operating speed on vertical force for both soils. 
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Figure 4.16 Effect of operating speed on vertical force in both soils types. 

There was no significant difference of the vertical force on tools 1 and 2 with the 

increase in operating speed. However, tools 3 and 4 had a significant decrease in vertical 

force with operating speed only in the sandy loam field. 
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4.3.3 Effect of Tool Cutting edge 

Vertical force as well as the draft increased from tools 1 to 4 as shown in Figure 4.17. 

Both soil types had a significant increase in vertical force and the clay loam field had 

lower force values than the sandy loam field. 
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The increase in vertical force is attributed to the increase in length of the tools from 1 to 

4. The longer tools would have a greater failure zone as a result; the elliptical cutting 

edge had the largest vertical force. 
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4.3.4 Comparison of Soil Types 

As with the draft, the sandy loam field had higher vertical force when compared to the 

vertical force in the clay loam field. The dry clay loam field failed into clods rather than 

smaller particles resulting in lower soil-to-soil frictional force. Figures 4.10 and 4.11 

illustrate this size of particles after failure. 

4.4 Resultant Force 

The side force was measured with a 22 kN loadcell. The disposition of a shank tends to 

be balanced therefore little or no side force was measured during tillage. However, it 

was expected that the side force would be negligible when considering the total force on 

each tillage tool. Both soil types showed forces below 1.0 kN. The negative and positive 

values indicate the direction of the force based on the coordinate system as defined in 

Figure 3.6. The side force varied with time, operating speed, tool cutting edges, and rake 

angle. 

Statistically, the side force had significant difference with tools and rake angle. 

However, the side force did not contribute significantly in determining the resultant 

force. 

The draft and vertical force were used to determine the resultant force on each tool. 

According to Kuczewski and Piotrowska (1998), Equation 2.9 can be used to calculate 
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the total force acting on each tool. The total force will be calculated to investigate the 

relationship with the operating speed for the different tool cutting edges, rake angles, and 

soil types. Figure 4.18 shows the free body diagram the tool and the soil forces. 

The results indicated that a linear relationship existed between the resultant force on each 

tool with operating speed in both soil types. The R 2 values of the resultant force against 

operating speed were higher than those for the draft against the same speed. 

Figures 4.19 to 4.22 show that for both soil types, four tools can be selected as exhibiting 

the lowest draft. The tools with the flat cutting edge and the ones with the 90-degree 

cutting edge for both rake angles are the four tools that can be selected as having the 

lowest total force. 
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Figure 4.18 Forces on the tool. V=vertical force, D=draft and R=resultant force. 
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Table 4.5. Resultant force on each tool with the working depth and operating speed 
for the sandy loam field. 

Total Operating 

Tool Speed Force (kN) Depth (mm) Speed (km/h) 

Flat at 33° 1 2.80 164 7.2 

2 2.96 162 7.4 

3 3.22 159 10.0 

90° at 33° 1 3.60 162 6.3 

2 3.79 159 7.7 

3 3.81 162 8.7 

40° at 33° 1 4.83 156 7.0 

2 4.70 156 7.2 

3 5.62 157 9.0 

Elliptical at 33° 1 5.18 154 6.1 

2 5.86 156 6.6 

3 6.06 154 7.8 

Flat at 20° 1 2.73 171 6.2 

2 3.18 182 7.3 

3 3.37 182 9.1 

90° at 20° 1 3.43 209 6.7 

2 3.85 211 7.6 

3 4.10 209 9.4 

40° at 20° 1 5.34 190 6.4 

2 6.13 193 7.2 

3 6.37 193 8.8 

Elliptical at 20° I 5.79 192 5.5 

2 6.43 189 7.3 

3 7.30 189 9.3 
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Table 4.6. Resultant force on each tool with the working depth and operating speed 
for the clay loam field. 

Total Operating 

Tool Speed Force (kN) Depth (mm) Speed (km/h) 

Flat at 33° 1 2.73 182 7.7 

2 2.g3 178 8.4 

3 3.04 188 g,g 

goo at 33° 1 2.55 16g 7.1 

2 3.17 174 8.2 

3 3.66 178 10.4 

40° at 33° 1 4.14 174 7.2 

2 4.18 172 7.3 

3 4.65 174 8.g 

Elliptical at 33° 1 4.78 182 7.2 

2 5.06 177 7.2 

3 6.08 176 g.3 

Flat at 20° 1 2.17 17g 7.2 

2 2.85 183 8.3 

3 3.32 180 10.2 

goo at 20° 1 3.28 173 6.6 

2 3.50 184 7.4 

3 3.70 183 8.g 

40° at 20° 1 4.08 171 5.0 

2 4.41 175 7.7 

3 4.53 187 g,7 

Elliptical at 20° 1 4.14 220 6.8 

2 4.20 214 7.5 

3 6.10 216 8.7 
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Figure 4.19 Effect of operating speed on resultant force for tools 1 and 2 in sandy 
loam field. 
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Figure 4.20 Effect of operating speed on resultant force for tools 3 and 4 in sandy 
loam field. 
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Figure 4.21 Effect of operating speed on resultant force for tools 1 and 2 in the clay 
loam soil. 
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Figure 4.22 Effect of operating speed on resultant force for tools 3 and 4 in the clay 
loam soil. 
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4.5 Comparison of Draft with Prediction Equation 

Three different operating speeds were used to determine the performance of the different 

tools. It was found that, draft measured had a linear relationship with the operating 

speed. Figures 4.23 to 4.26 show a comparison of the two groups of tools with the 

ASAE prediction equation to highlight their performance with different operating speeds. 
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Figure 4.23 Effect of operating speed on draft for tooll and 2 in sandy loam field. 
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Figure 4.24 Effect of operating speed on draft for tool 3 and 4 in sandy loam field. 
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Figure 4.25 Effect of operating speed on draft for tooll and 2 in clay loam field. 
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Figure 4.26 Effect of operating speed on draft for tool3 and 4 in clay loam field. 
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To calculate the draft from the ASAE prediction equation, the sandy loam field was 

considered to have coarse soil texture while the clay loam field was classified as medium 

at an operating speed of 6, 8, and 10 km/h and a working depth of 180 mm. 

From comparison, tools 1 and 2 had draft values lower than the ASAE prediction 

equation in the sandy loam and clay loam soils. These tools were selected, as the ones 

that would require the least energy. 

4.6 Vibration of the Shank 

The vibration of the shank was determined by the accelerometer strategically placed at 

the lower end of the shank. The purpose of this instrument was only to investigate if 

there were any vibration in the shank while operating in the field. The results were 

compared to the conclusions reported by Zhang (1997). Readings from the 

accelerometer were taken only in the sandy loam soil at one operating speed. This was 

sufficient to determine if there were any vibrations during field operation. Figure 4.27 

shows an example of the data collected by the accelerometer. 
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Figure 4.27 Accelerometer data for tool3 operating at 7.2 kmlh. 
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The distribution of the acceleration of the each tool was calculated along with their mean 

values and standard deviations. Figure 4.28 shows the distribution of the acceleration of 

each tool. Tables 4.9 and 4.10 have the standard deviation, mean values, and the resultant 

force on the shank at the same operating speed. 
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Figure 4.28 Distribution of acceleration of each tool in the sandy loam soil. 
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The mean acceleration for each tool ranged for 3.38 to 11.45 m/s2• Table 4.9 shows the 

standard deviation, which is an indication of the spread of the data. The trend of the 

standard deviation for each tool was compared to that of the total force. This comparison 

shows that there was lower standard deviation for higher force values. As the force 

increased on the shank, the spread of data became smaller which indicated that there was 
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an increase in the vibration on the shank. Figure 4.2g shows the comparison of the 

standard deviation and the total force. 

Table 4. 7. Mean acceleration, standard deviation, and resultant force for the tool 
with 33-degree rake angle. 

Tool Flat goo 40° Elliptical 

Number of samples 

Mean (m/s2
) 

Std Dev (m/s2
) 

Total Force (kN) 

24go 

3.38 

11.52 

2.g6 

15go 1goo 1520 

g_62 10.53 8.08 

11.83 8.27 8.g8 

3.7g 4.70 5.86 

Table 4.8. Mean acceleration, standard deviation, and total force for the tool with 
20-degree rake angle. 

Tool Flat goo 40° Elliptical 

Number of samples 

Mean (m/s2
) 

Std Dev (m/s2
) 

Total Force (kN) 

1500 

7.81 

8.28 

3.18 

1500 

7.06 

6.40 

3.85 

2180 1goo 

11.45 10.01 

5.03 5.86 

6.13 6.43 

This vibration occurred in the shank during soil cutting process. During tillage, soil 

forces resist the movement of the shank. The magnitude of this force depends on the soil 

properties, tool shape, working depth, and operating speed. Soil resistance forced the 

shank to bend away from the direction of travel. The shank will store this bending 

energy and release it when the soil fails, resulting in vibration as indicated in Figure 4.27. 

Zhang (1gg7) concluded that the energy consumption for soil cutting decreased as the 
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vibratory frequency and amplitude increased. However, selecting an appropriate 

frequency and amplitude of the oscillatory system can minimize the total energy 

consumption. This frequency will be achieved by proper design geometry of the shank. 
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Figure 4.29 Standard deviation of acceleration and resultant for the four tools with 
20-degree rake angle. 
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5.0 SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS 

5.1 Summary 

Soil forces for deep tillage operations were measured with eight different tillage tools in 

two different soil types. The results showed that the sandy loam field had higher draft 

values compared to the clay loam field. Under normal conditions, the draft in the clay 

loam field should be greater than in the sandy loam field. This anomaly can be explained 

with the difference in moisture in both fields at the time of the tests. The clay loam soil 

fractured in large clods caused by presence ordeep soil cracks as opposed to smaller 

fragmented soil particles in sandy loam field. 

With the low moisture in the clay loam field, it was difficult to measure the bulk density 

with the core sample method. The wax immersion method was applied according to the 

standard ASME 914. The amount of moisture measured in the clay loam field was 14%, 

which was below the permanent wilting point. Although the moisture content in the 

sandy loam field was the same as the clay loam field, it was described as just below that 

of the field capacity. This contrasting moisture content in both fields was due to 52 mm 

of rainfall for the Saskatoon area during the month of July, 6 mm in August and 8 mm in 
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September. Tests were conducted in the sandy loam field in July and in the clay loam 

field in September. 

Draft values on each tool were compared to the ASAE prediction equation. The flat 

cutting edge and the 90-degree cutting edge had lower draft values compared to the other 

tools as well as the ASAE prediction equation. The higher force values on the elliptical 

and the 40-degree cutting edge were attributed to the length of the tools. These tools 

were designed to maintain the same distance between the bottom of the shoes and the 

ground when mounted on the shank. Consequently, the 20-degree rake angle shoes with 

40-degree cutting edge and the elliptical cutting edge had lengths to as much as two 

times that of the control tool. This increase in length resulted in increased draft, and 

vertical forces. 

Cyclic variation of soil forces with time occurred due to non-homogenous soil resulting 

in variation of soil strength causing different soil failure patterns. This resulted in the 

sinusoidal oscillation of the tillage forces. Although there was variation in the speed 

with time, the difference was not significant for each replicate. Also, no significant 

difference existed between each replicate with respect to the operating speed. 

The effect of the different parameters was investigated with respect to the draft and 

vertical force using the Minitab statistical package. Tool cutting edge, operating speed, 

and rake angle. had different effects the on soil forces. It was found that, the draft and 

vertical force increased from the tools with the flat cutting edge to the ones with the 

elliptical cutting edge. However, there was no significant difference in the soil forces 
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with the change in rake angle in both soil types. Even though there were variations in 

the operating speed, statistical analysis showed that there was a significant increase in 

draft and vertical force with an increase in the operating speed. The variation in operating 

speed was not significant within each of the replicates. Side force was considered to be 

insignificant in determining the resultant force on the shank. 

The resultant force was calculated by taking the vector sum of the draft, and the vertical 

force. The R 2 values generated showed that there was a linear relationship between the 

resultant force and the operating speed. These regression coefficients were calculated at 

only one working depth in both the sandy loam, and the clay loam fields. 

The data collected from the accelerometer were useful to observe the vibration of the 

shank in the field and to make a concise comparison with the conclusions presented by 

Zhang (1997). It was found that the standard deviation of the acceleration decreased as 

the resultant force on the tool increased. This indicated that the vibration frequency of the 

shank increased with an increase in resultant force. 
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5.2 Conclusions 

The follow conclusions were reached from this study. 

1. Draft increased from a minimum value for the flat cutting edge to a maximum for 

the elliptical cutting edge in the sandy loam and ·clay loam soils. There was no 

significant difference in the draft with respect to the rake angle. Draft increased 

with an increase in operating speed in both soil types. The clay loam soil had 

draft lower than that from the sandy loam soil. 

2. Vertical force increased from a minimum value for the flat cutting edge to a 

maximum for the elliptical cutting edge. This means that the tools with the 

elliptical cutting edge for both rake angles had the highest soil forces. There was 

no significant difference in the vertical force with respect to the rake angle. 

Vertical force had a significant difference with the increase in operating speed for 

the clay loam soil but had no effect in the sandy loam soil. The clay loam soil 

had a vertical force lower than that obtained in the sandy loam soil. 

3. A linear relationship exists between resultant force and operating speed in both 

soil types. The side force measured was an insignificant component of the 

resultant force due to symmetry of tools. 

4. The flat cutting edge and the 90-degree cutting edge had the lowest draft values. 

These values were lower than the predicted values from the ASAE prediction 

equations. From the results in these tests, the tools that required the least draft 

were: 

• Flat cutting edge at 33-degree rake angle; 
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• 90-degree cutting edge at 33-degree rake angle; 

• Flat cutting edge at 20-degree rake angle; and 

• 90-degree cutting edge at 20-degree rake angle. 

5. The results from the accelerometer showed that there was shank vibration during 

tillage. The results were similar to the ones reported by Zhang (1997) and 

indicated an increase in vibration frequency of the shank with an increase in 

resultant force. 

5.3 Recommendations 

1. From the results, the longer tools had higher draft compared to the shorter ones. 

The fact that the tools at 20-degree rake angle were designed longer than those at 

33-degree, the recommendation is to conduct tests with tools of equal length with 

a rake angle of 20 degrees. Therefore, the soil forces could. be investigated for 

tools of different rake angles of equal length. Similarly, a study could be 

conducted to investigate the soil forces on tools of different lengths. 

2. A tractor should have sufficient power to reduce any variation in operating speed. 

3. The accelerometer readings should be taken at the different speeds and depths to 

analyze the different vibratory frequencies and amplitudes. The vibratory 

frequency and amplitude should also be studied as a function of resultant force on 

the shank. 
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APPENDIX A 

Programs Written in Edlog for Campbell21X Datalogger 

1. Program used to measure the soil forces, working depth, operating Speed 

2. Program used to measure the vibration of the shank, the readings from the 

accelerometer. 

3. Program used with the Bevameter to determine the cone index 
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Program used to measure the soil forces, working depth, Operating Speed 

Program: 
Flag Usage: 
Input Channel Usage: 
Excitation Channel Usage: 
Continuous Analog Output Usage: 
Control Port Usage: 
Pulse Input Channel Usage: 
Output Array Definitions: 

* 1 
01! .1 

01: P20 
01: 01 
02: 1 

02: P30 
01: 1500 
02: 16 

03: P2 
01: 1 
02: 14 
03: 7 
04: 1 
05: 1 
06: 0.0000 

04: P2 
01: 1 
02: 14 
03: 7 
04: 2 
OS: 1 
06: 0.0000 

05: P2 
01; 1 
02: 14 
03: 7 
04: 3 
05: 1 
06: 0.0000 

06: P2 
01: 1 
02: 14 
03: 7 
04: 4 
05: 1 
06: 0.0000 

Table 1 Programs 
Sec. Execution Interval 

Set Port 
Set high 
Port Nurnber 

Z=F 
F 
Z Loc 

Volt {DIFF) 
Rep 
500 mV fast 
IN Chan 
Loc : 

Mult 
Offset 

Volt (DIFF) 
Rep 
500 mV fast 
IN Chan 
Loc : 
Mult 
Offset 

Volt (DIF~) 
Rep 
500 mV fast 
IN Chan 
Loc : 
Mult 
Offset 

Volt (DIFF) 
Rep 

Range 

Range 

Range 

500 mV fast Range 
IN Chan 
Loc : 
Mult 
Offset 
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07: P2 Volt (DIFF) 
01: 1 Rep 
02: 14 500 mv fast Range 
03: 7 IN Chan 
04: 5 Loc : 
05: 1 Mult 
06: 0.0000 Offset 

08: P2 Volt {DIFF) 
01: 1 Rep 
02: 14 500 mv fast Range 
03: 7 IN Chan 
04: 6 Loc : 
05: 1 Mult 
06: 0.0000 Offset 

09: P2 Volt (DIFF) 
01: 1 Rep 
02: 14 500 mv fast Range 
03: 7 IN Chan 
04: 7 Loc : 
05: 1 Mult 
06: 0.0000 Offset 

10: P2 Volt (DIFF) 
01: 1 Rep 
02: 14 500 mV fast Range 
03: 7 IN Chan 
04: 8 Loc : 
05: 1 Mult 
06: 0.0000 Offset 

11: P2 Volt (DIFF) 
01: 1 Rep 
02: 14 500 mv fast Range 
03: 7 IN Chan 
04: 9 Loc : 
05: 1 Mult 
06: 0.0000 Offset 

12: P2 Volt (DIFF) 
01: 1 Rep 
02: 14 500 mV fast Range 
03: 7 IN Chan 
04: 10 Loc : 
05: , Mult J.. 

06: 0.0000 Offset 
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13: Pl 
01: 1 
02: 15 
03: 16 
04: 20 
05: 1 
06: 0.0000 

14: P8B 
01: 20 
02: 4 
03: 16 
04: 10 

15: P77 
01: 1 

16: P70 
01: 10 
02: 1 

17: p 

* 2 
01: 0.0000 

01: p 

* 3 

01: p 

* 4 
01: 00 
02: 00 

* A 
01: 28 
02: 64 

* c 
01: 00 
02: 0000 

Volt (SE) 
Rep 
5000 mV fast Range 
IN Chan 
Loc : 
Mult 
Offset 

If X<=>Y 
X Loc 
< 
Y Loc 
Set high Flag 0 (output) 

Real Time 
Seconds 

Sample 
Reps 
Loc 

End Table 1 

Table 2 Programs 
Sec. Execution Interval 

End Table 2 

Table 3 Subroutines 

End Table 3 

Mode 4 Output Options 
Tape/Print:er Option 
Printer Baud Option 

Mode 10 Memory Allocation 
Input Locations 
Intermediate Locations 

Mode 2 Security {OSX- 0) 
Secur ty Option 
Secur ty Code 
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Key: 
T=Table Number 
E=Entry Number 
L=Location Number 

T: E: L: 
1: 3 ~ l: Loc 
1: 4: 2: Loc 
1; 5 : 3: Loc 
1: 6: 4: Loc 
1: 7: 5: Loc 
1: 8: 6: Loc 
1: 9: 7: Loc 
1: 10: 8: Loc 
1; 11: 9: Loc 
1: 12: 10: Loc 
1: 2 : 16: z Loc 
1: 13: 20: Loc ; 
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Program used to measure the vibration of the shank, the readings from the accelerometer 

Program: 
Flag Usage: 
Input Channel Usage: 
Excitation Channel Usage: 
Continuous Analog Output Usage: 
Control Port Usage: 
Pulse Input Channel Usage: 
Output Array Definitions: 

* 1 Table '1 Programs J... 

01: . 1 Sec . Execution Interval 

01: P20 Set Port 
01: 01 Set high 
02: 1 Port Number 

02: P30 Z:::::F 
01: 1500 F 
02: 16 z Loc 

03: P2 Volt (DIFF) 
01: 1 Rep 
02: 13 50 mV fast Range 
03; 1 IN Chan 
04: 1 Loc : 
05: 1.4622 Mult 
06: 0.0000 Offset 

04: P2 Volt (DIFF) 
01: 1 Rep 
02: 13 50 mV fast Range 
03: 2 IN Chan 
04: 2 Loc : 
05: 1.4741 Mult 
06: 0.0000 Offset 

05: P2 Volt (DIFl?) 
01: 1 Rep 
02: 13 50 mV fast Range 
03: 3 IN Chan 
04: 3 Loc : 

05: 1.4689 Mult 
06: 0.0000 Offset 

06: P2 Volt (DIFF) 
01: 1 Rep 
02: 13 50 mV fast Range 
03: 4 IN Chan 
04: 4 Loc : 

05: 0.7406 Mult 
06: 0.0000 Offset 
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07: P2 
01: 1 
02: 13 
03: 5 
04: 5 
05: 0.7115 
06: 0.0000 

08: P2 
01: 1 
02: 13 
03: 6 
04: 6 
05: 0.7112 
06: 0.0000 

09: P2 
01: 1 
02: 14 
03: 7 
04: 7 
05: 1 
06: 0.0000 

10: Pl 
01: 1 
02! 15 
03; 15 
04: 8 
05: 0.74 
06: -1316 

11: Pl 
01: 1 
02: 15 
03: 16 
04: 20 
OS: 1 
06: 0.0000 

12: P3 
01: 1 
02: 1 
03: 4 
04: 9 
05: 0.6695 
06: 0.0000 

13: P88 
01: 20 
02: 4 
03: 16 
04: 10 

Volt (DIFF) 
Rep 
50 mV fast Range 
IN Chan 
Loc : 
Mult 
Offset 

Volt (DIFF) 
Rep 
50 mV fast Range 
IN Chan 
Loc : 
Mult 
Offset 

Volt (DIFF) 
Rep 
500 mv fast Range 
IN Chan 
Loc : 
Mult 
Offset 

Volt (SE) 
Rep 
5000 mv fast Range 
IN Chan 
Loc : 
Mult 
Offset 

Volt (SE) 
Rep 
5000 mV fast Range 
IN Chan 
Loc : 
Mult 
Offset 

Pulse 
Rep 
Pulse Input Chan 
Low level AC 16 bit 
Loc : 
fv1ul t 
Offset 

If X<=>Y 
X Loc 

Y Loc 
Set high Flag o (output) 
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14: P77 
01: J. 

15: P70 
01: 9 
02: 1 

16: p 

* 2 
01: 0.0000 

01: p 

* 3 

01: p 

* 4 
01: 00 
02: 00 

* A 
0"1. 28 
02: 64 

* c 
01: 00 
02: 0000 

Real Time 
Seconds 

Sample 
Reps 
Loc 

End Table 1 

Table 2 Programs 
Sec. Execution Interval 

End Table 2 

Table 3 Subroutines 

End Table 3 

Mode 4 Output Options 
Tape/Printer Option 
Printer Baud Option 

Mode 10 Memory Allocation 
Input Locations 
Intermediate Locations 

Mode 12 Security (OSX-0) 
Security Option 
Security Code 
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Key: 
T=Table Number 
E=Entry Nurrber 
L=Location Number 

T: E: L: 
1: 3: 1: Lac 
1: 4: 2 : Lee 
1: 5: 3: Lac 
1: 6: 4 : Lac 
1: 7: 5: Loc 
1: 8: 6: Loc 
1: 9: 7: Lac 
1: 10: 8: Lac 
1: 12: 9: Loc 
1: 2: 16: z Loc 
1: 11: 20: Lee : 
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Program used with the Bevameter to determine the cone index 

Program: 
Flag Usage: 
Input Channel Usage: 
Excitation Channel Usage: 
Continuous Analog Output Usage: 
Control Port Usage: 
Pulse Input Channel Usage: 
Output Array Definitions: 

* 1 
Q! • • 1 

01: P20 
01: 01 
02: 1 

02: P30 
01: 1500 
02: 16 

03; Pl. 
01: -
02: 15 
03: 1 
04: 1 
05: 1 
06~ 0.0000 

04: P1 
01: 1 
02; 15 
03: 2 
04: 2 
05! 1 
06: 0.0000 

05: Pl 
01: 1 
02: 15 
03: 16 
04: 20 
Qh.· l 
06: 0.0000 

06: P88 
01: 20 
02: 4 
03: 16 
04: 10 

07: P77 
01: 1 

Table 1 Programs 
Sec. Execution Interval 

Set Port 
Set high 
Port Number 

Z=F 
F 
Z Loc 

Volt (SE) 
Rep 
5000 mV fast 
IN Chan 
Loc : 
Mult 
Offset 

Volt (SE) 
Rep 

Range 

5000 mV fast Range 
IN Chan 
Loc : 
Mult 
Offset 

Volt (SE}. 
Rep 
5000 mV 
IN Chan 
Loc : 
Mult 
Offset 

If X<=>Y 
X Loc 
< 
Y Lee 

fast Range 

Set high Flag 0 (output) 

Real Time 
Seconds 
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08: P70 
01: 2 
02: 1 

09: p 

Sample 
Reps 
Loc 

End Table 1 

* 2 Table 2 Programs 
01: 0.0000 Sec. Execution Interval 

01: p 

* 3 

01: p 

* 4 
01: 00 
02: 00 

* A 
01: 28 
02: 64 

* c 
01: 00 
02: 0000 

End Table 2 

Table 3 Subroutines 

End Table 3 

Mode 4 Output Options 
Tape/Printer Option 
Printer Baud Option 

Mode 10 Memory Allocation 
Input Locations 
Intermediate Locations 

Mode 12 Security (OSX-0) 
Security Option ~ 

Security Code 
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Key: 
T=Table Number 
E=Entry Number 
L=Location Number 

T: E: L: 
1: 3 : 1 : Loc : 

1: 4: 2 : Loc : 
1 : 2: 16: z Loc 
1: 5: 20: Loc : 



APPENDIX B 

Schematic showing the connection of the loadcells, potentiometer, magnetic pickup 

and accelerometer 
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APPENDIX C 

The following charts show the results of the loadcells when subjected to an 

incremental load and measured with a strain indicator. 
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APPENDIX D 

Calibration curves of the loadcells. 
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APPENDIX E 

Results from the cone penetrometer in both fields. 

138 



3.5 

• • • t 
3.0 •• • • • - • • 8?. 2.5 

• • ::E ->< 2.0 • CP 
"C • .E 1.5 
CP • c 
0 
0 1.0 • 

0.5 • • • 
0.0 

0 2 4 6 8 10 12 14 16 18 20 

Depth (em) 

Figure El Cone index measurements in site #1 in sandy loam field. 

4.0 

3.5 • • - ' :. 3.0 • • ~ 2.5 • • >< 
Cl) 

2.0 • "C • c: - • Cl) 1.5 
c: • 0 1.0 0 • • 0.5 • • • 

0.0 
0 2 4 6 8 10 12 14 16 18 20 

Depth (em) 

Figure E2 Cone index measurements in site #2 in sandy loam field. 

139 



Figure E3 Cone index measurements in site #3 in sandy loam field. 

6.0 

5.0 • - • ca • 11. • :I 4.0 • ->< • CD 3.0 • "C 
c: • • 
CD • • • c: 2.0 • 0 • • 0 • • • 1.0 • • 

0.0 # 

0 2 4 6 8 10 12 14 16 18 20 

Depth (em) 

Figure E4 Cone index measurements in site #4 in sandy loam field. 
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Figure E8 Cone index measurements in site #4 in clay loam field. 
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APPENDIX F 

Results from the hydrometer test done on both fields 
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Figure Fl Results from the hydrometer test done on sample #1 to determine the 
soil texture in sandy loam field. 

100 

90 

80 
C) 
c: 70 
·:so 
ca 
D. 50 
~40 

30 

20 
10 

0 

10.000 

J 

I 

I 

4 10 20 40 60 100 200 
I I 

, ....... ~~ . 
• • 

14 

~~ 

i ... ...... 

1.000 0.100 0.010 0.001 0.000 

Grain Size (mm) 

Figure F2 Results from the hydrometer test done on sample #2 to determine the 
soil texture in sandy loam field. 
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Figure F3 Results from the hydrometer test done on sample #3 to determine the 
soil texture in sandy loam field. 
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Figure F4 Results from the hydrometer test done on sample #4 to determine the 
soil texture in sandy loam field. 
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Figure FS Results from the hydrometer test done on sample #1 to determine the 
soil texture in clay loam field. 
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Figure F6 Results from the hydrometer test done on sample #2 to determine the 
soil texture in clay loam field. 
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Figure F7 Results from the hydrometer test done on sample #3 to determine the 
soil texture in clay loam field. 
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Figure F8 Results from the hydrometer test done on sample #4 to determine the 
soil texture in clay loam field. 
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APPENDIXG 

A summary of the data sets and the averages of the three replicates 
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Tools 

1 

2 

Table G 1. Data set for tests conducted in the sandy loam field. 

Speed 

1 

2 

3 

1 

2 

Reps 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

2 

3 

Vertical 

1.32 

1.42 

1.53 

1.35 

1.75 

1.51 

1.59 

1.35 

1.36 

2.09 

1.83 

2.01 

2.19 

2.07 

1.84 

Force (kN) 

Draft 

2.15 

2.80 

2.29 

3.25 

2.16 

2.16 

2.16 

3.30 

3.18 

3.23 

2.73 

3.08 

2.62 

3.44 

3.53 

149 

Side 

0.01 

-0.01 

0.00 

0.00 

-0.09 

-0.10 

-0.05 

0.00 

0.00 

-0.07 

-0.04 

-0.05 

-0.05 

-0.06 

-0.02 

Depth (mm) 

167 

159 

166 

158 

168 

160 

162 

158 

158 

163 

162 

162 

158 

159 

161 

Operating 

Speed (kmlh) 

6.9 

7.6 

7.0 

3.8 

8.2 

7.3 

10.9 

9.9 

9.4 

6.4 

6.6 

6.0 

7.8 

7.6 

7.7 



3 

3 1 

2 

3 

4 1 

2 

2 

3 

1 

2 

3 

2 

3 

1 

2 

3 

2 

3 

1 

2 

1.85 

1.92 

2.08 

2.03 

2.10 

2.23 

1.79 

1.84 

1.68 

1.63 

1.50 

1.57 

2.41 

2.48 

2.60 

2.37 

2.53 

4.23 

3.91 

4.89 

4.48 

4.49 

4.09 

5.07 

5.37 

5.75 

4.13 

4.51 

4.98 

5.29 

5.32 

5.29 

5.33 

5.73 

150 

-0.05 

-0.04 

-0.05 

0.35 

0.38 

0.33 

0.20 

0.29 

0.24 

0.38 

0.24 

0.36 

0.34 

0.33 

0.35 

0.39 

0.44 

160 

162 

163 

154 

158 

156 

156 

157 

157 

155 

160 

158 

157 

154 

152 

157 

156 

7.2 

9.6 

9.4 

7.1 

7.0 

7.0 

7.2 

7.2 

7.2 

8.9 

9.1 

8.9 

6.2 

6.1 

6.1 

6.6 

6.6 



3 

5 1 

2 

3 

6 1 

2 

3 

2 

3 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2.58 

2.60 

2.40 

2.25 

0.78 

0.83 

1.15 

0.60 

0.56 

0.74 

0.94 

0.87 

1.07 

0.94 

1.74 

2.95 

0.58 

5.60 

5.29 

5.32 

5.29 

2.20 

2.85 

2.66 

2.38 

3.14 

3.82 

2.94 

3.33 

3.41 

1.82 

2.85 

3.94 

1.86 

151 

0.46 

0.41 

0.35 

0.41 

0.06 

0.03 

-0.06 

0.10 

0.09 

0.04 

0.07 

0.04 

-0.20 

0.02 

-0.18 

-0.44 

0.03 

155 

154 

157 

152 

152 

174 

188 

192 

158 

196 

194 

156 

195 

228 

206 

195 

223 

6.6 

8.0 

7.6 

7.9 

5.5 

6.1 

6.8 

7.5 

7.3 

7.2 

9.3 

9.2 

8.8 

6.4 

6.8 

7.1 

7.8 



3 

7 1 

2 

3 

8 1 

2 

3 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1.67 

3.25 

3.62 

0.85 

1.04 

3.36 

3.19 

3.68 

2.59 

2.92 

3.21 

2.54 

2.95 

3.03 

3.17 

2.90 

3.21 

3.12 

5.20 

4.02 

3.92 

3.06 

4.05 

4.19 

4.08 

4.69 

5.43 

6.08 

5.12 

5.97 

6.03 

4.89 

4.63 

5.18 

152 

-0.21 

-0.55 

-0.67 

-0.01 

-0.13 

0.54 

0.51 

0.51 

0.27 

0.45 

0.48 

0.39 

0.54 

0.48 

-0.17 

-0.25 

-0.11 

217 

193 

198 

219 

209 

194 

188 

189 

194 

191 

193 

189 

195 

197 

192 

189 

194 

7.5 

7.5 

9.3 

9.5 

9.4 

6.8 

6.6 

6.0 

7.4 

7.1 

7.0 

9.3 

8.8 

8.3 

5.5 

5.6 

5.5 



2 

3 

2 

3 

2 

3 

3.62 

3.54 

3.62 

2.97 

3.49 

3.16 

4.88 

5.83 

5.29 

6.64 

6.67 

6.37 

153 

-0.10 

-0.07 

-0.07 

0.08 

-0.14 

-0.01 

190 

188 

189 

191 

191 

186 

7.3 

7.3 

7.3 

9.3 

9.1 

9.4 



Table G 2. Average values of the forces, working depth and operating speed 
measured in the sandy loam field. 

Force (kN) Operating 

Tool Speed Vertical Draft Side Depth Speed (kmlh) 

1 1 1.42 2.41 0.00 164 7.2 

2 1.54 2.53 -0.06 162 7.4 

3 1.43 2.88 -0.02 159 10.0 

2 1 1.98 3.01 -0.05 162 6.3 

2 2.03 3.20 -0.04 159 7.7 

3 1.95 3.28 -0.05 162 8.7 

3 1 2.12 5.40 0.35 156 7.0 

2 1.77 4.35 0.24 156 7.2 

3 1.56 4.34 0.33 157 9.0 

4 1 2.49 4.54 0.34 154 6.1 

2 2.49 5.30 0.43 156 6.6 

3 2.42 5.55 Q.39 154 7.8 

5 1 0.92 2.57 0.01 171 6.2 

2 0.63 3.11 0.08 182 7.3 

3 0.96 3.23 -0.03 182 9.1 

6 1 1.87 2.87 -0.20 209 6.7 

2 1.83 3.39 -0.24 211 7.6 

3 1.84 3.67 -0.27 209 9.4 

7 1 3.41 4.11 0.52 190 6.4 

2 2.91 5.40 0.40 193 7.2 

3 2.84 5.71 0.47 193 8.8 

8 1 3.09 4.90 -0.17 192 5.5 

2 3.59 5.33 -0.08 189 7.3 
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Table G3. Data set for tests conducted in the clay loam field. 

Force (kN) Operating 

Tools Speed Reps Vertical Draft Side Depth (mm) Speed (kmlh) 

1 1 1 1.64 2.58 -0.30 177 7.7 

2 

3 

2 1 

2 

2 1.53 2.08 -0.21 177 7.8 

3 1.72 1.92 -0.29 190 7.5 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1.79 2.47 -0.31 

1.41 2.74 -0.26 

1.36 2.33 -0.23 

1.55 3.33 -0.33 

1.45 2.32 -0.32 

1.49 2.31 -0.26 

1.47 2.05 -0.19 

1.35 2.03 -0.22 

1.45 2.27 -0.25 

1.51 3.12 -0.29 

1.54 2.59 -0.19 

1.67 2.54 -0.26 

155 

182 

178 

174 

188 

187 

188 

168 

163 

177 

170 

173 

179 

8.1 

8.5 

8.6 

10.0 

9.8 

10.1 

7.1 

7.1 

7.1 

8.3 

8.1 

8.2 



3 

3 1 

2 

3 

4 1 

2 

1 

2 

3 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

2 

1.82 2.74 -0.27 

1.43 3.58 -0.19 

1.65 3.51 -0.19 

1.44 3.68 0.04 

1.42 3.62 0.05 

1.51 4.33 -0.25 

1.46 4.01 0.00 

1.52 4.06 0.00 

1.58 3.61 -0.23 

1.51 4.63 -0.13 

1.49 4.56 -0.31 

1.54 3.95 -0.23 

2.23 4.86 0.31 

1.89 4.06 0.15 

1.94 4.06 0.18 

2.51 4.68 0.24 

2.22 4.36 0.22 

156 

180 

171 

183 

170 

175 

176 

172 

176 

168 

171 

175 

176 

177 

184 

183 

174 

172 

10.3 

10.6 

10.3 

7.1 

7.1 

7.5 

7.3 

7.4 

7.3 

8.9 

9.0 

9.0 

7.1 

7.3 

7.2 

7.1 

7.2 



3 

5 1 

2 

3 

6 1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

1.90 4.62 0.18 

2.15 6.36 0.24 

2.12 6.64 0.20 

1.80 4.19 0.11 

0.41 1.75 -0.01 

0.42 1.66 0.02 

0.62 2.41 -0.01 

1.03 2.44 0.01 

0.93 2.44 -0.03 

0.33 2.26 0.02 

0.62 2.41 -0.03 

0.49 2. 73 0.00 

0.48 2.17 -0.02 

1.92 2.50 -0.16 

1.78 2.60 -0.15 

1.74 3.12 -0.20 

1.84 3.16 -0.16 

157 

185 

172 

178 

178 

178 

178 

181 

182 

186 

181 

181 

178 

181 

178 

171 

171 

185 

7.4 

9.3 

9.3 

9.4 

7.2 

7.3 

7.2 

8.3 

8.3 

8.3 

10.1 

10.2 

10.3 

5.9 

7.0 

7.0 

7.4 



3 

7 1 

2 

3 

8 1 

2 

3 

2 

3 

1 

2 

3 

1 

2 

3 

2 

3 

1 

2 

3 

1.83 2.83 -0.18 

1.92 2.91 -0.10 

1.87 2.77 -0.26 

2.04 2.86 -0.21 

2.63 3.34 -0.22 

2.28 3.69 -0.02 

1.78 4.15 0.05 

1.67 2.99 0.00 

1.93 4.91 0.22 

1.94 3.76 0.25 

1.57 3.38 0.13 

1.96 3.61 0.20 

1.96 4.02 0.22 

2.22 4.50 0.34 

1.96 2.88 -0.36 

2.09 3.71 -0.47 

2.48 3.98 -0.75 

158 

182 

185 

180 

184 

185 

161 

177 

173 

176 

174 

175 

189 

185 

185 

223 

217 

219 

7.4 

7.3 

9.0 

8.9 

8.7 

4.9 

5.1 

5.1 

7.6 

7.7 

·7.9 

9.7 

9.7 

9.6 

6.9 

6.9 

6.7 



2 

3 

1 

2 

3 

2 

3 

2.22 4.01 -0.72 

2.27 3.96 -0.64 

1.91 2.89 -0.55 

2.58 5.30 -0.85 

2.63 5.40 -0.83 

2.86 5.73 -1.05 

159 

215 

212 

216 

217 

217 

215 

7.4 

7.5 

7.6 

8.8 

8.6 

8.7 



Table G 4. Average values for the forces, working depth and operating speed 
measured in the clay loam field. 

Force (kN) Operating 

Tool Speed Vertical Draft Side Depth Speed (km/h) 

1 1 1.63 2.19 -0.30 182 7.7 

2 1.52 2.51 -0.27 178 8.4 

3 1.50 2.65 -0.30 188 9.9 

2 1 1.42 2.12 -0.22 169 7.1 

2 1.57 2.75 -0.25 174 8.2 

3 1.63 3.28 -0.22 178 10.4 

3 1 1.46 3.88 -0.05 174 7.2 

2 1.52 3.89 -0.08 172 7.3 

3 1.51 4.40 -0.22 174 8.9 

4 1 2.02 4.33 0.21 182 7.2 

2 2.21 4.55 0.22 177 7.2 

3 2.02 5.73 0.18 176 9.3 

5 1 0.48 1.94 0.00 179 7.2 

2 0.76 2.38 0.00 183 8.3 

3 0.53 2.44 -0.02 180 10.2 

6 1 1.81 2.74 -0.17 173 6.6 

2 1.86 2.96 -0.15 184 7.4 

3 2.18 2.99 -0.23 183 8.9 

7 1 1.91 3.61 0.01 171 5.0 

2 1.81 4.02 0.20 175 7.7 

3 2.04 4.04 0.26 187 9.7 

8 1 2.18 3.52 -0.53 220 6.8 

2 2.13 3.62 -0.64 214 7.5 

3 2.69 5.48 -0.91 21a 8.7 
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APPENDIX H 

Results from the Balanced Analysis ofVariance (ANOVA) test done using Minitab V 

12. 

1. Analysis of variance done on sandy loam field 

2. Analysis of variance on clay loam field 
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Analysis of Variance (Balanced Designs) in the Sandy Loam Soil 

Analysis of Variance for Vertical 

Source DF ss MS F p 

Reps 2 0.5726 0.2863 1.19 0.314 
Angle 1 1.8835 1.8835 7.81 0.008 
Tool 3 29.8281 9.9427 41.25 0.000 * 
Speed 2 0.2276 0.1138 0.47 0.627 
Angle*Tool 3 9.8991 3.2997 13.69 0.000 * 
Angle* Speed 2 0.0232 0.0116 0.05 0.953 
Tooi*Speed 6 1.0778 0.1796 0.75 0.616 
Angle*Tooi*Speed 6 0.3687 0.0615 0.25 0.955 
Error 46 11.0889 0.2411 
Total 71 54.9697 

Analysis of Variance for SideF 

Source DF ss MS F p 

Reps 2 0.01283 0.00642 0.45 0.643 
Angle I 0.24247 0.24247 16.86 0.000 * 
Tool 3 2.74751 0.91584 63.68 0.000 * 
Speed 2 0.00148 0.00074 0.05 0.950 
Angle*Tool 3 1.0648 0.35493 24.68 0.000 * 
Angle*Speed 2 0.00155 0.00077 0.05 0.948 
Tooi*Speed 6 0.08347 0.01391 0.97 0.458 
Angle*Tool*Speed 6 0.03362 0.0056 0.39 0.882 
Error 46 0.6616 0.01438 
Total 71 4.84932 

Analysis of Variance for Depth 

Source DF ss MS F p 

Reps 2 72.4 36.2 0.42 0.660 
Angle 1 20791.3 20791.3 241.01 0.000 * 
Tool 3 2481.6 827.2 9.59 0.000 * 
Speed 2 16.8 8.4 0.10 0.907 
Angle* Tool 3 2320.5 773.5 8.97 0.000 * 
Angle* Speed 2 51.1 25.6 0.30 0.745 
Too1*Speed 6 59.3 9.9 0.11 0.994 
Angle*Tool *Speed 6 186.3 31 0.36 0.900 
Error 46 3968.4 86.3 
Total 71 29947.7 

Analysis of Variance for Actual Speed 

Source DF ss MS F p 

Reps 2 0.2586 0.1293 0.70 0.501 
Angle I 0.0182 0.0182 0.10 0.755 
Tool 3 6.1721 2.0574 11.18 0.000 * 
Speed 2 83.1673 41.5837 225.93 0.000 * 
Angle*Tool 3 4.1574 1.3858 7.53 0.000 * 
Angle* Speed 2 1.6475 0.8238 4.48 0.017 
Too1*Speed 6 1.8795 0.3132 1.70 0.142 
Angle*Tool*Speed 6 3.0611 0.5102 2.77 0.022 
Error 46 8.4665 0.1841 
Total 71 108.8283 
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Analysis of Variance for Draft 

Source OF ss MS F p 

Reps 2 3.1353 1.5676 5.63 0.006 
Angle I 2.0563 2.0563 7.39 0.009 
Tool 3 84.1625 28.0542 100.84 0.000 * 
Speed 2 10.5921 5.296 19.04 0.000 * 
Angle*Tool 3 0.249 0.083 0.30 0.826 
Angle* Speed 2 0.8437 0.4219 1.52 0.230 
Tool*Speed 6 1.9101 0.3183 1.14 0.352 
Angle*Tooi*Speed 6 1.5092 0.2515 0.90 0.500 
Error 46 12.798 0.2782 
Total 71 117.2562 

Means 
Angle N Vertical Draft SideF Depth Actual Speed 

I 36 1.93 3.90 0.15 159 7.6 
2 36 2.26 4.24 0.04 193 7.6 

Tool N Vertical Draft SideF Depth Actual Speed 
I 18 1.15 2.79 0.00 170 7.9 
2 18 1.92 3.24 -0.14 I85 7.7 
3 18 2.43 4.88 0.38 I74 7.6 
4 18 2.88 5.36 0.15 172 7.1 

Speed N Vertical Draft SideF Depth Actual Speed 
I 24 2.16 3.59 0.10 I75 6.4 
2 24 2.10 4.08 0.09 176 7.3 
3 24 2.03 4.53 0.10 I76 9.0 

Angle Tool N Vertical Draft SideF Depth Actual Speed 
1 1 9 I.47 2.61 -0.03 162 8.2 
1 2 9 1.99 3.16 -0.05 161 7.6 

3 9 1.82 4.70 0.31 156 7.7 
1 4 9 2.47 5.13 0.39 155 6.8 
2 I 9 0.84 2.97 0.02 I78 7.5 
2 2 9 1.85 3.31 -0.24 2IO 7.9 
2 3 9 3.05 5.07 0.46 192 7.5 
2 4 9 3.30 5.60 -0.09 190 7.4 

Angle Speed N Vertical Draft SideF Depth Actual Speed 
I I I2 2.00 3.58 0.16 159 6.7 
I 2 12 1.96 3.84 0.14 158 7.2 
I 3 12 1.84 4.28 0.16 I 58 8.9 
2 12 2.32 3.6I 0.04 19I 6.2 
2 2 12 2.24 4.31 0.04 194 7.3 
2 3 12 2.21 4.79 0.04 193 9.1 
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Tool Speed N Vertical Draft SideF Depth Actual Speed 
1 I 6 1.17 2.49 0.00 168 6.7 

2 6 1.09 2.82 0.01 172 7.4 

3 6 1.20 3.05 -0.02 170 9.6 
2 1 6 1.93 2.94 -0.13 186 6.5 
2 2 6 1.93 3.29 -0.14 185 7.6 
2 3 6 1.89 3.47 -0.16 185 9.0 
3 6 2.76 4.23 0.43 173 6.7 
3 2 6 2.34 4.88 0.32 175 7.2 
3 3 6 2.20 5.55 0.40 175 8.9 
4 I 6 2.79 4.72 0.08 173 5.8 
4 2 6 3.04 5.32 0.18 173 6.9 
4 3 6 2.81 6.06 0.18 172 8.5 

Angle Tool Speed N Vertical Draft SideF Depth Actual Speed 
I I I 3 1.42 2.41 0.00 164 7.2 
I 2 3 1.54 2.53 -0.06 162 7.4 

1 3 3 1.43 2.88 -0.02 159 10.0 
2 3 1.98 3.01 -0.05 162 6.3 
2 2 3 2.03 3.20 -0.04 !59 7.7 
2 3 3 1.95 3.28 -0.05 162 8.7 
3 1 3 2.12 4.34 0.35 156 7.0 
3 2 3 1.77 4.35 0.24 156 7.2 
3 3 3 1.56 5.40 0.33 157 9.0 
4 I 3 2.49 4.54 0.34 154 6.1 
4 2 3 2.49 5.30 0.43 156 6.6 
4 3 3 2.42 5.55 0.39 154 7.8 

2 3 0.92 2.57 0.01 171 6.2 
2 2 3 0.63 3.11 0.08 182 7.3 
2 1 3 3 0.96 3.23 -0.03 182 9.1 
2 2 3 1.87 2.87 -0.20 209 6.7 
2 2 2 3 1.83 3.39 -0.24 211 7.6 
2 2 3 3 1.84 3.67 -0.27 209 9.4 
2 3 1 3 3.41 4.11 0.52 190 6.4 
2 3 2 3 2.91 5.40 0.40 193 7.2 
2 3 3 3 2.84 5.71 0.47 193 8.8 
2 4 1 3 3.09 4.90 -0.17 192 5.5 
2 4 2 3 3.59 5.33 -0.08 189 7.3 
2 4 3 3 3.21 6.56 -0.02 189 9.3 

164 



Analysis of Variance (Balanced Designs on Clay Loam Field 

Analysis of Variance for Vertical 

Source DF ss MS F p 

Reps 2 0.10901 0.0545 1.44 0.247 

Angle 0.01859 0.01859 0.49 0.487 

Tool I 1.8361 3.94537 104.32 0 

Speed 0.27451 0.13725 3.63 0.034 

Angle* Tool 5.9616 1.9872 52.54 0 

Angle* Speed 0.24207 0.12104 3.2 0.05 

Tool*Speed 6 0.29466 0.04911 1.3 0.277 

Angle"'Tooi*Speed 6 0.40271 0.06712 1.77 0.125 

Error 46 1.73973 O.Q3782 

Total 71 20.87898 

Analysis of Variance for Draft 

Source DF ss MS F p 

Reps 0.6886 0.3443 1.02 0.37 

Angle 0.7982 0.7982 2.36 0.132 

Tool 3 55.4534 18.4845 54.56 0 

Speed 2 8.5824 4.2912 12.67 0 

Angle"'Tool 3 1.6356 0.5452 1.61 0.2 

Angle* Speed 2 0.0399 O.Q2 0.06 0.943 

Tool"'Speed 6 4.6421 0.7737 2.28 0.052 

Angle"'Tool*Speed 6 1.1869 0.1978 0.58 0.741 

Error 46 15.5838 0.3388 

Total 71 88.6109 

Analysis of Variance for SideF 

Source DF ss MS F p 

Reps 2 0.02622 0.01311 2.16 0.127 

Angle 0.09759 0.09759 16.07 0 

Tool 0.72815 0.24272 39.98 0 

Speed 2 0.05262 0.02631 4.33 0.019 

Angle* Tool 4.20258 1.40086 230.73 0 

Angle* Speed 2 0.00367 0.00183 0.3 0.741 

Tool*Speed 6 0.10727 0.01788 2.94 0.016 

Angle"'Tooi"'Speed 6 0.2329 0.03882 6.39 0 

Error 46 0.27929 0.00607 

Total 71 5.73029 

Analysis of Variance for Depth 

Source DF ss MS F p 

Reps 2 82.65 41.32 2.52 0.092 

Angle 2536.38 2536.38 154.67 0 

Tool 5520.57 1840.19 112.21 0 

Speed 221.42 110.71 6.75 0.003 

Angle* Tool 4420.69 1473.56 89.86 0 

Angle* Speed 2 73.38 36.69 2.24 0.118 

Tool*Speed 6 441.5 73.58 4.49 0.001 

Angle"'Tool* Speed 6 269.5 44.92 2.74 0.023 

Error 46 754.36 16.4 

Total 71 14320.45 
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Analysis 

Source 

Reps 

Angle 

Tool 

Speed 

Angle"' Tool 

Angle"' Speed 

Tool"' Speed 

Angle"'Tool•Speed 

Error 

Total 

Means 

of 

DF 

6 

6 

46 

71 

Angle 

2 

2 

2 

Angle 

I 

I 

2 

2 

Tool 

2 

2 

2 

3 

3 

4 

4 

4 

Variance 

ss 
0.0924 

3.IOI7 

IO.I604 

87.4I85 

I.8689 

2.0974 

2.6356 

7.7689 

1.4I66 

II6.5603 

Angle 

I 

2 

Tool 

I 

2 

3 

4 

Speed 

I 

Tool 

I 

2 

4 

4 

Speed 

1 

2 

3 

Speed 

I 

2 

for 

MS 
0.0462 

3.IOI7 

3.3868 

43.7093 

0.623 

1.0487 

0.4393 

1.2948 

0.0308 

N 

36 

36 

N 

I8 

18 

I8 

I8 

N 

24 

24 

24 

N 

9 

9 

9 

9 

9 

9 

9 

9 

N 

12 

12 

I2 

I2 

12 

12 

N 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 
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Actual Speed 

F 

1.5 

100.72 

109.98 

1419.36 

20.23 

34.05 

14.26 

42.05 

Vertical 

1.67 

1.70 

Vertical 

1.07 

1.75 

1.71 

2.21 

Vertical 

1.61 

1.67 

1.76 

Vertical 

1.55 

1.54 

1.50 

2.08 

0.59 

1.95 

1.92 

2.33 

Vertical 

1.63 

1.71 

1.67 

1.60 

1.64 

1.86 

Vertical 

1.06 

1.14 

1.01 

1.62 

1.72 

1.91 

1.68 

1.67 

1.78 

2.10 

2.17 

2.36 

p 

0.234 

0 

0 

0 

0 

0 

0 

0 

Draft 

3.52 

3.31 

Draft 

2.35 

2.81 

3.97 

4.54 

Draft 

3.04 

3.34 

3.87 

Draft 

2.45 

2.71 

4.05 

4.87 

2.25 

2.90 

3.89 

4.21 

Draft 

3.13 

3.43 

4.01 

2.95 

3.25 

3.74 

Draft 

2.07 

2.44 

2.54 

2.43 

2.86 

3.13 

3.74 

3.96 

4.22 

3.93 

4.09 

5.60 

SideF 

-0.1 I 

-0.18 

SideF 

-0.15 

-0.21 

0.02 

-0.24 

SideF 

-0.13 

-0.12 

-0.18 

SideF 

-0.29 

-0.23 

-0.12 

0.20 

-0.01 

-0.18 

0.16 

-0.69 

SideF 

-0.09 

-0.09 

-0.14 

-0.17 

-0.15 

-0.22 

SideF 

-0.15 

-0.13 

-0.16 

-0.20 

-0.20 

-0.22 

-0.02 

0.06 

0.02 

-0.16 

-0.21 

-0.36 

Depth 

177 

189 

Depth 

182 

177 

175 

197 

Depth 

181 

182 

185 

Depth 

182 

174 

173 

178 

181 

180 

178 

217 

Depth 

176 

I 75 

179 

186 

189 

192 

Depth 

180 

180 

184 

171 

179 

180 

172 

174 

180 

201 

196 

196 

Actual Speed 

8.3 

7.8 

Actual Speed 

8.6 

8.1 

7.7 

7.8 

Actual Speed 

6.9 

7.8 

9.5 

Actual Speed 

8.7 

8.6 

7.8 

7.9 

8.6 

7.6 

7.5 

7.7 

Actual Speed 

7.3 

7.8 

9.7 

6.4 

7.7 

9.4 

Actual Speed 

7.4 

8.4 

10.1 

6.9 

7.8 

9.6 

6.1 

7.5 

9.3 

7.0 

7.4 

9.0 



Angle Tool Speed N Vertical Draft SideF Depth Actual Speed 

1.63 2.19 -0.30 182 7.7 

1.52 2.51 -0.27 178 8.4 

1.50 2.65 -0.30 188 9.9 

1.42 2.12 -0.22 169 7.1 

1.57 2.75 -0.25 174 8.2 

1.63 3.28 -0.22 178 10.4 

1.46 3.88 -0.05 174 7.2 

1.52 3.89 -0.08 172 7.3 

1.51 4.40 -0.22 174 8.9 

4 2.02 4.33 0.21 182 7.'2 

4 2.21 4.55 0.22 177 7.2 

4 2.02 5.73 0.18 176 9.3 

I 0.48 1.94 0.00 179 7.2 

2 0.76 2.38 0.00 183 8.3 

0.53 2.44 -0.02 180 10.2 

1.81 2.74 -0.17 173 6.6 

2 1.86 2.96 -0.15 184 7.4 

2 2.18 2.99 -0.23 183 8.9 

2 3 1.91 3.61 0.01 171 5.0 

2 3 2 1.81 4.02 0.20 175 7.7 

2 2.04 4.04 0.26 187 9.7 

4 I 3 2.18 3.52 -0.53 220 6.8 

4 2 2.13 3.62 -0.64 214 7.5 

4 3 2.69 5.48 -0.91 216 8.7 
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