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1.0 INTRODUCTION

Quantification of force response relations for the soil cutting process can be used by the
equipment designer for improving cutting element design, and for mathematically simulating
whole vehicle performance. Traditional tools have been designed in the light of empirical
experimentation based on low speed tests and quasi-static theory of soil cutting. The
developed concepts in soil dynamics depend on controlled experiments. Soil-bin facilities are
usually employed for such controlled studies. The use of microcomputer based data
acquisition and control system has greatly enhanced data collection and processing and
ensured better monitoring of the parameters varied during the experiments in the soil-bins
(Odey et al., 2018 b, Odey et al., 2018 c).

Forces on tillage implement and soil disruption related to working depth, tool geometry,
travel speed, rake angle, width of the implement, and soil properties (Gill and VVanden Berg
1968). Soil properties that contribute to tillage energy are moisture content, bulk density,
cone index, soil cohesion and adhesion, and soil texture (Upadhyaya et al., 1984). It has been
reported that draught on tillage tools increases significantly with speed and the relationship

varies from linear to quadratic (Godwin, 2007, Odey et al., 2018 a).

Design, fabrication and evaluation of tillage tools performance, and their energy requirements
during operation has been of great concern to engineers and farmers as this has very
important effect on the efficiency of tillage operations. Studies have been useful in using
instrumentations for measuring and evaluating forces, energy requirements and extent of soil
failure during subsoiling. Categories of Subsoilers are Straight Shank and Bentleg, Angled or
Curved Shank, Parabolic, Winged, Vibratory or Oscillating and Rotary Subsoilers (Odey and
Manuwa, 2016, Odey et al., 2018 b and Odey et al., 2018 c).

The main objective of this article is to review the measurement of tillage forces and soil
failure using instrumentations during subsoiling for alleviation of soil compaction and

conservative tillage practices.

2.0 FORCES ON SUBSOILERS

Sahu and Raheman (2006) Reported that forces and draught requirements of any tillage
implement was found to be a function of soil properties, tool geometry, working depth ,travel
speed, rake angle and width of the implement. During operation at constant speed a tillage

tool is subjected to three different force systems in equilibrium. These are; weight of the

WWwWWw.wjert.org 18




Odey et al. World Journal of Engineering Research and Technology

implement acting at the centre of gravity of the tool, forces acting between the tool and prime
mover and soil reaction forces acting on the implement. The weight of the implement is an
independent force system acting on the implement. The second and third force system are
interdependent on each other and each of them is dependent on the weight of the implement
(Glancey et al., 1996).

Godwin (2007) also reported components of tillage forces on tools to include, (i) horizontal
or draught force which is the amount of force required to pull or push the implement through
the soil, (ii) vertical force which is the implement force assisting or preventing penetration
into the soil, and (iii) lateral or sideways forces. These have then to be counterbalanced by
implement weight or weight transfer from the tractor. In the case of more complex tools such
as discs and mouldboard ploughs, lateral forces are considered than in narrow tools. In this
case, the force needs to be as small as possible and/or counterbalanced by equal and opposite
tillage forces in the case of disc harrows or from a landside (reaction plate or wheel) in the
case of both disc and mouldboard ploughs.

Mathematical models have been developed to predict the magnitude of the soil forces acting
upon implements of different geometry. They have been integrated into a unified model
described by Godwin and O’Dogherty (2006) and formulated into a number of spreadsheets
for the use of those who wish to estimate the effects of different implement geometry on the
soil forces in a given soil and the effect of different soils on a given implement shape. The
spreadsheets consider a range of implements, namely: (1) single and multiple tines, (2) land

anchors, (3) discs, and (4) mouldboard ploughs.

Odey and Manuwa, 2016 revealed that for purpose of clear understanding of the various
parameters use in the design of subsoilers, the illustration of basic tillage implement

geometry are presented in Figure 1.

WWwWWw.wjert.org 19




Odey et al. World Journal of Engineering Research and Technology

Width (w)

Figure 1: Schematic diagram of tine in digging position showing the respective
parameters: f, Rupture distance, d, Tillage depth, B, Soil rupture angle, H;, Draught, Vi,
Vertical force, a, Rake angle, v, Speed, 9, angle of soil metal friction and w, width of tool
(Odey and Manuwa, 2016).

2.1 Draught Requirement for Subsoilers

Draught is an important parameter for measurement and evaluation of implement
performance (Grisso et al., 1994). The specific draught of agricultural tools and implements
varies widely under different conditions, being affected by such factors as the soil type and
condition, ploughing speed, plough type, shape, friction characteristics of the soil-engaging
surfaces, share sharpness, and shape, depth of ploughing, width of furrow slice, type of
attachments, and adjustment of the tool and attachments. A great deal of work has been done
in evaluating these various factors and investigating possible means for reducing draught
(Manuwa and Ademosun, 2007). Rational design must be based on knowledge of tool
performance and soil parameters (Stafford, 1984). For efficient tillage, both must be
considered with the aim of minimizing specific resistance, which is draught per unit area of
soil disturbance (Godwin et al., 1984; Godwin, 2007).

The availability of draft requirement data for tillage implements is an important factor in
selecting suitable tillage implement for a particular farming situation. Therefore, prediction of
implement draught requirement is important for tractor selection and implements matching
(Jones et al., 2006). Spoor and Godwin (1978) as reported by Godwin (2007) estimated
draught and soil disturbance of conventional and winged subsoilers working at depth of 0.35
m to be 20.43 kN and 0.098 m?, and 26.58 kN and 0.184 m? respectively.
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3.0 MEASUREMENT OF TILLAGE FORCES USING INSTRUMENTATIONS

Measurement of forces on tillage tools have been an issue of great concern in soil tillage
dynamics. Draught measurements are required for many studies including energy input for
field equipment, matching tractor to an implement size, and tractive performance of a tractor.
Vertical force affects weight transfer from implement to the tractor, and consequently, affects
the tractive performance and dynamic stability of the tractor (Chen et al., 2007). Several side
loads can affect tractor’s steering ability. However, side force is generally negligible during
field operation (Leonard, 1980). Different types of instrumentations have been utilized in the
measurement of forces on tillage tools. These are dynamometer, strain gauge, transducer

(load cells) and extended orthogonal ring transducer (Ademosun, 2014).

3.1 Dynamometers

Dynamometer is an instrument for determining power, usually by the independent
measurement of forces, time and the distance through which the force is moved. A
dynamometer must not only be able to measure the forces between itself and a tool, it must
also be able to hold the tool in position so that the tool depth, width and orientation do not

change during operation (Ademosun, 2014 and Odey et al., 2018 b).

Measuring the drawbar power of tillage tools is accomplished by apparatuses such as
hydraulic and mechanical dynamometers. The first attempts to measure the forces between
tractor and mounted implement were made by measuring the forces in links themselves
(Khan et al., 2006). This required simultaneous recording of at least three forces which
involved very complicated instrumentation. Scholtz (1966) improved the system proposed by
Lal in (1959). Lal’s system used instrumented ball joints. These ball joints system had
friction induced cross sensitivity problems. Scholtz (1966) reduced this effect by using self-
aligning ball bearings and longer beam length. This caused the equipment heavier, displaced
the implement backwards and thus increased the bending moment. Moving the implement
back from its nominal position affects the tractor-implement geometry and hence it’s
operating characteristics. The instrument could not fit on many tractors. Modification to the
tractor was required to fit the system. The use of PTO was also obstructed.

Scholtz (1966) later developed a three-point hitch dynamometer which could be used with
hydraulic linkage providing position and draught control, unlike his previous design which
was for un-restrained linkages. The shape was such that it can permit PTO use accordingly.

Friction was minimized by use of self-aligning ball bearings. Cross-sensitivity was 2% on
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horizontal draught force and 0.5% on vertical forces. Modifications were needed if the
instrument was to be used with mounted implement and was not fit to category | implements.
The construction was bulky which weighted 120 kg. The implement was shifted back by 23

cm from its nominal position.

Smith and Williford (1988) used instrumentation system consisting a three-point hitch
dynamometer, speed monitors, and datalogger. A John Deere 4030* tractor was instrumented
for measuring variables associated with the power requirements of agricultural implements.
These variables included draft, vertical load, side load, speed and torque on the driving axles,
ground speed, engine speed, and rate of fuel consumption. A Campbell Scientific CR7x data
logger was programmed to measure and stored data values during each test run.

Palmer (1992) designed and developed a three-point hitch dynamometer for measurement of
loads imposed on agricultural tractors by implement mounted on a standard three-point
linkage conforming to category I, Il or Ill. He reported that the 350 kg mass of the
dynamometer limits its use with small tractors to light weight implements. This mass and the
rearward displacement of the implement by 17.35 cm is slightly more than allowed by ASAE
Standards S278.6. He also reported that the developed dynamometer has a force capacity of
approximately 50 kN which provides adequate sensitivity at the low end of the designed

tractor power range with sufficient strength for the high power range.

Smith and Williford (1988) stated further that forces between the tractor and implement were
monitored with a three-point hitch dynamometer. The dynamometer was designed in a
triangular shape and functioned as a quick-attach hitch in addition to measuring forces in
three directions. It consisted of a front and rear section which were attached to the tractor and
implement respectively. These sections were connected to each other by a pair of load
sensing members at each of the three corners of the triangular frame. Each pair of the sensing
members was configured so that one member sensed draft and the other sensed vertical and
side loads. A total of nine load circuits were used in the dynamometer to define the forces

between the tractor and implement.

Another three-point hitch dynamometer was designed and manufactured by Al-Jalil et al.
(2001). The dynamometer was capable of measuring tractor - implement forces in three
dimensions, which could help in the design of tillage tools and evaluating tractor

performance. They reported that the dynamometer consists of three arms, which slide in an
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inverted hollow T-shaped section. The sliding arrangement also facilitates attaching the
dynamometer to implement without the need for quick coupler. The end of each sliding arm
has inverted U-shaped cantilever beam. To measure the draught, two strain gauges were
attached on each cantilever beam, and six strain gauges together with two other dummy
gauges were arranged in a Wheatstone bridge so that only the draught force is measured. The
dimensions of the dynamometer components were selected to match the Category | and Il

hitching systems with a capacity of 35 kN draught force.

Raper (2007) Reported that a tractor-mounted three-dimensional dynamometer was used to
measure draught, vertical, and side forces in a Coastal Plain soil in Alabama. Three subsoiler
systems were evaluated at different depths of operation: (i) Paratill “bentleg shanks”, (ii)

Terramax “bentleg shanks”, and (iii)) KMC “straight shanks”.

Apart from three-point hitch dynamometer, several researchers have made effort to study
drawbar dynamometer, notable among them are: Hoag and Yoerger (1975), Alam (1989),
Leonard (1980), Tessier et al. (1992), Kirisci et al. (1993), Tessier and Ravonison (1997),
McLaughlin (1996), McLaughlin et al. (2005) and Chen et al. (2007).

According to Alimardani et al., (2008) three point-hitch dynamometers with chassis (frame
type dynamometer) are more flexible in application, that is, application is not limited to a
special type of tractor. Hence a dynamometer equipped with chassis was designed and
developed. The dynamometer consists of main frame (chassis), force transducers, connecting
members, and a data acquisition system including a notebook computer (Toshiba Sattelite 45
Notebook), data logger (CR10X), power supply (PS 12E), and leading cable. The designed
dynamometer was fabricated to be used for measuring the resistance pull of the soil engaged
implement. The dynamometer is considered to be used with a 2WD Mitsubishi tractor (MT-
250D) which has a weight of 1200 kg and provides power of 25 kW. This tractor was
selected since it was instrumented to measure parameters affecting the tractor performance in
another research projects. To satisfy the later goal, the dynamometer was installed on the
fore-mentioned tractor. Note the purpose of this dynamometer was to measure the draught of

either single or multi-bottom tillage tools.

Alimardani et al. (2008) further revealed that computations related to the dynamometer
chassis was accomplished based on the design parameters of the tractor and maximum

horizontal force. The resultant force P, exerted by tractor is resolved into horizontal (FX),
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vertical (FY) and side (FS) components over lower link arms and accordingly, FX and FY
over upper link arms of the three-point hitches. Among components of draught force, side
force FS is less important, therefore measurement of this component was ignored and

horizontal force merely was measured in upper link arm.

Raper (2002) mounted shanks on a dynamometer car with a 3-dimensional dynamometer,
which had an overall draught load capacity of 44 kN. Draught, vertical, side force, speed, and

depth of operation were recorded.

Raper and Schwab (2008) worked on the development of an in-row subsoiler attachment to
reduce smearing, used a three-dimensional dynamometer attached between the tractor and the
tillage implement at the time of tillage to measure tillage force. This device measured draft,
vertical, and side forces required for each tillage treatment. A radar gun was used to obtain
tillage speed, which was used along with draft to calculate deep tillage energy. A constant

velocity of 4.5 k/hr was attempted to be maintained throughout the experiments.

3.2 Extended Octagonal Ring Dynamometer

Extended octagonal ring dynamometer is one of the most common methods used to measure
specific forces on tillage tools. This transducer allows the measurement of forces in two
directions and the moment in the plane of these forces. Onwualu (2002) carried out the
design, construction, evaluation and use of an extended octagonal ring dynamometer for
measurement of draught, vertical force and moment on a simple tillage tool are presented.
The dynamometer was used to measure tool forces as functions of depth, rake angle and
speed, for a wide plane blade. The dynamometer was designed for a maximum draught of 4.4
kN, vertical force of 4.0 kN and moment of 2.2 kN-m. Evaluation and calibration showed
linear response (R2 = 0.99 to 1.00) for the relationship between applied load and output
voltage and no hysteresis effect within the load range was observed. Actual sensitivity
obtained were 0.332 p V/N.V for draught, 0.726u V/N.V for vertical force and 2.5u V/N-
m.V for moment. Maximum cross sensitivity was less than 6%. The dynamometer showed

expected response of tool forces as affected by tool depth, rake angle and speed.

3.3 Strain Gauges
Strain Gauges have replaced earlier used dynamometers with hydraulic units. Reece (1965)
developed strain gauged pins for measuring the draught of a three-point link implement.

These pines could only measure longitudinal component of force in each link and were only
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suitable for free linkage systems. Chung et al. (1983) developed a quick attachment coupler
using pins mounted as strain gauged cantilever beams. It eliminated the need for modification
in either tractor or implement since it could be used with category Il and 11 hitch dimensions.
This dynamometer gave minimum sensing errors but the implement was pushed back by 21

cm.

Tractor axle torque was measured with strain gauges bonded directly to the tractor axles
between the axle housing and wheel. The torque signals and bridge excitation signals were
routed through a slip ring assembly on the end of the axles to a protective guard which
contained an instrumentation cable connected to the datalogger. Many other designs were
developed. Some measured all the forces acting between the implement and tractor by using a
six point dynamometer suspension system using load cells (Baker et al., 1981; Chaplin et al.,
1987). Other systems measured longitudinal and vertical forces only, assuming lateral forces
as zero. Kirisci et al. (1993) mounted strain gauges directly on the lower links of the tractor.
He mounted these gauges on the linked arms to get tension and differential cantilever bridge.
This system was calibrated for horizontal and vertical forces while applying load only up to
100 kg. The test results showed a cross-sensitivity of 2% in the differential cantilever

(vertical force) bridge while 12.5% in the tension (horizontal force) bridge.

A bi-axial direct mounted strain gauged lower-links system for measurement of tractor-
implement forces was designed by Khan et al. (2006). They developed and calibrated it for
coincident and perpendicular loads up to 10 kN. The results revealed a high degree of
linearity between bridge output voltage and force applied. They reported that the hysterisis
effect between the calibration curves for increasing and decreasing applied coincident and
perpendicular force was very small (<1.2%). They suggested that this system is the best
suited where medium type equipment is used with a tractor. The use of a frame or frames in
order to measure the forces between tractor and implement has the advantages of permitting
easy resolution of the forces into horizontal draught, vertical force, and sideways force
components and their respective moments, as well as being able to easily fit to any standard
tractor and implement combination. Against this was the disadvantages of substantially
changing the tractor and implement geometry by moving the implement backwards and
vertically relative to the tractor and adding additional mass and resilience to the system
(Palmer, 1992).
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3.4 Load Cells

A load cell is a transducer that is used to convert a force into an electrical signal. Load cell
converts a signal in one form of energy to another form of energy. Energy types include (but
are not limited to) electrical, mechanical, electromagnetic (including light), chemical,
acoustic and thermal energy. This deforms a strain gauge. The strain gauge measures the
deformation (strain) as an electrical signal, because the strain changes the effective electrical
resistance of the wire. A load cell usually consists of four strain gauges in a Wheatstone
bridge configuration. Transducer commonly implies the use of a sensor/detector, any device
which converts energy can be considered a transducer (Ewetumo, 2011, Ademosun, 2014, 5
and Odey et al., 2018 b).

Baker et al. (1981) used six load cells mounted at different points within an ‘A’ shaped frame
to measure horizontal, vertical and lateral forces. The measurements were made with little
error. The implement moved back by 19 cm. Manor and Clark (2001) designed and built an
instrumented subsoiler shank to measure the soil resistance while moving through the soil
and for automatic control of the depth of several standard subsoiler shanks mounted on the
same frame. According to the authors, three load cells measure the resultant magnitude and
direction of the soil reactions on the shank. Two load cells measure forces perpendicular to
the straight shank with a constant distance between them and another load cell measures the
force along the shank. The two perpendicular load cells are cantilevers with one side mounted
to the center of the shank’s width and the other side connected to wheels running inside a
hollow beam. The wheels enable the shank to be moved up and down for different depths
with the aid of a hydraulic cylinder. The hydraulic cylinder is connected to the upper edge of
the shank by the lengthwise load cell. The resultant force on the shank is calculated by using
the three measured forces, their directions and locations. The instrumented shank was
calibrated and tested in the field. While preliminary in nature, the results indicate that when
the shank tip is above a soil hardpan, the soil force on the tip acts upward, and becomes
negative when the shank tip is below the hardpan. These results indicate that it may be
possible to determine the depth of the hardpan by observing when the vertical force on the

shank tip passes through zero as the shank depth is cycled above and below the hardpan.

Soil forces on deep tillage tools were measured by Chandon and Kushwaha (2002). Load
cells were employed in measuring the forces. Draft, vertical, and side forces were measured

using six load cells in a three orthogonal directions such that two load cells measured draft,
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three measured vertical force, and one measured the side force. A potentiometer was used to
measure the working depth and a magnetic pickup to measure travel speed. Soil forces were
measured at three operating speeds, and one working depth. The draft measurements for all
the tools were compared to the predicted values generated from ASAE standard.

Manor and Clark (2001) made use of load cells in the measurement and mapping of soil hard-
pans and real-time control of subsoiler depth. Two load cells measured the resultant
magnitude and direction of the soil reactions on the shank. Another two load cells measured
forces perpendicular to the straight shank with a constant distance between them and another
load cell measured the forces along the shank. According to them the two load cells were
cantilevered with one side mounted to the centre of the shank’s width and the other side
connected to wheels running inside a hollowed beam. The wheels enabled the shank to be
moved up and down for different depths with the aid of a hydraulic cylinder. The hydraulic
cylinder was connected to the upper edge of the shank by the lengthwise load cell. The
resultant force on the shank was calculated by using the three measured forces, their

directions and locations.

Vaishnav (1983) used a six-load cell system to measure soil forces. The arrangement of the
load cells was such that one load cell 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. The forces from the tool were transmitted
through six load cells 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. According to Chandon and Kushwaha (2002),
modifications have been made to arrange the load cells in a way that two in the direction of
travel (draft), three in the vertical direction, and one measuring side force.

Adamchuk et al. (2004) developed an instrumented deep—tillage implement for sensing soil
mechanical resistance. Variable—depth tillage has the potential for economic and
environmental benefits to modern crop production. The prototype instrumentation system
was developed based on a conventional implement for deep tillage. It was equipped with two
load cells and two sets of strain gauges for sensing the load applied to the implement during
tillage. Two linear pressure distribution models (full and redundant) were used to describe the
change of soil mechanical resistance with depth. These models were then used to compare

estimates of soil mechanical resistance applied to the point of the deep—tillage implement
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based on predicted and measured values. Varying tillage depth according to local soil

conditions prevents the waste of energy and preserves soil ecology.

Nigon et al. (2013) designed, fabricated and tested a device capable of implement draft
measurement utilizing widely available load cells. The Badger Dyno uses Digi-Star Dual
Axis Differential Bending Beam — Neck Down (DBND) load cells that are dimensionally
similar to load cells widely used on agricultural equipment. The Badger Dyno conforms to
ASABE drawbar standards and easily attaches to nearly all tractor drawbars and implement
hitches. Additionally, this low cost, relatively lightweight device is capable of accurately
measuring implement forces in both the horizontal and vertical directions so that the angle of
pull can be calculated. Finally, the Badger Dyno uses an off-the-shelf load cell monitor
widely used in agricultural applications. The monitor has simple data acquisition capability,

further increasing its functionality and utility.

Odey et al. (2018 b and c) developed an instrumentation system for measuring the draught of
narrow tillage tools. The instrumentation system consisted of the following (a) Load cell (10
t, 100 kN) — strain gauge type (No. 100201022 and output, 2.50 m V/V), (b) Load cell
bracket, (c) Load cell amplifier board (print circuit board), (d) Data logger — Grant —
SQ2040/2F16 and (e) HP Laptop computer system. The data logger was equipped with
software, SquirelView Plus edition, version 5.3.6. The software had the ability to download
logged data from the logger into the computer. In other to view the data it must be converted

by SquirrelView for Analysis or exported to excel (.xIs) format.

According to Odey et al. (2018 b and c), the instrumentation assembly was made up of the
load cell attached to the tool carrier load cell brackets using screw bolt. The other end of the
load cell was also screwed with a bolt firmly and then hitched to the tractor drawbar. The
load cell cable was then extended to the instrumentation box attached to the left hand side of
the tractor. This box housed the instrumentation amplifier circuit board, which was connected
to the load cell, data logger, and powered by a pair of 6 V dry cell batteries (12 V). The data
logger was also connected to the laptop and synchronized using the characteristics equation
that was got from the graph plotted during the calibration of the load cell. This arrangement

was put in place for the downloading of the acquired draught from the data logger (Figure 2).
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Figure 2: Schematic arrangement of the Instrumentation System for measuring
draughts (Source: Odey et al., 2018 c).

4.0 SOIL DISRUPTION AND ITS MEASUREMENT

Soil disruption is the amount of soil loosened by a tillage tool represented by its total area.
Determination of soil disturbance or amount of soil failure by a tillage tool is highly essential
when considering the effect of tillage and soil parameters on soil disruption. Several authors
(Godwin, 2007 and Kees, 2008) have revealed parameters affecting soil loosening to include
tool parameters such tool geometry, width, height, curvature, rake angle, tool speed, depth of
operation and other parameters such as soil consistency, soil structure, consolidation, soil
strength, soil cohesion, soil adhesion, soil type, soil structure, soil texture, angle of internal
soil friction, cone index, bulk density, porosity and soil moisture. These properties and
factors have tremendous significant on the extent of soil disturbance during tillage operation.

Different instrumentations have been put in place for measurement of soil disturbance,
including soil profile meter, digital imaging equipment and image tracking & analysis

software, laser distance sensor, linear actuator, portable pc, and a lightweight aluminium
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frame that can quickly and accurately measure above and below-ground soil disruption

caused by tillage.

4.1 Meter Rule

Researchers normally take into consideration the accurate measurement of the area of soil
disruption. Several methods have been applied in doing this. According to Ale et al., 2013
and Ademosun et al., 2014, measurement of area of soil disruption by tillage tools was
carried out by using the meter rule. According to them, a steel metric rule was laid on the
original soil surface level across the trench. The distance measured between the ruler and the
slot bottom represented the maximum furrow depth to mound height (after soil cut furrow
depth) (Df), maximum width of soil disturbance (W), maximum width of soil throw (using a
sweep) (MWS), ridge to ridge distance (S), height of ridge above soil surface (H), and

maximum furrow depth to mound height (F).

4.2 Profiler, Laser, Digital Imaging and Software Technology

Hegazy (2013) explained a new measurement method for soil surface profile. This method
includes new designed soil profile meter, digital imaging equipment and image tracking &
analysis software. Using such modified soil profile meter can help to observe and measure
changes that occur in irrigation channels, small ditches and to quantify changes at specific
cross sections within soil furrows. The recorded profiles heights for different locations gave a
perspicuous knowledge about the geometry of furrows and ditches shapes before and after

seasonal irrigation process.

According to Hegazy (2013) each type of tillage tool and ditch creating method generate a
characteristic oriented roughness and profile pattern which is relatively easy to quantify using
simple geometric models. Many common techniques for collecting soil surface data and the
analysis of the respective dataset have been discussed. Pin meters are the devices most widely
used for their simplicity. They consist in a single probe or a row of probes spaced at pre-
established intervals and designed to slide up or down until the tip just touches the soil
surface. Pin positions are recorded either electronically or manually (Rémkens et al., 1986
and Wagner and Yiming, 1991). The chief disadvantage to this technique is its destructive
impact on the soil surface while recording data in the field. Kornecki et al. (2008) designed
and tested a portable meter under typical field conditions; the tool can measure depths up to

500 mm and easily be modified for usage with large ditches.
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Measuring soil profiles by Laser technology also had very good laboratory results, but its
field use is limited because sunlight and hidden forms or shadows interfere with the readings,
while high temperatures affect the performance of the sensitive measuring devices (Pardini,
2003; Darboux and Huang, (2003). Raper et al. (2002) constructed a portable tillage profiler
(PTP) using a laser distance sensor, a linear actuator, a portable pc, and a lightweight
Aluminium frame that can quickly and accurately measure above and below-ground soil

disruption caused by tillage.

4.3 Portable Tillage Profiler

Raper (2007) in his work ‘In-row subsoilers that reduce soil compaction and residue
disturbance’, reported that, after each set of tillage experiments was conducted, a portable
tillage profiler (Raper et al., 2004; Raper, 2005) was used to determine the width and volume
of ‘spoil.” The disturbed soil was then manually excavated from the trenched zone for each
plot for approximately 1 m along the path of tillage to allow five independent measurements
of the area of the subsoiled soil that was disturbed by the tillage event in each plot. This
measurement is referred to as the ‘trench.” Care was taken to ensure that only soil loosened

by tillage was removed.

Moreno et al. (2008) conducted study to develop a new method for measuring soil surface
roughness that would be more reliable by using the principle underlying shadow analysis is
the direct relationship between soil surface roughness and the shadows cast by soil structures
under fixed sunlight conditions. They showed that shadow analysis yielded results
significantly correlated to the pin meter findings, but with the advantage that the time

invested in gathering field data was 12 to 20 times shorter.

Another work has been carried out by Borselli and Torri (2010) in order to reproduce reliable
rough surfaces able to maintain stable, un-erodible surfaces to avoid changes of retention
volume during tests by a set of roughness indices was computed for each surface by using
roughness profiles measured with a laser profile meter, and roughness is well represented by
quantiles of the Abbot-Firestone curve. Image analysis techniques have recently been
employed to measure different soil parameters, example two dimensional displacement
vectors in soils obtained by a block-matching algorithm (Guler et al., 1999), however, this
algorithm is incapable of tracking individual particles, let alone their rotations. Several
algorithms have been developed to track soil particles and measure their movements by

detecting the edges of individual soil particles. Hu and Pu (2004) observed the displacement
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distribution in the soil near the structure using photographs and discussed the thickness of the

sand—steel interface.

4.4 Profilometer

Odey et al. (2018 b) designed fabricated and used a soil disturbance measurement
profilometer to estimate the area of soil disruption. The instrument was made up of medium
carbon steel frame and a wooden board (ceiling board). The total height of the equipment was
800 mm and a total width of 750 mm. The ceiling board was sandwiched between the frame
and was supported firmly by four steel plates, two each on opposite sides of the equipment. A
graph paper, 750 mm by 600 mm was pasted on the board. 14 holes were drilled at the base
of the frame at same distance from each other. 14 number 4 mm diameter rods were inserted
on the holes. Each of these rods was curved into round shape at both ends. The curved end on

the upper side had 9 mm diameter (Odey and Manuwa, 2018).

According to the authors, another rod, 8 mm diameter was passed across through the frame
close to the top of the equipment. This horizontal rod passed through each of the vertical rods
at the curved end. The vertical rods were guided in front by two horizontal rods placed across
the equipment at two points. These had the ability to protect the vertical aluminium rods from
falling off the board while sliding down during operation. The vertical aluminium rods can
easily fall or slide down when the equipment is placed across a depressed soil and the
horizontal rod at the top of the equipment is removed. Thus the vertical rods will slide
downwards and rest according to the geometry of the disturbed soil. The tips of the vertical
rods can easily be traced on the graph paper on the board. The profilometer was then placed
across the soil disturbed. Then the horizontal rod holding the vertical sliding rods was
removed, allowing the aluminium rods to fall freely and rested according to the geometry of
the soil disturbance. A marker was then used to trace the tips of the rods accordingly on the
graph paper. There after the area on the graph was estimated in square centimetres (cm?)
based on the number of squares below the reference line. Also, on the paper the depth and
width of disturbance could be estimated (Kumar and Thakur, 2005, Odey and Manuwa,
2018).

5.0 SUBSOILERS DESIGNS AND THEIR EFFECTS ON DRAUGHT FORCES AND
SOIL DISTURBANCE
Godwin (2007) revealed that aspect ratio (depth/width) and rake angle (o) are two major

variables in the design and selection of the appropriate geometry for given tillage implements
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such as subsoiler. Wide blades and narrow tines with depth/width ratios less than 5 and rake
angles less than 900 tend to fail the soil in crescent manner, with the wide blade creating a
wide slot and narrow blade, narrow slot especially when the aspect ratio increases. As the
depth/width ratio increases the soil failure changes such that there is a small crescent close to
the soil surface but the soil at higher depth is forced laterally to produce a slot. Thus the
transition from one type of failure to another is referred to as the critical depth. Rake angle
has considerable effects on soil disturbance pattern. Thus tines of 50 mm and 100 mm widths
operating at a depth of 150 mm, and rake angles 1600, 900 and 200 respectively.

Wings or sweeps attached to the foot of the tine modify the type of soil disturbance by
doubling the disturbed area for an increase in draught force of 30%. This significantly
increases the effectiveness of the operation, by reducing the specific resistance
(draught/disturbed area) by 30%. The soil condition also affects the type of failure for a given
implement shape with the drier and more dense soils tending to produce crescent failure to a
greater depth than the wetter, looser soils.

The work of Godwin et al. (1984) showed how tine spacing can affect the soil disturbance
pattern produced by a pair of tines operating at the same depth. From this work and that from
studies on subsoiling equipment by Godwin (2007) the practical spacing recommended for
good soil loosening are approximately:(i) 1.5 x depth of work for simple tines; (ii) 2.0 x depth

of work for winged tines.

6.0 CONCLUSION

This article reviews the measurement of tillage forces and soil failure using instrumentations
during subsoiling for alleviation of soil compaction and conservative tillage practices. This is
necessary in order to facilitate the design of new tool shapes which will reduce tool draught,
energy demand and increased soil disruption over a wide speed range. Different types of
instrumentations have been utilized in the measurement of forces on tillage tools. These are

transducer, dynamometer, strain gauge and extended orthogonal ring transducer.

Several parameters affecting soil loosening are tool parameters such as tool geometry, width,
height, curvature, rake angle, tool speed, depth of operation, soil consistency, soil structure,
consolidation, soil strength, soil cohesion, soil adhesion, soil type, soil structure, soil texture,
angle of internal soil friction, cone index, bulk density, porosity and soil moisture. These

properties and factors have tremendous significant on the extent of soil disturbance during
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tillage operation. Researchers normally take into consideration the accurate measurement of

the area of soil disruption. Hence different instrumentations are put in place for such purpose.

These include soil profile meter, digital imaging equipment and image tracking & analysis

software, laser distance sensor, linear actuator, portable pc, and a lightweight Aluminium

frame that can quickly and accurately measure above and below-ground soil disruption

caused by tillage.
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