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S O U TRANSLOCATION WITH TILLAGE TOOLS
A study of soi1 translocation by tillage tools was conducted in the soil bin
facilities of the Department of Agricultural and ~ioresourseEngineering, University of
Saskatchewan. Initially a 300-mm wide sweep and a 14-mm Conserva-Pac lmife opener
(narrow tool) were used at three operating speeds with three soil moisture contents and
three compaction levels. Soil.translocation was measured by the movement of small
plastic blocks positioned in the soil. The plastic blocks had a density equal to the soil.
New positions of the plastic blocks (x-y-z coordinates) after each test were measured
with a special instrument developed for this study and the volume of translocated soi1 was

detemllned. Effects of compaction level, moisture content, toot shape, and travel speed
on soi1 translocation were studied.
Results showed an exponential relationship between soil movement and depth of
operation. Soil movement per unit width was higher for the narrow tool. Therefore, more
expenments with different narrow tool shapes at higher speeds of operation were
conducted to determine the trend. Four narrow tools with shapes of 45" triangular, 90"
tnangular, flat and elliptical were used at four levels of speed of 10, 15, 20, and 25 km/h
and three compaction and three soil moisture levels. A special device using a simple
pendulum principle was used to provide the required speed levels. An instrumentation
system was designed to measure the tool speed and the energy used during cutting. Soil
lateral rnovement was detennined by recording the soi] furrow profile by a laser soil
profile meter fabricated for this study. Among the four tool shapes used in high speed

\

experiments, the 45' and elliptical shaped tools resulted in less soil movement and used
less energy.

Based on these data, a mathematical model for soil movement with speed of
operation of the tiIlage tool was developed Soi1 physical parameters were included to
predict soil movement at different moisture contents, compaction Levels, and tool shape
factors. The predicted soi1 movement correlated well with experimental data Therefore,
for minimum soi1 movement, the tool shape should either be elliptical or 45' triangular.

Since it is difficult to model soil parameters, the model needs m e r rehements.
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A study of soil translocation by tillage tools was conducted in the soil bin

facilities of the Department of Agricultural and Bioresourse Engineering, Universiq of
Saskatchewan. Lnitially a 300-mm wide sweep and a 14-mm Conserva-Pas knife opener
(narrow tool) were used at three operating speeds with three soil moishire contents and
three compaction levels. Soil translocation was measured by the movement of small
plastic blocks positioned in the soil. The plastic blocks had a density equal to the soil.
New positions of the plastic blocks (x-y-z coordinates) after each test were measured
with a special instrument developed for this study and the volume of translocated soil was

determined. Effects of compaction level, moishue content, tool shape, and travel speed
on soi1 translocation were studied.
The results showed an exponential relationship between soil movement and depth,
and the soi1 movement per travel unit area was higher for the narrow tool. Results also

ïndicated that soil movement per unit width or per fiontal area of the narrow tool was
higher than for the sweep. Therefore, more experiments with different narrow tillage
tools at higher speeds were conducted to determine the trend. Four narrow tools with
shapes of 4S0 ûiangular, 90° triangular, flat and elliptical were used at four levels of
speed (10, 15, 20, and 25 km h-'), three levels of compaction and three levels of soil
moisture. A special device, using a simple pendulum principle, was used to provide the
required speed levels. An instrumentation system was designed to measure the tool speed
and the energy used during cutting. Soil profiles for each test were also measured by a

laser soil profile meter fabricated for this study. Among the four tool shapes used in hi&

speed experiments, the 45' and eUiptical shaped tools resulted in less soi1 movement and

used less energy.
Based on these data, a mathematical mode1 for soil movement with speed of
operation of the tillage tool was developed. Soi1 physical parameters were included to
predict soil movement at different moisture contents, compaction levels, and tool shape
factors. The predicted soil movement correlated weil with experimental data. Since it is
difficult to mode1 soil parameters, the mode1 needs M e r refinements.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

1.1

Introduction
TilIage is necessary to provide an optimum environment for seed and plant root

development by shearing, loosening, and rnoving the soil. It is the most energy
consuming operation in crop production. In the Prairie region of Canada, about 37.7
million hectares of land are under cultivation. If this land is cultivated to an average depth
of 75 mm, nearly 42.5 billion tons of soil are moved in each operation. It is estimated that
tillage accounts for about one-half of the energy used in crop production (Kushwaha and
Bigsby, 1989). However, not all the energy transferred tu soi1 results in usefül work.
There is appreciable movement of soil during tilIage, of which much is not only
redundant but also contributes to soil erosion. There is a lack of experirnental data
conceming soi1 movement with currently used tillage tools and particularly the effect of
repeated tillage over decades or centuries.

Soi1 erosion has been h o w n to be a senous agricultural problem for centuries. In
fact, when man started to cultivate the soil, erosion of soi1 by wind and water was
accelerated. Erosion adversely affects crop productivity by reducing the availability of
water, nutrient, organic matter and restricting rooting depth by depleting the top soil.
Lindstrom et al. (1990) conducted research to calculate the average erosion rate
for cultivated soils in the Corn Belt when different tillage practices were used. The study

showed average erosion of 21.50 tomes ha-'

for conventional tillage (fa11

moldboard, disc) and 8.70 tonnes ha-' year-' for chisel plow with 3.92 tonnes ha-' of
residue on the soi1 surface. The average erosion for no-tillage was 6.50 tonnes ha-' yeaf'
with same amount of residue on soil surface. Soi1 erosion is an important threat to

agriculture and the naîural environment, since more than 97% of the world's food cornes
fiom the land rather than the water (Pimentel, 1993). Therefore, the control of soil
erosion for sustainable agriculture is of a great importance.

In recent years, there has been a gowing belief that the use of tillage irnplements
is a major contributor to accelerating wind and water soil erosion. The soil erosion
process consists of two principal sequentiai events: detachment and transportation. In the
k t event, soil particles

are detached nom their moorings in the soil m a s and made

available for transport. In the second event, detached soil particles are transported
(Ellison, 2947).
The primary purpose of tillage is loosening of the soil for preparing a good seed
bed. The fkst event that contributes to the erosion process is not only unavoidable, but is
necessa,ry to provide desirable soil structure, weed control, water infiltration and
incorporation of feailizers and chemicals. Accornpanying this event, the soil is ready for
the second event of erosion, the transportation of soil with the tillage tools. The extent of
unnecessary soil transportation by tillage tools during tillage practices will affect the rate
of soil erosion. On the other hanci, considering the high cost of energy, conservation of
energy by efncient tillage operations also is of great importance. Therefore, it is
important to study soil translocation by tillage tools.

1.2

Objectives
The overall objective of this research was to shidy soil translocation by tillage

tools. The specinc objectives were:

To study the relationship of soi1 parameters (soi1 moisture content and degree of
compaction) and tool parameters (speed and tool shape) on soil movement and
energy usage in tiliage.
To develop a predictive mode1 for soil translocation by tillage tools.

CHAPTER 2
LITERATURE IREVUCW
Tillage research is for the most part an empinca.1 science. When there was a need
to invert and break apart soil, plows were developed and when there was a need to
remove the weeds, cultivators were made. The art of tiliage started when cultivation of
plants started and the response of plant to certain soil manipulations was noticed. Tillage
began as a science when soil conditions and thei. relation to plant growth became a
knowledge. The search for efficient crop production led to investigation of soil response
to tillage tools and soil-machine behavior. Diversity of weather conditions and soil
properties that have different effects on crop production have made it difficult to establish
a classified and overail pattern for this science.

Unsaturated soil can be considered a four-phase system composed of various
proportions of water, air, solids, and air-water interface (Fredlund and Rahardjo, 1993). It
may have a cohesive component, a load-dependent cornponent, and a strain-dependent

component. Existence of these components introduces some difficulties in the study of
soil, especially in dealing with soil flow and failure. Some researchers have tried to
compare air and aerodynamics with soil and soil dynamics. An airfoi1 moves through air
and a tillage tool moves through soil, but air is a continuous, homogenous medium while
soil is non-continuous and non-homogenous. Air particles are much smaller than the air
foi1 moving through them, but soi1 may contain large aggregates, clods and foreign
material whose sizes are large relative to tillage tool size. Thus, explaining soil behavior

is much more cornplex than that of air. This is why the study of soi1 dynamics is not as
advanced a s aerodynarnics (Schafer and Johnson, 1982).
Soil erosion models have been developed for designing erosion control systems
but these models have not been linked to soil movernent by tillage since a model to

quanti@ soil movement by tillage is not available in the literature.
Lobb et al. (1999) studied the soil loss by tillage erosion. It was found that tillage
erosivity, the potential for tillage events to erode soil within a landscape, was a function
of severai physical and human parameters, including: tillage tool shape and arrangement

within a tillage implement, tillage implement length and width, tractor-implement match,
tillage depth, ground speed, and tillage operator response to varying landscape conditions.
Lobb et al. (1995, 1999) conducted some experiments to detemine soil
translocation by tillage. Plots of soil in Merent fields were labeled by Cesium-137 and
chlonde as tracers and the concentration of the tracers was rneasured after tillage
operations. Distribution of the tracers was used to describe soil translocation by tillage. It

was concluded that tillage erosion was responsible for at least 70 % of the total soil lost
on the upper dope landscape position based on estimates of total soi1 loss using resident
Cesium- 137.

In the model proposed by Lobb and Kachanoski (1997) tillage erosion was
calculated as the net translocation at specified points in the landscape, by determinhg the
diGerence between the soil translocated into a point and the soil translocated out fkom
that point during a single tillage operation. The translocation into and out fiom a point

was calculated nom forward and backward differences in topographie conditions.

Therefore, the model predicted soil redistribution fkom forward tillage translocation along
two-dimensional Iandscape profiles.
Sibbesen et al. (1984) studied the soi1 movement in one horizontal direction by
repeated tillage. They proposed a simple mathematical model to approximate the
movement of soil. The model describes the development with time of a concentration
substance by means of the solution of a diffusion equation. The model is suitable for use
in situations where the same cultivation practices are repeated many tirnes in altemating
directions.
Few researchers have studied soil flow path and movement. Nichols and Reed
(1934) reported the results of experiments by Ashby on the inversion of the soil and
accompanying forward movement during moldboard plowing. Most of the soil movement
studies were concentrated on the soil movement by tillage on dopes. Mech and Free
(1942) reported high amounts of movement downslope caused by tillage. Chase (1942)
noted that a sweep with a larger rake angle increased overall lateral soil displacement.
Sohne (1960) studied soil movement perpendicular to the travel direction with a wide tool

in hi&-speed plowing and observed that the magnitude of lateral soil displacement
uicreased with the lateral directional angle at the end of the moldboard. Goryachkin
(1968) developed three theories to descnbe soil flow over inclined tillage tool surfaces by
using a trihedral wedge. According to the cnishing theory of Goryachkin, absolute soil
motion was normal to the tool surface. In lifting theory, it was assumed that the relative
position of soi1 aggregates withh the soil slice remained the same. Shearing theory
considered that the soil motion was parallel to planes of shear failure in soil and flow path
depended on the angle of soi1 shear failure.

Lindstrom et al. (1990) studied the possibility of soil movement by tillage as a
contributing factor to apparent soil erosion present on many ndge tops. Steel hexagonal

nuts were used as soil rnovement detection units by inserting them in the soil at definite
places and measuring their positions d e r tillage. It was concluded that soi1 movement by
tillage, particularly when using a moldboard plow was considerable and slope was an
important factor. Hanna et al. (1993a) compared the soil flow path on a sweep with the
Goryachkin theory. The conclusions of this study supported the Goryachlcin mode1 in
i d e n m g rake angle and excluding speed and depth as factors iduencing soil flow
path.

2.1

Soi1 Movement Models
Little information is available in the fiterature about soil movement models. Most

of the soil movement studies have been conducted on siopes, and the models developed

are related to slope, rather than the effect of tillage tool design factors, operating
conditions, and relation to some physical properties.

2.1.1

Soil movement models in manual tiliage
Turkelboom et al. (1996) in their studies on tillage erosion rates, used three

complementary methods for measurùig soil flux in manual tillage: the tracer method, the
trench method, and the step method.

Tracer method In the tracer method, white painted Stones were placed randomly in a
200 mm narrow firrrow below a reference line, and the h o w was refilled with soil. The
tracers were inserted in four strips of 1 m wide on six transects. On each stnp, 10 holes of

300 mm deep were drilled at approximately 100 mm intervals. One tracer was inserted in

each hole and its location was recorded. A certain amount of h e , white sand was poured

in the hole, f i h g the hole over 60 mm, and the next tracer was placed. This was repeated
until the hole was completely filied. It was assumed that the movement of stones was
similar to soil clods and would be a representative indicator of soil movement. Average
tillage depth and the displacement distances of the tracers were measured. Since the
experiment was carried out on a slope, the tillage depth was measured vertically in the
field, and transformed to tillage depth perpendicular to the soil surface by multiplying by
the cosine of the slope angle. The mass of soil that passed a unit contour length for one

tillage pass was called "soil flux". The flux of soil was calculated using the following
equation.

Soi1 flux (kg m" x tillage pass)= DDx Dx pb

where :
DD = mean downslope displacernent distance of the tracers pardel to the soil d a c e ,
(m)
D = mean tillage depth measured perpendicular to the soil surface (m)
= dry bu& density of the soil (1100 kg m-3)

Trench rnethsd In the Trench method, a trench four meters Iong and half a meter deep
was dug at the bottom of each plot and lined with a plastic sheet to measure soil flux

directly. The soil flux was measured by Equation 2.2.

Soi1 flux (kg m-' x tillage pass) =

where

MDM

W

M

= mass of moist soil collected in trench (kg)

DM = oven dry soil as percentage of M (87-90%)
W = obsentation width (4 m)
Step method Appearance of a small step at the top of the plot is an indicator of soil
movement by manual tillage. At this place, soil was moved downwards but not replaced
by any soil fiom the M e r upslope. It was assumed that tbe volume of this scar shodd
correspond with the amount of soi1 moved into the trench at the bottom of the plot. The
soil flux was calculaied using Equation 2.3.

Soi1 flux (kg m-'x tillage pass) =

s i n ( j - a ) x s i n p x L~x p ,
sina x 2

where

a

= slope angle of original soii surface

,6 = dope angle of step

L

= length of the

step slope measured down the angle P (m)

f i = dry bulle density of soi1 (1100 kg m-3)

The soil flux measured for one tillage pass ranged fiom 39 to 87 kg m-' depending

on slope. For dopes less than 60%, the soil flux did not change substantially with slope.
For dopes more than 60 to 82%, the soil flux was increased due the r o l h g of the clods
downhill once the angle of repose h a been exceeded.

The result of experiments by using the above methods showed that the tracer
method and the step method gave very similar results. The step method followed a linear
trend, while the tracer method showed a slightly exponential relationship. The trench
method was supposed to provide more accurate results since in this method the

transportecl soil was collected directiy. On the contrary, it showed much smaller soil flux
values with a slightly increasing soi1 flux with imreasing slope. The reason given for
underestimation of soil flux was formation of a physical barrier hampering kee tillage on
plastic lined trenches. The step method was suggested to be accurate and fast. The tracer
method is slightly more accurate but more thne consliming.
2.1.2 Soil movement models in mage with machinery

Continuity equation model Sibbesen et al. (1984) introduced a simple mathematical
model for approximating soil movement in horizontal dimension by repeated tillage with
one or more tillage tools in altemating directions. The mode1 used the solution of a
diffusion equation to describe the development with tirne of a concentration gradient of a
substance. It was assumed that the soi1 was distributed according to a diaision equation

with a diaision coefficient D,. The soil was labeled with 3

2 dong
~

an innnitely long

vertical plane. The initial concentration of the labeled soil considered 1 in the plane at x =

O and O at any distance x fiom the plane. M e r n tillage operations across the plane, the
concentration Co of the labeled soi1 at any distance x fiom the plane was given by the
following equation:

A Gaussian normal distribution with mean p = O and the variance d=2Dp gives

the probability of hding a labeled soi1 particle. Hence, the average distance the Iabeled

particles were tramporteci d e r n tiilage operation is

,/W.
Equation 2.4 implies

that the distribution of labeled soil is symmetrical around x = 0.
A tenu z (positive or negative) was introduced to account for a systematic
displacement of the distribution fkom operation to operation or fiom year to year.

Govers et al. (1994), using the experhmtal data with a moldboard and a chisel
plow and those available in literature, proposed a universal approach to the modeling of
soil redistribution by tillage. Soi1 redistribution was described by a difTbsion-type
equation and tillage redistribution intensity was characterized by a single number called
the diffusion constant. This value is associated with slope gradient coefficient. This
coefficient varies between 100 and 400 kg r i 1 year-l. To measure soil movement,
nurnbered plastic spheres with a metal core and diameter of 15 mm and density of =1750

kg m" were used as a tracer in a variable textured soil ranging fiom silîy loam to loamy
sand. The tracers were inserted in fou. strips of 1 m wide on six transects. On each strîp,

10 holes of 300 mm deep were drilled at approximately 100 mm intervals. One tracer was
inserted in each hole and its location was recorded. A certain amount of fine, white sand

was poured in the hole, filling the hole over ( ~ 6 mm)
0
and the next tracer was placed.
This was repeated until the holes were completely filled. After a tillage operation, the
new locations of the tracers were recorded and the mean projected displacement distances
were caiculated. It was found that the mean projected displacement distance was

significantly related to slope gradient. Soi1 redistribution by tillage on a hillslope section

of infinitesimal len@ and unit width was described by the continuity equation:

where :
p,.,= bulk density of the soi1 (kg ni3)

t =tirne

h = height at a aven point of the hillslope (m)

Q,= flw of soi1 in the x-direction per unit width (kg m-' tirne'')
X = distance in the horizontal direction (m)
The displacement distance is a h c t i o n of slope gradient and can be calculated by:

where:

d

= mean displacement distance

in the up- or downslope direction per tillage

operation (m)
G

= slope

gradient (tan). Positive when tractor movement is upslope, negative

when it is downslope.

X: H = coefficients, obtained by regression analysis
Considering the downslope direction as the positive direction for the x-axis, the flux per

unit width per tillage operation corresponding to a given mean displacement distance is:

for movement in downslope direction, and

for movement in the upslope direction.
where:

D

= tillage depth (m)
=

es.,

downslope flux due to downslope tillage (kg m 1timël)

= upslope flwc due to

upslope tillage (kg ni1tirne-')

Considering one tillage operation per year, the average net downslope flux per unit width
per year for a given transect perpendicular to the slope wili be

as, on a single transect

The net soi1 flux on a single transect, due to a single tillage operation cm be
detennined by calculating the average of the flux during the up and downslope movement
of the tracer. The flux during upslope movement is considered negative.

Qswill be positive as both H and Gdo, are negative. The analysis is valid for across-slope
tillage, provided that the soi1 is thrown upslope and downslope in altemate years. The
average downslope flux must be calculated by taking into account the average flux over
two consecutive tillage operations.

Based on Equation 2.14, the net flux due to tillage may be written as:

where:
k = a coefncient (kg m 1timèl)
=-DpbH

(2.16)

If several tillage operations are carried out in one year, then the value of k may be
calculated on a per tillage operation basis and then summed to obtain a yearly value.
Second order effects due to small changes in slope after each tillage operation are
ignored. Using Equation (2.19,Equation (2.6) may then be rewritten as:

which is a diffusion-type equation. The intensity of a diEusion-type process may be
characterized by a single constant k, the diffusion coefficient. Using finite difference
approximation and yearly time Uaits, the equation (2.17) m2y be solved. The value of k is
representative of the yearly soil movement by tillage.
Lobb and Kachanoski (1996) in their study on the impact of tillage translocation
and tillage erosion on the estimation of soil loss using Cesium-137, found that significant

amounts of soil were redistributed within topographically complex landscapes by tillage
erosion. Soil was translocated, or displaced in excess of 3 meters during one sequence of
tillage. Tillage was simulated on a hypothetical landscape for 10 sequences of
conventional tillage (moldboard plough, two passes of tandem disc, and C-the cultivator)

in one direction. The redistribution of the soil within the till-layer during translocation
was approximated by:

where:

T

= mass

of soil translocated per meter width of tillage pass (kg m-')

Ms= specific mass of the till-layer (kg ni2)
h = depth-averaged translocated distance (m)

x

= distance in the path of tillage (m)

The redistribution of soil within the landscape was approximated by:

T= 116+6.5 8
where 0 is the slope gradient (%).

Data fkom Lobb et ai. (1995) were used to estimate the parameters of Equation

(2.18) and (2.19). The initial Cesium-137 concentration was 3000 Bq m-2 with no
additions due to atmospheric deposition and no losses due to radioactive decay. Tillage
depth was spatially and temporally uniform at 0.2 m, and soil bulk density was spatially
Actual soi1 loss was compared to that eçtimated

and temporally uniform at 1500 kg

using Cesium-137 concentration and Equation (2.20) (deJong et aI., 1983) and Equation
(2.21) (Walling and Quine, 1990; Kachanoski, 1993).

where

L,

= rate of soi1 ioss (kg

m-2)

Ci and Cf = initial and final concentration of Cesium
trti

= h a l and initial t h e ,

R

= enrichment ratio

separated by n years

(assurned to be 1.O)

Some researchers in studies not related directly to soil movement, have developed
some methods that can be considered in soil translocation measurements. Plante et al.
(1998) developed a tracer method for studying soil aggregate dynamics. Labeled tracer
particles were used to study the incorporation and release of soi1 particles as aggregates
form and degrade, to obtain an indication of the dynamics of aggregates. They used the

findings of Staricka et al. (1992) to use a ceramic material as a tracer. The ceramic tracers
are manufactured by Kinetico Inc. (MN, USA) under the tradename Macrolite. A
powerfuI detection instnunent, INAA (Instrumental neutron activation analysis) was used
in the process. A sample was bombarded with neutrons and the y-ray spectrum produced

was measured as the induced radionuclides decay. The University of Alberta

SLOWPOKE II reactor was used as the neutron source. Dysprosium @y) was selected as
the label and therefore the tracer sphere detection was by measurement of Dy content of

samples. Although the developers believe that the method is simple and effective and can
be used in studies of soi1 mass transport by tillage, their tecbnique does not seem to be
easily applicable because of the complex instrumentation and the expenses involved.
Boyd and Windisch, (1966) used Cine' Flash x-ray tecbnique to determine the
deformation characteristics occwring in the soil mass under a given loading condition as
a huiction of position and t h e . Markee were made fiom a composition of 94% lead and
6% Antimony in the form of a three dimensional cross with six orthogonal arms each of

length 3 mm, giving a maximum dimension of 7 mm. This shape and size made it
possible to measure translational and rotational movements of the marker. Markers were
buried in the soil at a depth of 38 mm below the soil s d a c e and the translations,
rotations, and velocities of them relative to depth and the wheel position at any instant
were measured by using X-ray pulses. The major limitations of this method is that it
requires extensive radiation screening for the safety of the operator and high operathg
cost of X-ray Cine' Photography.

2.2

Soil Bin Experiments
Soi1 bins generally have two major components. A bin that contains the soil

required for the experiments and a fixture that holds the tool and transducers used for
memuring required parameters. There are two basic types of soil bins. In one design the
tool carriage moves while the soi1 is in a stationq bin. In other type of soi1 bins, the tool
nxhire remains in a fixed position, while the bin moves on guide rails. Each has been
used for many years by Army Mobility Research Center, US Army Engineers Watemays
Experiment Station, Deere and Company Technical Center, Iowa State University, and
the National Soi1 Dynamics Laboratory. There are a lot of advantages in using soil bins.
Soils with digerent physical properties could be used in one location for differeni
experiments. The soil in the bin could be cleaned of stones and foreign materials to
provide a more precise research medium compared to field soil. Soil bins provide the
opporhuiity of camyhg out experiments under a controlled environment in ail seasons.
They provide an excellent tool-soi1 relative position. Compared to field experiments,
better data acquisition and control system could be used. Soil bins are widely used in
studying soil-machine relations.

In spite of their enormous advantages, there are some problerns in using soil bins
that should be taken into account. Soil bins are practically limited to remolded soil
conditions. Another limitation is the possibility of stress-strain distortion due to the close
proximity of the sides and bottom. Depending on the place of a soil bin in a building, air
flow through the air conditionhg system of the building may cause differentid drymg
across the soil surface. One of the problems in a soil bin is that the soil preparation
operations that nui the length of the soil bin may l a v e invisible bands of soi1 with low

penetration resistance. There are usually differences in the vertical profile. It is
impossible to reproduce exact soi1 conditions on a regular basis. Excessive soil working
often destroys the soil structure. Soi1 shodd not be worked at hi&

moisture content

where structural damage usually occurs. Soi1 reconditioning operations should be devised

and executed to counter the structural degradation that accompanies severe soi1 handling
operations Chancellor (1 994).

CHAPTER 3
SOIL PROPERTIES AND SOIL DYNAMICS

Soil particles are not strongly bonded together in the way that the crystals of a
rock are. Soil parîicles are relatively fiee to move with respect to one another, although
not as fkeely as fluid particles. That is why studying soi1 behavior c m not be done
completely through the science of solid mechanics and fluid mechanics. If a force is
applied to soil, contact forces develop between adjacent particles as shown in Figure 3.1.
For convenience, the contact furces are resolved into nomal (F,) and tangentid
components (FJ. These contact forces deform the particles. Deformation of particles may
lead to bending, cnishing, enlarging the contact surface, etc. When the shear stress at the
contact becomes larger than its shear resistance, relative sliding between particles occws.
The overall strain of the soil mass is the result of deformation of the individual particles
and their relative sliding. Since the sliding is a nonlinear and irreversible deformation, the

SM-stress behavior of soil will be strongly nonlinear and irreversible. To understand
soil behavior it is necessary to study the phenornena at the contact points and the related
parameters like fiction and adhesion. The nurnber of contact points in a soil mass are
extremely hi&. For example, there are about 5 million contacts within 1 cm3of fine sand

(-ambe and Whitman, 1969).

Even if the particles behavior at contact points is understood, it is impossible to
construct the stress-strain law for soil from the contact points behavior. However, since

the soil resistance to deformation is strongly dependent on the shear resistance at contact
between particles, the howledge of the possible magnitude of lhis shear resistance and of

the factors affecthg it is important. Another parameter that has some influence on soil
shear resistance is cohesion of soil, which strongly depends on interlockhg of the
particles or the packing density.

Fig. 3.1 Schematic representation of force transmitted through soil.

3.2

Shear Strength Mechanism
Attractive forces between soil particles and chemical bonds at points of contact of

the surfaces are the sources of shear resistance in soil particles. The niimber of bonds at

the interface between particles is iduenced by the physical and chemical nature of the

surfaces of the soil particles. Total shear resistance is proportional to the normal force
that is pushing the two particles together. Part of the total shear resistance is independent
of the normal force pushing the particles together. It comes fkom cohesion between soil
particles. Soils, containing a mixture of fine and coarse particles that are paaially
saturated with water, have cohesive and fictional shear strength properties. The
môuim~lllshear strength for this soil is given by Equation 3.1, which is ofien referred to
as the Mohr-Coulomb equation in classical soil mechanics (Fredlund and Rahardjo,

1993).

where:
T

= soil shear strength v a ) ,

o,= normal stress (kPa),

4

= soil angle of intemal friction (degrees),

Cc = soil cohesion &Pa).

Saturated, fine grained soils are examples of cohesive soils that exhibit negligible
fiction and have almost constant shear strength regardless of normal total stress on the
failure plane. The shear strength of these soils comes f?om the soi1 cohesion, the part of
shear strength which is independent of normal stress and is calculated by the following
equation.

Dry sand exhibits negligible cohesion and is regardecl as a purely fictional
material. Depending on the density and the properties of its particles, the angle of internal
friction, @ for dry sand ranges kom 18 to 55 degrees (McKyes, 1989). The shear strength
of the cohesionless soil is govemed by:

It should be noted that the Equation 3.1 does not represent shear yield in al1 soi1
conditions and does not contain any information about soi1 behavior prior to shear failure.
Soi1 cohesion (Cc) and soil angle of intemal fiction (@)are usually referred to as real
physical properties of soil. In realily, soil cohesion (Cc)and soil angle of intemal fiction
(+) are only parameters of the assurned yield equation. T'heu logical existence can be

explained only by an interpretation of the equation and not from the physical nature of
the soil itself (Gill and VandenBerg, 1968).

3.2.1

Angle of interna1 friction of soil(4)
The sum of the total energy required to overcome interlocking of particles, their

sliding and rolling Ui the soil mass constitutes total fiictional energy and is expressed by

4, the angle of internal fiction. Angle of internal fiction (4) is affected by soil porosity,
moisture content, normal stress, and grain size distribution. In general, a decrease of soil
porosiq and normal stresses increase the angle of intemal fiction. Time rate of shear
strain has no effect on angle of internal fiction. Angle of intemal fiction

(4)

also

depends on the nature of the surfaces of the contact points. In sands, al1 the shear
resistance is due to fiction, rolling and interlocking of particles. The angle of intemal

fiction of sands depends on a large number of variables. For example, the smaller the
void ratio or the larger the relative density, the larger the value of the angle of intemal
fiction is. Sands with sharp edge particles have a greater angle of intemal fiction than
those with round edge particles. Well-graded sands have a larger angle of intemal £kïction
compared to unifom sands. In an unsaturated agricultural soil, angle of internal fktion
varies f?om 25" for moist, Ioose, fine ?:exturedsoils to about 45" for dry, dense, coarse
textused soils (Koolen and KUiper~,1983)-

3.2.2

Cohesion (CS
The nature of soil cohesion is not fully understood. It may be considered as the

strength of the soil that does not depend on the applied force. Based on cohesional
properties, clay soils are termed "cohesive" soils and soils like sand and grave1 are
considered "£iictional1' or "non-cohesive" soils. Soil cohesion, generally increases
logarithmically with soil density.
3.2.3

Soil moisture

Soil moisture infiuences soil behavior and the soil condition produced by a tillage
tool. For many soils, the coefficient of fiction increases with an increase in soi1 moisture
up to an intemediate value and then decreases. Although Kuiper and Kroesbergen,
(1966) reported decrease of soil cohesion with increasing soil moisture content,

Chancellor (1994) noted that the soil cohesion (Cc) increases with moisture but it is

maximum at some intermediate level. It is more noticeable in fine-grained soils than
coarse-grained. When soil moishire content increases fiom low to medium values, the
soil to metal bonding that depends on soil rnoisture tension increases and as a result

adhesion Ca increases. At higher soi1 moisture contents, positive pore pressure develops

in soil under load and tension decreases which, in tuni, results in decrease of adhesion
and an increase in the lubrication effect of moisture. An increase in moisture content o f
cohesive soils reduces the coefficients of fiction and adhesion (Neal, 1966).
3.2.4

Soii compaction
When a tillage tool starts to move in the soil, crushing of soil aggregates occurs.

Soi1particles then try to rearrange themselves. This rearrangement decreases the porosity
and pushes out some of the air in the soil. Some of the soil water may also be squeezed

out. Some of the air in the soil is sealed by water and can not escape. Further movement

of the tool compresses the entrapped air in the soil pores. This results in the reduction o f
the soil volume in fiont of the tooI. As soil becomes more dense and the porosity
decreases, adhesion increases, but the coefficient of friction is not much aEected by
change in soil porosity (Chancellor, 1994).

Cone Penetrometer Cone penetrometers have been used for evaluating soil properties
for many years. It is a pointed device that is pushed into the soi1 and the force required io
overcome the penetration resistance is measured and divided by the base area of the cone
which forrns the point of the device. The specification of the most common design used

in agriculhual applications is specified by ASAE standard: ASAE S3 13.1 (ASAE, 1Y 84).
The penetrometer has a polished steel cone with a 30-degree included angle at the tip and

a 3.23 cm2base area. Based on the above mentioned standard, the rate of insertion is 1.83

d m i n . The penetration resistance force depends on the cone base area, tip angle, soi!cone fiction angle, soil properties and penetration velocity. The dependency o f

penetration resistance on soil properties is determined by soil type, soi1 compaction, soil
moisture content, and soil structure. Its ease of use and rapidity to make several
measurements in a short t h e has s a d e it one of the most fiequently used devises in
comparative soil property measurements.
If one S p e of soil is considered, cone resistance varies with cohesion and angle of
intemal fiction. (Koolen and Kuipee, 1983). For a given cone it can be expressed as:

CI =f (cohesion (Cc)and angle of intemal fiction($))

The function can be determined through experiments and can be used to

determine Cc (or O) by a cone penetrometer if 4 (or Cc)is known fiom another source.
Cone resistance c m also be expressed as a function of soi1 physical properties. For a
given coae:

CI =f (moisture content, compaction, soi1 type, and soil structure)

lo this function it is difficult to quantitatively express soil structure. In
experiments with artificially prepared soil, it is often acceptable to neglect soil structure
aç

a factor. For one Spe of soil, the CI will become dependent on soil moisture and soi1

compaction.

CI =f (moisture content, compaction)

This function c m also be determined by experiments. By using the result of the
experiment, the cone penetrometer can be used to determine the moisture content of the

soil under the same compaction level. It c m also be used to measure compaction level of
the soil under the same rnoisture content3.2.5

So61-tool friction
When a soil mass moves relative to or in contact with another material such as

tillage tool or another soil mas, fictional forces are developed. Coulomb fiiction is
defked as:

p=F,/N

Or in per-unit area terms:

where:

p

= coefficient of fiction

F,

= fictional

force tangent to the surfaces required to produce sliding

N = normal force perpendicular to the surfaces of the matenals

o,= normal stress
z = shear stress

A, = area of mutual contact
The coefficient of fiiction between soil and the tool surface depends largely on
tool surface roughness. A tillage tool with a rusted steel surface may have a coefficient of
fiction as high as soil interna1 fiction (Koolen and Kuipers, 1983). Soi1 moisture also
affects soil-tool Ection. At high moisture content, soi1 water may act as a iubricant and

Iower the fkiction. The moisture range where this occurs is lmown as the lubricative phase
of soil Ection.
Sometimes the shear stress in the soi1 and tillage tool interface is so high that
sliding of soil on the tool surface will not occur, and shear planes are formed in the soil
body. This happens when the sliding resistance is greater than the soil internal strength.
Shear stresses between the soil and tool just before the movement is static f?iction and
differs from the shear stresses after the start of the movement, which is dynamic fîiction.
Nichols (1931) found the static coefficient of fiction before movement for steel and dry
sand to be 0.26. The coefficient of dynamic fiction after the start of the movement was
found to be 0.23. This change in coefficient of fictions could be atûibuted to the change
in soil particle arrangement, position, and water tension.

The value of p varies with soil condition, soil type, and type of tillage tool surface
material. The value of p for soi1 on steel ranges fiom 0.2 to 0.7 (Schafer and Johnson,
1982). Value of p must be measured for each situation since a predictive mode1 relating it

to factors like soi1 condition, soil type, and tillage tool surface matenal has not been fully
developed. Koolen and Kuipers (1983) proposed an equation for determination of
coefficient of fiction of soil with steel of various levels of hardness.

where:

H = Brinell hardness number

The Brinell hardness number for very hard tempered steel is 650 and for low
carbon steel is 125. Nichols (1931) suggested an equation for calculating the coefficient
of fiction of soil on steel for mal1 sliding paths based on soi1 texture.

p = U + V x (percent of clay content in soil)

where U and V are arbitrary constants.
When the clay content is less than 32 percent, U and V are considered 0.23 and
0.005 and when it iç more than 32 percent, U and V are 0.37 and 0.0 respectively. Zhang
et al., (1986) in a study with soils of up to 45% clay content, found that the coefficient of
fiction increased with increase of clay content above the level suggested by equation
(3.6). This shows that the fine textured soil have a higher coefficient of fnction compared
to coarse textured soils (Koolen and Kuipers, 1983).
There is disagreement between researchers who have studied soil-metal fiiction.
Stafford and Tanner (1983) studied the effect of sliding speed on the soil-metal friction of

a clay and a sandy loam soil on mild steel. It was found that the fiction angle increases
logarithmically with sliding speed over a wide range of soil moisture content and tool
speed, but Payne (1956) reported that soil-metal fiiction is independent of speed at low
normal stresses (maximum 20 P a ) . Nikiforov and Bredun (1965), in their sîudy on moist
soil and very low normal stress (maximum 25 Ha), noted a decrease of fnction angle
with speed in the range of 1-5 m s-'.

Adhesion is the tension force required at the mutual contact surface of two ngid
bodies to separate them. It is the result of bonding forces between the soi1 and other
rnaterials. Adhesion decreases with increasing speed and increases with moisture content
for clay soil (Staffbrd and Tanner, 1983). Adhesion of the soil to Mage tools causes a
normal force on the contact surface. Since the fiictional force is a function of the normal
load, adhesion increases the fiictional force. Equation (3 -5) has been modified to include
adhesion.

where Ca is the adhesion.

3.3

Soil-Tsol Interaction
To study soil-tool interaction, it is important to have a fundamental understanding

of the soil failure and the factors affecting it. Tillage tool geometry and soil properties
and conditions must b e considered in m y soil-tool interaction studies.

State properties have been used to describe a soil without any reference to its
intended use. On the other band, behavioral properties describe the reaction of a soil to an
applied force system. Although it is possible sometimes to relate behavior of a material to
its state properties, the state properties may not rationally describe the material behavior.

A tillage tool applies force to the soil and moves the soil and changes its condition. So, to
describe the soil reaction to tillage tools, its behavioral properties should be considered.
State properties have been probably used because of their ease of quantification (Gill and

Vanden Berg, 1968). Many experiments have been conducted to study soil-tool
interaction. Since soils are composite materials, their behaviors are not easy to explain.

They may have elastic, plastic, viscoelastic, viscoplastic, and elastoplastic charactenstics.
Passive earth pressure theories for retaining walls and bearing load for footings
have been used by most researchers in explainhg the soil failure by tillage tools. For
these, they have assumed that the yielding of soil in shear obeys the Mohr-Colomb
criterion and distinct rupture surfaces form in f?ont of the tillage tools. During the
interaction of tillage tool with soil, cornplex stresses will develop in soil, which go above
the elastic limit. niey reach a maximum value in the range of soi1 plastic deformation.
When this stress exceeds the shear strength of the soil, shearing of soil occurs and one
part of the soi1 slides over the other parts. The fiacture surface is not satisfactorily defïned

yet, but it is hem that the failure pattern is successively generated ahead of the tillage
tool. Initial failure surface is suddenly created with soil moving vertically upward,
propagating cracks in soil mass that may extend to the soi1 surface. The tool body may
cause secondary failure in the already failed soil mas.
Some researchers believe that agricultural soil fails by mechanisms that are
different fiom simple shear (Rajaram and Oida, 1992). Depending on tool shape and soi1
condition any combination of shear, bending, tensile, compression, and soi1 flow may
exist.

3.4

Soil Failure
In tillage operations, boundary surfaces develop between adjacent soil bodies and

also between soil and the tillage tool surface. In general, there is stress acting across the
surface element between two bodies. The tangentid component of that stress is the shear

stress due to Ection at surface element (Koolen and Kuipers, 1983). If a small shear
stress is applied, a s m d relative movement will occur. Application of a greater shear
stress initiates a relative rnovement that continues. If a sosailed soi1 wedge sticks to the
tool sudàce or if a thin layer of soil adheres to the tool surface because of surface
roughness, or soil properties, smaller relative movement will occur.
Most of the soil failure studies have been conducted on soi1 failure with narrow
tillage tools. Different two and three dimensional soi1 failure models have been

introduced to describe the failure characteristics of soil by narrow tillage tools.
3.4.1

Two-dimensional models

Terzaghi's passive earth pressure theory was used to develop a two-dimensional
soil-cutting model by wide blades. It was assumed that a failure zone exists in fiont of a
cutting blade and the soil in the failure zone was in the cntical failure state. (Kushwaha et

al., 1993).
3.4.2

Three-dimensional models for narrow tools
Some researchers introduced three-dimensional models for soi1 cutting with

narrow tillage tools. Payne (1956) was the first who introduced a three-dimensional
model for soil failure in &ontof a narrow tool. The failure zone in this model consisted of
a triangular center wedge, a center crescent, and hvo side blocks.

The O'Callaghan and Farelly model (O'Callaghan and Farelly, 1964) consisted of
a fonvard failure above the critical depth and a horizontal failure under the critical depth.
The critical depth was considered to be equal to tool width for a smooth blade and half its

width for a fkee surface with a normal restraint. Their model did not consider the effect of
adhesion and Ection between soil and tillage tool.
Hittiaratchi and Reece (1967) also proposed a three-dimensional model. The
failure zone in their model was divided into forward failure, ahead of the soil-tool
interface, and transverse faiIure, horizontal movement away fiom the centerline. The
mode1 considered the soil properties, tool geometry, and soil-tool properties.
Godwin-Spoor model (Godwin and Spoor, 1977) included two separate failure
pattern, one three-dimensional crescent failure above the critical depth, and two two-

dimensional lateral failure below the critical depth. The three-dimensional crescent
failure was like a parallel center wedge flanked with two curved side cresce~ts.The
lateral failure zone below the critical depth was similar to the Hettiaratchi-Reece and
O'CalIaghan-Farelly models.
McKyes and Ali (1977) proposed a model that consisted of a failure wedge with
plane bottom surface, ahead of the cuning tool and two side crescents with a straight line
at the bottom.

In the Penunperal-Grisso-Desai model (Perumperal et al., 1983), the side
crescents fianking the center wedge were replaced by a set of two forces acting on the
center wedge.
The above mentioned models are static rnodels and do not consider the effect of
tool travel speed. Sweek and Penimperal (1988) introduced a dynamic model by

considering the tool travel speed. The failure zone consisted of a center wedge and two

side crescents with a straight rupture plane at the bottom. Zeng and Yao (1992)
developed another dynamic model. The failure zone was similar to McKeys-Ali model.

The mode1 included the acceleration, dumping effect, and the relation between soil-metal
fiction and sliding speed. Several other researchers proposed a number of models to use

FEM analysis of soi1 tillage process.
In al1 analytical models a failure zone was assumed, and some simplification of
the failure zone such as circula side crescents, and straight bottom rupture plane have

been made to develop the force equations. The accuracy of the results with these models
depends on the closeness of the assumed failure zone with the developed failure zone
under the influence of soil condition and tool shape.

3.5

Tool Shape
Tool shape iduences the stress distribution in soil and is an important factor in

the tillage process. It determines the path of soil particle flow with respect to the tillage
tool. Dependhg on the shape of the tillage tool and soil condition, the tool may slide
through the soil like a knife without soil sticking to its surface. Here the soil to rnetal
fiction becomes the main factor in describing the soi1-tool interaction. It may create a
compacted soi1 body sticking to the tool surface which becomes a part of tool and soil to
soil fiction becomes mainly active in explainhg the soil-tool interaction. As the shape of
the tool face approaches the soil body, the tendency for soil to slide on the tillage tool

increases imd as a result the fictional resistance decreases, and the force required to
move the tool in soil decreases. According to Zelenin (1950),the compacted core appears
when the angle of face exceeds 50" (Figure 3.2).

Fig. 3.2 Eflect of the form of the tool face on the form of the dense core in a cohesive soil
(fiom Zelenin et al., 1950).

3.6

Tool Operational Speed
The idea of increasing the tool speed to increase the capacity is an acceptable one

since increasing the speed, increases the output of the tool without adding much to the
size and weight of tractors. The major 1imiti.g factor is an increase in draf? due to an
increase in speed. Several researchers have studied the relationship of draf3 and speed.

They reported that the draft increases linearly with increased tool travel speed for most of
tines and soil cutting tools, and with the square of the speed for moldboard plows, disc
tools and sub-soilers in the normal range of operation (2-10 km h-'). For higher speeds of
operation (10-55 km h") the rate of increase in draft decreases with increase in speed.
Above the speed of 55 km h-' the rate of draft increases again. It is generally accepted
that as the velocity of tillage tool increases the resistance to motion increases. However,

this is true up to a certain level. Increasing tool operational speed increases the soil
movement. Motion of soil particles during tillage is the resdt of two motions, a motion

with the tillage tool and a motion relative to tillage tool. A particle with a longer flow
path over the surface of the tillage tool needs more time to travel dong its flow path, and
consequently will be dragged over a larger distance.

3.7

Summary
The process of soi1 movement by tilIage tools is a complicated process. Since the

number of the factors affecting the soil movement is large, determination of soil
movement by tillage tools becomes a difficult task. Some of the soil parameters like soil
cohesion and soi1 angle of intemal fiction affect soil shear strength that is an important
factor in soil movement. In studying soil movement by tillage tools some other factors
play important roles. Factors affecthg the soil-tool interaction such as soil moisture, soil
compaction, tool operational speed, and tool shape are also important. Effects of all these
factors and their interactions on the soi1 movement create a complex process that c m not
be analyzed with conventional methods. The effects of some of these factors on soil

movement c m not be calculated separately. There are also disagreements between
researchers on the effects of some of soil parameters and their interaction as mentioned in
Section 3.2.3.
The process of soil movement by wide tillage tools, like sweeps is different f?om
narrow tools since in wide tools, the soil must pass over a larger surface area of the tool
surface and that is why tool surface roughness becomes important. Narrow tools like
W e openers will slide through the soil and unlike wide tools they have comparably less

interaction with the soil. Tool shape d e t e d e s the path of flow of soil particles around
the tool. While moving through the soil some of the tool shapes create a compacted soil

body that attaches to the soi1 and changes the tool shape. This phenornena changes the
nature of the fiction to soil-soi1 fiction fiom tool-soi1 fi5ction. The compacted soil body
will not develop in fiont of the tooi shapes with tip angles of the less than 50' degree.
Generally speaking, increasing tools operational speed increases the soi1 movernent.

CHAPTER 4
SOIL MCIVEMENT WTEf WIDE AND NARRQW TOOLS

DifEerent rnethods that were used by the researchers to quanti@ soil movement
were explained in Chapter 2. One of the widely used methods is the '%racer rnethod". Ln
this method a tracer is placed in the soil and after running the tillage tool in the soil, the
position or concentration of the tracers are measured. New positions or concentration of
the tracers are correiated to the soi1 movement. White painted Stones, steel hexagonal
nuts,

32

P, Cesium-137 and chloride are some examples of the tracers used in soi1

movement measurement experiments. The tracer method was selected for this study and
plastic blocks with density nearly equal to that of soil (1.2 Mg m-3) were used as the
tracer. This study was conducted on a narrow tillage tool (hife opener) and a wide tillage
tool (sweep) in the soil bin facilities of the Department of Agicultural and Bioresource
Engineering, University of Saskatchewan. Depth of tillage was measured to be 75 mm.

4-2

Materials and Methods
In this part of the study, the forward movement of soi1 and the furrow profile was

measured with the following factors:

1- Tool shapes (Figure 4.1)

- 300-mm wide bent shank Sweep (McKay 50-12K)
- 14-mm Knife opener (Conserva Pac)
2- Speed

- 5.0 km h-'

- 6.5 lan h-'
- 8.0 km h-'
3- Soi1condition

- Three rnoisture contents
- Low (10-1 1 %)
- Medium (13-13.5%)
- High (15-16 %)
- Three compaction levels

- Low
- Medium
- High
To determine soil movement, plastic blocks (15 x 15 x 1lmm) with density nearly
equal to that of soi1 (1.2 Mg rK3), were placed in a vertical slot prepared perpendicular to
the direction of travel of tillage tool in the soil. The total width of the blocks layer was

315 mm and a total of 126 blocks were placed in 6 layers to a depth of 90 mm. Block
positions were specded by different colors for rows and numbers for columns (Figure
4.2).

Figure 4.1 14-mm Conserva-Pac knife opener (left); McKay 50-12K sweep (right).

Figure 4.2 Block configuration.

Assuming the soil movement is comparable with the movement of blocks, the
new positions of blocks aRer each test were measured, New positions of the plastic
blocks (x-y-z CO-ordinates)and the k o w profile were recorded by a special instrument
and a soil profile-meter developed for this study.
4.2.1 Experimental Procedure

To h d the effects of three variables (speed, moisture content, and compaction)
3
expriment with random
on soil movement with two different tools, a 2 ~ 3 x 3 ~factorial

design was used. Twenty seven tests with three replicates (a total of 81 tests) were
conducted with each tillage tool under different conditions. Measurements of the x-y-z
references of every point in the soil bin were provided by the instrumentation system.
4.2.2

Soil preparation
Soil bin facilities of the department of Agricdtural and Bioresource Engineering

of the University of Saskatchewan includes a soil bin of 1.75 m width and 12.2 m length,
(Figure 4.3) containhg clay loam soil (sand 47%, silt 24%, and clay 29%)

The soil preparation equipment included a roto-tiller, a flat surface packing roller
(Figure 4.4), a sheep-foot roller (Figure 4.5), a soil levsller, and a spray boom to add
water for maintaining the soil moisture content. A six-load ce11 force transducer installed
on the carriage of the soil bin enabled the measurernent of the three soil reacting forces
on the tillage tool. Travel speed of the tool was controlled by using a variable speed drive
electric motor comected to soil bin camiage. The required moisture contents were
obtained by spraying a certain amount of water into the soil depending on the initial
moisture content. Four spray nozzles provided uniform distribution of water. The added

Figure 4.3 Soi1 bin.

Figure 4.4 Flat surface packing rouer.

water was allowed to soak in the soil and then mixed with the roto-tiIler. The three oven
dry based moishire content levels of 10, 13, and 15% were seiected as the low, medium,

and high rnoisture level, respectively.
The compaction levels required for the experiments were obtained by packing the
soil at two levels of packing. The sheep-foot roller was used to pack the subsoil followed
by levelling the soil surface to fi11 the depressions left by the packer. Once the subsoil
packing was complet&, the flat surface packer was used to pack the surface soil to
provide a smooth surface. Three compaction Levels were considered for the tests. Two
passes @ack and forth) of the sheep-foot rouer plus two passes of the flat surface roller

were considered as "low compaction level". For "medium compaction level", four passes
of the sheep foot roller plus two passes of the flat surface roller were used. Six passes of
the sheep foot roller plus two passes of the flat d a c e roller were used for "high
compaction level". Cone-Index measurements were taken to quanti@ the compaction
leveI (Table 4.1).
4.2.3

Data acquisition
Soil rnoisture was measured before the tests by taking five random soil samples

dong the soil bin.

AU samples were weighed immediately and dried in an oven at the

temperature of 110°C for 24 hours. The moisture content of different tests is given in
Table 4.1. Soil compaction levels of the tests were measured by Cone Index
measurements with a cone penetrometer. Five sets of readings of penetration resistance

were taken randomly dong the soil bin before each test to obtain "Average Cone Index"
of the soil. Soil penetration resistances were rneasured at the surface, 25, 50, 75, and 100

mm depths. The average Cone Index for different tests is given in Table 4.1.

Table 4.1: Bulk density, soi1 moisture and cone index measurements for the experiments
with the sweep and the Lcnife opener.

Test conditions
Compaction

Moisture
Low

Low

Medium

Low
Low

Medium
High

Low

Low

Medium

Bulk
density
(Mg ni3)

Sweep
Moistue Cone
content index
(%)

@a>

Knife opener
Moisture Cone
content
index
(%>

(kPd

An instrumentation system was developed to measure the h a 1 position of the
blocks after each test (Appendix-C). Some modifications were made in the soil bin, so
that the device can be used in any place along the soil bin to meanire the x-y-z references

of any point in the soil bin. The device had a pointer, which was movable in x-y-z
directions. Three potentiometers were used to measure the movements of the pointer in

the x-y-zdirections. A portable identification device with digital readouts was designed
to enter the color code and the number of each block manually. The pointer of the

meauring system was positioned on the center of each block. By pushing the digitising
button, the x-y-z references of the block along with its specifications were printed out and

sirnultaneously recorded in the cornputer. Soi1 translocation at different depths was
determined using the recorded x-y-z references (Figure 4.6).

Figure 4.5 Sheep-foot rouer.

Figure 4.6 The reference (x-y-z) measuring system.

4.3

Results and Discussion
Figures 4.7 and 4.8 show the typical fonvard movement of plastic blocks at

different depths by a sweep and knife opener used in this experiment, respectively. The
resulïs obtained nom the soi1 movement measurement tests showed that, in general, for
both openers the amount of rnovement of soi1 particles was inversely proportional to their
distance fiom the center line of the tool in the direction of travel. An increase in laterd
distance fiom the center Iine of the tool resulted in less forward movement of the
paaicles. Those particles located on the center line moved considerably greater distance.
The merence in the amount of movement of soi1 particles by the sweep was due to the
clifference in their flow path over the tool surface. Motion of the particles during tillage is

the result of two motions, a motion with the tiilage tool and a motion relative to the
tillage tool. A particle with a larger flow path over the surface of the tillage tool needs
more time to travel along its flow path, and consequently will be transferred over a larger
distance.
According to Goryachkinls lifting theory depicted in Figure 4.9, flow path of
particles along the trihedral tool surface (LSF)is paralle1 to flow path LJ. Going fiom L
to S dong the Line LS, the length of the lines dram paralle1 to LJ decreases.
Consequently, the flow path of the particles that corne in contact with the trihedral wedge
dong the Line LS decreases fkom L to S. Considerably larger movements of the particles
located on the center Line of the tool bavel, might be due to their impact with the tool
shank as seen in the videotapes taken fiom some tests in the soi1 bin. This causes the
particles to travei M e r .

Figure 4.7 Forward movement of plastic blocks at different depths by the sweep at high
compaction, high moisture, and 8 km h" speed.

Figure 4.8 Forward movement of plastic blocks at different depths by the knife opener at
high compaction, high moisture, and 8 Imi h" speed.

Figure 4.9 Goryachkin's lifting theory showing relative soi1 aggregate flow path parallel
to line LJ. (From Hama et al., 1993a).

The result of soil movement measurements in different soif conditions with the
sweep and the knife opener show that a sweep moves soil particles over a larger distance.
The results of movements of different layers showed that the block's movement
was inversely proportional to the depth of the block layer. Blocks located at the soil
surface resulted in the largest movement while blocks in the bottorn layer had the least
movement Although the lowest block layer was the k s t one to corne in contact by tool,
however the undisturbed soil in fiont of it acted like a cushion preventing movement of
blocks. The upper layers faced paaially disturbed soil under the influence of disturbance

in lower layers, resulting in less cushioning property in front of the blocks. This resulted
in a larger movement of blocks located in upper layers.
Figures 4.10 and 4.11 are typical charts representing the effect of increasing speed
fkom 5 km h-' to 8 lan h-' on soi1 movement by sweep and knife opener on the top layer
of the blocks. Increasing the speed by a factor of 1.6 (fiorn 5 to 8) increased the average

forward rnovement of the blocks 1.3 - 1.7 times for the sweep and 1.4 - 2.0 times for the
knife opener. Closeness of the ratio of increase in soil movement by the sweep with the
ratio of speed, c m be related to Goryachkin's theory of soil flow (Goryachkin, 1968).
Accordhg to this theory, increasing the speed did not change the flow path of soil
particles on the tool surface. Hence, by increasing the speed, with no change in flow path,
particles were transferred over a larger distance by the tillage tool. A small difference
between the correspondhg ratios of tool speeds and soit movements, may have been
caused by the fact that commercial sweeps are not simple inclined planes, as that
assumed by Goryachkin in developing his theories.

Block nurnbers

Figure 4.10 Fonvard movement of plastic blocks by the sweep at 5 and 8 k m h speed
(hi& compaction, high moisture, 0-15 mm depth).

Direction of travel

Block nurnbers

Fig. 4.1 1 Forward movement of plastic blocks by the knife opener at 5 and 8 km/h speed
(low compaction, low moisture, 0-15 mm depth).

Figures 4.12 and 4.13 are typical charts representing the effect of increasing
moisture on soil movement by the sweep and M e opener. Increasing the moisture f?om
11% to 16%, resulted in an 18% increase in soil movements by the sweep. The effect on
movement by the knife opener was not significant. Increase in the moisture fiom 11% to
16% may have resulted in increased adhesion of soil to the surface of tillage tool, which
would have decreased the relative velocity of the particles flowing over the tillage tool
surface, thus causing the variations in soil movement.
Figures 4.14 and 4.15 represent typical charts showing the effect of increasing
compaction level on soil movement by sweep and knife opener respectively. At the test
moisture levels, increasing the compaction increased soil shear strength, resulting in less
soil movement on a volumetric basis. In most of the tests, soil movement decreased with

an increase in soil compaction level. In some tests, there were some discrepancies with
what have been expected. One of the possible reasons might be found in the combination
of soil moisture and compaction levels of the tests. According to the Proctor density test
(Fredlund and Rahardjo, 1993), applying the same compactive effort on a certain soil

with two diEerent moisture contents will not result in the same compaction level.

Direction of travel
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Figure 4.12 Fonvard movement of plastic blocks by the sweep at two different moistures
(hi& compaction, 5 km h-' speed, 0-15 mm depth).
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Figure 4.13 Forward movement of plastic blocks by the sweep at two different moistures
(hi& compaction, 5 km h-' speed, 0- 15 mm depth).
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Figure 4.14 Forward movement of plastic blocks by the sweep at two different
compaction levels (low rnoisture, 8 km h-' speed, 0-15 mm depth).
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Figure 4.15 Plastic blocks movernents by the knife opener at two different compaction
levels (high moisture, 8 km h*' speed, 0-15 mm depth).

4.3.1

Data andysis
Results of the soil translocation experiments (Table 4.2) show that the total soil

translocation by the sweep was higher than by the knife opener at the same soil moisture
content and compaction levels.
This may not be an appropriate b a i s to compare the function of the sweep with
the knife opener. m e r ways are comparing the soil movement per unit of fiontal area or
soil movement per unit width of the sweep and the W e opener. Lobb et al. (1995) used
width-averaged and depth-averaged values for a lmown tool spacing. The fiontal areas of

the sweep and knife opener were rneasured to be 12600 mm2and 956 mm2, respectively.
This gives a ratio of 13-2 which means that the fiontal area of sweep is 13-2 times greater

than the fiontal area of the knife opener. Tables 4.3 and 4.4 show that the soil movement
per unit width or soi1 movement per unit of frontal area of the sweep is less than the knife
opener for different soi1 moisture contents and compaction levels. However the data
indicate that the total soil movement by the sweep was larger than that of lmife opener
under al1 test conditions. Thus, it can be concluded that the use of knife opener instead of
sweep for the same job reduces the soil movement.
A factorial analysis of variance was conducted for each tool as well as for the

whole data fiom the tests with both tools for translocated soil. Analysis of variance for
the sweep and the knife opener (Appendix A - Table I) shows that the effect of moisture,
compaction, and speed on soil translocation by the sweep and the laiife opener is highly
significant. Results of the analysis of the variance for alI the data set shown in AppendixA, Table II indicates that the effects of tool, speed, moisture, and compaction are highly

Table 4.2: Total soi1 movement for the sweep and the laiife opener.

Compaction

Moisture

Speed (b
h-')

low

Medium**

Hi&"

**

medium

medium
hi&

5.0
6.5
8.0
5.O
6.5
8.0
5.0
6.5
8.0

Total soi1 movement (m)
Sweep
Knife opener

Table 4.3 : Soil movement/unit fkontal area.
-

Soi1 rnovement/unit fiontal area
Compaction

Moisture

Speed (km h-')

LOW?

Low*

~edium~

~ighm

Low
Medium**

Medium

Sweep

Knife opener

Table 4.4: Soi1 movement/UIUlt width.
Soi1 movernent/unît width

Compaction

Moisture

Speed (km h-')

LOW+

Low*

~ e d i u m ~

~ighm

Low

Medium**

Medium

Hi&

Low

Hi&***

Medium

5.0
6.5
8.0
5.0
6.5
8.0
5 .O
6.5
8.0
5.0
6.5
8.0
5.0
6.5
8.0
5.0
6.5
8.0

5 .O
6.5
8.O
5 .O
6.5
8.O
5.0
6.5
8.0

Sweep

Knife opener

significant. It also shows that tool-speed and tool-moisture interactions are highly
significant. The interaction among tool and compaction is also significant.
4.3.2

Soi1 movement at different depths
Drawing the graphs of soi1 movement with respect to depth for different layers of

soi1 under different conditions showed that soil movement with depth approximately
follows an exponential function for both the knife opener and the sweep.

Knife opener model

Figures 4.16 and 4.17 are typical curves showing the soil

rnovement by M e opener at soil conditions of (10.3% rnoisture content, and 220 kPa
Cone Index) at 5 and 8 km h-l tool speed.
Different curves were fitted to the data fiom experiments with knife opener and it
was found that an exponential function model is the best model to describe the soil
movement at different depths. The

8 of the fitted curves varied in the range of 0.98 -

1.00 for different soil conditions and tool's operational speed. The Exponential Mode1 for

the knife opener is:

where:

X= soif movement
Y= soil depth

The coefficients A and B were f o n d fkom the multiple regession of the
coefficients of the fitted c w e s with soil moisture content, compaction level, and tool
speed and are as follows.
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Figure 4.16 Soil movement at different depths by the knife opener at 10.3% soil moisture
and 220 kPa Cane Index at 5 km h-'tcol speed.
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Figure 4.17 Soil movement at diEerent depths by the laiife opener at 10.3% soil moisture
and 220 kPa Cone Index at 8 km h-' tool speed.

7 3
B = 49.93 - 2.04 S + 0.03 M~- 4.92~10
/C

where:
S = speed (km h-')

M = mass soi1 moisture content (%)

C

= soil compaction (Cone Index) (Wa)

The 2 for the multiple regression of the coefficients A and B are 0.92 a d 0.87,
respectiveiy. Tables III and N in Appendix-A show the statistical analysis of the data for
estimation of coefficients A and B.
Increasing the coefficient A in the exponential function shifts the curve to the
nght, which represents an increase of soi1 movement. Decreasing the coefficient B t u m s
the curve in the clockwise direction that means more soi1 movement for the soi1 particle
close to soil surface. hcreasing tool travel speed increases soil movement for al1 depths.
Although soil movement changes with the

zndpower

of soil moisture content, but

compared to speed it has a lesser effect. Increasing soil compaction decreases the
coefficient A, which results in less soil rnovement Compared to soil moisture content

and tool travel speed, compaction has less efTect in soil movement.

Sweep mode1

Figures 4.18 and 4.19 are typical curves showing the soil

movement by sweep at soil conditions of 10.1% moisture content and 205 kPa Cone
Index at 5 and 8 km h" tool speed.
Different c w e s were fitted to the data fiom experiments with sweep and it was
found that an exponential fiinction model is the best model to describe the soi1 movement
at different depths. The 8 of the fitted graphs varied in the range of 0.91-0.97
The Exponential Mode1 is:
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Figure 4.18 Soil movement at different depths by the sweep at 10.1% soil moisture and
205 kPa Cone index at 5 km h-'speed.

Soi1 movement (mm)

Figure 4.19 Soil movement at different depths by the sweep at 10.1% soil moisture and

205 kPa Cone Index at 8 k m h-'speed.

where:
X= soil movement
Y= soil depth

The coefficient A and B were found fiom the multiple regression of the
coefficients of the fitted curves with soil moisture content, compaction level, and tool
speed and are as follows.
A = - 3802 + 1.68 C + 204 M + 781 S

B = 260 +5 108/c6- 67.6 p5
+ 531/S
where:

M = mass soil moisture content (%)
S

= speed (km h")

C = soi1 compaction (Cone Index) (Ha)

The 2 for the multiple regression of the coefficients A and B are 0.97 and 0.76,
respectively. Tables V and VI in Appendix A show the statistical analysis of the data for
estimation of coeacients A and B.
The parameters in coefficient A suggest that the tool travel speed has a significant
effect on soil movement followed by soi1 moisture content. From the distribution of soil
movement by sweep it c m be concluded that since soil particles wiU travel over the
surface of sweep, increasing the soi1 moisture content will increase soil adhesion to the
surface of the sweep. Having more adhesion to the sweep surface, the relative speed of

soil particles to the sweep decreases and it takes more t h e for soil particles to travel over
the sweep surface and, hence, they will be cmied over a longer distance by the sweep.
This results in more soil movement due to soil moisture increase with the sweep.
Compared to tool travel speed and soil moisture content, soi1 compaction has a lesser
eEect on soil movernent by the sweep volumetrically.
At 75 mm (depth of tool operation), the soil is in a transition phase. The particles
comùig in contact with tool will move a distance shown in Figures 4.16-4.19 at 75 mm
depth marked by the arrows. Different values show the effect of soil and tool operating

parameters. At this transition phase, the particles comùig in contact with tool will shear
and move. However, the particles just beneath this operating depth will tend to move, but

will remain partially displaced. In other words, the depth of influence due to tool speeds
will be when the soil movement is zero. This will again depend on soil and tool operating
parameters. However, this c m not be detennuied by extending the curve or setting the
value of x=û since the nature of linking of inter-molecular soil particles is difficult to
estimate.

4.3

Summary
Soil translocation by a wide and a narrow tillage tool were measured in different

soil conditions of moisture and compaction. A 300-mm wide sweep and a 14-mm
Conserva-Pac knife opener were used at 3 different operating speeds with two soil
moistures and compaction levels. Soil translocation was simulated by the movement of
small plastic blocks having equal density with soil, positioned in the soil. The new
positions of the plastic blocks (x-y-z CO-ordinates)d e r each test were measured with a
special instrument developed for this study and the volume of translocated soi1 was

determined. The effect of compaction level, moisture content, tool shape, and tool
operational speed were studied. Results of the soil movement measurements showed that:
The soi1 movement by the sweep was greater than W e opener, but a larger soil
movement per k0nta.I area by the h i f e opener \vas observed.
Soil movement was inversely proportional to the block layer depth.
Increasing tool travel speed fkom 5 to 8 km h-' increased soil movement by the
sweep and the knife opener by factors of 1.3 - 1.7 and 1.4 - 2 .O,respectively.
Increasing moisture content of the soil fiom 10-11% to 15-16Oh resulted in an

18% increase of soil movement by the sweep. Its effect on soil movement by the
knife opener was not significant.
Effect of soil compaction on soil movement in the range considered for this study
was not significant.

Soil movement at different depths were measured and analysis of the data and
regression analysis showed that there is an exponential relation between depth and
soil movement.

CHAPTER 5
SOIL TRANSLOCATION IN EIIGH SPEED TELLAGE

The high cost of energy in crop production encouraged scientists to do research
on conserving the energy in farming through efficient tillage operations. Efforts have
been concentrated in finding ways to increase the output and decrease the cost. In
addition to soil conditions, tool geometry and speed of operation are considered to be
important factors in energy consumption in tillage. Most of the energy used to operate
tillage tools goes to overcome sliding frictional resistance as soil moves over the tool
surface. Any contributing factor to this resistance must be considered in describing soil
behavior. Results of the previous experiments by Sharifat and Kushwaha ( 2 997) on soil
translocation with tillage tools at low speeds of operation in the soil bin showed that the
effect of tool shape and speed of operation were highly significant. Therefore, tool
geometry and speed of operation become two important factors in tillage considerations.
It was also noticed that soil translocation per unit width or per unit fiontal area of the
narrow tool used in the study W f e opener) was more than for the wide tool (sweep).
These results prompted M e r research on measurements of soil translocation with
different shapes of narrow tillage tools at higher speeds.
DiEerent tool shapes were attached to the pendulurn and the pendulurn was
released fiom pre-determined heights to provide the desired speed. A special

instrumentation system was designed to measure the tool speed during cutting. The
height of release and the final height of the pendulum were also measured by the
instrumentation system to calculate the used energy.

5.2

Materials and Methods
Since the equipment of the soi1 bin of the Department of Agricultural and

Bioresource Engineering of the University of Saskatchewan was not suitable for
conducting the proposed tests, a special device (Figures 5.1 and 5.2) using simple
pendulum principles was fabricated to provide the required speed levels. Four narrow
tools with different shapes, 90' triangular, Bat, elliptical, and 45O triangular (Figure 5.3)
were used at four speed (10, 15, 20, and 25 Iun h-') and three compaction and three soi1
moisture levels. The sarne procedures as for low speed experirnents were used for soil
preparation. The length of the soil to be cut by the tillage tools was considered to be 200

mm, with a maximum depth of cut of 50 mm. Two dots on both sides of the test area
were prepared for entrance and exit of the tool to test area Small plastic blocks were used

as tracers for soil movement measurements. Blocks were installed in a IO-mm deep
vertical slot prepared in soil.

5.2.1 Instrumentation system
Using the simple pendulum principles, a pendulum was fabricated (Figure 5.2). It
was installed on the soil bin carriage by means of two bearings. The soil bin carriage was
used as the fiame of the pendulum and made it possible to use the pendulum in d l parts
of the soil bin. Pendulm length was considered practically as high as possible to reduce

the variation in cutting depth. The length of the soil sample for cutting was considered as

Figure 5.1 Schematic representation of the pendulum system.

Figure 5.2 The pendulum system used in high speed tillage experiments.

Figure 5.3 Narrow tool shapes used in hi& speed experiment. a) 4 5 O triangular

(T4),b) Elliptical (T3), c) Flat (T2),and d) 90° tnangular (Tl).

200 mm. To establish the test speeds, the release height of the pendulum for different

speeds was calibrated.
To measure the height of release and the final height of the pendulum after soil
cutting, a rotary potentiometer was used. The difference between the height of release

and the h a 1 height of the center of mass of the pendulum was used to calculate the
energy used by pendulum to pass through the soil and overcome fiction (Figure 5.1). To
measure the tool speed before, during, and after cutting, hfkared transniitter and receiver
sensors were installed on the carriage. A slotted plate was attached to the pendulum in
such a way to cross the path of the hfkared light between sender and receiver sensors
while tool was cutting the soil. A program to collect and transfer the data kom the
sensors to computer was developed to sample the data at 34000 samples per second.
Based on the number of samples collected between two dots by knowing the sampling
rate and the width of the slots, the tool speed was calculated at different positions. The
difference between the tool speed before and after cutting the sample was used to
detemine energy used by the tool to pass through the soil and accelerate the soil
particles.
5.2.2

Experimental Procedure
The experirnents were conducted under the following conditions:
1- Tool shapes (Figure 5.3)

- 90° triangular (Tl)
- Flat (T2)

- Elliptical (T3)

- 45" triangular (T4)
2- Speed

- 10 km h-'
- 15 lan h"

- 20 km h-1
- 25 km h-'
3- Soi1 conditions

- Three moisture contents

- LOW( 11-11.5 %)
- Medium (14-1 4.5%)
- Hi&

(17-17.5%)

- Three compaction Ievels
-Low ( C I = 60 kPa)
-Medium (C. 1 4 6 0 P a )

-Hi& (C. 1. =320 kPa)
Soil was prepared at one moisture and one compaction level. A tool was attached
to the pendulum and tests were conducted at various speeds in a random marner. This
procedure was repeated until all tool, speed, and soil condition parameters were tested.
To determine soil movement, plastic blocks (10 x 10 x 1lm)with density nearly equal
to that of soil (1.2 Mg m'3) were placed in a vertical slot prepared perpendicular to the
direction of movement of tillage tool in the soil. Assuming the soi1 movement is
comparable with the movement of blocks, the new position of blocks after each test were

measured. Movement of ail plastic blocks in each test were surnmed and d e h e d as "Soi1
Movement Index" for that test.

5.3

Results and Discussion
Data obtained fiom tests were grouped for presenting the resdts. Figure 5.4 is a

typical graph showing the effect of speed on soil movement index and consurned energy
at the tool's speed of 10, 15, 20, and 25 km h-' at 11.2% moisture content and 300 kPa
Cone Index. The flat tool (T2)had highest and the 45" tnanguiar (T4) had the lowest soi1
movement and energy consumption. The relationship suggests that the 45' triangular tool
had a better performance in low muisture.

Figure 5.5 shows that increasing the speed resulted in an increase in soi1
movement index in a l l tools up to 20 krn h-' speed. Purther increase in speed reduced the
slope of the curve for the flat tool (T2) and the 45" tnangular tool (T4) and reduced the
soil movement index for the elliptical tool (T3). The energy measured in the experiments
is the total energy that is used to move the tillage tool through the soil. The used energy
accounts for different activities that are taking place while too1 is moving in the soil.
Some of this energy is used for cutting the soil and overcoming the soi1 cohesion and soi1
intemal fiction. Some is used for accelerating and moving the soi1 particles. Some is
used to overcome the fiction forces resulted fiom of soil-tool adhesion and soil-soi1

firiction. Quantimg most of these energies separately, was not possible.

5.3.1

Statistical bsalysis
Analysis of data for the experiments was canied out using the MINITAB

statistical package. Results of the analysis of variance for the soil movement index are

shown in Appenduc-A, Table W.
Effects of tool, soil moisture content, coi1 compaction,
and speed are highly signincant. Effect of Block is not signincant.
Mean values for the whole experiment are dso shown in Appendix-A, Table W.
The results show that the soil movement index means were increased by increasing the
moisture from low to medium. But fbrther increase in soil moisture resulted in a decrease

in the mean value of the soi1 movement index. It seems that the increase of moisture £?om
low to medium has increased soil adhesion to tool and increased the soil movement.
Further increase in soil moishire to the high level resulted in a lubrication effect reducing
the amount of soi1 that is moved. Increasing the compaction resulted in decrease in soil
movement mean values. hcrease of speed, resulted in increase in soi1 movement means.
The 45" triangular tool (T4) had the lowest soil movement index mean and the flat tool
(T2) had the highest followed by the 90"tnangular tool (Tl)and the elliptical tool (T3).
Results of the analysis of variance for the used energy are shown in Appendix-A,
Table VIII. The effects of tool, soil moisture content, soi1 compaction, and speed are
highly significant. Effect of Block is not significant. Mean values for the whole
experiment are also shown in Appendix-A, Table Vm. The results show that increasing
the moisture, compaction, and tool operational speed increased the mean values of energy
consumption. The 45O tnangular tool (T4)exhibited the lowest energy consumption and
the 90" triangular tool (Tl) had the highest followed by the flat tool (T2), and the

elliptical (T3). While equal width of the tools may suggest equal energy usage for
different tool shapes, effects of tool shape in reducing energy required for cutting the soil

c m not be neglected.
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Figure 5.4 Soi1 movement and used energy with different tools at 1 1.2%soi1 moisture,
300 kPa Cone Index, and 10, 15,20, and 25 km h-l speeds.
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Figure 5.5 Soi1 movement and used energy with different tools at 15.1 % soi1 moisture,

300 kPa Cone Index, and 10, 15,20, and 25 lan h*' speeds.

Figures 5.6 to 5.9 show the energy used by different tool shapes at 11.2%, 14.6%,
and 17.6% soil moisture contents and 60 kPa Cone Index. Assurning a linear relationship
between tool travel speed and energy usage, the fitted lines for each tool at different soil
moisture contents have close intercepts. The intercepts for the 90° triangular (Tl) are
1.65-1 -84, for the flat tool (T2) are 2.59-2.86, for the eliiptical tool (T3) are 1.14-1.3 1,
and for the 45" trianguiar tool (T4) are 1.54-1.79. These numbers could be considered as
the energy required by different tool shapes to cut the soi1 at zero speed, which is an
indication of soi1 potentiai strength. The 45" triangular (T4) showed the lowest soi1
movement. Soi1 did not stick to the 45" triangular (T4) and it acted like a sharp wedge
facilitating its movement through the soil and as a result required less energy and moved
less soil. Some of the differences in the amount of energy used by different tool shapes
could be explained by the changes that occur in the f?ontal area of the tool.
Depending on soil conditions and the tool shape, a compacted soil body was
formed on the surface of the tillage tool. This phenornenon changed the attributes of the

surface of the tool facing the soil. Compacted soil body became a part of the tillage tool
and moved with it. Thus, soil flowing around the tillage tools would have to overcome

the soil-soi1 Ection instead of soil-metal friction. Table 5.1 shows the compacted soil
body index in the experiments. Compacted soi1 body index was defined as the ratio of the
average length of the compacted soil body to the tool width. Figures 5.10 to 5-13 show
compacted soil body index of 1,2, 3, and 4 respectively. Large soi1 bodies were observed
to forrn on the 90" tRangular tool (Tl) and the flat tool (T2),followed by the elliptical
tool (T3). The energy used for rnoving the tillage tool in the soil can not be considered as
a measure for comparing soi1 movement by different tillage tool shapes.

Speed (m s-')

Figure 5.6 Energy used by tool the 90" triangular (Tl) at different speeds at 60 kPa Cone

Index and 11.2%, 14.694, and 17.6%soil moisture (ml, m2, and m3).
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Figure 5.7 Energy used by the Bat tool (T2) at different speeds at 60 kPa Cone Index and
11.2%, 14.6%, and 17.6% soil moishue (ml, m2, and m3).

Speed (rn 8)

Figure 5.8 Energy used by the elliptical tool (T3)at different speeds at 60 kPa Cone

Index and 11.2%, 14.6%, and 17.6%soi1 moisture (ml, rn2, and m3).

Speed (m S-')

Figure 5.9 Energy used by the 4 5 O triangular tool (T4)at different speeds at 60 kPa Cone
Index and 11.2%,14.6%, and 17.6% soil moisture (ml, m2, and m3).

Table 5.1 : Compacted soil body index for different tool shapes at different tool speed,
soiI compaction, and moisture content.
- --

-

-

Compaction Moisture Buik density

Low

Medium

Medium

-

-

-

-

1.18

Low

1-24

Medium

1.3 1

10
15
20
25
10

1-00
2.00
2.00
3.00
1.00

2.00
3.00
2.00
2.00
0.75

0.00
0.25
0.50
1.50
0.00

0.00
0.50
0.75
0.75
0.00

1O
15
20
25
10
15
20
25
10
15
20
25

1.50
3.00
3.50
4.00
2.00
2.00
2.50
4.00
2.00
2.00
3.00
4
2.25

1-50
2.00
2.00
3.00
2.50
2.50
2.50
3.50
2.00
3.00
3.00
4
2.03

0.25
0.50
0.75
2.00
0.50
0.75
1-50
2.00
0.00
0.50
1.50
1.5
0.76

0.00
0.00
0.50
0.50
0.00
0.25
0.25
0.75
0.00
0.25
0.25
1
0.31

High
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Low

1.27
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1.34
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Speed Compacted soii body Index*

Average compacted soif body lndex
* Compacted soil body index =average soil lump length/toolwidth

Figure 5.10 Elliptical tool (T3) and soil lump attached to it representing "compactedsoil
body Index" of 1.

Figure 5.1 1 Elliptical tool (T3) and soil lump attached to it representing " compacted soil
body Index" of 2.

Figure 5.12 90° triangular tool (Tl) and soil lump attached to it representing "compacted
soil body Index" of 3.

Figure 5.13 Flat tool (T2)and soil lump attached to it representing "compactedsoil body

Index" of 4.

5.4

Summary and Conclosions
An apparatus using the simple pendufum principle waç fabrkated. The system

was capable of providing up to 25 lun h-' speed for tillage tool operation. Four narrow
tools with different shapes, 9U0 tnangular, flat, elliptical, and 45O hiangular @?igue5.3)

were used at four level of speed of 10, 15, 20, and 25 km h-' and three compaction and
three soil moisture levels. Small plastic blocks were used as tracee for soil movement

measurements. Soi1 movement and the energy used in the process of tillage tool
rnovement in the soil were determined. FolIowing conclusions can be drawn &om this
study:
lncreasing tool operational speed resulted in increase in soil movement for al1
tools. In some tests at higher speeds, the rate of increase in soi1 movement
with tool speed was decreased, but the trend was not constant for a specific

tool or soil condition.
The 4 5 O triangular tool (T4) and the elliptical tool (T3) exhibited lowest
energy requirement and soil rnovement.
Measurement of the energy used by tillage tools c m not be considered as a
measure of soi1 movement since each tool shape needs a certain amount of

energy to start moving in soil.

CHAPTER 6
SOIL PROlFlLE MEASUREMENTS

One of the objectives in some tillage operations is to change the surface
topography of soi1 to form a rough or ridged surface for both conservation and agronomie
reasons (Hanna et al., 1993b). Knowing the effects of tillage tool geometry and
operational speed under different soi1 conditions helps in selection or design of more
effective tools for different purposes of tillage. A study by Eidet (1974) showed that
increasing the approach angle of the plowshare increased the amount of lateral soil
displacement. Dowell et al. (1988) found that the ridge height and lateral distance that
soil was thrown by a sweep increased with travel speed. Hama et al. (1993b) in a smdy
of changes in soi1 microtopography by tillage with a sweep concluded that higher speed
and larger rake angle in sweep resdted in more movement of soil ro build higher ridges.

ui this study the soil profile was measured by instrumentation developed specifically for
this study. Soi1 profile measurements were used to study lateral soil movements.

6.2

Materials and Methods

6.2.1

Soi1 profile meter
A special device was designed and installed on the soil bin carriage to accurately

measure the soil profile in the soil bin (Figure 6.1). A visible red laser diode based
distance sensor (AccuRange 4000-LV) was used to measure the soil profile. A program
in Quick Basic language was developed to control the movement of the sensor by a

stepping motor and make communication with the laser sensor to collect the data. Cutting
depth was comidered 75 mm for the sweep and the W e opener. After each tillage test,

the soi1 profile-meter travelled over the soil profile and measured the distance kom the
laser sensor to the soil surface. The sampling rate, distance between the samples and the
length of sensor travel were software controlled. After each test, the sensor was moved
over the soil profile in 5 mm steps by the stepping motor. There were 100 measurements
for each point and the the recorded distance for each point was the average of the 100
measurements. This procedure was repeated for the length of the soil profile.

6.3

Results and Discussion

6.3.1 Furrow profde measurements for the sweep and the knife opener

M e r running the tillage tool through the soil bin, a fürrow with two ridges of soi1
on either side were produced. In general, the k o w width and ridge height, measured as
the difference in elevation between ridge top and furrow bottom, for sweep were larger

than that of the M e opener. Figures 6.2 and 6.3 show the soil profiles produced by the

Soil Profile-meter

Figure 6.1 Soil profile-meter.

sweep and the knife opener at 5 and 8 km h-l travel speed and at similar soi1 moisture
content and compaction levels.

Flow of the soil particles over the tool surface results in a reduction in speed of
soi1 particles in the direction of travel, as the projection of line N on the x-axis (direction

of travel) is shorter than A 0 in Figure 4.9. Considering the continuity of soil flow across
the tillage tool, the in-flow and out-flow mut be equal (assuming constant maçs flow
rate). This resultç in an increase in cross sectional area of the soil leaving the tillage tool
to make the output and input mass flow rates equal. Any factor infiuencing the flow rate
of soil particles on tool sinface affects the shape of the soil cross-section leaving the
tillage tool.

Increasing the îravel speed of the tool increased the lateral distance that soil was
thrown by the sweep and the lmife opener. It also increased the furrow depth, which is

mainly due to the fact that, at high speeds, most particles, which are thrown sideways, do
not fa11 back into the opened h o w . Therefore the higher speed resulted in deeper

surface k o w and wider ridge, the cross sectional area of the disturbed soil did not
change appreciably. This agrees with the kdings of McKyes (1985).

Furrow width (mm)

Figure 6.2 Soil profile with sweep at 5 and 8 km h" speed and 10.3% soil moisture and
205 kPa Cone Index.

Furrow width (mi)

Figure 6.3 Soil profile with knife opener at 5 and 8 km h'l speed and 10.1% soil moisture
and 220 kPa Cone Index.

Figures 6.4 and 6.5 show the soil pronle produced by the sweep and the knife
opener at two different moisture contents. Increasing the moisture content resulted in a
wider and higher ndge. In low moisture tests the depth of k o w is larger than that of the
high ones. This is due to fnabilïty and reduction in plasticity of the soil with lower
moisture contents. Increase in moisture content h t increases the adhesion of soi1
particles to tool surface, resulting in a longer time for the soil particle to flow over the
tool surface. This in hirn results in a larger cross sectional area for the soil leaving the
tool surface; in order to make the mass flow rate over the tool swface constant. Further
increase in moistue content, will have the lubrkation eEect.
Figures 6.6 and 6.7 show the soil profile produced by the sweep and the knife
opener at two different compaction levels. Increasing the compaction level increased the
soil ridge heights for the sweep. The more upward movement of the soil particles moving
across the tool indicates the possibility of existence of more lateral stress than the stress
above the soil.

Furow width (mm)

Figure 6.4 Soil profile with sweep at 10.1% and 16.1% soil moisture at 5 km h-' tool
travel speed and 205 kPa Cone Index.

-10.3% M C
-+- 16.2% M.C.

Furrow width (mm)

Figure 6.5 Soil profile with laiife opener at 10.3% and 16.2% soil moisture at 5 km h-'
tool travel speed and 220 kPa Cone Index.

-40

Furrow width (mm)

Figure 6.6 Soil profile with sweep at two compaction levels at 10.1%soi1 moisture and 5
km h-' tool travel speed.

Furrow width (mm)

Figure 6.7 Soil profile with Lmife opener at two compaction levels at 10.3% soi1 rnoisture
and 5 km h-' tool travel speed.

6.3.2 Analysis of furrow profile for various knife openers

The furrow profiles were analysed for lateral soi1 movement. The cutting depth
for the experiments of Chapter 5 with various W f e openers was 50 mm. A k o w profile
index,

"Guwas developed to indicate this lateral movement. Considering the symmetry

of the cross section of the k o w profile with respect to the center Iine of the furrow, C,
was defined as the distance of the centroid of the one side of &ow profile cross section
to the center line of the fiurow. This index became an indicator of the lateral movement
of the soil. Greater values of C, rneant greater lateral soi1 movement. Ci values were

calculated fkom the soil profile rneasured by the laser profile-meter after the tests with
different tool shapes under different soil conditions and tool operational speed. These
values are aven in Table 6.1. These Ç, values show the relative lateral soil movement for
various tools and the test conditions. Analysis of variance of C, values is given in
Appendix-A, Table M. This analysis showed that the effect of soil moisture content, soil
compaction, and tool shape on lateral soil movement are highly significant. The effect of
speed was just significant. Therefore, similar to forward movement of soil described in
previous chapters, the lateral rnovement of soil is aIso afTected by tool shape, tool
operational speed, soil moisture content, and soil compaction.

Table 6.1:Cp Index (Distance of the centroid of one side of soil profile cross section
fiom the furrow center line) values for diEerent M e openers.
Compaction

Moisture

Tool speed

C, Index*

Low

Low

Medium

Low

Medium

Medium

High

Low

Hi&

Medium

15
20

75
28
31
37
* C,,index = Distance of the centroid of one side of soil profile h m center line of fumw

22

Soi1 flowing around the tools has a lesser speed due to the soil-tool adhesion and
soil-soi1 fiction. Adhesion of the soil to tillage tools causes a normal force on the contact
surface- Since the ~ c t i o n aforce
l
is a function of the normal load, adhesion increases the
fictional force. Any parameter contribuhg to increase in soil-tool adhesion and soil-soi1
Ection reduces the speed of soil flowing around the tool.
Reduction in the speed of the soil flowing around the tool increases the cross
sectional area of the soil flowing around the tool to make the input soil flow rate equal to
the output soil flow rate.

The values of C, Means in Appendix-A, Table IX show that the flat tool (T2) has
the highest soil lateral movement followed by the 90" triangular face tool (Tl). The
elliptical tool (T3) and the 45O triangular face tool (T4)have almost the same soil lateral
movement with the T4 tool having a lesser value. The size of the soil lump attached to the
tool surface was very high for tool shapes T l and T2. Tool shapes T3 and T4 had the
lowest soil lump attached to them (Table 5.1).
Comparing the geometry of the T2 (flat) and T l (90' triangular), one rnay
conclude that T l should push more soil in the transverse direction and develop a wider
profile and T2 should push the soil mainly in forward direction. This may not happen in
practice. Depending on the surface roughness of the tool and soil condition, a compacted
soil body may be formed in fiont of the tillage tool. This compacted soil body attaches to
the tool and becomes a part of the tool and changes the shape of the tool interacting with
soil (Figures 5.10 to 5.13).
The soil lump attached to the tool surface changed the shape of the tool surface in
contact with the soil flowing around the tool. This phenornenon not only increased the

contact surface, but also changed the nature of fiction fkom soil-tool to soil-soi1 which is
higher- Soi1 flowing around the tooI shapes Tl and T2 had more difficulty to move
aromd the tool and their speed was reduced. This reduction in çpeed resulted in a larger
soi1 profile cross section. It can be concluded that the 45" triangular tip tool bas the least
soi1 lateral movement.
Increasing the soil moisture content h t increased the soil lateral movement, but

a m e r increase in soil moisture content resulted in decrease of soil lateral movement.
Soi1 moisture content increase, resulted in an increase in the adhesion of the soi1 to t001
surface and that caused the profile cross section to increase. Further increase of moisture,
reduced the adhesion of soi1 to the tool because of its lubrication effect that resulted in
lower soil lateral movement.
Increasing the compaction resulted in the reduction in the volume of the input soil
flow rate and, therefore, a smaller soil h o w cross section.
Increasing tool operational speed fkom 10 lan h-' to 15 km h-' increased the soil
lateral movement, but M e r increase in speed, reduced it. Although there is
disagreement between researchers about the effect of sIiding speed and adhesion that was
mentioned in literature review section, the author agrees with the finding of Stafford and
Tanner (1983) that adhesion decreases with increasing speed. It seerns that the adhesion
was reduced at the speeds of more that 10 km h-'. This reduction in adhesion made the

flow of soil around the tool easier and resulted in a smaller soil profile cross section and
decrease of soi1 lateral movement.

6.4

Summary
In the experiments with the sweep and the knife opener in general, the furrow

width and ridge height for the sweep was larger than that of the knife opener. Flow of the
soil particles over the tool surface resulted in a reduction in speed of soil particles in the
direction of travel. This results in an increase in the volume of the soil leaving the tillage
tool to make the output and input mass flow rates equal. Increasing the travel speed of the
tool increased the fûrrow depth and the lateral distance that soil was thrown by the sweep
and the W e opener. Increasing the moishire content resulted in a wider and higher ridge.
For Iow moisture content values, the depth of furrow was larger than that of high
moisture content values. Increasing the compaction level increased the soil ndge heights.
To study the soil profile in high speed experiments an index C,,, an indicator of

the lateral movement of the soil was d e h e d as the distance of the centroid of the b o w
profile cross section to the center h e of the furrow. Analysis of variance of the data for

C, showed that:
The eEect of soil rnoisture content, soil compaction, tool shape on lateral soil
movement are highly significant.

The values of C,Means show that the flat tool (T2) has the highest lateral soil
rnovement followed by the 90" trianguiar (Tl). The elliptical tool (T3) and the
45' triangular tool have almost the same lateral soil movement with the 45"
trianguia. tool (T4) having a lesser value. The amount of the soil lump that

was attached to the tool surface was very high for tool shapes T l and T2. Tool
shapes T3 and T4 had the lowest. It can be concluded that the 4S0 tnangular

tip tool has the least soil lateral rnovement.

Increasing the soil moisture content first increased the lateral soil movement,
but m e r increase in soil moisture resulted in decrease of lateral soil
movement. Further increase of moisture, reduced the adhesion of soi1 to the
tool because of its lubrication effect that resulted in lower values for lateral
soil movement.
Increasing the compaction resulted in the reduction in the volume of the input
soi1 flow rate and, therefore, a smaller soif furrow cross section.
Increasing tool travel speed fiom 10 km h-*to 15 km h-' increased the lateral
soil movement, but M e r increases in speed, reduced it. It seems that the
adhesion was reduced at the qeeds of more that 10 b h". This reduction in
adhesion made the flow of soil around the tool easier and resulted in a smaller
soil profile cross section and decrease of lateral soil movement.

CHAPTER 7
SOIL MOVEMENT MODEL DEVELBPMENT

Movement of the soil particles during mage operation is the result of the
application of force by the tillage tool. The soil fails due to the action of the applied
force, and soil particles move in various directions. The tool geometry, operating speed,
and soil physical properties are the important factors in soil movement. Results korn

previous experiments (Sharifat and Kushwaha, 1997) have shown that soil translocation
per unit width or per unit fiontal area was higher with a narrow tillage tool (knife opener)
than with a wide tool (sweep). A mathematical mode1 for soil movement with speed of

operation of the tillage tool was developed. In order to include the effects of soi1 physical
properties and tool shape, a regression analysis of soil bin test data was conducted. The
results were cornpared with the experimental values obtained in the soil bin tests.

7.1.1 Stress distribution in soi1
Stress distribution under vertical loads considering elastic soil behavior has been
studied for decades. Several rnetfiods for estimation of stress distributions have been
reported. Some methods have been introduced by civil. Researchers in agricultural soil
mechanics have used the stress distribution estimation rnethods to study the tire-soi1

system problems. Boussinesq (Koolen and Kuipers, 1983) used vertical point-load
method on a semi-&te

elastic medium for approxirnating soil-tire system. A small

cube was considered at a position represented by radial vector r. The vector r is
perpendicular to one side of the cube (Figure 7.1).

Figure 7.1 Soi1 stress due to a vertical point load (fÏom Koolen and Kuiper, 1983).

It was concluded that there are no stresses on any side of the cube except on the
side perpendicular to the radial vector r. The normal stress on this side which is a
principal stress is given by

Ushg Equation 7.1, the principal stress al in any point of the soi1 can be
calculated. Direction of the stress is the same as vector r. Equation 7.1 is based on elastic

soil behavior and predicts the same stress distribution for a l i soils. Since soi1 behavior is
not elastic, soil strength affects stress distribution in soil. Frohlich rnodified Equation 7.1
to include a factor 5 which relates to soil condition (Koolen and Kuipers, 1983). Tne
modified equation becomes:

or =a,=-

5P

2nrz

cos'"

8

The factor 5 is called the concentration factor. As soil becomes softer, the value of

5 increases. Suggested values for 5 are 3 for hard soil, 4 for normal soil, and 5 for soft
soil. These effects are shown in Figure 7.2. Stress distributions under different loading
such as load applied on a circula area, or on an infinite strip were studied and different
equations for estimation of the stress distributions were developed. Koolen and Kuipers
(1983) reported the following conclusions fiom their study.
1-

Multiplying the applied stress by a factor m, the stress in any point of the
soil was multiplied by m.

2-

Maximum normal stresses occurred at the contact area.

3-

If the normal stresses on the surface elements of the contact area remain
unchanged and al1 linear dimensions of the contact area are multiplied by

m, stresses will reach rn times deeper into the soil

Finn soil

Normal soil

Soft soil

Figure 7.2 Schematic representation of stress distribution under a point load in different
soil conditions.

Stress distribution under a horizontally applied load has not been studied
adequately. Zelenin (1950) has studied the stress distributions in soil in fiont of a tillage
tool working in a sandy loam soil. Sensors were placed in soil in three directions. One
series of sensors was placed in the direction of movement of tillage tool. Two senes of
sensors were placed in straight lines making *30° and *4s0 angles with tillage tool
direction of travel. Figure 7.3 shows the lines of equal stress in fiont of the tillage tool
resulted fiom this experiment. For normal soi1 conditions, the stress distribution in soil
can be considered to have a circular shape. Although the actual stress distribution may

not follow an exact circular pattern, for modeling purposes it can be considered to be
circular.

Figure 7.3 Lines of equal stress in fiont of tillage tool (fiom Zelenin, 1950).

7.2

Mode1 Development
The tool movement forces the soil located in fiont of the tillage tool to move. The

pattern of soil particle movement depends on tool geometry, speed of operation and soil
conditions. Movement of the tillage tool causes the direct movement of the soil particles
located nght in Eont of it in the direction of travel of the tool with the same speed as
tillage tool. Tillage tool movement also affects the other soil particles located in the sides
of the tillage tool. The cohesion and adhesion properties of the soil particles influence the
relative movement of soil particles. Some of this movement is in the direction of tillage
tool and some toward the sides of the direction of tool travel. Soil particles go fonvard
and at the same time they may move to the sides till they go out of the influence of the
tillage tool and finally, the tillage tool passes them and they corne to rest.

The pattern of movement of soil particles in front of the tillage tool suggests
existence of an influence zone in fiont of the tillage tool. To siInpli@ the procedure, it
was assumed that the innuence zone has a circular shape and moves with the tool. The
iso-intensity circles that are attached to each other at the contact point create the influence
zone. As the radius of the field increases, the soil movement decreases. The smallest
circle of the zone has the highest intensity as the soil particles close to the tool have the
highest tendency for movement. The largest circle that is representative of the soil
particles at some distance f?om the tool would have the least tendency for movement. The
path of movements of the soil particles are lines drawn perpendicular at each circle's
perimeter as shown in Figure 7.4. Arrows show the path of movement of soil particles.

The magnitude and direction of the movement of each soil particle depends on its
location in the influence zone. Soil particles located nght in fiont of the tillage tool will

have the same velocity as the tool. The velocity of the soil particles wodd decrease

toward the perimeter away from the center of influence zone. The points located outside
of the influence zone would have no velocity and hence will not move.

Figure 7.4 Infiuence zone and iso-intençity circles.
Soi1 in fiont of the tool is considered to have a semi-infinite dimension. At the
start of tool movement, soi1 particles located in fiont of the tool are displaced forward.

After rearrangement of the soil particles, when there is no rnargin for M e r soil
compaction in fiont of the tooI, soi1 particles start to move to the sides. The influence
zone is assumed to move with the tillage tool. The movement of the tillage tool will
af3ect soil particles located in a width equal to the largest diameter of the influence zone.
Depending on the position of the soil particle, it will be affected by one of the iso-

intensity circles. The movement of the soil particle will be proportional to the intensity of
the corresponding circle. The intensity of a circle is a percentage of the tool movement

and depends on its radius. Direction of the rnovement of the soi1 particle will be
perpendicular to the perimeter of the circle where the particle would be located. M e r this
movement, the soil particle will attain a new position.
During this period, the tillage tool has also advanced and, hence, so does the

infiuence zone that travels with it. This tool advance and the movement of the influence
zone will place the soil particle in a new position relative to the influence zone.
Depending on the new relative position of the soil particle, it will be afTected again by
another circle of the influence zone and will reach to a new position. This phenornenon
will continue till the soil particle goes out of the area formed by the innuence zone. This
area is the effective area created by the tillage tool. Figure 7.5 shows the movement of a
soil particle by the influence zone. The movement of the soil particle starts even before
tillage tool reaches the soil particle and it may not have any contact with the tool in the
course of its movement. Soi1 particles located in fiont of the tillage tool move
perpendicular to the perimeter of the circle of influence which is in direction of motion of
tillage tool. There is no lateral movement for the particle and its new position is in the
direction of motion of the tillage tool. The next circle of influence will also move the
particle in the same marner and this pattern continues. So, soi1 particles which corne in
contact with the tool, theoretically should travel with tool as long as the tillage tool is
moving. However, the sliding action prevents this fiom happening in practice. Thus, the
model is not applicable for the movement of the soil particles located right in fiont of the
tillage tool since no sliding of particle is taken into account within the model.

!<
Tool movement

>;

Soi1 particle movement

Figure 7.5 Pattern of soi1 movement in fiont of tillage tool.

7.3

Theoretical Aspects of Soil Movement Mode1
Soil innuence zone can be desaibed as an oblique conical surface made on the

largest circle of the innuence zone as shown in Fig. 7.6. The intensity of the zone is
defined as a parameter z. The magnitude of the z parameter for each point in the influence

zone depends on its reference and it shows the velocity ratio of that point to tool. Al1 the
points located on the same iso-intensity circle will have the same Z value. The vertical
distance of any point located in the influence zone fkom the cone surface gives the Z
parameter for that point.

Development of the equation of cone surface is s h o w in Appendix-B
The equation of the conical surface (influence zone) is:

Soil particles movement is in the opposite direction of the gradient vector. The

gradient vector is:

Figure 7.6 Conical surface representing Z parameter.

To calculate the unit vector of gradient, gradient vector is divided by its magnitude.

The movement vector has the magnitude of Z and is in the direction of the
gradient unit vector. To h d the movement vector, the gradient unit vector was multipiied

v

Movement vector = L

llv Il

xZ

l

Movement vector =

The movement vector shows the velocity vector for any point in fiont of the
tillage tool. Solving this differential equation results in the "equation of motion" for that
point. The differential equation was solved by numerical method using the MATLAB
software.
Figure 7.7 and Appendix-A, Table X show the results of the numerical solution of
the differential equation after 1, 1.5, 2, 2.5, and 3 seconds at tool speed of one unit per
second. The lowest curve in Figure 7.7 shows the soi1 movement after 1 second of tool
operation.

* lsec.
1.5 sec.
A

2 sec.

O

2.5 sec.

3 sec.

-1

-0.5

O

O .5

1

Width

Figure 7.7 Results of the numencal solution of the differential equation of soi1 movement
d e r 1, 1.5,2,2.5 and 3 seconds at unit speed.

For example, if a tillage tool operates at 1 m s-' speed, it will advance one meter

in one second and the maximum amount of movement for soil particles will be around
0.2 meter. After 1.5 seconds the maximum particle movement will be around 0.45 meters.
M e r 2 seconds the amount of the soil movement is around 0.7 meter, As the tool
advances further, there is no movement for most of the side particles, which means that
the tool has passed h e m and they are now out of the range of the influence zone. The
only particles that continue to move are those located right in fiont of the tillage tool.

7.4

Application of the Mode1 to Experimental Data
The developed soi1 movement model predicts the soi1 movement with the speed of

operation of tillage tool only. Four tool shape factors and soil physical properties were
used in regression analysis to predict soil movement with different tool shapes, speed of
operation, and soil conditions of moisture and compaction level. Appendix A, Table X
shows the results of the numerical solution of the differential equation of soil fonvard
movement. The results are based on the tillage tool operational speed of 1 unit. The
model was calibrated by using the results of the high speed ti1lage experiments by
Sharifat and Kushwaha (1998). In high speed experiments 19 plastic blocks of 10 x 10 x
11 mm with total width of 190 mm were used to the depth of 10 mm. Four tool shapes of
90' tnangular (Tl), Flat (T2),elliptical (T3),and 45O ûiangular (T4) were used. To apply

the mode1 to experimental data, the results fkom the model were converted to the soi1

m 8' used in the
movement correspondhg to the tool speed of 10, 15, 20, and 25 l
experiments. The calculated soil movement for the speeds used in the experiments are
shown in Figure 7.8 .and Table XI Appendix-A.
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Figure 7.8 Graphical representation of the soi1 movement at different speeds
predicted by the modeI.

Since the model is not applicable for calculation of movement of the soil particles
Iocated right in fiont of the tillage tool, in comparing the results obtained fkom the model
to experimental data, soil movement of the block located directly in fiont of the tillage
tool was removed fkom the calculation. Its movement was replaced with the average
movements of its two adjacent blocks in both sides. The same procedure was used for the
data fiom the model. To detennine the relationship of the soil movement measured in the
experiments and the values obtained fiom the model, and tool and soi1 parameters,
regression analysis and analysis of variance were performed on the data. The actual soil
movement was considered as a dependent variable. The soil movement was calculated
fiom the model, and the innuence of soil moisture content, and soil compaction were
considered as independent variables. The results are shown in Tables XII to XV in
Appendix-A. The equations of soi1 movement determined £tom the regression analysis

are given below.
S.M (90° triangular) = - 0.00786 - 0.000003 C - 0.000023 M + 0.288 S.F
S.M (Flat) = - 0.00878

+ 0.000011 C - 0.000081 M + 0.288 S.F

(7.8)
(7-9)

S.M (Elliptical) = - 0.00734 - 0.000008 C + 0.000435 M + 0.109 S.F

(7.1O)

S.M (45O triangular) = - 0.00235 - 0.000009 C + 0.000055 M + 0.139 S.F

(7.11)

where:
S.M = soil movement (m)

C

= soil compaction (C.0

M

= soil moisture content (%)

S.F = soil rnovement predicted by the "speed soil movement model"

Examining the Equations 7.8 to 7.1 1, it can be concluded that the major
contribution to the value of actual soi1 movement is fion the model term or speed factor

(S.F) that is representative of tool speed. The coefficients of the model term (SF) in the
regression equations may be considered as "Shape Factors" representing different tool
shapes. Since the soil movement by the 90' trianguiar and the flat tools are very close,
their shape factors are similar and equal to 0.29. Elliptical and 45' triangular have shape
factors of O. 11 and 0.14 respectively.
The values of soil movement for different tool shapes and speeds under different
soil conditions were calculated fkom the mode1 and from the regression equations that
includes the model. Results are shown in Tables 7.1 to 7.4. Cornparison of the results of
soil movement measurement with predicted soil movement show that the regression
equations give satisfactory results and the error for the 90' trïangular, flat, elliptical, and
45" triangular were 7%, 13%, 20%, and 13% respectively.

The model was also applied to the data obtained with lmife opener by Sharifat and
Kushwaha (1995). The regression analysis for the h i f e opener is shown in Appendix-A,
Table XVI. The regression equation for the laiife opener is:

Soi1 movement for the M e opener using the above equation was calculated and
compared with the actual values measured in the experiments and are shown in Table 7.5.

Table 7.1 : Soil movement by the 90' triangular tool (T 1) by experiment, movement
model, and regression analysis.
Actual movement Movement cdcdated Movement calcdated
Compaction Moisîure Speed fiom experirnents
Çom mode1
fiom regression
Error
@a)
(W Ocmh-'1
(ml
(ml
(ml
59
10
0.008
0.071
0.01 2
32

('w

Average error for tool Tl

Table 7.2: Soi1 movement by the flat tool (T2)by experiment, movement model, and
regression analysis.
Actual movement

Compaction Moisture Speed fiom experiments
OrPa)
(%)
(km h-')
(4
59
11
10
0.009
59
11
15
0.018
59
11
20
0.035
59
II
25
0.034

Movement calcuiated Movement calculated
fkom mode1
£rom regression
(ml
Cm)

Average error for tool T2

Table 7.3 :Soi1 movement by the elliptical tool (T3) by experiment, movement model,
and regression analysis.
Compaction Moisture Speed
Wa)
(%)
(kmh-')

Actual movement Movement calculated Movement calcdated
fiom experiments
from mode1
£komregression
Error
(ml
(ml
(ml
%

Averaae error for tool T3

Table 7.4: Soi1 movement by the 45" triangular tool (T4) by experiment, rnovement
model, and regression analysis
Compaction Moisture
(kW
(%)

Actual movement Movement calculated Movement calculated
Erom mode1
fiom regression
Error
Speed Çom experiments
(km h-l)
(4
(ml
(ml
(%l

Averaae error for tool T4

13

Table 7.5: Soi1 movement by the lmife opener by experïment, movement model, and
regression andysis.
Compaction Moisture

Wa)

(%)

220

10.3

Actual movement Movement calcdated
fiom experirnents
Çom mode1
(hl
h-')
(ml
(4
5
0.O069
0.051 3

Speed

Movment caicdated
from regression Error
(ml

("w

0.0061

Average error for the knife opener

In this case, the model provided satisfactory results and the average error was about 7%.
Attempts have been made to incorporate effects of depth with the final model. The knife
opener exponential model of soil movement with depth of Chapter 4 was used to predict
the soil movement by four different tool shapes used in the high speed experiments under
the same speed of operation and soil moisture content and compaction levels. The knife

opener exponential model predicted lower values for the soil movement with all four
tools. Results are shown in Appendix-A, Tables XVII and XVIII. This disagreement with
results could be attributed to the clifference in the nature of the tests at low and high
speed. Wiih hi& speed tests, the length of the soil sample to be cut by the tool was only
200 mm and the plastic blocks were placed in the middle of the 200-mm length. M e r

coming under the influence of the tool, plastic blocks were in contact with soi1 only for
less than 100 mm of their total movement. Since no M e r retarding media was
available, the plastic blocks moved fkeely. However, at low speed tests, the tools were
cutting a continuous mass of soil and the plastic blocks were in contact with soil for
almost al1 of their path of movement. Thus, knife opener exponential mode1 of soil
movement with depth was the result of low speed tests, and that is why it predicted lower
values for soil movement compared to the rneasured values of soil movement at high
speed tests. The 200-mm length was sufncient to study energy, soil disturbance, and to
evaluate tool shape factors in relation to soil movement.
Considering soil non-uniformity and difficulties in accurate measurements of soil
parameters, the "speed soil rnovement" model combined with the equations resulted fkom
the regression analysis produced satisfactory results.

7.5

Summary
Stress distribution in ftont of the tillage tool in a normal soil condition can be

considered to follow a circular pattern. To model the movement of soil particles in fiont

of the tillage tool, it was assumed that there is an influence zone in fiont of the tillage tool
that moves with the tool. The influence zone was considered to be made of circular

shapes attached to the mage tool in the direction of travel of the tool. Moving kom the
center toward the perimeter of the innuence zone, the intensity of the field decreases.

During the movement of the tillage tool in the soil, the influence zone affects the soil
particles in fiont of the tillage tool and causes the soil particles to move. The amount of
movement is proportional to the position of the particles with respect to the influence
zone. An oblique conical surface was established with the largest circle of the idluence
zone as the base of the cone. The influence zone intemity was d e h e d as a parameter 2.

The parameter 2,the ratio of the soil particle velocity to the tool velocity, was defined as
the vertical distance of a point in the influence zone f?om the surface of the cone. The
equation of the conical surface was determined and the differential equation of the
movement of soil particles under the influence of the influence zone of a tillage tool was
developed. The differential equation was solved numerically by the MATLAB software.

The developed soi1 movement model predicts the soil movement with the speed of
operation of tillage tool only. Four tool shape factors and soil physical properties were
used in regression analysis to predict soi1 movement with different tool shapes, speed of
operation and soil conditions of moisture and compaction level. Some of the soil particles
located right in fiont of the tillage tool will come in contact with the tool. These particles

in practice will get some direct impact fkom the tool that might give them a higher

movement that is not explainable by this model. Attenpts have been made to incorporate
the effects of depth with the &al model. The W e opener exponential model of soil
movement with depth of Chapter 4 was used to predict the soi1 movement by four
different tool shapes used in the high speed experiments under the same speed of
operation and soil rnoisture content and compaction Ievels. The knife opener exponential
model predicted lower vaiues for the soi1 movement with al1 four tools

Soi1 movement with speed of operation of tillage tools c m be modeled by
considering a circular idluence zone in fiont of tillage tool and by describing
the motion of particles by differential equations.

In order to include the effects of soil physical properties, and tool shape, a
regression andysis of soil bin test data was conducted. The results were
compared with the experimental values obtained in the soi1 bin tests. The
comparïson showed an emor of 7-20% for different tool shapes and soil
conditions. The model was also applied to the lcnife opener and the results
showed about 7% error.
Considering the complexity of soil conditions and the difficulties in modeling
soil parameters, the model appears to relate very well the soil movement to the
experimental data. The developed soil movement model predicts the soil
movement with the speed of operation of tillage tool only. Four tool shape
factors and soil physical properties were used in regression analysis to predict

soi1 movement wirh different tool shapes, speed of operation and soi1
conditions of moisture and compaction level.

CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FURTaER RESEARCH

8.1

Conclusions
Soil translocation measurements with a meep and a knife opener in soi1 bin

showed an exponential relation between forward soil movement and the depth of soil
layer. Tool shape and operational speed showed a very strong correlation with fonvard
and lateral soil movernent. The specifïc conclusions fiom this study are:
8.1.1

Soil rnovement by a narrow and a wide tool

The soi1 movement by the sweep was greater than h i f e opener, but a larger
soi1 movement per fiontal area by the knife opener was observed.
Soil movement was inversely proportional to depth of the block layers and
had an exponential relationship.

Increasing tool travel speed fiom 5 to 8 lan h" increased soil movement by the

+

sweep and the h i f e opener by factors of 1.5 0.2 and 1.7 i 0.3, respectively.

Increasing moisture content of the soil korn 10-11% to 15-16% resultcd in an
18% increase of soil movement by the sweep.

8.1.2

Soi1 movement in high speed tiliage experiments

In high speed experiments, increasing tool operational speed generally
resulted in increase in soil movement for ail tools. In some tests at higher
speeds, the rate of increase in soil movement with tool speed decreased, but

the trend was not constant for a specific tool or soil condition.

T4 ( 4 5 O triangular) and T3 (elliptical) tool had the lowest energy usage and
soil movement.
Measurement of the energy used by tillage tools can not be used as a mesure
of soi1 movement since each tool shape needs a certain amount energy to
move in soil at zero speed.

8.1.3 Soi1 profile analysis

In soil profile measurement experiments, the fûrrow width and ridge height
for sweep was larger than that for the h i f e opener.
Increasing the travel speed of the tool increased the k o w depth and the
lateral distance that soil was thrown by the sweep and the kilife opener.
Increasing the rnoisture content resulted in a wider and higher ridge.
Increasing the compaction level increased the soi1 ridge heights.

In soil profile measurements for high speed experiments, flat tool (T2) had the
highest lateral soil movement followed by the 90'

triangular (Tl). The

elliptical tool (T3) and the 45O triangular tool had almost the same lateral soil
movement with the T4 tool having a lesser value.

The compacted soi1 body that was attached to the tool surface was very high
for the 90° triangular (Tl) and Flat tool T2.The elliptical tool (T3) and the
45" triangular tool (T4) had the lowest. It was concluded that the 45"

triangular tip tool had the least soi1 lateral movement.
Increasing the soil moisture content h t increased the lateral soil movement,
but m e r increases in soil moisture resulted in decrease of lateral soi1
movement. Further increases of moisture, reduced the adhesion of soil to the
tool because of its lubrication effect that resulted in Iower Iateral soil
movement.
Increasing the compaction resulted in the reduction in the arnount of the input
soil flow rate and, therefore, a smaller soil k o w cross section.
Increasing tool travel speed fiom 10 km h-' to 15 lan h" increased the lateral
soil movernent, but M e r increases in speed, reduced it. It seems that the
adhesion was reduced at the speeds of more that 10 km h-'. This reduction in
adhesion made the flow of soi1 around the tool easier and resulted in a smaller
soil profile cross section and decrease of lateral soil movement.
8.1.4

SoiI movement mode1

A mode1 for soil movement with speed of operation of tillage tools was
developed by considering a circular innuence zone and by describing the
motion of particles by differential equations.

Zn order to include the effects of soil physical properties, and tool shape, a
regression analysis of soil bin test data was conducted. The results were
compared with the experimental values obtained in the soil bin tests.

The com@son

showed an average error of 7-20% for different tooI shapes

and soi1 conditions. The mode1 was dso applied to the knife opener and the
results showed about 7% error.
Considering the complexity of soi1 conditions and the difficuities in modelling
soil parameters, the model appears to relate very well the soil movement to the
experimentd data.

8.2

Suggestions for Further Research
In developing soil rnovement model in this research, it was assumed that the

movement field for a narrow tillage tool has a perfect circular shape for a normal soil
condition. It was also assumed that the tillage tool influencing the movement field in one
point. It is suggested that M e r research should be done to fïnd out the soil movement
pattern for different soi1 conditions and wide tillage tool. It is also desirable to design an
instrumentation system to record the pattern of movement of the tracers placed in soil
with time to simulate soi1 movement.
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Appendix A
Table 1: Analysis of variance results for the sweep and the W e opener.
Analysis of variance for soi1 movement by the b f e opener
Source
Compaction
Moisture
Speed
Compaction*moisture
Compaction*speed
Moisture*speed

MS

df
2
2
2
4
4
4

0.568
0.234
3 .O45
0.0 16
0.039
0.013

F

P

79.69
33.99
416.87
2.19
5.33
1.76

0.000
0.000
0.000
0.152
0.022
0.207

Compaction

Movement

Moisture

Movement

1
2
3

1.790
2.182
2.258

1
2
3

1.900
2.1 14
2.2 16

Speed
1
2
3

Movement
1.491

2.084
2.654

Analysis of variance for soi1 movement by the sweep

Source
Compaction
Moisture
Speed
Compaction*moishre
Compaction*speed

F

MS

df
2
2
2
4
4

Compaction

Movement

Moisture

Movement

Speed

1
2
3

16.372
15.984
13.396

1
2
3

13.023
15.670
17.059

1
2
3

P

Movement
11.727
14.979
19.047

Table II: Analysis of variance results for all of data.

Source

df

MS

P

F

Tool
Compaction
Moisture
Speed
Tool*compaction

Tool Movement Compaction Movement
1
2.077
1
9.315
2
15.251
2
9.083
3
7.593

Moisture Movement
1
7 A62
2
3

8.892
9.637

Speed Movement
1
2
3

6.609
8.532
10.85 1

Table III:Analysis of data for determination of coefficient A of the exponential function
mode1 for soi1 movement by the laiife opener.

The regession equation is
A = - 440 + 219 S +0.43 M~-2.12~109/C3
- -

Predictor

Coef

Stdev

t-ratio

P

Constant

-440

107.70

-4.47

0.000

s

219

14.14

15.47

0.000

19724

-4.26

0.000

-2. 12x10~

1
+

" Moisture content (%)

Speed (lmh-')

Compaction &Pa)

Analysis of variance
Source
Regression
Error
Total
Source
S

&

I/C~

df

SS

3
23
26

2 108246

df

SEQSS

1
1
1

1939334
2 1669
147243

. -

186326
229457 1

MS
702749
8101

F

P

86.75

0.000

Table N:Analysis of data for determination of the coefficient B of the exponentid
b c t i o n mode1 for soi1 movement by the lmife opener.

The regression equation is
B = 37.3 + 4.25 S - -0287 A + -0374M~-0.1 10K3

Predictor
Constant

Coef

Stdev

t-ratio

P

37.255

2.855

13.05

0.000

st

4,2467

0.9653

4.40

0.000

' Speed (lah-') *~ o i s t u r content
e
(%)

Compaction @Pa)

2 = 87%

s = 1.786

Analysis of variance

Source
Regression
Error
Total

Source
Speed
A

df

SS

MS

F

P

4
22
26

467.66
70.16
537.82

116.92
3.19

36.66

0.000

SEQ SS
167.8 1
147.53

Table V: Analysis o f data for determinatioo of the coefficient A o f the exponential
function mode1 for soi1 movement by the sweep.

The regression equation is
A = - 38O2+ 1-68 C + 2 0 4 M + 7 8 l S

t-ratio
P
Stdev
Coef
-1
1.82
0.000
321.7
-3801.9
3.79
0.00 2
0.444
1,6834
12.31
0.000
16.57
204.06
sttt
780.70
3 1.22
25.0 1
0.000
t
''' Speed (km h-')
' Moisture content (%)
Compaction @Pa)

Predictor
Constant
Ct
Mt

Analysis of variance

Source
Regression
Error
Total

Source
Compaction
Moisîure
Speed

df
3
23
26

df
1
1
1

SS
3 1639792
907904
32547696

SEQ SS
970390
5984722
24684680

MS
10546597
39474

F
267.18

P
0.000

Table VI: Analysis of data for determination of the coefficient B of the exponential
h c t i o n mode1 for soi1 movement by the sweep.
The regession e q d o n is

B = 260 + 5108 1 K 6 - 67.6M?

+ 531/S

Predictor
Constant

Coef
259.55

Stdev
56.99

t-ratio
4.55

1/(cty

5108.4

896.6

5.70

P
0.000
0.000

" Moisture content (%) "' Speed (km h-')

' Compaction va)

I? = 76%

s = 23.93

Analysis of variance
Source
Regression
Error
Total

Source

df
3
23
26

df

SS
40937
13 176
54113

SEQ SS

MS
13646
573

F
23.82

P
0.000

Table VII: Analysis of variance for soi1 movement.
Source
Block
Moisture
Compaction
Tool
Speed
Block*moisture
Moisture*compaction
Moisture*tool
Moisture*speed
Compaction*tool
Compaction*speed
TooPspeed
Moisture*compaction*tool
Moisture*compaction*speed
Moisture*tool*speed
Compaction*tool*speed
Moisture*compaction*tool*speed
Error
Total
-

Moisture

No. of tests

1
2
3

144
144
144

-

Movement
3527.0
4049 .O
3234.8

Com~action

No. of tests

Tool

No.oftests

1
2
3
4

108
108
108
108

Speed
I

No. of tests

Movement

108
108
108
108

1452.6
2984.7
4305.5
5672.3

2
3
4

Movernent

Movement
423 1.8
4451.5
2993.9
2738.0

Table Vm: Analysis of Variance for used niergy.
Source
Block
Moisture
Compaction
Tool
Speed
Block*mo isture
Moisture*compaction
Moishire*tool
Moisture*speed
Compaction*tool
Compaction*speed
Tool*speed
Moisture*compaction*tool
Moisture*compaction*speed
Moisture*tool*speed
Compaction*tool*speed
Moisture*compaction*tool*speed
Error
Total

Moisture
1

No. of tests
144

Energy
13.356

2
3

144
144

17.44 1
25.862

Compaction

No. of tests
144

Energy

1
2
3

Tool
1
2
3
4

Speed
1
2
3
4

144
144

13-266
18,619
24.774

No-oftests

Energy

108
108
108
108

23.155
20.950
17.1 10
14.330

No. of tests

Energy
12.624

108
108
108
108

16.677
20.905
25.339

df

SS

2

0.0041

MS

F

P

Table IX: Analysis of variance for the position of the " q".
Source
Moisture
Compaction
Tool
Speed
Moisture*compaction
Moisture*tool
Moisture*speed
Compaction*tool
Compaction*speed
Tool*speed
Moisture*compaction*too!
Moisture*compaction*speed
Moisture*tool*speed
Compaction*tool*speed
Error
Total

Moistue

No. of tests

1
2
3

48
48
48

Com~action No. of tests

Tool
1
2
3
4

No. of tests
36
36
36
36

Speed

No. of tests

1
2
3
4

36
36

36
36

df
2
2
3
3
4
6
6
6
6
9
12
12
18
18
36
143

38.81
40.00
30.00
C,

C,
37.56
38.64
34.56
34.33

34.42
37.39
36.81
3 6.47

SS

MS

F

P

2865.13
1226.29
502.35
180.52
595.58
1408.87
476.71
250.3 8
296.88
23 1.56
390.58
271-58
276.62
40 1-79
671.58
10046.44

1432.56
613.15
167.45
60.17
148.90
234.81
79.45
41.73
49.48
25.73
32.55
22.63
15.37
22.32
18.66

76.79
32.87
8.98
3.23
7.98
12.59
4.26
2.24
2.65
1.38
1.74
1.21
0.82
1.20

0.000
0.000
0.000
0.003
0.000
0.000
0.002
0.062
0.031
0.234
0.098
0.312
0.662
0.314

Table X: Results of the numerical solution of the différentia1 equation of soi1 movement

(mlDistance forward
Distance
from
movement
from
center
center
0.3972

foward
movement
0.1955

Distance forward
Distance
fiom
rnovement
from
center
enter
O .7290

fonvard
movement
0.0022

Table XI: Soil movement calculated f?om the mode1 for dBerenï meeds-

0.0672 0.1143

- .

t D= distance fiom the center

Table XII: Regression analysis and analysis of variance for 90°triangular tool (Tl).

MT33 > Regress 'Actual' 3 'Compaction' 'Moisture' 'Model';
S U B O Constant.

The regression equation is

Actual = - 0.00786 -0.000003Compaction -0.000023Moisture + 0.288 Model
Analysis of variance
Source
Regression
Error
Total

df
3
32
35

SS
MS
0.0046437 0.0015479
0.0001306 0.0000041
0.0047744

Source
Compaction
Moisture
Model

df
1
1

SEQSS
0.0000031
0.0000001
0.0046406

1

F
379.14

Unusual Observations
Fit
Observation Compaction
Actual
0.008180 0.012076
1
59
0.017370 0.021725
194
22
0.015870 0.01 1230
29
320
R denotes an observation. with a largest. resid.

P
0.000

Stdev.Fit
0.000790
0.000515
0.000757

Residual St.Resid
-0.003896 -2.09R
-0.004355 -2.23R
2.48R
0.004640

Table Xm: Regression analyms and analysis of variance for the flat tool (T2).

MTB Regress 'Actuai' 3 'Compaction' 'Moisture' 'ModeP;
SUE30 Constant.
The regression equation is
Actual = - 0.00878 M.000011 Compaction -0.000081 Moisture + 0.288 Mode1
Analysis of variance
Source
Regression
Error

Total
Source
Compaction
Moisture
Mode1

df
3

32
35

df
1
1

1

SS
0.0047042
0.0004691
0.0051732

MS
0.001568 1
0.0000147

F
106.97

P
0.000

SEQ SS
0.0000413
0.0000014
0.0046614

Unusual Observations
Actual
Fit
Observation Compaction
0.033880 0.041929
4
59
0.035540 0.042988
24
194
R denotes an obs. with a large st. resid.

Stdev.Fit
0.001495
0.001266

Residual St.Resid
-0.008049 -2.28R
-0.007448 -2.06R

Table XIV: Regression analysis and analysis of variance for the Elliptical tool (T3).

MTB > Regress 'Actual' 3 'Compaction' 'Moisture' M odel';
SUBC> Constant.

The regression equation is
Actual = - 0.00734 -0.000008 Compaction +0.000435 Moisture + 0.109 Model
Analysis of variance

Source
Regression
Emr
Total
Source
Compaction
Moisture
Mode1

df

SS

MS

3
32
35

0.00071877
0.00017047
0.00088924

0.00023959
0.00000533

df
1
1
1

SEO SS

- -

-

- -

--

-

0.00001082
0.00004119
0.00066675

F
44.97

P
0.000

Table XV:Regression analysis and analysis of variance for the 45" tnangular tool (T4).
MTB > Regress 'Actual' 3 'Compaction' 'Moishue' 'Model';
SUBC> Constant-

The regression equation is
Actual = - 0.00235 -0.000009 Compaction +0.000055 Moisture + 0.139 Model

Analysis of variance
Source
Regression
Error
Total
Source
Compaction
Moisture
Model

df

SS

MS

F

P

3
32
35

0.00 110590
0.00010907
0.00121497

0.00036863
0.00000341

108.15

0.000

d£

SEQ SS--

Unusual Observations
Observation Compaction

-

Actual
2
59
0.008770
6
60
0.016770
R denotes an obs. with a large st. resid.

Fit
0.012438
0.012626

Stdev.Fit
0.000607
0.000506

Residual
-0.003668
0.004144

St.Resid
-2.10R
2.33R

Table XVI: Regression analysis for the knife opener.
Regression Analysis for the knife opener
Actual=-0.0085 1+0.000009Compaction+û.000 155Moisture+O.215 Model
-

Predictor
Constant
Compaction
Moisture
Model

Coef
-0.0085 14
0.00000948
0.000 15497
0.2 1540

Stdev
0.00 1358
0.00000 19 1
0.00004777
0.0 1293

t-ratio

P

-6.27
4.96
2.29
16.66

0.000
0.000
0.003
0.000

Table XW: Soi1 movement measured from the experiments by the 90" trîangular tool
(T1) and the Flat tool (T2),and predicted by knife opener exponential
rnodel,
Tool compaction moisture speed measured soi1 soi1 movement predicted measuredpredicted
level (kPa) content (%) (km h-') movernent (m)
ratio
by knife mode1 (m)
17.07
10
0.0128
0.001 3
9.75

0.0022
0.0030
0.0037
0.0015
0.0023
0.0031
0.0039
0.0015
0.0024
0.0032
0.0040
0.0016
0.0025
0.0033
0.0040
Average ratio

Averaue ratio

10.32

Table X

' Soil movement measured fkorn the experiments by the elliptical tool (T3)
and 4S0 triangular tool (T4)and predicted by knife opener exponentiai
model.

TooI compaction moisture speed measured soi1 soi1 movement predicted measuredprerdicted
level (kPa) content (%) (km h-') movernent (m)
by knife rnodel
ratio
194
17.07
0.0091
0.0013
6.95

0.0022
0.0030
0.0037
0.0015
0.0023
0.0031
0.0039
0.0015
0.0024
0.0032
0.0040
0.0016
0.0025
0.0033
0.0040
Average ratio

Averaae ratio

4.78

APPENDM B
MODEL DEVELOPMENT
To fid the equation of cone surface, point P considered as the tip of the cone and point Q
is any arbitrary point on the cone surface (Fig. 1). The radius of the cone base was
considered as one. The references of P and Q are:

A line drawn from P through Q crosses the base of the cone at point R,

cos 8. + 1
sin 8,
O

[;)+~,QF~]=(

cos 80

t,x = cos e,

s i r

+I

tay = sin 8,

h+t,(z-h) = O

]

+1

;

x = (cos 0.

+ 1) / t o

y =sin 8 . / t o
r, = h l(h - 7.)

Figure 1 Development of the conical surface representing the Z parameter.

Let a = -Y
X

a=

sin 8,/ t,
(cos 8, + 1) / t a

8, =
0, + 1)
7
1 cos

COS^^. =

a(cos

a 2 ( ~ ~ti
~)'e .

l - ~ o s ~=a2cos8.2
8 ~
+2a2cos8. + a 2

by taking

cos 8. =

La'
1+a2

but

to=hl(h-z)

h(2(x-v.t) - ( x - ~ . t )-~y 2 ) = h - h(x-vat) - hy2
l(x -vot )
2
2(x -vot)

z =f ( ( ~ - W .=Y )

So, the equation of the conical surface (influence zone) is:

= f ((x - vat),y ) = h -

h(x - vat) 2

hy
2 ( x - vot )

Soi1 particles movement is in the opposite direction of the gradient vector. The gradient
vector is:

To calculate the unit vector of gradient, gradient vector is divided by the its magnitude.

,pr,,=\j

"'y ' +(-(x-var)'h+hY
2(x - v. t )'
( X - V. t )-

1

The magnitude of the gradient vector is:

To normalize the gradient, the vector is divided by its magnitude.

The movernent vector has the magnitude of Z and is in the direction of the gradient unit
vector. To fmd the movement vector, the gradient unit vector was multiplied by 2.

V

Movement vector = L

IIvtI

xZ

'

y2 - ( ~ - v . t ) ~
y2 + ( X - - V . ~ ) ~
x ( h-

Movement vector =

- 2 y ( x - vat)

,

Y 2+ ( X - V ~ ) ~

h(x-v.r) - hy2
2
2(x - vat)

(7.7)

Appendix C
Schematic representation of the Instrumentation system for measuring x-y-z references
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