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ABSTRACT

The use of the trenchless plough drainage implement has increased in the
past few years due to its efficiency and cost advantages over other
methods. However, the performance of these machines when working in fields
with irregular soil conditions 1is not yet satisfactory. It is important
therefore to study the soil parameters and conditions which could affect
the implement behaviour under these circumstances.

Therefore, a detailed investigation of the soil reaction forces acting
upon a scale model of the trenchless plough was conducted under
controlled conditions in a soil laboratory. The model was tested first
under restricted conditions of movement, in order to observe and determine
all the possible soil reaction forces.

The tine, due to its geometric characteristics, was classified as a very
narrow tine, and an existing model to predict the soil reaction force
acting on the front face of these tines was extended to predict the forces
on the sides. Since the length of the failure plane ahead of the tine is
often required in the investigation of the soil reaction forces, a
mathematical solution based on the Coulomb principle of Passive Earth
Pressure was presented to estimate the soil failure pattern. There was
good agreement between the values of the angle of the shear plane
predicted by this method and the experimental data obtained from the
glass sided tank tests.

Dynamic tests were conducted with the implement assembled with a long
floating beam arrangement assisted by a small link (free-link), used
between the hitch-point and the pivoted end of the beam. These tests
revealed that, when working over irreqular soil conditions a better grade
control can be obtained if the hitch-point is kept at constant level in
reference to a desired line. In the case where field irregularities
persist for long (step inputs), corrections in the hitch-point height
might be necessary. These tests show that the implement depth changes in
different proportion in relation to the hitch-point height. Where no
control is imposed on the hitch-point, the path of the implement is
attenuated in relation to the hitch-point position, where better results
are obtained for high frequency of the hitch-point.

A mathematical solution based on these findings and on the dynamic balance
of the forces acting on the system was presented. Since it 1s an
interactive method and requires long and repetitive calculations, a
computer programme was developed and used to predict the response of the
implement under these uneven conditions. Good agreement between data and
estimated values suggested that the method is acceptable.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

A good soil physical environment is a prime requirement for a high level
of Erop production and this is synonymous with good soil structure and
where high natural moisture levels occur, subsurface drainage is
critical. Agricultural drainage gained a great impetus when the use of
steam power became available for trench excavation. In the past twenty
years a lot- of improvements have been introduced to the drainage
enterprise. The appearance of corrugated plastic pipes in the middle
sixties and the application of laser beam grade control systems had a
considerable influence on the development of high-power, high-speed
trenching and trenchless ploughs. However, these machines are still not
free from performance difficulties, which usually arise from inadequate
knowledge of the dynamic behaviour of the implement, which is affected
by the design and operational characteristics of the machine and by the

condition of the soil.
1.2 The Implement

The machinery used to perform or to assist subsurface drainage includes

the following:



i) mole-plough drainers
ii) trenching machines to assist tile-laying or pipe laying

iii) trenchless pipe-laying machines

The mole-plough technique which consists in producing a stable channel
at depth in the soil, on a desired grade, is most satisfactorily applied
on clay soil. The method is more successful when used as a secondary
drainage in conjunction with the main pipe drains laid below the working
depth of the mole-plough, providing an economic and satisfactory way of
draining heavy land. The implement, a cylindrical foot attached to a
vertical leg, is wusually followed by an expander of great diameter
(attached to it to enlarge the cavity and smooth the walls). It is
generally fixed to a long beam which could be either sliding along the

surface or in a floating position above the soil. The most important
disadvantage of the method is the fact that the tunnels are liable to

collapse particularly in a less stable soil and when there has been

water logging.

The trenching machines are designed for excavating narrow trenches with
parallel walls, up to 20 cm wide and at a depth of 1.4-1.8 m, using a
bucket-wheel or a cutting chain. After placing the drain pipe into the
open trench the ditch is refilled with gravel and soil. Depending on the
available power and the soil conditions, these machines can work at a
rate of 50-400 m/h. The disadvantages of the method are the high soil
disturbance which induces a low rate of work and the increase in the

cost of drainage.



In the trenchless drainage technique the pipe is fed into the ground in
soil disturbed but not excavated by a special blade designed to lift
and split the soil as it moves forwards. The equipment is generally
heavier and more powerful than the trencher, and permits pipe-laying at
a rate of 200-3,000 m/h, at depths of {.4-1.7 m. The method can
frequently offer significant cost advantages over the other techniques,
specially because it reduces the consumption of expensive gravel
backfill. Its wuse has largely increased in the past few years bringing
up the necessity of a better understanding of its characteristics and

performance.

1.3 The Plough-beam Arrangement

A uniform gradient for subsurface drainage is essential for the
efficiency of the drainage implements. The control of the grade line
established by the drainage machine, called grade control, varies

according to the different types of plough-beam arrangement.

Childs (1942) suggested that improvements in the grade control could be
obtained if the implement was operated with its beam floating. The
floating beam, which 1is not sliding along the soil surface, is a
physical or an imaginary beam depending upon the plough design. As the
plough is pulled through the soil the forces acting on the blade and

gravitational forces are 1in balance with the tractor resultant force.

Godwin et al (1981), investigating the force mechanisms of the mole-



plough, reported that draught forces of a long sliding beam plough could
be up to 85% greater than those of the plough with its beam clear of the

surface.

There are several types of trenchless ploughs that utilize the floating
beam principle, basically they can be categorized in relation to the
type of link and hitch point location (Reeve, 1978), as:
i Realihitch-point

a) fixed

b) moveable
i1. Virtual hitch-point

a) double roller

b) double link system

The fixed hitch-poinf blough utilizés a shorter beam than the other
ploughs usually pivoted at the rear of the crawler track, Fig. 1.1a. The
attitude control 1in these machines is achieved by tilting the plough
blade about its heel where the hitch-point remains fixed, and the beam
is in a free floating condition. In the movable real hitch-point plough,
grade control is achieved by raising or lowering the hitch-point, which

is a pivoted connection, with the hydraulic system, Fig. 1.1b.

In the virtual hitch-point arrangement the actual beam is replaced by a
system of converging linkages, which still use the same principle of the
long floating beam with a large distance between the hitch point,

usually located at the front of the tractor, and the implement. Ede




FIG. 1.1 Trenchless drainage implement with a real hitch-point
a) fixed

b) moveable




FIG. 1.2 Trenchless drainage implement with a virtual hitch-point

a) double roller

b) parallel converging linkage




(1961) developed the concept of a roller type floating plough where the
implement and tractor are connected through a pair of rollers which run
on a curved vertical track mounted at the rear of the tractor, Fig.
1.2a. The double 1link system utilizes two non-parallel links that
provide depth control combined with free floating action, where the rear

link simulates plough rotation about the virtual hitch point, Fig. 1.2b.

1.4 Grade Control

Grade control on drainage machines is essential for quality work. In the
past, the grade of the implement was controlled manually through the
hydraulic system by sighting to target rods, placed traditionally by
levelling of height piles. This method was acceptable for the standards
of the time. With the increasing demand for improvement in this sector,

a better system had to be designed.

Ede (1965) developed a semi-automatic optical radio control system. The
observer, stationary behind the drainage machine, could sight on a
marker fixed to the plough blade and maintain it on the sight line
directly by controlling the tractor hydraulic system. Delayed reaction

of the observer and limited effective range were the major problems.

Fouss et al (1964) developed an "A" frame, based on a fluid damped
pendulum device for automatic control of the trench machine and a

floating beam type mole plough. The system worked well in slow motion,

but was inadequate for high speed, and its tendency to make accumulative



errors was the main limitation.

In the middle sixties, laser beam light began to be used as.a grade

control for the drainage machine. The system consists of a low-power
laser beam projector to emit the light line datum, and a machine-mounted
electronic receiver which adjusts the elevation of the plough through
the hydraulic system. The drain gradient was obtained by tilting the
laser plan to the desired grade of slope. At present, the majority of

drainage contractors utilize this grade control technique, Fig. 1.3.

1.5 Quality Survey

The efficiéncy of field drainage demands particularly careful work. It

has been found that several parameters affect the quality of work among
which, those relative to soil and machines appeared to be the most

important ones.

It is clear that a negative slope could lead to stagnation of water at

the end of the drainage period. In addition, the slope change lowers the
mean  water velocity and provides sedimentation of solids transported.
Another common problem is laying error which 1s caused by an increase or

decrease of drain slope.

Cros et al (1978) reported a survey conducted in France where they

concluded that the drain laying quality is not mainly influenced by the

type of machine and control system, but by the physical soil conditions,
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such as slope and topography. These problems are normally caused by

the pitching action of the tractor over uneven ground where the delayed

activity of the control system to respond to some changes causes a

considerable loss in time and of the desired standards.

1.6 Objectives

A possible solution to these problems could probably be found if better

scientific knowledge about the soil condition effects on the drainage

implement performance was acquired.

Therefore the main objectives of this study are:

i) Study of the magnitude and direction of the resultant soil
forces acting upon the drainage implement in the dynamic

situation, considering different soil profile conditions and

hitch-point trajectories.

ii) Attempt to present a mathematical solution to predict the

implement behaviour which does not need the introduction of

empirical coefficients to explain the system, and could be valid
for the most adverse conditions. The equation should be based

on results obtained in the first objective and the existing
information for narrow tines and the dynamics of soil engaged

implements.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The majority of previous research projects on drainage implements
performance have concentrated on flat surface conditions. Although some
studies have been conducted, very little information has been given
about the effect of irregularities on the surface profile or soil
conditions on the implement. However, only the grade control was
observed and studied, no one had measured the forces acting on the
implement under these circumstances. Where force measurements were
necessary, they were introduced as a package without reference to the
soil conditions, moisture content, texture and topography, factors which

may affect the dynamic behaviour of the plough.
2.2 Drainage Implements

One of the first 1investigations on drainage implements was a study of
the nature of the forces acting on the mole plough by Childs (1942).
Working with a 1/24 scale model, he estimated the forces acting on the

implement based on the assumption that the condition for a static

equilibrium is that the algebraic sum of forces and moments about any

point should be separately zero. Using empirical relations to solve the
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equations, he related the results with a full scale model. Childs also
compared the behaviour of the long floating beam and the sliding beam
over some soil irregularities and based on his analysis of forces and
moments, gave the following explanation for the dynamic behaviour of the
floating beam. When the mole plough passes through small soil
irregularities in comparison with the length of the beam, the difference
in the soil reaction will cause an imbalance in the moment, therefore,
the tendency will be for the implement to raise or penetrate to
compensate for 1it. However, the slight movement of the foot will
immediately increase the moment in the other direction. The moments are
therefore brought into equilibrium again, without significant movement

of the cartridge from its path.

Later Wells (1951) investigated the forces distribution on the
mole-plough. Using the theory commonly applied to determine the bearing
strength of building fundations, together with laws of friction, he
developed a simple equation to-predict the draught force. From that he
concluded that the friction must account for a very high proportion of
the total draught. The average draught force distribution will be
approximately 48% in the leg, 24% in the foot and 28% underside of the

beam where the vertical force is 24% of the total draught.

He also suggested that the mole plough penetration obeys a first order

differential equation of which the solution is:

y=D(1-e¥l ~ (1)
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Where 1 1is the beam length, D is the depth of the mole and y is
the depth of the mole 1in the soil after a travel distance x. From his
experimental work he noticed that the mole reached its working depth

more quickly than was predicted by equation (1).

After analysing the performance of the mole-plough, Ede (1961) conducted

some experiments with the floating beam and described the experimental

aspects of the depth controlling qualities. He explored the
possibilities of obtaining depth regulation by variation of the height
of the point of draught. Ede found that the grade control of the
implement could be satisfactorily activated by maintaining the correct
level of the pivot point. The author then tested two scale models in a
soil bin, the models having the long beam holding the tine replaced by
an 1maginary beam comprising the radius from the blade to an
instantaneous center of rotation of this mounting. These tests led to a

design in full scale of a "role track mole-plough" to be mounted on the

tractors.

A deeper dynamic analysis of the mole-plough was carried out by Fouss
(1971). Assuming that the forces are a function of the moling depth

(R, = de), he developed the following equation of linear second order

h
system to simulate the dynamic response of the floating beam mole-

plough.

E'+ (c bzl d + (b K (rdo + hs - n) (do)p'1) d=0 ...(2)
JH JH
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Where: d = moling depth; do = specific steady state moling depth;

d velocity of change in moling depth; d = acceleration of change

in moling depth; b = effective beam length; ¢ = damping coefficient
for the mole plough; JH = moment of inertia about hitch point; K =
coefficient of soil resistance; hs = any given steady-state hitch
height; n = distance below the plough hitch; H where the soil

resistance force acts on the blade; p = exponent coefficient 1In

draught equation.

The solution of this equation 1is similar to the one for damped system,
where he estimated the plough damping to be five times the critical
damping coefficient Cc. From the experimental work he estimated the
unkown variables, and used them in a simulation study on an analogue
computer obtaining very satisfactory results. Fouss then developed a
mathematical model for a "Laserplane" - grade control system mounted on a

drainage plough which incorporated the first model.

Later Fouss (1978), using this simulation technique, studied the best
position of receiver along the beam. The origin of this study came from
the fact that he observed changes in soil consistency within the path of

the plough caused by a change in forces which may affect the working

depth without affecting the hitch point height.
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2.3 Soil Mechanics Theory ;

F

;
The determination of the cutting forcé; in the process of cutting soil
is a complex task. However, much work has been conducted and the
relationship between the soil meghanjcal properties and the performance
of cultivation implements are reasonably well understood as is explained

by the following.

Kostritsyn (1956) was one of the first to suggest that below a certain
depth, soil movement changes from predominantly forward and upward form,
to a mainly forward and sideways forms. He also proposed some
mathematical equations for calculating the draught force of narrow tines

in cohesive soil, where the constants were determined based on empirical

relations.

Based on a series of experiments with vertical tines, both narrow and
wide, Payne (1956) studying the influence in the soil behaviour,
suggested a hypothesis to explain the soil resistance, using existing
soil mechanics theories developed for retaining walls. After a series
of practical experiments were conducted to test his hypothesis, he
found that ,the model was only valid for tines sufficiently wide to
bring the soil 1into plastic equilibrium, therefore it was invalid for
very narrow tines which do not press the soil sufficiently to bring it
to this state. Later, this work was extended (Payne and Tanner, 1959)
for tines with different rake angles. They reported experimental results

which showed that the draught force is relatively insensitive to
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changes'in a rake angle between 20° and 500, increasing very rapidly
thereafter. They also found that at less than 450, the soil resultant
force acts downwards assisting penetration, but at greater angles acts
in the opposite direction. Dranfield et al (1964) confirmed these

findings when they examined the effect of tine rake angles on the soil

rection.

O'Callaghan and Farrelly (1964) proposed a mechanism of soil cleavage by
tined implements. They confirmed the existence of two regimes of soil
failure (Kostritsyn 1956), and found that the region of transitibn
occurs at an aspect ratio of 0.6 for vertical tines. They suggested a
mathematical equation to predict the draught force which considers these
two different zones. Through a series of experiments they confirmed that

the equation can be applied over a wide range of soil conditions. This
work was later extended (0'Callaghan and McCullen,1965) to include both

plane and wedge-shaped tines with rake angles varying from 0°-45°,

The complexity of the available methods to calculate soil forces, where
solutions cannot be obtained without Trecourse to laborious graphical
methods or use of a digital computer, led Hettiaratchi et al (1966) to
propose a method for two dimensional soil failure based on the General

Soil Mechanics Equation postulated by Reece (1965)

P = () d2 Ny + cd Nc + cadNa+qd Nqg) eeo(3)

where the "N-factors" are dimensionless constants affected by soil
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cohesion, adhesion and tine rake angle. Later Hettiaratchi and Reece
(1967) extended the work for a three-dimensional analysis, narrow tines,
where a semi-empirical solution is given. The model is based on the two
failure regimes found for tines working below a certain depth, called
critical depth. The first zone 1is called forward failure regime, where
the forces can be calculated from the equation used for two dimensional-
failure in front of the wide cutting blades. For the other zone, the
sideways failure, one equation similar to that presented by 0'Callaghan
and Farrely (1964) was derived. A simple equation to predict the main
rupture ratio has also been derived, where he showed that both forward
and sideways rupture distance ratios area linear function of depth. The
results presented from experimental work done with tines at several
depths up to an aspect ratio 6, and for different rake angles, showed

that a reasonable prediction of the forces can be made.

Studying the soil failure caused by very narrow tines for different tine
widths and rake angles, Godwin and Spoor (1977) confirmed the existence
of two failure zones for tines working below certain depths, and going
beyond this they found that the critical depth is dependent wupon the
aspect ratio and the tine rake angle. They also showed that the ratio
between the forward rupture distance and the critical depth (rupture
distance ratio) is constant for a qiven rake angle, i.e. independent of

the aspect ratio. Assuming that the soil worked by the tines obeys the

Mohr-Coulomb failure criterion, and using the knowledge obtained from

the experimental work, the authors then proposed equations to calculate

the forces acting on these tines. For the upper failure zone (crescent
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zone), based on the solution proposed by Hettiaratchi and et al
(1966, 1974), to estimate the passive force, they derived two equations
to calculate the horizontal and vertical forces, acting on the tine
face. For the zone below the critical depth (lateral failure),
considered to fail in two dimensional ways which 1s independent of the
" rake angle, the total force acting on the tine face in this zone was
calculated by the integration of Meyerhof's (1951) solution for deep
narrow footing orientated through 90°. The total horizontal force
component of the soil reaction will then be the sum of the forces acting
in these two zones. The comparison between the predicted and measured
forces from a range of 90° rake angle tines are presented, and seem to
be in good agreement. Godwin and Spoor (1977) also presented a model to
estimate the position of the critical depth based on the assumption that

the soil ahead of the tine fails in such a way that the horizontal force
will be minimum. This model had not been sufficiently developed for
precise prediction of the critical depth of tines with rake angles

different from 900, although the critical depth could be estimated from

experimental data provided.

Later Godwin et al '(1984) extended the model to improve the estimation
of the disturbed zone in the crescent failure with better results for

the horizontal force. Although the model could be expanded for the

vertical force no results were presented.

McKyes and Ali (1977), assuming that the surface side failure crescent

is circular instead of elliptical, proposed a theoretical model to
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predict the forces in the crescent failure zone. The model is based on
the principle that the soil fails on the path of least resistance. They

divided the crescent failure zone into two sections and did a force

balance for each section deriving an expression with the same form as
proposed by Reece (1965), where the N values are functions of the tine

and soil characteristics.

Spoor and Fry (1983) showed that the type of disturbance produced by
a trenchless tine 1s dependent upon whether it is working above or
below critical depth. Below critical depth, significant lateral soil
disturbance can occur beyond the failure plane, which could result in
compaction and consequently poor drainage performance. The design
geomeiry of the trenchless drainage tines used in practice varies, but

they usually have an aspect ratio (working depth/tine width ratio) from
about 6-18, and a rake angle between 15° and 50°, and can be classified

as a narrow tine, (Godwin and Spoor, 1977; Spoor and Fry, 1983).
2.4 The Dynamics of Soil Engaged Implements

The relation between tractor, implement and soil is an important aspect
often forgotten when drainage implements are studied. Research conducted

in order to 1investigate the dynamics of the tractor and implement, and

some of the relevant aspects available in the literature, are summarized

below.

Childs (1942) investigated the condition of equilibrium of the mole
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plough. Assuming the system similar to a rigid body under the external
system of forces, -~ Where the condition of equilibrium is that
the algebraic sums of the horizontal force, the vertical force and the
moments about any point shall be separately zero. When the equilibrium
condition is not satisfied, the implement is lifted from its equilibrium

position.

Generally speaking, researchers divide the implement dynamic behaviour

into two categories:

i) the vertical longitudinal plane, where they are concerned about how

the rate of penetration and the depth of penetration are affected by

the linkage mechanism.

ii) lateral dynamic of the implement, where they are concerned about the

lateral stability of the implement.

Reece et al (1966) carried out an analysis considering the simplest kind
of soil engaging implement, a point fixed to a bar pivoted at the hitch
point. Assuming a linear relation between the restoring torque and the
angular deflection in which the implement is moving, they developed a

second order differential equation with constant coefficients
0+ 2ub + wn® = 0 ..oo(4)

which has the same form of the equation representing a damped harmonic
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motion. In practice, the damping coefficient is large and the equation
becomes a first order one. The solution for the initial conditions 6=60

atl t=0 is a first order system
8 = 60 e'S/1 ceo(5)

the travelled distance.

where s

1 = the length of the beam.

They also mentioned -that although the damping is mathematically
equivalent to viscous damping, it is physically different. This work was

later extended by Cowell and Makanjuola (1966) for a three point linkage

system.

Crolla and Pearson (1975) studied the penetration of mouldboard
ploughs, and showed results of tests performed on a three furrow

mouldboard plough which indicated that the initial rate of entry

increases with the forward angle of inclination of the plough.

Cowell and Sial (1976) presented a theory to explain the vertical
dynamic behaviour of the mouldboard plough, based on the works mentioned
above, where a first order differential equation is derived to describe
the movement of a single point implement during penetration. In this
analysis they considered only the kinematics of the implement and no

mention was made about the soil parameters and forces involved in the

process.
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Considering the results presented by Cowell, Singh (1982) decided to
conduct his experiment using the same approach for the trenchless
drainage plough moving in a vertical plane. From the analysis of the
forces involved 1in the dynamic movement of the implement, he derived a
second order differential equation to predict the travel distance and
the time response of the implement due to vertical displacement of the
hitch point. This equation is a function of the plough mass, geometry,
speed and soil resistance, and is similar to the response of a compound
pendulum oscillating in a vertical plane, where the damping coefficient

1s very large. The solution for this equation could be presented in the

following form:

2
0=00e ™M t/on .ee(6)

where 0 1is the angular displacement of the implement, 0o is the initial
angular displacement of the implement and t is the time. Using a 1/6
scale-model of the trenchless drainage machine, he tested the theory in
a soil tank, and found a good relation between the predicted and
experimental values for a tine with a relieved bottom. He reported that
the predicted time response for an implement with a relieved bottom to
achieve its equilibrium position during penetration, and for both
relieved and non relieved bottom tines to correct reduction in depth was
in excess when compared with the experimental data. This discrepancy was
shown to be due to generation of unbalanced stress condition on the
supporting soil mass. He also found that the relation between the soil

resistance force and the unbalanced force for a small angular deflection
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is linear.
2.5 Similitude Studies

Developments of aerodynamics and hydrodynamics have been largely
benefited from the use of scale-models, where models are used not only
to provide information about certain aspects, but also to support the

evolution of the theory.

Recently many studies have been conducted to develop techniques for the
use of the principle of similitudes in soil engaging implements. Freitag
et al (1970) pointed out the difficulties and limitations of using a
scale-model for soil machine studies, usually, because there are

eleménts, particularly of the test medium, that cannot be scaled. Two
systems will exhibit similar behaviour if geometric, kinematic, and

dynamic similarity are activated.

Young (1968) discussed the techniques and problems associated with the
development of modelling laws for systems in which there is a dynamic
interaction between soil and machines. He stated that reliable data can
be obtained a from small scale-model system and useful quantitative

prediction of prototype behaviour can be made, but some or perhaps the

majority of the models are distorted.

To overcome this problem, Schafer et al (1969) presented an approach to

solve the distorted model. After the analysis and interpretation of the
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distortion in a general soil-mechanic system, they devised a technique
for using distorted models. The prediction factor obtained was related
to length scale in the form
$=n,’ N ¢ )
where & 1is the prediction factor
n, is the length scale

s is a function of soil and machine

Based on this model Verna and Schafer (1969) exteded the model for a
situation where there 1is no need to have a uniform soil condition
through the test section. The extended model includes a new term t
on the equation (7) exponent, (s-t), where t is a multiplicity exponent,
relating to Pi terms containing dimensional soil variables and tool
geometric and operational variables. Results of their tests indicated
that the term (s-t) remains constant irrespective of the soil type, soil
strength profile and moisture content. This statement was not in
agreement with the results found by the same authors in 1968, where s
was found to be independent of the apex angle of a triangular chisel

tine, but varies in different soil treatments.

Godwin (1974) compared his experimental results obtained from tests with

narrow tines, to see if they were in agreement with the procedures for
handling distortion suggested by Schafer et al (1969). From the
analysis, he found that the exponent s on equation (7) was constant for

the range of tine geometry studied in a particular soil treatment. He

concluded that if s is only a function of soil type and condition and
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independent of tine geometry, it will be possible to estimate the

performance of a large tine scale based only on tests with scale-models.

2.6 Conclusion

The theory developed to explain the dynamic behaviour of soil engaged
implements seems to introduce the soil dependent constant as empirical
values, which usually are only suitable for the specific case studied.
No mention is made of the use of soil mechanics theory to estimate the
forces involved in the process. The trenchless drainage plough due to
its dimensions and normal working conditions, can be classified as a
very narrow tine, for which the soil mechanics theory is well explained,
as mentioned previously. If it is possible to establish a link between
these theoretical approaches an advance in soil-implement-tractor
dynamics in general, and trenchless drainage machine design in

particular, can be reached.
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CHAPTER 3
METHOD of INVESTIGATION and EXPERIMENTAL EQUIPMENT

3.1 Plan of Investigation

To fulfil the objectives of this project, i.e. to understand the nature,
magnitude, and effect of the physical parameters . involved in a
trenchless drainage machine operation, it is necessary to monitor the
behaviour of the implement. However, due to its dimensions and
characteristics, the measurement of the forces involved as well as the
linear and angular displacement, involves some difficult tasks in field

experiment, requiring considerable technician assistance and the use of
large sophisticated equipment which is wunavailable and would be

expensive 1o construct for a project of this nature.

Scale model tests represent one method by which this problem could be
overcome and the study of various elements of the system can be
fulfilled. It enables a easy control over the implement and
instrumentation, and observation of the model behaviour can be used to
predict accurately the performance of the physical system in the desired
respect. To make use of the model 1in this sense, it is necessary that a
certain relationship is satisfied between the model and the full size

implement.
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Usually there are two ways of interpreting scale model studies, by
similitude principles or by quantitative analysis. The first method
consists in the development of valid similitude requirements using
modeling laws, either by dimensional analysis or by the analysis of the
characteristic  equation which governs the system. However, this method
requires the use of corrective procedures to determine the effect of
non-scale elements and to compensate for them. Schafer (1969) has
developed a method for handling distortion in such a system, where the
prediction factor obtained is a function of length scale, as mentioned
in section 2.5, and Godwin (1974) has proved that this distortion factor
can be considered as a constant for a given soil condition. The second
method consists in the use of fundamental soil physics equations which
are valid for a wide range of tines, but are not restricted to the

problems of similitude prediction by requiring tests at different scales

in order to determine the distortion factor.

In order to evaluate these methods when working with soil engaging
tools, the forces of a very narrow tine were calculated by both methods
and are compared in Table 3.1. The results shown in this table have
proved that 1t is possible to estimate the soil reaction forces acting
on the narrow tine either by using the similitude principle or by direct
applications of the fundamental theory of narrow tines with very close
results. Taking this into consideration the .trenchless model in this
project was studied with no concern about the similitude requirements,

having only been reduced geometrically.
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TABLE 3.1

Relation between H/wd and tine scale, for experimental and predicted values

Tine scale Dist. factor Experimental Theoretical value (full scale)

S=n? H/wd (N/mmz) applying the dist. factor
H/wd (N/mmz) error %
(1) (2) (3) col. (2x3) comparing to tine
scale 1

1 1.00 0.60 0.60 --
2 1.15 0.54 0.62 3.0
4 1.32 0.45 0.59 ~-1.6
8 1.52 0.40 0.61 1.6

Predicted value for a full scale tine applying the theory of narrow tines
H/wd (N/mmz) = 0.59

Experimental data from Godwin (1974).

s = 0.20 (from experimental values, Godwin 1974)
Aspect ratio (d/w) = 8

Tine caracteristics - rake angle = 90° *
smallest tine width = 6.35 mm

Soil properties & = 34° N = 4.4 m= 1.65
c=4.8 KN Nc=7.5 Nc' = 200
8 = 22 Ng = 0 3 Nqg' = 165

ca =0 Y = 1500 Kq/m



- 29 .

Nevertheless, the design conditions involving soil properties could
present problems. Clearly the best way to overcome these difficulties of
scaling, producing and measuring soil properties would be to conduct all
the tests in the same soil conditions, as suggested by Godwin (1974).
Soil types and conditions often vary considerably within a single field.
Even if the soils are of the same type, their strength properties are
not likely to be the same at any given time. The solution for this
question would then be to conduct this investigation in a laboratory
soil bin, where soil properties are within the control of the experiment
to a much greater degree with standardized treatment to enable an

extensive number of tests to be conducted in a homogeneous media.

The use of a soil bin represents further benefits. It permits a better
control over the implement behaviour, and most of the instruments
necessary to monitor it are available or could be easily developed.
Tests can. be conducted independent of weather conditions and only
require two men for operation. The soil surface profile can be measured
without trouble, and what is more significant 1is that it can be easily

prepared to suit the experiment requirements.

Soil conditions and topography are some of the key factors which

affect the implement performance. The irregular soil profile usually

causes a pilitching action of the crawler tractor and/or an undesired
reaction of the implement. Fouss (1971) showed that changes in the hitch
height causes changes in the plough depth in different proportions. To

evaluate the influence of the soil condition and topography, it 1is
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then necessary to simulate a variable soil profile and movement of the

hitch-point in the soil bin.

The simplest way to introduce such variation is to have step inputs 1in
the soil surface, where differences in depth during the continuous
movement of the implement show the effect of soil forces on the
implement behaviour. In addition, a more realistic type of soil surface
profile, i.e. a continuous change in depth, in the form of a sine wave,
was used. This has the advantage of a relatively easy mathematical
representation and is an adaptation of the commonly found field

undulation.

However, before testing the implement in a dynamic situation, like the
one suggested in the previous paragraph, it would be logical to test the
implement in a restricted motion condition. The idea of these tests was
to compare the results obtained from them with the ones predicted using
the theory of the narrow tines. These Kkinds of tests permit the
evaluation of the possible soil forces involved in the tine reaction

and in which range they are presented. This could ©provide valuable

information later in the dynamic analysis.

In the study of the dynamic behaviour of the implement, it is compulsory

not to evaluate only the effect of soil surface, but also other factors
which could influence its behaviour and performance, or could even only
help in the process of analysis. Such factors as system weight and soil

density should then be investigated.
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The work conducted in the past, and explained in the literature review,
discloses very little information about the measurement of the soil
force acting on an implement or its behaviour when working in a dynamic
situation. Therefore, it was necessary to conduct some pilot studies
which clarified some information about the trenchless plough and helped

in the establishment of a 1link between the known theories and in the

development of the theoretical study of this project.

3.2 Experimental Equipment
3.2.1 Introduction

The equipment necessary to carry out the experimental part of this

project was partly available in the soil physics laboratory. This

consists of commercially available instrumentation (to measure force and
displacement and to record data) and specific equipment designed in the
College for exclusive use in soil implement investigations. This
equipment developed by other researchers and used in this experiment,
e.g. the soil bin, the soil processor and the extended octagonal ring
transducer, whose characteristics are fully presented in the cited

literature, is only briefly described in this chapter.

However, some of the equipment used had to be designed specially for
this project. The description of this equipment, as well as the way 1In

which it was used is presented as follows.
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3.2.2 The general dynamic assembly description

To achieve the objectives of this project there is no need, as explained
earlier, to differentiate between the real and the virtual hitch point.
So, a real hitch point arrangement with a long floating beam was used in
the system mainly because it is simple to engineer.

Figs. 3.1a and 3.1b show the arrangement of the assembled system. The
trenchless plough implement (1) was rigidly mounted to a long floating
beam, 670 mm long (2). To measure the forces and moment acting on the
implement, an extended octagonal ring transducer (3) was mounted at one
end of the beam close to the trenchless tine. To measure the so0il
reaction forces on the bottom of the implement a "L-shaped" cantilever

beam (4) was machined inside the tine. The system was connected to the

carriage through a small link called a "free-link" (5), which was
replaced later by a tension transducer, allowing the measurement of the

total force required to pull the plough. The angular displacement of the

tine and the "free-link" was recorded using an angular displacement
transducer (7), and a linear displacement transducer was used to measure

the vertical movement of the tine and the hitch-point, when this was the

case (8).

The minimum scale rate which allows the use of the existing soil bin
with a variable soil profile and at reasonable implement depth was 1/6.
Therefore, the dimensions of the model were chosen in order to maintain

the model as closely as possible to a common shape of the trenchless
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plough in full scale, and permit some instrumentation inside the leg.
The soil engaging implement was at 450 rake angle tine 10 mm wide and
with a flat bottom 300 mm long. Holes in the tine leg permitted an

adjustment of the position where the octagonal ring transducer was

fixed. The whole system weighs 236 N.

3.2.3 The restricted motion assembly

In the special case when the implement was studied in a restricted
motion condition, the general assembly was modified to fulfil the
requirements. The tine was rigidly mounted in the soil bin tool bar,
with the extended octagonal ring transducer (Fig. 3.2), and all the
other parts removed. A series of holes in the clamp, used between the

tine and the octagonal ring, permitted the setting of the tine
inclination, in relation to the vertical, on a desired position for the

run without affecting the position of the transducer.

*

" 3.2.4 Hitch-point movement

A system was designed to introduce the step-input displacement in the
hitch point as 1t travels forwards. It consists of a four arm linkage
system, driven by hand (Fig. 3.3). The hitch-point (1) is connected to
the lower arm (2) which has a vertical displacement when the upper arm
(3) rotates about the point 'O' Due to its construction the maximum
displacement of the hitch-point is obtained by a rotation of 60-40°,
dependent upon the step height, of the upper arm. That gives a very fast
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FIG. 3.2 Implement restricted motion assembly
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change in the hitch-point position, which was considered almost
instantaneous. In order to adjust the height of the step the upper arm

has a variable length.

To simulate the sine wave displacement a constant diameter cam was
designed (Fig. 3.4). This consisted of a circular plate with the
camshaft hole eccentrically located. The amount of eccentricity
determines the amount of displacement of the follower, which has a
positive action, and a harmonic motion is produced. This type of
arrangement, Scotch Yoke mechanism (1), which is shown in Fig. 3.5, was
driven by a capstan (2) connected to a cable (3) fixed along the side of
the bin. The reason for this kind of power transmission to the Scoth
Yoke mechanism was to maintain the position of the hitch-point as close
as possible to a perfect sinusoidal form, without being affected by the
velocity of displacement of the carriage. Due to the low torque required
at the capstan, it was observed that the error caused by any slip of
the cable was less than 1%. Different diameters of the capstan

permitted the simulation different wavelengths.
3.3 Soil and Soil Preparation

The soil used in the experiment was a sandy-loam which characteristics

are shown in Table 3.2 (Godwin 1974).

All the tests were conducted with the soil prepared with a bulk density

of 1500 kg/m3 and 10.5% +1% of moisture content, unless otherwise



FIG. 3.3 Mechanism used to simulate a step-input in the hitch-point
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FIG. 3.4 Scotch Yoke mechanism used to simulate the sinusoidal
movement of the hitch-point
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TABLE 3.2

Mechanical analysis by 'Bouyoucous Method'

Fraction Mean Adjust percentage
e
silt 10.00% 10.25%
clay 17.00% 17.44%
sand-coarse 38.09% 39.05%
-fine 32.44% 33.26%
97.53% 100.00%

Mechanical properties relating to operation of tillage tools

Soil bulk density Kg/m3

T R e e e

Mechanical properties 1200 1500 1680
Angle of shearing 37 .2 37.6 42.37
resistance, Deg.

Cohesion, KN/m°. 0.0 4.616 7.56
Adhesion . 0.0 0.0 0.0
Angle of soil-metal - 22 -

friction, Deg.

W

(Godwin, 1974 )
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stated. Using the soil processor existent in the soil Dbin
(Godwin, Spoor and Kilgour 1980), the soil, wusually packed up to 250 mm
depth, was prepared in layers of 50 mm and then compacted using a

pavement roller in order to get a uniform density. The surface of each
layer was scarified to obtain a bond with the next layer. When not in
use, the soil was covered with a polythene sheet to reduce evaporation.
Water 1loss was replaced by controlled hand digging with water being
applied from knapsack spray giving a firm and relatively even

application.

To prepare the soil surface profile with a step input, the soil was

prepared in the same way as described above up to the third layer, then

a large board with the desired thickness and length was used as a form
to fill in the gap between the layers in part of the soil bin . After

loading the soil and compacting it to the board thickness, the latter

was removed, Fig. 3.6.

The sine wave soil profile was prepared using the mechanism described
above to simulate the hitch-point sine wave movement. The s0il was
prepared as usual up to the desired level, and then loosened using a
rake fixed to the Scotch Yoke mechanism. Finally, a scraper fixed to
the same device, removed the unnecessary soil, and if needed a small
roller was used to compact the soil. The result was a smooth sine wave

soil profile, Fig. 3.7.
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FIG. 3.6 Soil prepared with a step input

FIG. 3.7 Soil prepared with a sine wave profile
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3.4 Instrumentation

The equipment to measure forces and displacement was arranged to give

the maximum information possible during the test, and was used as

described below.

A tension compression strain gauge transducer load cell with ball joints
in both ends, replacing the '"free-link", was used to measure the total

force required to pull the implement through the soil.

To measure the total forces acting on the implement, independent of the
system welight, an extended octagonal ring transducer (Godwin, 1975) was
mounted between the leg and the beam. Due to its construction, the
octagonal ring measures the horizontal and vertical forces component of
the resultant force and the moment about the geometric centre of the

transducer.

To verify the influence of the supporting forces underneath the
implement, a special measuring device had to be designed. In a
cantilever beam machined inside the tine, Fig. 3.8, strain gauges were
bonded and connected into three four arm bridge networks, as shown in
Fig. 3.9, to measure the differences in strain caused by normal and
frictional forces acting on the bottom plate, and the moment about
its neutral axis, separately from the other forces acting on the plough

(Appendix 3). It is capable of supporting forces up to 600 N and a

moment of 50 Nm with a safety factor of 2.5 to ensure linearity within
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the working range. It has a cross section of 240 mmz, and the
position of the strain gauges was determined in order to give maximum

sensitivity. After loading tests the following characteristics were

found in the transducer:
i) cross sensitivity of less then 2%.

ii) variation in channel output due to position of the forces

N and Ft less than 3%.

iii) the output from the moment bridge was independent of the origin of

the eccentric force N or Ft.

The output from each strain gauge bridge circuit was amplified using a
strain gauge high impedance output amplifier, which also provides 10 V

dc excitation for the strain gauge circuit.

To record the angular displacement of the system, two high
sensitivity dc/dc variable transformer type tilt sensors utilising a 10
V.dc input with a 2 V dc output were used, Fig 3.1a. One fixed to
the blade with a measurement range of 20°, sensitivity of 340
mv/° and linearity of +0.5%, permitted a precise measurement of the
leg movement in relation to the vertical. The other inclinometer fixed
to the "free-link" with measurement range of 60°, sensitivity of
140 mv/° and linearity of +0.5%, permitted a reading of the "free-link"

angle at any time. Two 9 V batteries connected in parallel were used as
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FIG. 3.8 Details of the cantilever beam machined inside the
trenchless tine
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FIG. 3.9 Strain gauge assembly
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a power supply for the inclinometers.

To measure the relative movement of the implement and hitch-point, when
this was the case, in relation to a fixed reference plan, two L.V.D.T.

(Linear Variable Displacement Transducer) dc/dc were used. A power

convertor supplied 10 volts DC to this equipment.

The speed and travel distance of the carriage was measured using an
on/off switch energized by a 1.5 V battery, fixed to the carriage. Equal
length and distance plates fixed on the side of the soil bin were used

to switch the device on and off.

3.5 Recording and Listing System

Recording data direct in a digital form is a great improvement which was
introduced in the past few years. The use of microcomputer and analogue
to digital converter have proved to be a very successful way of helping
to get a fast and more precise data analysis. But this kind of equipment
has to be very carefully selected in order not to distort the relevant

data, which leads to a false conclusions.

Tests conducted by Godwin (1974) showed that the cyclic variation in the
magnitude of the forces component was as much as +25% about the mean
value for tines with a small ratio, and tended to reduce as the aspect
ratio increased. In terms of time response, these cyclic variations

could correspond as much as 10 Hz, when working at - _ speed of 1 m/s
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and ten to reduce as the carriage velocity reduces. To overcome these
cyclic variations, it is then advisable to use at least double the
cyclic rate, i.e. 20 Hz, and more reliable results would be obtained as

this rate increases.

The analogue output from the strain gqauge amplifiers, and the other
instruments, were converted into digital form by an analogue digital
converter included in a data logger unit that was designed to receive up
to 16 channels simultaneously at a rate of 100 Hz (or 1 channel at 1600
Hz), for the duration of approximately 20 sec, utilizing a microcomputer
memory for temporary data storage. Due to this limitation, for the tests
with a time length of over 20 seconds, the sampling rate had to be
reduced and a compromise between time and cyclic variation problems had
to be made, and a sampling rate of 40 Hz was chosen as a minimum to be

used.

The results of all the sixteen channels could be listed after the run
was finished by a printer connected to the microcomputer. The results
could then be presented in integers computer units or engineer units,

and in addition simple graphics could be plotted, Fig. 3.10.

Due to the microcomputer limitations in memory and speed of calculation,
and considering the quantity of information to be processed, all the
data from the tests was later transferred to the Vax 11/750 computer,
where it was possible to compare the results from different tests and

also compare those with the predicted results.
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FIG. 3.10 Data record equlpment
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CHAPTER 4
QUANTITATIVE EXPERIMENTS to DETERMINE the BEHAVIOUR of the TRENCHLESS PLOUGH

4.1 Introduction

Preceding any advance in the main theoretical study, it was necessary to
conduct a series of investigations into the basic aspects of the
implement behaviour. Research conducted in the past with different soil
engaging tools; by Childs (1942), Reece et al (1966), Cowell et al
(1966, 1976), Fouss (1971) and Singh (1982); to study the influence of
some external parameters on the dynamic response of these implements,
revealed very little about the effect of s0il reaction on the
implement dynamic behaviour. Therefore, preliminary experiments were
conducted to observe the influence of various factors that might affect
the soil reaction on the tine and consequently the dynamic response of

the implement when working with its beam in a floating position.

4.2 Experimental Method

These tests were divided into three sections, the first to determine the
forces acting on the tine independent of the system weight or any
factor other than soil. For this the implement was rigidly mounted on

the soil bin carriage, without the long beam. The forces were measured

when the plough was held at different depths at several deflected
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positions in relation to the vertical, using the extended octagonal
ring transducer to measure the main soil reactions, and the cantilever
transducer machined inside the tine to measure the forces acting on the

bottom of the implement.

The second section was a dynamic situation with the full implement
assembly where the forces were measured in the following situations:

i) at various constant depths

ii) during increasing and decreasing of depth

iii) implements with different weights

iv) in soil with different shear strengths

The experimental apparatus used in these experiments 1is fully described
in section 3.2 and the method of soil preparation in section 3.3. The

soil surface was level for all these tests.

The third section was tests conducted in a glass sided soil bin to
observe the pattern of the failure plan ahead of a cutting blade, with

different soil profiles.

4.3 Experimental Results
4.3.1 Rigidly mounted tine

The objective of these tests was to determine the nature and magnitude
of the soil reaction forces acting on a tine, geometrically similar to

the trenchless blade, working at different depths and angles of
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inclination. The results of these tests are presented in Figs. 4.1 and

4.2., and in particular this data illustrates:

a) Forward tilt of the implement at constant depth

i) As the tine 1is tilted forward the development of the clearance
angle between the bottom plate and the soil reduces the horizontal
force for inclinations up to 5. The physical basis of a large
horizontal force at zero clearance is the frictional force between the

bottom plate and the soil.

ii) A distinct change in the slope of the horizontal force curve
occurs at 10° of deflection, where the relationship becomes
more dependent upon the rake angle. Godwin (1974) showed similar
results when testing narrow tines at different rake angles, and proved
that the effect of the rake angle on the horizontal forces is

relatively small for angles between 45° - 60°.

iii) The vertical soil reaction acts downwards for an inclination angle
of 0° and becomes smaller in magnitude as the rake angle increases
approaching zero and then changing direction at the rake angle in excess

of 67°, agreeing with the findings of Godwin (1974) for plane tines in

the same soil.
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b) Backwards tilt of the implement at constant depth

i) When the implement 1is tilted backwards, the magnitude of the
horizontal and vertical forces change very significantly. Initially the
vertical force reduces to zero and on futher displacement produces a
very large upwards (negative) force. Similar response 1is noted on the
soil reaction forces on the bottom plate, with a large increase in the
normal reaction force upwards, and also on the tangential force. Due to

design limitation on strength of the tine transducer, inclination

greater than -3°2 was not tested.
¢) Forward tilt of the implement at different depths

i) Fig. 4.2 shows the results of tests conducted with the tine fixed
at different angles of inclination running at different depths of work.
The response of the horizontal and vertical force components to change
in depth is similar to the results presented by Godwin (1974) and Singh
(1982) indicating that this relationship is non-linear for a working

depth range between 110-210 mm.

ii) The results show that at shallow depths the clearance angle
influence is less than the change in rake angle.ﬁ It 1is noticeable in
this figure that at 110 mm deep the horizontal force is reduced up to 4°
of 1inclination only, and then increased for further inclinations; at
6° it is already bigger than at 0°. As the depth of work increases the

relation between the rake angle and clearance angle slightly changes,
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FIG. 4.1 Results of the restricted motion study. Soil reaction forces at
different angle of inclination of the tine (6), and constant depth

of 150 mm
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and it can be observed that at 210 mm the inclination of 90 still causes

a reduction in the horizontal force.

From these results it was possible to conclude the following:

Although there is a small difference in the horizontal force when the
tine is tilted forwards due either to the clearance angle or to the
difference in the rake angle for large inclinations, for depths bigger
than 130 mm, the error in considering the horizontal force constant in a
range of 0-100 for a given depth 1is less than 8%, and this error tend
to reduce as the depth increases. At shallow depths, below 130 mm, it is

adivisable to take the difference into account.

The same consideration is not valid when the implement is tilted
backwards, in this case the increase in forces 1is significantly greater

and could certainly influence the implement behaviour.

—— - r—

.3.2 Dynamic motion studies
.3.2.1 Introduction

-—r - f——— g - - —_ — a—Mhm —s: - m = maw r—

4
4

A limited number of experiments were conducted with the tine in the
dynamic situation to examine the influence of the forces observed 1In
section 4.3.1, and relate them with the behaviour of the trenchless

drainage plough.
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4.3.2.2 Equilibrium situation

The free-body diagram of the trenchless tine is shown in Fig. 4.3. The
nature of the forces exerted on the system by the soil is determined by

the physical properties of the latter. By symmetry the resultant of the
sideways components 1is zero, giving only the forces acting on the
implement 1in the horizontal and vertical directions. Since the point
'0' and the hitch-point are pivoted, and the resultant force must pass

through the latter, the angle of the "free-link" and the total resultant

force are the same.

The desired position for the trenchless plough to work is at equilibrium
condition with its bottom parallel to the grade of the drainage
project. Tests conducted in the soil bin with a fixed hitch-point over a
flat soil surface, showed that the implement maintains its desired
position independent of the working depth up to a certain limit, called
the maximum working depth. An explanation for this is that the free-link
used between the real hitch-point and the point '0' gives the beam some
degree of freedom in vertical and horizontal directions. Consequently,
when the weight of the system, combined with the vertical force, induces
the 1implement to penetrate, this movement is opposed by the soil

resistance on the bottom of the tine, and sustains the weight of the
implement, creating a support force sufficient to compensate and balance

the forces. This balanced situation can be upset in two ways. If the
implement is forced to run below the maximum working depth, by means of

reducing the height of the hitch-point, the increase in the horizontal
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force unbalances the forces and the moments involved in the system and
the 1mplement turns forwards, but does not penetrate. The other
situation would be if the soil structure is not sufficiently strong to
support the implement weight, then the tine sinks and compacts the soil

until the bearing capacity is reached, and the balance is restored.

In this work, the equilibrium condition is considered the one achieved
when the implement 1is working at 1its desired condition above the

maximum working depth.

The trenchless tine, due to its aspect ratio (depth of work/tine width),
can be classified as a narrow tine, and although its way of assembly and
condition of work differ from the cultivation tine, it was decided to

check how the values obtained experimentally fitted in the theory

proposed by Godwin and Spoor (1977) for rigidly mounted narrow tines.

The basic differences between these tines are that, the cultivation tine
is a blade with a relieved bottom fixed to a frame, where generally the
weight of the system is supported by a rigid attachment; on the other
hand the trenchless plough is a blade with a non-relieved bottom and a
relatively wide side plate, and is self supported, i.e., all the weight
of the system is an active force in the process of cutting soil.

The forces recorded during these tests in the horizontal and vertical
direction, and the one calculated from the equation for narrow tines

(Godwin and Spoor 1977), are plotted on Fig. 4.4. Although the theory of
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narrow tines could be used to predict the forces acting on the tine
face, and are 1in close agreement with the results obtained at large
depths. As the depth of work reduces the influence of the forces acting
on the bottom plate and on the side plates of the implement increases,
and the results of the experimental values start to present some
variations, especially for the vertical forces. The reason 1is, as
explained above, that it is not the purpose of the model to predict all
the forces which are involved with the tine shape used in the

trenchless plough beam arrangement.

Comparing the overall forces in the horizontal and vertical direction
with the results predicted by the narrow tine theory for the tine face,
the difference between the curves suggests that it is necessary to find
a way to predict the resultant force acting on the tine in the
horizontal and vertical direction to complement the results obtained

from this theory.
4.3.2.3 Position of the resultant force

The magnitude, direction and point of.action of the total resultant
force, R, acting on the trenchless plough 1s a function of the tine
working depth. However, it is possible to observe in Fig. 4.5a that the
ratio of the depth of the centre of resistance and the implement
depth remains fairly constant. The results presented in Tablé 4.1 show
that the ratio cr/d has an average value of 0.877, where 92% of the
values are within + 2 standard deviation for depths between 138-198 mm.
It is also noticeable in Fig. 4.5b (Table 4.1) that the angle of the

resultant force tends to decrease with the increase in depth, and this



- 60 -

(2.6}
‘100dS pue UIMPCY) SaUIY MOJJBU =YY JOo AU03Y3 9yl wouy paurelqo

QST -

asi

BsSv

S1INSey -——— °S3[NSo4 [rjuswIsedx3 O Iy -weaq burieojs Ducy e
U1IM pPaIquwsssSe [opow Sull SSIa[UyouaLy 8yl uo S3240J) uoljldead [10S ¥°% 913
W3 ) H1ld3d
ST gl b1 7 91 B 3 12 ¢
an * - 10 q o ©
LIAOPD * + O
OuO O
UOCL}o0ad J0ITTJdaA
10317 d3A Ci
Q
¥
o Y v X
«* %
2
1010 ZT 40y \ﬁ *

A

oCh = 9)1DuUD IYou

8O3

LRFa

QA6

(N2> 33404




- 61 -

{eam)

188

i78

| -]
168 o
158
146 (s

138 A

126

118
116 134 158 178 196

Depth of wordk d, {(mmd

Centre of resistance cr,

29

28 o o

27 o
EJD X

26

25 - o

Z4 © €

23
119 1306 158 178 198

Deprth of worlk, {({mmd

Angle of the resultant (deg)
a

FIG. 4.5 Relation between resultant force and depth of work
a) center of resistance
b) angle of the resultant force

210

218




- 62 -

55UP7SISL JO 943U 3Y3 JO UCTIIISOod 9°% "DId

Wi e

/

490npsuru]l butua [euobeldo
pPopuslxs 3yl Jo oJ4quad

rrmars




- 63 -

relationship appears to be non-linear. Fig. 4.6 1illustrates the
relationship between depth, position of the centre of resistance,

direction and magnitude of the resultant force.
4.3.2.4 Force response to changes in hitch-point height

An important factor in the dynamic behaviour of the implement 1is its
response to changes in the hitch-point level, and the soil reaction
forces to these changes. Singh (1982) in his hypothesis on the dynamics
of the trenchless implement suggested that the angular response of the
model drainage plough could be represented by a second order linear
differential equation. As a result of the tests, he found that the
implement achieved 63.2% and 99% of the desired correction after
travelling 0.9 and 4.5 times the beam length respectively, and these

figures were independent of the forward speed of the implement.

There are fundamental differences between the model of trenchless plough
being studied here and the one studied by Singh. One important aspect
which differs in Singh's plough model was that due to its configuration
the implement ‘could achieve the equilibrium conditfcn at any angle of
the tine or the long beam, dependent only on the position of the
hitch-point; Singh's model was a relieved bottom tine, and the
hitch-point g was fixed to the carriage, without the use of the
free-link. Therefore, it is important to repeat some éf this test, iI<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>