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ABSTRACT

An  investigation was initiated @ to obtain - some
understanding on the behaviour of soil at higher moisture content
and to explore the potential of preparing paddy fields with
reduced amounts of water. This investigation comprised of three

separate studies.

Based on existing. information Athat water could be
reduced when éoiilclods were initially formed prior to flooding,
the effects of clod size, clod initial moisture content and
confining states on the rate of water uptake were explored. . The
moisture gradients within clods wetted and dried for different
pPeriod of times were also studied. The results of the clod
wetting experiments show that  the rate of water uptake by
capillarity was greatest when clods were initially very dry and
smaller clods tended to absorb water faster than bigger clods
when under confined conditions. Confining had no effect on
infiltration when the initial condition was very wet. On drying,
the smallest clod dried the fastest, reduced greater volume and
increased its dry ‘bulk density significantly. Larger clods
required longer drying period to arrive at a uniform moisture
profile within as compared to smaller clods. Results from the
wetting experiments were tested against the infiltration model of
Jarvis and Leeds-Harrison (1987) and a model developed based on

linear flow of heat into a solid (Carslaw and Jaeger, 1959).

A second project involved the study of soil deformation
at high moisture contents in an attempt to produce clods with
minimum draught force using simple relieved tines at various rake

angles and depths in a soil tank. The principal objective of the
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study was to utilise so0il implement mechanics knoWledgé to
improve the efficiehcy of séil préparatioh.fdr wetland cropé.
Aspects like ﬁhe nétﬁte of éoil' disturbance, extent 6f
disturbance and dréught reqﬁireﬁént were'investigated. The soil
was in a plastic'consiétency prepared to fﬁree specified.density
states of 940, 1000 add 1250 kg/m3. Theﬂsoil'distufbanée pattern
was monitored usiné implanted coloured beads and glass sided tank
studies. In addition, the extent and height of heave and surface

disturbance were noted.

Predictivé modéis based upon MothCOuiomb'soil mechanicé
theory wére devéloped to'pfedict the interaction befween the soil
And simple implements at three raké éngles. Théée were based on
the Iateral failure theory of Gb&win and Spoor‘(1977) And thevtﬁé
dimensional soil failpre model beetiiagétéhi aﬁd Reece (1974).
Results from the singlé tine study were tésféd againét the
models. A }sliding resistance compdnent and. c:escént effect were
incorpératedvto impféve the predictiéns ‘for thé 4S° and 905 réke
angle tinés;ﬂThe ‘magﬁitude 6f each mdde.of Lfailuré'is'dependént
upon the critical aspect ratio which varies with tine rake angles
and soil conditions. The mode of failure is considered to be
lateral when the tine aspect ratio is larger than the critical
aspect ratio and an upward failure when the tine aspect ratio is
lower than the critical aspect ratio. The predicted results are
in close agreement with the results of the experimental studies.
For the backward raked tine, a model was developed based on the
formation of an elliptical wedge and bearing capacity type of
failure ahead and below the'wedge. This failure theory was based

on the bearing capacity failure for deep footings. The model
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helped identify an additional parameter that influenced the
draught force for a backward raked tine. This parameter is the
sliding resistance component on both sideé and beneath the
elliptical soil wedge. Results from multitine studies showed that
draught force increased with tine spacing but the increase was
not significant. In the wet condition the tines merely cut slots

and little or no interaction was noted.

In an effort to f£find the optimum water level for soil
puddling, a laboratory study was conducted to determine the
influence of water-soil ratio on the ease of puddling air dry
aggregateé. Soil puddling was carried out using a rotary stirrer
éimulating the rotary motion of a rotary cultivator commonly used
in  wetland preparation. The ‘results obtained showed that the
fastest dispersioh of particles resulting in a minimum wet bulk
density”ofw1.23'Mg/m3, was achieved at a water-soil ratio of 1.2.
(A supersaturated condition equivalent to a moisture content of
120% dry basis). Increasing the water-soil ratio above this value

did not change the wet bulk density value for all stirring times.
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- CHAPTER 1.0 INTRODUCTION

1.1 General

Rice is grown in 111 countries in the world and is the
primary food .for the majority of developing countries in Asia
(Brady, 1978). Unlike other crops, rice is grown under water. It
is- adapted to different cultivation- methods including direct
seeding and - transplanting. Despite the fact that direct seeding
reduces the labour cost and: sometimes gives higher - grain yield
when sown by a drill (Khan, - 1975; Navasero, 1969; Jayasekara,
1966 and ‘Adair ‘et al., 1962), this method . has certain
disadvantages namely: | ;V |
a) More weed growth occurs in direct seeded than in transplanted
fields.
b) Uneven germination,  initial stunting, slow growth and:lodging
_of crops due to poor root development. .

c) Need for a high standard of levelling and a. good water control

system.

In contrast to direct seeding, transplanting uses healthy and
rigorous seedlings and gives a more uniform crop stand.
Additional advantages are effective weed control and reduced crop
lodging. Plant spaCing is an important production factor in
transplanted rice. Planting rice closer than necessary increases
the probability of lodging. On the other hand, spaCing too Widely

reduces yield (De Datta, 1981)

Transplanting of rice seedlings  and weed growth  is usually

facilitated by . puddling of rice fields through wet cultivation.
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The soil is converted into mud under flooded condition by draught
animals or powered implements., Often  at this stage the ‘water
requirement is at its peak. Puddling destroys  the system of
macropores and results in a minimum percentage of air filled
. pores (Koenigs, 1963). It‘substantially increases the amount of
water vretained byﬂthe‘ soil and reduces“both the water and
nutrient loss through percolation. This standing water helps
control weeds, promotes ox1dation reduction conditions ‘that
ravourr rice growth and creates a soft medium into which to
transplant' rice seedlings (Sanchez, 1973'V De Datta and Kerim,
1974- and >De Datta et-al;; 1979) There is also a reduction in
the apparent speCific volume (v01d ratio) of the soil (Ghildyal,
1978) Research on soil tillage for irrigated and upland rice at
the Indian Institute of Tropical Agriculture’ shows that for
irrigated rice, wet tillage proved ~ a better way of land
preparation than dry tillage and Significantly higher yields of
rice were obtained However, the water consumption and time to'
prepare the SOll into a puddled state is very high (De Datta,

1981).
1.2 Wetland Paddy Cultivation

For paddy cultivation, several basic " cultivation operations
can be identified, = namely  loosening,:  mixing, :inversion,
compaction and levelling. After harvest and at the beginning of
the 'rice phase, the soil is.often compacted and covered with
weeds or trash. Tillage must loosen the soil and control weeds
through incorporation by mixing or -inversion. Loosening is
followed by puddling to move the organic material deeper and to

reduce soil permeability at the bottom of the puddled layer.
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Permeability can be reduced by mechanical soil manipulation,
forCing s011 particles down to decrease pore SlZe at the bottom
of the puddled W layer. Levelling may be‘ needed before

transplanting.\

Presently mechanical cultivation of wet paddy presents a
difficult problem in developing countries where mechanisation has
not been successfully practised.  In ‘countries where . power
resources are limited, cultivation may :be done using a hand tool
or in some cases by treading of animals. Animal drawn implements
often consist of comb harrows or .wooden or metal drums with lugs
or blades. On the contrary, 1in countries where mechanical
resources are in abundance, the 1land is usually cultivated dry
and soWing may be carried out either by drilling in slightly
moist sOil, followed by irrigation,‘ or by broadcasting over
already flooded areas. In these countries, a rubber tyred tractor
may be used Tractor drawn puddlers may include a 'steel drum
with blades, tine tillers, disc harrows or power rotary tillers
aided 9 by ‘ cagewheels. Cagewheel | extensions have proved
advantageous in aSSisting Wlth the puddling, improving traction

and preSSing down organic matter.

Despite the number and types of implement currently available .
in the market, no standard implement has so far been recommended
for creating the desired puddled layer although the : rotary
cultivator, disc harrow,” rotary ' puddler and tine tiller have
found increasing favour. The capacity - of this equipment = is low
and the draught of the conventional . disc harrow is high (Dutt et

al., 1986).

Tillage operations are especially consumptive of energy. The



consumption of ' energy as well as the wear and tear of tractors
and implements increase sharply ~ with working : depth. The
traditional  and still widely practised tillage is based on : a
series of primary cultivations, aimed at breaking the soil mass
into - a loose systems of clods of mixed sizes, ' followed by
secondafy cultivation ' aimed at 'pulverisation, - repacking  and
smoothing of - the soil surface.  These practices performed
uniformly over the entire field often involve a whole series of
successive operations - each of which - is necessary to correct or
supplement the previous operation all at the cost of energy and
water usage. " . .. o R TR R P ORIE S F S SR ;
Undef; fioodéd ‘cdndiﬁibné;vmthéJ ﬁfa&ifiéﬁélrjpiodgﬂ méfély
distdrbs thé Sdii‘ whiist“soil ithurning, mixing, inversion and
compaction are " made effective by - animal or human trampling.
Puddling  requires an input ' of = mechanical ' energy; such -input
derives usually from a draught animal or a hand tractor, and for
resource-poor farmers in particular, the cost of those energy
inputs should be minimised. Efficient "~ use of water at this stage
will result in additional areas that can:. be supplied with the
same amount of irrigation water, thus increasing the productive
irrigated area. Further benefits include : the: more available
supply of water that can be' used: to optimise kthe» cropping
schedule, smaller and less expensive of canal ' sections through
reduced water requirements and more efficient management through
better allocation and timely distribution of water throughout the

service area.(Valera and Wickam, "1977).. = ..

According to Sarker (1985), the amount of water needed to

prepare land for wet rice depends mainly on soil ktype and water
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holding 'capacity; but‘most-yinportantly on the type of land
‘preparation;\ Inzmost"irrioated"areas, therel are‘tno' distlnct
thllage practioes for 1land preparatlon, namely pre lrrlgatlon
tlllage and post 1rr1gatlon tlllage. Pre 1rr1gation tlllage is
one that is descrlbed as the tllllng of the field well before
inundation by the irrigation water. It usually relies on residual
moisture content  for easy ploughing. Post irrigation tillage is
the practice in which the land is tilled after 1rr1gatlon water
is supplied. Both practlcesx'requlre water for land soaklng in
whlch water |is used to saturate the SOllS before ploughlng and
puddllng Generally, land soaking and land preparatlon (ploughlng
and puddllng) use one thlrd of the total water supply in the

grOW1ng rice crop (De Datta, 1981)

Sarker (1985) compared pre-irrigation . and post irrigation
tillage techniques on a basis of water . consumption, rice yields
and cost of operations. Results obtained show that some farmers
tilled their land as many as five . times before £final - land
preparation.. Comparing figures on water use for land soaking and
land preparation . shows. that water saving associated with
pre-irrigation  tillage . practices is : highly significant.
Pre-irrigation tillage reduces the number of ' tillage operations
after land soaking to a minimum of one, and more tilling
operations are not requlred On the other hand, post 1rr1gatlon
tlllage requlres at least three tllllngs or ploughlng operatlons
and the same number of puddllng operatlons to prepare land for
transplantlng. It was found that the variations in crop yields

for pre-irrigatlon tlllage and post 1rrlgatlon tillage practices

were significantly- different at the one percent level with
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pre-irrigation tillage giving the higher yields. However, ‘the
difference .in’costs\ for tillage operations ‘between these two
practices were statistically inSignificant. In thevlight of this
finding, saVings in water needed for land.»preparation are
possible by practising pre- irrigation tillage rather than post

irrigation tillage.
1.3 Constraints To Improving Soil Preparation

Presently, considerable - progress has been made - in designing
low energy implements for dryland cultivation. For wetland
cultivation, however, little is known. The pressing need for
design - information to  supplement the 'current qualitative
procedures  has demanded that methods for design be developed.
Basic tools such as the traditional wooden plough date back into
antiquity, yet, they are still found in their original form in
many parts of the rice growing countries. Even in more advanced
. SOCletleS, the moldboard plough is deSigned by empirical methods.
The tool is varied in some manner and acceptable- deSigns are
identified when the resulting soil condition is adjudged to be
satisfactory Quantitative descriptions or representations of the
final SOil condition are seldom ‘used and, in addition, the forces
required to move the tool are frequently not quantitatively

assessed.

The success of any tillage operation depends on creating the
right disturbance and this 1is determined by implement shape.
Agricultural implements can be categorised according to patterns
of soil disturbance namely w1de tines (where the working w1dth is
greater than the working depth), narrow tines (where the working

width 1is less than the working depth) and very narrow tines



(wheredthe 1working widthuls much‘less than the workingrdepth),
(Spoor et al., 1985a) Among the 1mplements cla531f1ed under w1de
tines are levelllng blades, w1de chlsel tlned plough, angled dlSC
harrows, subsurface sweeps and blades. The narrow tlne group
consistsb of cultlvatlon’ tlnes, tlller tlnes and narrow chlsel
tine plough whlle the very narrow tlne category includes harrow

tines and mole ploughs._

In addition to ‘the above, there are three more groups of
implements‘which cover sideways angled blades, wheels or rolls
and powered tines. The sideways angled blades include moldboard
ploughs, dlSC ploughs and dlSC harrows, whlle the wheel category
1ncludes plaln, peg tooth crumbler rolls and presses.‘ The
powered tlnes 1nclude horlzontal and vertlcal axis powered rotary

cultlvators.

"Although tined implements are- categorised into three groups,
the disturbance caused by a given tined implement could fall into
any category “depending upon - soil conditions (Spoor and Godwin,
1978). As tine working depth increases .in a given soil, the
nature of the disturbance changes from that of a wide to a narrow
to a very narrow-tine. The ‘transition from narrow to very narrow
tine'disturbance is determined by the critical depth. As the tine
moves below the critical depth, the soil disturbance at and below
the critical depth ' changes from brittle, which loosens soil, to

compressive, which compacts soil.

Over the years, there has been very little improvement in the
animal drawn implements "used for rice 'cultivation. The ' local

wooden plough and plank seem to be the only :implements used for
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most puddling and levelling. The introduction of tractor power
has often not affected the type of implement used. Spoor et al.
(1985a) reported that for efficient equipment  design -and
selection, it is wvital to have a  knowledge of necessary soil
condition and of the transformation ‘needed to achieve themn.
Implements selected or desi;ed must produce the required results
under prevailing soil and moisture conditions and utilise_minimum
power and.draught. In the iight)of‘;he, difficulty in developing
new implement for wetland cultivatiqn,» advances could be made by
resorting to fundamental studies under the prevailing soil and

moisture conditions.

According to Gill and Vénden’:Bérg (1968); the kéy' to the
development of ~ a scientific appfdéch to tillagé is the
establishment - of a soil-implement mechanics base capable of
describing and predicting the action of a tillage tool on the
soil. Once.  a reélistic{ soil-implement mechanics base is
developéd, it can serve to predict soil behaviour and help in the
selection of apnropriate tillageitoolé and in tne improvement of
tillagé effiéiency. Hence for wetland,vtiilage research, it is

vital to conduct an investigation on vthe;reactionrof wet soil to
external forces imposéd by\agricultural implements and the energy
input required Wbilé‘ wnrking in the‘ wetter range. This is
important sinéé cnoice of jimpiement and thé level of moisture
content have significant effects on the power requirement and the

resultant mixture.

The reduction of water consumption has also been of great
concern in many areas. Water shortage and severe drought are not

new phenomena in human experience but the increasing pressure to
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produce more food to meet the rapidly expanding population makes
efficient water management an urgent issue. . With. increasing
demands being made on water resources worldwide for industrial
and domestic use, the water available for = agriculture is likely
to become scarcer and costly. Hence there is a need to improve
the efficiency of water use by crops and to avoid wasteful
applications of irrigation water. This is desirable particularly
in rice growing areas where wet cultivation is practised. This
requirement is summarised by Russell (1985) who stressed the neéd
to develop and evaluate effective techniques of wet cultivation
and puddling that maintain high rice production, allow savings of
seasonal water requirement and involve smaller inputs of puddling

water and energy. In puddling, the water usage is often in excess

to help scouring, apart from reducing the soil strength.

Maximising ﬁhe uée of irrigation waﬁer .requires strict
cbntrolv on soil water usage particularly during field
preparation. Another possibility is to utilise the rain water for
iand soaking saving the irrigation water for crop growth. - For
wetland cultivation, it has been recommended that pre-irrigation
tillage be adopted to produce loose clods (Sarker, 1985; ' and
Valera, 1977). Earlier work by Koenigs (1961) has shown that
preparing mud from ' dry clods ' is much easier and saves water
compared to preparation from the undisturbed state. For timely
operation, it is always preferred to have clods that can absorb
water quickly. It is not known, however, whether initial size and
moisture content level have any effect on the rate of water

uptake especially in cases where soil clods ‘are wetted by

capillarity rather than by complete flooding.



-10 -

In dryland cultivation,imaximum friability can be achieved in:
some soils at a gravimetric water content ofiabout 90% of the
lower plastic limit (Utomo and Dexter, 1981). Ojeniyi’'and Dexter
(1979) have earlier reported that tillage at this optimum water -
content maximizes the . proportion of small clods produced.
However, for resource-poor - farmers in the tropics, .tillage is-
often conducted on submerged fields  to reduce the draught force. -
In view of the limited power resources available and the need to
conserve water }ln wetland tlllage, 1t would be a great help if
clods could be produced at a m01sture content above the lower'
plastlc llmlt. Experlments conducted by Spoor and Godw1n (1979);
1nd1cate that brlttle fallure and hence clod formatlon can occur‘
at higher m01sture contents, above the lower plastlc llmlt,m
prov1ded conflnlng stresses are low. The results, however, were’
observed in a tr1ax1al test and were not evaluated“ln the fleldi

or a soil tank.

- A review of  existing information on rice land preparation
reveals that equipment and - timing A of operation vary with
location, soil type, irrigation water and power availability.- The.
water use and the energy requirements due to increased number of :
operations are high. Whilst much work is documented on the.
agronomy, breeding, insect and disease .control of rice, there is .
limited research . recorded on optimum water - level and the most
efficient implement which creates the disturbance required. In.
fact very little information is available regarding the optimum .
soil condition before transplanting rice. Although a well
prepared mud is favourable, experiments to establish the optimum

moisture content to obtain - such a condition are lacking. This
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lack of a quantitative description of the degree of puddling
poses a major hindrance in performance evaluatlon of puddling
equipment and this in turn hampers the 1mprovement of 1mplement
design. The difficulty in quantifying the degree of change in the
structure of 5011 brought about by wetland tillage best suited to
the requirement of the rice plant, stens from the fact that very
little work has been done to relate the optimum condition to the
maximum yield or growth obtained with the exception of the works

by Painuli et al. (1988) and Kumar et al. (1977).

To summarise, . water can be better  utilised when puddled
conditions are. prepared from -dry: clods than from a wet
undisturbed - state. ' Clods that  saturate faster require less
energy to  break. The need for faster absorption is vital
especially in areas where water is scarce-and the time to prepare
land is -short. Producing . dry clods requires a relatively high
power requirement. Very little information is available on soil
behaviour when 1worked in the wetter range more applicable for
wetland cultivation. Fundamental work on . soil-implement
interactions have been mainly concentrated at moisture contents
below the lower plastic limit, exceptions to this are the works
of Stafford (1979), Wismer and Luth (1970), Rajaram (1987) and
Owen (1988) who worked at -moisture contents slightly above the
lower plastic limit. Little attempt has been made to explore the
possibility of producing clods within the plastic range, though,
it has been indicated that brittle failure and hence clod
formation at high moisture contents may be possible (Spoor and
Godwin, 1979). Information is also lacking on the effect of clod
size and initial moisture content on the rate of water uptake by

capillarity when the soil is not completely flooded. From the
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above, clearly there are many potential benefits that could be
gained in terms‘of lower power and energy requirement, better
utilisation of water, faétér_ preparation of seedbed and improved
soil conditions through a ' better understanding of soil implement
interaction and soil behaviour when 1loaded at higher moisture
contents. This,projeth.§herefo:e aims to explore vsomé éfJ_the

fundamental aspects of these relationships.
1.4 Objectives

‘The genera1_ obje¢tive qf thig investigat;on‘ was to eQaluaté
soil-implement mechaﬁics’under\wgtland”condition with the aim of
reducing water requirement ?in'fland,“preparation.‘?he specifi;
objectives were three-fold, namely: e '

i) to study water uptake by sqil_éloqé of different sizes énd ét
different initialvmoisture contéhts,_undg;‘different».¢6ﬁfining
stresses when wetted byvcapillarity., |

ii) . to measure the forces and observe the nature ofvsoilAfailure
on plane narrow tines varying in rake angles, working depth and
‘width and working at very high moisture contents, most applicable
to wetland cultivation,-and

iii) to assess the influence of water quantity on the degree of

puddling and final aggregate size distribution.
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CHAPTER 2.0 LITERATURE REVIEW

2.1 Clod Wetting and Drying
2.1.1 Rate of Water Uptake

Considerable work has been done on clod wetting and
clod drying over the past decades. Emerson and Grundy (1954)
studied the effect of rate of wetting on water uptake and
cohesion of s01l crumbs. They wetted columns of air dry 5011
crumbs of 2 to 5 mm by means of Siphons :of finely drawn out
capillary tubing dipping into ,a reserVOir ‘of distilled water
maintained at a constant height, ;the rate of wetting being
controlled by the diameter of the tube.‘ Their results show that
the amount of water taken up by ieach column 1ncreased
continuously Wlth rate of water application. This was attributed
to 1ncreased aggregate immerSion at the higher application rates.
The ‘corresponding progre531ve decrease in the cohe31on of the
wetted crumbs was measured by their reSistance to break down
under the impact of falling water drops. The loss of COhESlon was
described to be due to almost \entirely to entrapped air,
non- uniform swelling of the ‘clay being ‘a negligible factor in
weakening crumbs. The ‘extrapolated value of the cohes1on of the
grassland crumbs at zero rate of wetting was tw1ce that of the
arable, 1ndicating an additional cohesive force in the grassland
crumbs. The cohes1on of the arable soil fell much more rapidly
with increased rate of wetting than that of the grassland
probably because the roots in the grassland crumbs prov1de easy
escape passages for the air. Emerson (1955) studied the

difference in the rate of water uptake between soil crumbs and
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undisturbed soil cores at low suctions. The - soil was dried to
wilting point' before the test. Results obtained show that the
decrease with time of water uptake was slower for the undisturbed
core than the crumbs (Figure 2.1). He attributed this observation
as due to the absence of :cavities into which the clay crystals

could expand.

Gumbs and Warkentln (1972) studled the effect of bulk
density and 1n1t1al water content on water 1nf11trat10n lnto clay
soil samples. Inflltratlon measurements were made on swelllng
clay samples packed 1nto columns. Small increase in bulk density
over the range 1.10 to 1.25 Mg/m , markedly decreased the rate of
water 1nf11tratlon. The magnltude of the effect was greater for
confined samples than unconflned samples attall nitlal water
contents. A 1 cm thlck compact layer in} the‘ profile was
sufficient to retard water movement if the ”samplenwas confined:
In partlally conflned 'samples, the :soil inr the compactA layer
would swell on wettlng and water movement was retarded only when
the bulk densxty (after swelllng) Stlll exceeded the bulk den51ty
of the remalnder of the column. Comparlson of horlzontal 'and
vertical ‘1nflltratlon showed that under thelr experlmental
condltlons, grav1ty contrlbuted 31gn1f1cant1y to water movement
at high 1n1t1al water contents. Follow1ng from the above study,
Gumbs and Warkentln (1976) measured the bulk den31ty changes,
final degree‘of saturatlon, volume 1ncrease on wettlng and rate
of wetting of aggregates and clods\vvarylng ;n size from 50 mm to
3.6 mm in diameter. The soil }used was a llty clay loam. The
results showed that on wettlng, dry bulk den51ty decreases were

greater 1n the small clods than in the large ones.
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'Olsen (1960) measured’an exponential increase ' in clod
permeability with increasing porosity whilst Millington and Quirk
(1959) - and: Philip: (1957a):found that permeability increases

4exponentially:with,‘increasetin initial moisture content. Philip
(1957b) - has :shown that :the rate of advance of. the wet: front
increases and the rate of infiltration decreases with increasing
initial moisture content for both short and long duration
wetting. Hanks and Bower (1962) and Mlller and Gardner (1962),
found that when therey'is textural layerlng 1n a' proflle,

1nflltratlon 1s controlled by the less permeable layer.
- 2.1.2 Shrinking and Swelling Behaviour:

' The shrlnklng of clay SOll on drylng‘ and 1ts swelllnc
on wettlng have been descrlbed by many researchers (Halnes, 1923,
Holmes, 1955 Keen, 1931,kLaur1tzen and Stewart, 1941,‘Laur1tzen,
1948; and Stlrk, 1954). Halnes‘ (1923) observed that durlng the
drying“of a remoulded 4block of aj’saturated clay s01l, the
decrease 1n volumeew;syzlnltlally equal to the volume of water
lost so that the block 1rema1ned saturated as drylng proceeded.
The flrst stage called 'normal'h'shrlnkage by Keen (1931) was
followed by 're51dual' shrlnkage (Halnes, 1923) when the volume
decreased less rapldly ‘than the water content as air entered the
soil. . These stages are presented in Figure 2.2 in the drying
curves for blocks moulded by Holmes (1955) from 5011 contalnlng
64 percent of clay. Holmes found that the matrlc potentlal at
whlch the tranSLtlon from normal to res1dua1 shrlnkage occurred
in hlS remoulded clay 501ls was of the order of —10 J/kg (- 100
bar). Macroscoplc shrlnkage ceased at about '-10 J/kg (- 1000

bar). Stlrk (1954) showed that the lower the clay content, the
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higher the potential at this transition. Lauritzen and Stewart
(1941), Lauritzen (1948) and Stirk (1954) worked with naturally
strﬁétﬁred soil rathef than remoulded blocks. They noted thét,‘at
the start 'ofv drying, there was an initial stage, callea
struétural éhrinkage (Stirk, 1954), during which air entered
largei porés and cracks while the bulk volume of the soii

decreased.

Spoér et al.k (i985b) conduéted a | laboratory
investigétibn examining théuihfiﬁencé vof the degree‘ofvreworking
and éﬁbéeduent ageing period beforebrewetting, on the unconfined
swelling - behaviour of soils of different depositional origin,
mineralogy . and bulk density. All the soils ' exhibit unconfined
swelling tendencies, these increasing considerably following soil
reworking. Unconfined swelling following reworking is excessive
in soils high in exchangeable sodium and high in the calcareous
alluvial and lacustrine soils and in the lower density, non
' calcareous,’ non alluvial soils. No clear pattern emerges
regarding the soil properties influencing ageing effects. The
percentage swelling reduction as a result of ageing tended to be
greater for the first 7 days ageing period than for the

subsequent 14 to 21 day period.
| 2.1.3 Stability of Aggregates |

Harris et al. (1966) reported some work on the
stability of aggregates conducted earlier by Alderfer (1950) and
Rennie (1952). Alderfer (1950) studied the stability of
aggregates at different moisture contents obtained by slowly
drying premoistened aggregates and by slowly wetting air-dried

aggregates. Aggregate stability decreased as moisture contents
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increased beyond field ceﬁeciﬁw; The stability of oven-dried
aggfegates was higher- then that of aggregates in the aif-dry
siate. Rennie (1952) as‘citedvby iHarris et al; (1966) found that
aggregates wefe more stahle éo wet éiewing when tﬁey‘ were
prewetted slowly with an atomlser spray than by caplllary actlon.

However, both were least stable when immersed dlrectly in water.

- Marshall and Holmes (1979) reported that the stability
of aggregates decreases on wetting dry soil particularly if done

rapidly. This could be due to the foliowing reasons:

a) The strength - of soil decreases with water . content because of
reduced cohesion and.the - softening of cementing agents between
the soil particles.:-

b) If macroscopic swelling occurs during adsorption,j this will
cause uneven strains throughout an aggregate so .that its
structure will be distorted and weakened.:This effect of uneven
wetting will be greatest when dry clay soil wets rapidly
(Panabokke and Quirk, 1956).

c) Rapid wetting of dry soil can cause disruption by air trapped
by water that fills the outside pores of aggregates before
advaneing ihwards. If air compressed by this advance reaches a
pressure greater than the tensile strength of the soil, it
escapes explosively breaking off fragments in doing so as can be
observed when dry aggregates are immersed suddenly in water. This
causes slaking of many soils particularly those of low or medium
clay content (Yoder, 1936; Henin and  Santamaria, 1975; Russell,
1938; Robinson and Page,  1950; Mazurak,  1950; and 'Emerson and

Grundy, 195%4).
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Dettman (1958) experimented on the water uptake by pure
clays and érumbs and concluded that entrapped air is neither a
necessary nor an important factor in their slaking. Slaking is
always associated with rapid intercrystalline swelling of the
clay. If swelling is suppressed or takes place slowly, slaking
does not occur and it is suggested that slow swelling gives time
for readjustment of the internal geometry of the vcléy, so

producing some dislocation but no disruption.

Mc Intyre and Loveday (1968) found that rapid wétting
of dry unconfined clods from expansive soils (usually containing
more than 30% clay) resulted in a significantly greater retention
of water than when clods were wetted slowly. The clods in both
cases were drained to equilibrium at suctions up to 600 cm; Slow
wetting by capillarity from water under a suction is commonly
used to allow air to escape f£freely and so avoid explosive damage
to weak aggregates. Kemper and Koch (1966) showed that 'the
percentage of stable aggregates was wusually much lower when
samples were immersed rapidly in water compared to wettingiunder

suction. Their results are presented in Table 2.1.
2.1.4 Clod Strength

Soil clods become weak on wetting and hard on drying.
The factors affecting clod strengh have been reported by several
authors notably Towner (1987a and 1987b), Salih and Maulood
(1988) and Rogowski and Kirkham (1976). Towner (1987a) described
investigations on the mechanics of cracking of drying clay; Bars
of clay were allowed to dry from different iﬁitial water contents
but prevented from shrinking in the longitudinal direction. Their

water contents were measured when they cracked and were found to
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be essentiaily the ‘same;( regardless’of their lnltlal water
content: Parallel experinents were performed to determlne the
ten51le strength of the clay as a functlon of water content and
the soil water suctlon as a functlon of water ‘content. The
ten311e stress generated by the shrlnkage was found to be related
to the total change in 5011 water suctlon when the shrlnkage is
lsotroplc. Towner (1987b) further studled the mechanlcs of the
stress system leadlng to cracklng. 'The ciay cracks at a unique
moisture content which is 1ndependent "of the 'initial noistnre
content and can be determlned if the relatlonshlp between ten31le

strength and water content lS known.

.Salih and  Maulood ;(1988){studied -the influence of
temperatnre and cycles of wetting and drying on modulus of
rupture.. Modulus of . rupture. decreased with increase in
temperature of drying and correlated strongly with the degree of
shrinkage of soil briquets. Low shrinkage' 'in soil briquets
coincided with a low modulus of rupture. Rogowski and Kirkham
(1976) observed that aggregate strength decreased with size and
large increases . in clay content were accompanied by large

increase in strength.
2.1.5 Modelling Water Infiltration Into Soil Clods

The prediction of water infiltration into field soils
has been described by a number of researchers (Davidson et al.,
1963; Gupta and Staple, 1964; Rawlins and Gardner, 1963; and
Staple/and Gupta, 1966) who use the‘diffusion equation to predict
infiltration into columns of soil. Philip (1968) proposed a

theory for infiltration into well aggregated soils and concluded
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that the size of the soil aggregates must be ‘large and the
permeability of the aggfegates must be low for this theory to be
valid. The applicability of this theory was later tested by Gumbs
and Warkentin (1975) with aggregated clay soils and they
concluded that the classical diffusion equation can be used to
predict 'infiltration provided the eorrect diffusivity and
conductivity values were used. Gumbs and Warkentin (1976) further
proposed a predlctlon 'model on the rate of saturation of
spherical aggregates u51ng an equation analogeus to heat
conduction. Based on 1linear flow of heat into a solid 'slab
(Carslaw and Jaeger,1959), the entry of water into a cubical clod

could be described as the following;
2

de = Dd“e 0O<r<a, t>0 ceeees(2.1)
gt drl
where 6 = volﬁmetric'moistﬁfegeehteat,
t = time,
r = distance from the surface of the solid to the wetting
front,

D =‘water diffusivity,-
a = thickness of the solid block of soil.

with the following initial -and final boundary conditions

ei= Owhent =0, 0 <r«<a eveeees(2.2)

ef= 2] when r

Sat a, t>0 0000000(203)

equation (2.1) has the following solution
Qt = Oi + (Gf-Oi)r/a +
N=°O

2/3.lij/;f(cosN3.14)-Bi/Ne(°D(N3°14/a) E)gin(N3.14r /a)] +

N=1
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N= oo . L g f e a
2/aﬁinN3.14r/ae-D(N3':14/a) t evenenena(2.4)

-N=1

where 6.= initial volumetric moisture content,

9f= flnal volumetrlc mOLSture content,

‘9£= volumetrlc mOLSture content at any p01nt r in the

soil block at any tlme t,

Qsat= volumetrlc m01sture content at saturatlon.

Jarvis and Leeds-Harrison (1987) described a two domain
model of water movement in drained clay soils which incorporate

lateral sorption into soil peds given by

j=k

1= 2. (@t )(aA )(s /2) (et ) vz

j=1

ceeai(2.5)

where k is the number of soil layers, Az is the layer thickness,

are the fractional wetted depth, the fractional

£ ,t. and S,

. a.

i’ 73" j
wetted ped surface area, the time to start of input. into layer ‘j
and sorptivity respectively. The = sorptivity value,:isj, is
difficult to determine in a laboratory condition using compacted

and structureless clay.

To summarise, the results of past investigations show
that water uptake decreased with wetting time and the decrease
was slower for wundisturbed cores than surface clods. Water
movement was more influenced by gravity when wetted from high
initial water contents. Clay mineralogy alone was found to have

no direct relationship with percentage volume change of soil
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clods on wetting. Swelling on wetting was reduced as soils aged
after disturbance for the first seven days than after longer
periods. The dry bulk density decreases were greater in the small
clods than in the large ones when clods were wetted. During
drying, soil experienced normal and residual shrinkage. In normal
shrinkage, the volume change was equal to the volume of water
lost thle in residual shrinkage, the volume decreased less
rapidly than the water content as air entered into the soil. Soil
aggregates were found to be more stable when wetted slowly rather
than when immersed in water. Aggregates stability decreased as
moisture contents ;ncreased beyond field capacity and the
stability of oven dried aggregates was higher than that of
aggregates in the air dry state. Aggregates were also observed to
lose strength on wetting but gained enormouS'étrength on drying.
The modulus of rupture decreased with increase in temperature and
correlated strongly with the degree of shrinkage. Clod strength
. decreased with size but increased with clay content. The rate of
advance of the wetting front depended onﬁpermeability,.changes in
bulk density, layering in the profile and on initial water
content of the soil. Water infiltration models have also been
proposed. The infiltration models related to this study are those
proposed>by Gumbs and Warkentin (1976) but modified to consider
the linear flow of heat into a solid bounded by a pair of
parallel planes and ‘the lateral sorption model of Jarvis and

Leeds-Harrison (1987).
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2.2 Soil-Tine Interaction Studies

L

"2.2.1 Soil Failure by’Single Tines

bIt can be stressed that there are three Jtypes“'of
fallures caused by agrlcultural 1mplements, namely brlttle, flow
or compressrve and ten51le fallures. Hettlaratchl (1987) has
demonstrated how thls transltlon can be explalned 1n terms of the
state paths generated to cross the crltlcal state llne ln the
crltlcal state model of SOll mechanlcs.» In the crltlcal state
model fallure’ is of a brlttle type 1f the stress’ path meets a
fallure plane from the dry s1de (Hvorslev surface) of the
crltlcal state llne and compre551ve 1f the stress path approaches
from the wet 51de (Roscoe surface) of the crltlcal state llne.

¥

The crucral parameter determlnlng the fallure mode is? the
magnltude of the spherlcal pressure.v Cons1derable ev1dence has
shown that the spherlcal pressure governs the trans1tlon from
compres81ve to brlttlev behav1our (Spoor and Godw1n,_ 1979);
Roblnson (1959) and Heard (1960) : Hettlaratchlv (1987) p01nted
out that molsture content, s011 strength, volume change, cohes1on.
and sorl mlcrostructural state lnfluence the | varlable p
(conflnlng or spherlcal pressure) whlch controls the trans;tlon;
ThlS conflrms earller work by Stafford (1984) who observed that
the, tranSLtlon ‘can be determlned by morsture content,,\soll
den51ty, tlne speed and rake‘ angle.t The effects observed were
later explalned in terms of the crltlcal state concept,

particularly by the relationship between p' and’ q' (deviatoric

stress).

The nature of 3011 fallure created by w1de blades and

narrow cutting tlnes has been studled by a number of workers at
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moisture contents'below the lowermplastic‘limith The'classiciforn
of fallure generally attrlbuted to plane tlnes has been that/fn
whlch a dlstlnct shear or a fallure plane runs from the ‘base of
the blade up to ‘the 5011 surface ahead of the tlne in a repeatlng
pattern (Soehne,n 1956) Thus the’ prlmary fallure pattern "is of
largegclods. A locallsed shear plane extended from the base of
the ‘tine and in front there was a crescent shaped block of falled
s011. Thlsi pattern has beenﬁ recognlsed by many researchers
notably Payne (1956), Payne and Tanner (1959) and Godw1n (1974)

However, departures from thls pattern have also been noted Olson
and Weber (1985) and Stafford (1981) reported that the nature of
soil fallure caused by - narrow‘ tlnes' changed from perlodlc
creation of shear planes to contlnuous flow as the speed of the
tlne was 1ncreased. Four types of fallure were noted by Elljah
and Weber (1971), shear plane, bendlng, ten51le and flow Rajaram
(1987) whlle' worklng with a plane tlne in a clay s01l observed
that the 3011 ‘in front of the plane tine falled elther by
collap31ng, cracklng,‘ in ch1p form or readlly yleldlng and
flow1ng up and around the tlne dependlng on the mOLSture content.
Sstafford (1984) observed  no ‘distinct shear planes in flow
failure. Seliq and Nelson., (1964) on the other hand observed
failure phenomena associated with = various: tine configurations in

different soils. They reported two principal  mechanisms of soil

failure, passive shear failure and tensile failure or splitting.

Followingx'earlier‘work by‘Zelenin (l950)'and 'Miller
(1971), Godwin (1974) observed two fallure mechanlsms in his SOll
failure studles of very narrow tlnes. ' These con81st ‘of an’ upper

failure zone where the dlsplaced soil has forward, s1deways and
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upward components, termed crescent failure, and a lower failure
zone where the dlsplaced SOll has components both in the
direction of travel and s1deways termed lateral fallure. The
transition between" these two failures is determined by the
crltlcal depth which is 1nfluenced by tlne aspect ratios, s011
condltlon and tlne 1nc11nat10n angle. Wlth tines of small aspect
ratio, the soil ahead of the wedge on the tine face moved
forwards and upwards over the entlre worklng depth w1th a
dlstlnct shear plane belng developed from the tlne base (crescent
fallure) As the t1ne aspect ratlo lncreased, the 5011 below a
certain depth (crltlcal depth) appeared to move forwards only
with no dlstlnct shear plane belng vformed (lateral fallure)
Crescent fallure ‘occurred above this depth, w1th the distinct
shear plane developlng from the critical depth. A decrease in
tine rake angle caused an increase. in the critical depth for a
fixed tine aspect ratio. Loose soil above a compact ., denser
soil also increased the critical depth. The existence of a
critical depth below which little soil loosening occurs was later

confirmed by Owen (1988) and Spoor and Fry (1984).

The exlstence of 5011 wedges and compacted cones were
earller observed by NlChOlS and Reaves (1958), Tanner (1960),
Mlller (1971), Godwln (1974) ‘and Johnson (1977) uslng glass 51ded
soil tanks. In field condltlons, the soil wedges and cones were
noted by Tanner (1960)v and Willatt and Wlllls (1965) . Tanner

(1960) noted that for tines between 76° and 900

rake angles, soil
was compacted in front of the tlne at depth and along most or all
of the length of the tlne. He was worklng wlth sand, sandy loam
and clay soils. There was an upward dlsplacement both of the

compacted soil and of the looser soil in front of the tine,
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occurrlngﬂover Vmost of the worklng‘depth.‘ At the-level ‘of the
tlne tlp, there was‘zero vertlcal dlsplacement. Crescentashear
surfaces were not clear, though sometlmes suggested in the sandy
loam. Miller (1971), however, observed two failure ‘zones in dry
sand, an upper zone (corresponding to crescent failure): in which

displacement occurred *sideways and upwards ' and a lower :zone of
horizontal displacement only. This was confirmed by Godwin (1974)
and Johnson (1977) in a friable sandy loam and observed distinct
crescent failure planes. Godwin (1974), showed that the critical
depth of transition between the zones increased as the tines were
raked further forward, increased with tine - aspect-ratio and
increased as 'a constant function of tine width only for vertical

tines of high aspect ratio. .

Wedges 'and compacted cones form in field soils on tines
of all rake angles, thelr shape dependlng on tlne rake angle
(Tanner, 1960). Large cones were observed on the under31de of the
backward raked tlnes whlch may have accounted for thelr ablllty
to create crescent fallures.A Formatlon of a mov1ng SOll wedge,
and a statlonary _cone w1th1n the wedge, may account for the
varlatlon in angle of the resultant force to the normal to the
tlne w1th dlfferent rake angles, as noted earller by Wlllatt and
Wlllls (1965) and later by Omer (1977) Godw1n (1974) found that
the proflle of a so;l wedge in sandy loam conformed well to the
middle line poslt}on of the shear plane predlcted by Ranklne
active state analysis. The stresses ‘ahead of the tlne, and soil
conesbnear’the tine tip, were located at a p051t10n predlcted by
an equatlon for the depth of max1mum pressure, (Zelenln, 1950),

marking the tran81tlon between upward and downward dlsplacement.
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0

Johnson (1977) observed s011 cones on tlnes at 30 P 600

and 900

rake angles and s01l belng dlsplaced above or below the cones.

0 0

At rake angles of 60 and 907, he observed s01l wedges mov1ng up

the tlne, meanwhlle belng reformed from the surroundlng soil.

During the study of soil "behaviour under a single cage
wheel lug in wet clay soil (Salokhe and Gee Clough, 1988 and
zhang and Shao, 1984) the failure pattern in front of the lug was
totally different from that assumed in passive soil pressure
theory. The deformation zone consisted 'of two zones. namely, ‘an
'elliptical' soil wedge "and the - heart shaped zone of plastic
deformation. The »shape of the soil wedge 1n front of the
cagewheel lug was 'found to be elllptlcal No tran51t10n Zone or

Ranklne pass1ve zone ex1sted. '
. O

2.2.1.1 Factors Affecting Draught and Vertical Forces .

From "the llterature’ review,; the factors
affecting forces.on tines as 1dent1f1ed by prevmous researchers,
include tine rake angle, tlne w1dth, worklng depth, speed and
also m01sture content The effects of 1nc11n1ng tlnes forward and
backwards were flrst reported by Zelenln (1950). Forward
inclination (less than 900 )ﬂ reduced draught force.“ Payne and
Tanner (1959) systematlcally studled the effects of rake angle
for narrow tines varylng from 1 5 to 6 0 1n aspect ratlo w1th
angles from 20 to 160 in wet sand, sandy loam and clay loam.
They observed that draught force 1ncreased w1th rake angle‘and
the rate of increase was greater w1th tlnes of more. than 500
rake. The resultant force acted downwards on the tine at very

acute rake angles and upward on vertical and backward raked

tines. The relationships obtainedarbetween rake angle and draught
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force were”confirmed byﬁTanner (l960); Dransfield et al‘) (1964),
O'Callaghan and Mc Cullen (1965), Godw1n (1974) and Omer (1977)

Tanner (1960) used sand, sandy loam and clay s0115 with tlnes
having an aspect ratlo ofws .0. Dransfleld et ‘al; (1964) on'the
other hand1 used a hardf\ compacted clay The much greater
variabilityv of uresultsb in clay as obtalned by Tanner was
attributed to: adhesion ‘and to changes 1n the size qof the
stationary cone"on the Ftine face. ’wlsmer and buth‘k(1§70);
however,'reported fthat in water saturatedi clay soil, the tine

rake angle had an increasing linearreffect on draught‘force.

'Further results on.:the tine rake angle and
draught force relationships were :reported by Godwinf(1974), Omer
(1977) and Stafford (1979). Godwin (1974) made a thorough study
of the crescent and lateral failure reglmes in a friable sandy
loam caused by tlnes with a w1de range of aspect ratlos, mounted

0 .0 0.

at rake angles of 45 P 67 5 and 90 Draught force was found to

increase with rake angle and the 1ncrease became more rapld at

)0 to 600. Thls was due to( the greater force from

angles above 50
crescent fallure at the steeper rake angles and\the’ greater
proportlon of lateral fallure, as opposed to crescent failure, as
rake anglelincreased beyond 60°. f The direction of\the vertical
force changed from upwards for a vertlcal tlne to downwards for
tlnes raked forwards. Omer (1977) lnvestlgated simllar tine
performance in a plastlc, cohe51ve art1f1c1al soll-and observed
that the draught force increased with rake angle for shallow

working depths. The increase in draught . between 450 -and 67.5o

0 0

rake angles was insignificant, but that between 67.5  and 90" was

considerable, confirming the results of Payne and Tanner (1959).
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For the 12.5 mm and 25.4 mm wide tines at the three rake angles,
a minimum value of draught force was observed at 67.5° rake angle
but a large maximum value at 450. The vertical force was positive
at 90o .rake angle and negative for the forward inclined tines,
confirming Godwin's earlier observation. Stafford (1979) on the
other hand conducted . a study on the performance of 'a plane tine
of 40 mm width over a. wide range of soil moisture contents and
speeds, in both clay: and sandy soils. For the ..clay soil in the
higher moisture regime,’' it was observed that the draught force of
the~450 ‘rake angle tine was. greater than that of. the 900 tine,
the effect increasing with speed The more normal effect of rake
angle on draught force was observed in the lower m01sture regime

below the lower plastic llmlt Related work conducted in cohes1ve

s01ls 1s shown 1n Figure 2 3.

The effect of moisture content on force was
reported by Stafford (1979) and Rajaram (1987). Stafford (1979)
" conducted - his experiments at two moisture contents.belowg\the ﬁ
lower plastic limit in sandy clay . loam; while for the clay soil,
one of the ' four moisture contents used : was above the lower
plastic limit. Results showed = that at the low moisture content,
the draught ° force increased at an increasing rate with speed,
while at ~ the higher - moisture content, - above the lower plastic
limit, the draught . force increased at a decreasing rate with
speed and tended towards an asymptotic value (characteristics of

lateral failure). | o B ‘ o o

Another factor affecting draught force is speed

and this was studied by Payne (1956) . whose results were later

confirmed by Dransfield et al. (1964) and showed that draught
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force was insensitive to speed in loose soil but there was a
significant‘ increase with speed 'in compacted soils. This
phenomenon was further investigated by Stafford and Tanner (1976)
and Stafford (1979). At high speed the failure in'both‘ wet and
dry soils appeared to be a continuous flow of soil and the
draught-speed relationship was exponential, irrespective of tine
rake angles. At very'slow speed, the difference between brittle
and flow failure pattern was marked between wet and dry clay, -but
in sandy soil the failure pattern was mainly  brittle. Related
work conducted in clay soil is given in Fiqure 2.4.

The effect of tine\ width onhdraught force;is
considerable. Payne and Tanner (1959) observed that draught was
roughly proportlonal to tlne w1dth at acute rake angles, but
became independent of ‘width-for obtuse rake angles. The increase
of draught with width was later confirmed»by Godwin (1974}‘and
Omer (1977) ThlS 1ncrease is due. to a greater tlne face area on
which pressure acts. The rate of 1ncrease, however, falls off at
greater w1dths‘(lower »aspect ratlo) because the proportlon of
crescent fallure to lateral fallure (whlch produces greater
draught) increases. The vertlcal force shows a similar relatlon
to tine width, the increase becomlng less .marked at greater
widths (lower aspect ratlo) Figure 2.5 shows the relatlonshlp of

draught force w1th tine w1dth.

Work on the effect of depth on force has been
reported by several investigators. Dinglinger (1927) found that
below a certain depth, the horizontal cutting force‘increased
more rapidly (a parabolic relatlonshlp) This was later confirmed

by Zelenin (1950), Wismer and Luth (1972) and O'Callaghan and
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Farrelly (1964). Dinglinger used wet sand whilst Zelenin and
Wismer and Luth worked in a clay soil. O'Cailaghan and Farrelly
on the other hand used sandy loam and clay loam. Kostritsyn
(1956) , however, . found that draught increased linearly with
depth when cones and knives were moved through a cohesive soil
(Figure 2.6). Dransfield et al. (1964) obtained similar results
with a vertical tine in a loose soil and this was later confirmed
by Omer (1977). Godwin (1974), ‘however, observed that draught
force increased at an increasing rate while the vertical force
increased more slowly at greater working:depths, because greater
proportions of the tine were in° the region of lateral as opposed
to crescent failure. The work of Omer (1977) and WLsmer and Luth

(1972) are presented 1n Flgure 2 7.
2.2.1.2 Soil Failure Theories

A number of force predlctlon models< have beeh
developed by varrous researchers for the predlctlon of t1ne and
blade forces in the last decade. Ex15t1ng theorles of the actxon
of tines on 5011 assume soil fallure patterns occur pr1nc1pally
byr brittle shear under the action of compressive and shear
stresses and scouring at the tine face. A degree of compactioh is
also envisaged against the tine face and laterally at depth as
often observed  in friable or loose soils (Rathje, 1931; Payne,
1956; Ede, 1956; O'Callaghan and Farrelly, 1964;¥Hettiaratchi and
Reece, 1967; Godwin, 1974; Godwin and Spoor, 1977; and Mc Kyes

and Ali, 1977).
Soil engaging implementsyhave been classified
as blades, narrow tines and very narrow tines. The soil failure

for a blade is two dlmen51onal (forwards and upwards) with small
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end effects which are USuallykiQndred. For‘narrbw’tinés, the soil
failure is three dimensional with the soil‘moving for&éfds;
upwards and sideways in a créééént Shape,'thé  end'éffects4beihg
very significant. The sqil failure for a very 'ﬁafrow.‘tihe,
however, consist of ba smallithreéfdiménsional crescent close to
the surfaCe but at depﬁhs ‘below a critical depth, the soil
failure changes to a two dimensional lateral pattern, moving both
forward and sideways and b?ing7 inflqenced by the tine geometry
and soil condition. Figure 2.8 shows&a simple tine geometry and
Figure 2.9 shows the implement classification and disturbance.
Accordiné to Payné (1956); blades are those
implements with a dééﬁh/ratié‘of less than 0.5 and narrow tines
having a depth/Widtthatio greater than 1.0. Godwin and Spoor
(1977), howevef;'show'ﬁhat Verf narrow tines can be classified as
tines with depth)width ratio gtéaterl than 6. Critical depth
" increases with ‘décréasing rake angle, decreases with increasing
soil moisture content and decreases with decreasing soil bulk

density.

The theoretical4modelsMadépted for wide cutting
blades have been based pfimarily on passive earth pressure
theories for the moveméht'of vertical retaining Qélls'and bearing
loads for footings where a dead wedge of soil is formed. The
retaining wall failure 4is characterised- by*Sheéring and heave
ahead of the tine, with the‘limiting/shéar plaﬁe sloping forward
and upwards from the bottom of the tine to the soil surface at an
angle of (454¢/2)o so as to minimise"the’hofizontal' force. A
succession of shear planes are formed'as'bldcksrof soil separate

from the soil‘mass; so that 'the forces on the tine are of a
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periodic nature. Siemens (1963) and Osman ' (1964) demonstrated
that the logarithmic spiral technique developed by Ohde (1938)
for rough passive retalnlng walls predlcted the dlsturbances and
force relatlonshlps for cuttlng blades w1th reasonable accuracy.
The major problem w1th the logarlthmlc splral technlque is that

it requires a number of lengthy trlal solutlons to determlne the

minimum pa551ve force.

Reece = (1965) proposed - a simple additive
equation of the form '

- y22

Y+ cch+ cazNa+ ngq T'.if.(Zfs)

soil dry bulk density '

where Y
z = working depth
"¢ = soil shear strength
c_= soil metal shearing resistance
q = soil surcharge
N

= dimensionless number

representing the gravitational, cohe51ve, adhe91ve and surcharge
cohtributions to the force, P, actlng on an 1nterface at depth,
2. This equation was applled to a wide cutting blade by
Hettiaratchi et al. (1966) with N factors determined on the basis
of a failure plane of logarithmic spiral form. A later more
rigorous solution (Hettiaratchi and Reece, 1974) used the methods
of Sokolovski -(1965) to solve the equations of equilibrium for
the coefficients of the four terms in the above equation. Where
speed is included, the horizontal component of the inertial force
can be added to the general soil mechanics equation. According to

Stafford (1979), the cohesive component of Reece's additive
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equation accounts for 90% or more . of the peak force ' exerted on

the tine in soils with appreciable cohesion.

Where the' working‘width‘is narrow cémpaféd'td
worklng depth 'J(aspect ratio greater than ‘one);f a three
dlmens10nal analys1s is necessary ‘and semi- emplrlcal models have
been proposed by Payne (1956), O'Callaghan and Farrelly (1964),
Hettlaratchl and Reece (1967), Godwin and Spoor (1977) and Mc
Kyes and All (1977) The model of Payne (1956) is based on the
separatlon of a 3011 wedge 1mmed1ately ahead of the tlne whlch
continues to move up the face ‘of the tlnes at rake angles less
than 1000 and belng formed by' fresh 5011 below. The two faces of
the wedge act as obllque retaining walls, shearing and heaving
soil upwards and outwards within '‘a crescent-shaped region,
limited below by shear planes extending forward, upwards and
outwards - from the bottom of the tine (Figure 2.10).  Payne
predicted the forces and disturbance using retaining wall theory.
Both were predicted with acceptable = accuracy for a wide range of
soils with the exception of - the forces produced by very narrow
tines. The major limitations were:  that the:  model .used: a
numerically complex solution which: was very time consuming and

held only for vertical tines.

O'Callaghan and Farrelly (1964) andl later
O'Callaghan and Mc Cullen (1965) attempted to dlstlngulsh between
narrow and w1de tlnes and 1ntroduced into the calculatlon
procedure the concept of crltlcal depth (Flgure 2. 11) The model
assumed soil fallure to con51st of a narrow retalnlng wall near
the surface and a bearlng capac1ty fallure at depth. In order to

Smellfy the calculations, ‘and because of the generally very
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81gn1f1cant effect of cohes1on, the soil was assumed welghtless.
The cohe81ve component was determlned by a logarlthmlc splral
analysis for bearlng capac1ty, as suggested by Prandtl (1920) and
Meyerhof (1951) The relatlvely s1mp1e equatlons are qulck to
solve and glve reasonable predlctlons for tines 50 to 100 mm w1de
at depths to 175 mm. The ma]or llmltatlons are the llmlted range
of rake angles over whlch the model applles and the very small
vertical force component, which for vertical tines arises from
the retaining wall section. “It' also disregards the weight
component and assumes that there is no pressure on the soil face
at the rear of the bearing -capacity 2zone . (the soil "is

unrestrained at depth).

Hettiaratchi ‘and Reece (1967) on the other
hand, cons1dered the retalnlng wall and bearlng capac1ty fallures
to be actlng 51multaneously over the same t1ne depth (Flgure
2.12). The general soil mechanlcs equatlon was used‘ to predlct
the retalnlng wall sectlon and a modlfled bearlng capacity
equatlon was used to predlct N factors for the lateral forces.
The authors attempted to predlct the rupture dlstance to both the
front (f', and to the 51de (s') of the crescent, but w1th llmlted
success. The major beneflts of thls model are that the use of N
factors s;gnlflcantly speeds the calculatlon of forces and that
SOll welght is 1ncluded as a factor in the model ThlS, together
w1th the inclusion of a term for back pressure (p) on’the soil
failing in a bearlng capac1ty mode, enables reasonable
predlctlons for 50 mm w1de tlnes operatlng from 50 mm to 300 mm
deep. The major limitations of the model are thatv the failure

pattern does not model the true crescent condition and the
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compensatlon for smaller rake angles 1is too great. Whilst it
predlcts accurately lfor narrow tlnes, it SLgnlflcantly
underestlmates the forces for narrower tines. This is due to the
model assumlng that the force increases almost linearly‘:with
width, which is not“true, due to the change 'in'goi1 failure
patterns ’from very narrow to narrow tines (Figure 2.13). The

vertical force component is also very small.

Godwin and Spoor (1977) and later Godwin et‘al.
(1985) developed‘models"to predict the forces of very narrow
tines. The models resulted fromdeXtensive4soillbin observations
of SOll fallure pattern changes w1th changes of tlne depth, w1dth

and rake angle. Depth/w1dth ratlos varied from 1 to 30 and rake

0 0.

angles from 45 to 90 The models assumed crescent fallure above

a certain depth, called the crltlcal 'depth Below thls depth,
lateral fallure around the tines .occurred. The crescent force is
predicted u31ng the general 5011 mechanlcs 'equation. This is
estlmated by 1ntegrat1ng the force components in the dlrectlon of
travel of the segments (ép ) around the two crescent flanks and
adding them to the component of the simple blade of width, w,
immediately ahead of the tine..The lateral failure component is
calculated from the bearing. capacity solution of Meyerhof (1951)
but assumes.that the logarithmic spiral develops to the maximum
width for which the relevant N factors are given (Figure 2.14).
The major limitation of these models is that some empirical data
on crescent size is needed to be able to estimate the forces. A
graph -of critical depth/width ratio versus actual depth/width
ratio is provided to enable critical depth estimates to be made
for friable soils. It is possible, however, to predict critical

depths by minimising the total draught force between the crescent
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and the - lateral failure components. The model of Godwin et al.
(1985) simplifies .the crescent failure pattern and enables the
forces on interacting tines to be predicted. Both models predict
changes in force pattern w1th w1dth ‘and reallstlcally estlmate

the vertical force for a range of rake angles.

The model : of Mc Kyes and Ali.(1977) .is very
similar to that of Godwin and Spoor. (1977) but an alternative
attempt was made to determlne the draught force w1thout the need
for emplrlcal data on the crescent size. The draught component of
the crescent force ‘on the lmplement is predlcted by lntegratlng
velemental force segments from pa531ve retalnlng wall theory,
using trial wedges. ThlS results in N factors whlch are dependent
on the depth/wxdth ratlos 'of the 1mplement and these ‘are
presented in graphlcal form for depth/w1dth ratlos between 0 and

0

20, rake angles between 0 and 90 "and angles Cof soxl shear

0 It 1s assumed ‘that the angle of

strength between 00 and 45
301l—metal shearlng re51stance is two thlrds of the angle of 5011

shear strength.

Perumpral et - ral.- (1983) . developed a
mathematical model for predicting the behaviour of narrow tillage
tools in SOllS based on a llmlt equlllbrlum analysls. The model
descrlbed is 81mllar to that developed by Ura and Yamamoto (1978)
for predicting the behav1our of anchors in sand. One major
difference is that the effect of cohe31onal and adhes1onal
characterlstlcs of the SOll are 1ncluded. The model 1ncorporates
the three dlmenSLOnal aspect of the problem by con51der1ng the
total crescent formatlon in front of the tool. For 51mpllc1ty,

the s;de crescents were replaced w1th a set of forces on elther
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81de of the centre wedge. The curved slldlng surface was assumed
to be stralght. The agreement between predlcted and observed

values for draught and vertlcal force was good.

Stafford (1984) | developed force predlctlon
models for brlttle and flow fallure of ‘soil by draught tlllageu
tools. = The approx1mate force predlctlon equatlons for flow

failure for a tine of width w, are glven as:

Horizontalgforoe,lEh=wz(ro+csologﬁ(1 +tv)) ksin (¢ +48)..(2.7) -
Vertical force, Fv=wz (ro+ sologr(l +;t°v)) kcos (e + §) ..(2.8),

where r and,to are constants and¢5fgis a function of tine

o' %o
speed, v. The coefficient, k, cannot be determined analytically.
because the, failure‘ boundary geometry . is indeterminate,~ but
'Stafford recommended that k shouldw lie - between 7 and 8.  For
brittle failure, the.prediction equations for forces acting on a

tine are as follows:

Fh = w (czk) sin (a + 5)+yavzsin¢cos(45-¢/2);5,..(2.9)
' gsin(a+45-/2)
Fv = w (2zck) cos (o +38) +Yav23inasin(454¢/2)i ...(2.10)

g sin (a+45- ¢/2)

where k, § and a are functions of tine speed. Only the cohesive
component is considered since it accounts for 90% or more of the
peak force exerted on a tine (Stafford,1979). overall ' the

predictions of ' the proposed models were in good1 agreementfwith
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the experimental data. The models are sensitive to soil

parameters the ‘most 1mportant belng c and(s for flow failure and'

in the case of brittle failure, ¢.

- . Swick and Perumpral (1985) developed a model
for predicting narrow tillage tool behaviour in artificial soils
under dynamic conditions. This model is a modification of an
earlier model previously developed for slow moving tools and it
includes the shear rate effect . on soil shear strength and soil
metal friction. The results: obtained reveal that in general the
predicted .values tend to be lower than observed values. The
authors noted that, - for a few cases, the model greatly
over-predicted the draught force while for others it. greatly
under-predicted the draught. They attributed this to ' under and
over predictions of the 'size of the failure wedge. ‘A possible
reason for this tendency is :thé replacement of the actual curved
rupture surface with a plane in the model. The angle of intefnal
friction, soil metal friction, cohesion and adhesion were found
to be ' independent of shear rate for an artificial soil tested.
The observations . .contradict the findings by  Rowe and Barnes
(1961) and Stafford and Tanner (1983a, 1983b). The difference in
the so0il type, as well as the "differences in -the  loading
conditions imposed during the - experiments probably account for
the differences in results. They ' also concluded that terms
including accelerational force effects can account for a large
portion of the " increase in tool force observed to occur with an
increase in tool speed. This . contradicts the findings of Siemens
et al. (1965), Rowe and Barnes (1961) and Wismer and Luth (1972)
who used Sohne's equation (1956) to . predict accelerational

forces. It 1is believed that these investigations used the
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eéuétidﬁ‘to predict the accelerational force component and then
added this component to the statié'component in contrast to Swick
and Pérumpral (1985) who included the accelerational forces when
summing all forces on the failure wedges.

Another common observation is the downward
displacemenﬁ and compaction below the tip of the tine if it is
narrow énd sufficiently deep. This, however, does not affect the
reaction force on the tine enough to be considered in ‘the
théoretiéaltmddels: but has frequently been observed for vertical
and backward rakéd tines tTahner, 1960).

B The critical soil property in all these mddeis
is shearyétrength v(étéfford,‘1979) and force prediction is much
less senéitivé fo'soil weight, interface adhesion or the assumed
shaped of the failure surface»(Mc'Kyes.and Ali, 1977) . Accurate
measurement of shear strength is thus a prerequisite to‘the uée
of the models described. In developing the models, most
researchers workéd with rigid plastic material and made threé
assumptions, namely: |
a) yielding of soil in shear obeys the Mohr Coulomb criterion,

b) a distinct rupture surface forms in front of_the»tine, bounded
by a volume of soil in a state of plastic equilibrium, and

c) rate effects on the relevant soil parameters are negligible.
The first assumption has been shown to be approximately true for
all soils, except under some extreme conditions such as very high
normal stress. According to Stafford  (1984), the assumption of a
localised failure surface is often not justified. This is because
a distinct failure surface .is associated_ only with‘ brittle
failure occurring in dry, compact soils. Where soil is wet or

confining stresses are high, then the soil yields plastically
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with’ the degree:'of 'deformation falling off with increasino
dlstance from the 1nterface. No distinct shear planes are evident
in the soil around the interface. Deformation of soil . is
accommodated primarily by compression,into - the sides and base of
the furrow and by generalised £flow nearer to the free surface.
According to Stafford (1984), boundary -conditions can only be
defined around the tine and at . the free soil surface. The soil
forces. acting on the interface -are proportional to the yield
stress of the soil and to the width and working depth- of the
interface. At zero 'normal:stress, cohesion is the yield stress.
As soil blocks are not-being formed and accelerated to the speed
of the tine, inertia forces are much lower in flow failure than

for brittle failure. .

where a dlstlnct fallure surface is kformed,

soil within the fallure surface is also observed experlmentally

~to undergo very llttle plastlc yleldlng. Inltlal fallure 1eads to

movement of the block of 5011 bounded by the fallure surface as a
whole. Thls tendency for dead zones to form within the soxl
fallure boundary has been recognlsed by dettlaratchl‘ and Reece
(1975). They modified their earlier models (Hettiaratchi et al.,
1966; and Hettiaratchi andAReece, 1974) to take account of these
boundary wedges.‘The assumotion‘ tbat rate‘effects are negligible
is not reasonable for prediction of tine . forces at practical
speeds. The draught force of moldboard ploughs is ' known to
increase in - proportion to the square of ; speed due ' to  soil
inertial forces. The draught forces of narrow tines have also

been shown to increase significantly with speed (Stafford, 1979)

but the relationship depends on soil and implement parameters.
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Payne = (1956), however, observed that draught force is not

affected by speed. His speed range was 0.2 to 2.7 m/s.

Based on the review of past 1nvest1gatlons, a
cons1derable amount of work has been done on! the SOll mechanlcs
assoc1ated w1th many ba51c cultlvatlon operatlons. The majorlty
of the studles, however, have been conducted at molsture contents
below the lower plastlc llmlt, exceptlons to this are the works
of Stafford (1979), Wlsmer and Luth (1970), Rajaram (1987) and
Owen (1988) who worked in cohe31ve s0113 w1th m01sture contents
sllghtly above the lower plastlc' llmlt All assessed both forces
and the mode of 5011 fallure except W1smer and Luth (1972) who
conflned thelr work to forces. Speed effectsv were conSLdered by
Stafford (1979) and Ra]aram (1987) and Stafford (1979) also
varied m01sture‘ﬂ content. « Current ‘soil implement mechanlcs
theories have also been tested largely on SOllS 'at frlable
consistencies~ or near the lower plastlc llmlt where' mainly
brittle :failure occurred. Very few studleswrhave tested their
force“predictions in’ plasticﬁ soils orvwinvestigated plastic

failure patterns in conditions suitable for wetland cultivation.
2.2.2 Soil Failure by Multiple Tines -
2.2.2.1 Work on Lateral Interaction

One of the ‘earliest ireports on lateral
interaction refers to the work conducted by Rathje (1932) on two
15 mm wide tines varying in their spacing. The main finding was
the dependence of the draught force on the ratio of the distance
between the tines to the working depth. Later Zelenin (1950)

studied the interaction of neighbouring tools on draught forces.
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Working with two vertical tines 7 mm wide, he determined four
different situations. The first situation was close spacing the
two tines being from 0 to 20-30 mm apart, where there was
complete interaction and the soil did not flow between the tines.
The draught, however, increased with the spacing. By spacing the
tines between 50 to 100 mm, the force decreased sharply. For'thé
third spacing, "between 100 and 300 mm, the soil was not
completely broken up and the two distinct upheaval areas were
found, while ﬁhe dréught force ’increased gradually. For wider
spacings, there was no interaction and the draught force remained
constant. Ferguson (1970) claimed a reduction in  draught when
measuring the draught forces on several combinations of 203.2 mm
wide scarifiers shares on dry uncultivated sandy loam soil at 100
mm working depth. Soil bin studies carried by Chisholm et al.
(1970) reported the possibility of large reductions of energy
requirements for tilling the soil due to interference between two
or more tillage tools. In 1975 Harvey as cited by Soomro (1976)
constructed soil bin experiments to compare blade and tine type
shares from the point of view of draught and soil disturbance. He
concluded that tine interaction in a multiple tine share
arrangement can reduce draught below that of a blade share with

an increase in soil disturbance.
2.2,2.2 Shallow and Deep Tines Interaction

| }Spoor (1969; 1975; and 1976) described the
pattern of soil disturbance with deep working tines. Above a
certain depth, the soil moves 4upwards and he suggested}that this
depth can be increased if the surface soil layers are loosened

before a deep cultivation operation. This can be achieved by
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placing shallow tines ahead of the deep tines. Spoor and Godwin
(1978) expérimentaljreéulté reaffirmed the effect of shallow
tines ahead Sf deep tines by céusing é significantvyincreése in
disturbed soil wiﬁhout increase in dradght; Theyvihtfoduéed the
concept of specific soil resistance expressed as the relationship
between the draught force and the aféa of soil disturbance'as an

index of the efficiency of the tillage operation.
2.2.2.3 Combined Interaction .

The effect of tine arrangémehtwon ‘soil forces
and disturbance was studied by Soomro (i97g$;"A narrow tine of
25.4 mm width raked at 459 was used at 68 mm and 150 mm depths in
a sandy loam soil. His results revealed that:.

a) Leading shallow ;tines.in - front of a deep tine effectively
increased the soil disturbance for the same draught as the deep
tine alone, so increasing the efficiepcy of work.

b) Leading shallow tines working at half the depth of the
trailing deep tine were efficient when spaced at between 1 and
1.5 times the working depth of the deep tine. . 3

c) Winged tines with leading shallow tines were more efficient

than plane interacting tines. ..

Spoor and Godwin 7'(i978) conducted an
investigation into the deep lébSening‘of soil by rigid tines.
Tine performance was assessed in terms of the cross-sectional
area of soil disturbed, the draught and the specific resistance.
The investigation was carried out in both field and laboratory
under a range of different soil textures, densities and moisture
contents. They concluded that a critical working depth existed

below which compaction occurred. This critical depth was
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denendent upon}’width,Jinclinationt and'lift height of the tine
foot and on the moisture and density status of the soil. The
effects“of'attachlng: wiégé"%ta the tine foot and the use of
shallow leading tines to loosen the surface layers ahead of the
deep tinerincreased 'soilijdlsturbance, particularly at depth,‘
reduced 'specific resistance,K increased the' crltlcal depth and

allowed  more effective = soil rearrangement. Complete soil
loosening at depth and smooth soil surfaces could be achieved hy‘
selecting ~an appropriate *tine spacing, - whic¢h can be increased
through the use of wings and shallow leading tines. ° . |

. Evans et al. (1984) conducted a study on tool.

arrangement effects on draught force usxng a s1mple vertical

chisel with a_431de rellef angle of 390“

and a width of 76 mm in
two soil types, sandy loam and clay_loam,rA maximum depth of 229
mm wasi‘chosen, In ﬂclay loam,,the,’speclficvdraught ‘forces were
high at low aspect ratio ‘values;and_jthen declined until they.
reached,a minimum or levelled off at an»aspect;ratiovof 1.5. Thisi
1nd1cates the_ p0551b111ty of an optlmum working depth for this
system of tools. When tools were close together, the draught was
lower but the area of disturbed soil was - smaller. When two
tillage tools were placed in front of, and on -either side of, a
third tool and were close enough to cause interaction between the

outside tools "and the middle " tool, the total draught force for

the system decreased.

The above studles on 5011 failure by multlple
tlnes were conducted agaln at m01sture contents below the lower
plastlc limit. No experlmental ev1dence was found on studles

conducted at mOLSture content above the lower plastlc llmlt.‘
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2.3 Wetland Tillage for Paddy Cultivation
2.3.1 Soil condition for Rice Growth

( Bates (1957) classified wet paddy land into three
types, namely the clays, where a relatively firm bottom or pan
exists beneath the surface, the silts and sandy silts which are
often hardbaked in the dry season and become waterlogged in the
wet season and the peats which have no firm bottom. According to
KawaguChit and Kyuma ’(1977) Moomaw ‘and;Curfs"(19715: Van Dijk
(1571)'and Grist (1964}; the most suitable soils for growing rice
are clayeyJ: However,‘with ample supply of water any type of soil
can be taken up for ‘rice growing. Impermeable soils are preferred
as percolation losses in permeable soils render paddy:cultivation
uneconomical; Heavier soils have adyantages 'overv'sandy"ones
because they sretain nutrients betterU@Jamil,f>1966);°0ther types
of‘ soilS”recommendedd are sandy ’1oéﬁ*'555 heavy silt' loam
(Richharia and Pradhan, 1966), and silt‘loam‘orl sandy textured

clay (Izumi, 1966)

Presently: little quantitative data. are available - to
fully describe the final soil state desired for successful rice
growth " in terms of structural requirements. Nevertheless, the
required conditions have been defined qualitatively as a
semi-pervious hardpan, covered with a relatively dense mud in
which the organic matter is 1ncorporated near the bottom. This
seems most favourable for paddy seed germination transplanting
and root development (Grist 1938) According to Van der Goor
(1950), mud of a well prepared rice field contains considerably

more moisture than the supersaturated soil clod.The necessity of
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covering with water is explained by the . beneficial influence it
has on the‘ suppression of weeds and the low draught required to.
work the soil. The necessity 'of converting the -soil aggregates.
into mud has_ usually been founded on the decrease of water loss.
it induces._It‘is’also reported that mud helps increase the crop

yield (Pandya, 1962).

Studies on the yield of rice by Van de Goor (1950)
confirms the above finding. It was reported that the "yields of
the dry cultivated soils ~are lower than' those of the wet
cultivated ones, the difference “being largest for the unweeded
fields. ThlS 1s due to better water uptake and less restrlctlon
to root growth achleved in mud compared to ‘loose packlng caused{
by granulatlon.TWhen 1oosely packed the exchange of 1ons between
clay = and soil ksolutlon is hampered so that only the outs;de‘
surface is’aya;lable for the exchange reactlons and the‘ Toot
hairs are unable to penetrate 1nto the granules. In the mud, the}
distance between the clay partlcles is large, compared to that of
the granulated soil, so that  the exchange reaction from the clay
surface w1th the root halrs and the solutlon are less lmpeded.;
If the nutrlent status of the SOll lS low, the reductlon of the
avallable surface by granulatlon mlght be the cause of the lower,
yleld of the dry tilled 5011 compared to that of the wet tilled

(Koenlgs, 1961)

Kar et al. (1976) studied the effect of soil physical
environments on growth .and yield of the -high yielding varieties
under controlled conditions. The findings reveal that the rice
plant is very ' sensitive . to soil: moisture vstress;:.Temporary:

wilting has been observed below field capacity and growth  is -
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affected as soil moisture is‘ reduced to field capacity. Rice
needs no oxygen supply to roots through soil and the optimun soil
temperature‘ range is 25 -37 C The ma]ority of the rice_ root
systemldoes not gogydeeper‘thanﬁa - 13 cm even in a very loosely
packed soil under flooded condition. Rice growth is favourably
influenced"by"high soil density.fA critical‘wet"bulk'density'of
1.4, 1.6 and 1.8 Mg/m> was found to affect root growth in clay,
loam and sandy loam soils respectively. Rice roots, however, can
penetfate into extremely dense soil prQVided'the soil strength is
kept low by keeping the soil fully saturated.

, According‘ to thildY31;;:(1969)v :itl ,is ,the,;’land
submergence .that provides some of the desired physical” and
nutrient requirements of rice plants. In Japan, Matsubayashi
(1963) . indicated that only 30% as manfvweedsnenexged in submerged
plots as compared - with saturated ones. With increasing

submergence depth, weed emergence(is greatly reduced.
2.3.2“Tilla§e Opetations'for Rice Crop

“Most rice growing countries employ two main systems for
producing rice, the dry system (often referred to as upland rice
cultivation and the wet system (often referred to as lowland rice
cultivation). A The advantages . and disadvantages of wetland and
dryland cultivation have been  enumerated by De  Datta et al.
(1979).  Among the advantages of the  wet system are reduced
tractive . power  requirement, improved - weed control . and
minimization  of leaching and = thus of water 1loss. The

disadvantages include delay in transplanting, poor condition for

root development due to the formation of a plough pan and the
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formation of various tox1c substances due to the creation of
reduction conditions. Though dryland cultivation creates better
prospect for earlier tillage due to mechanisation and better root
development of the rice plant, weed control is more difficult and

it demands better water control.

In the wet system, the land is flooded and the crop
grown in wet SOllS from the time of seeding or transplanting
until‘harvest approaches. Three water control systems are used
depending upon the irrigation practices and the degree of water
control achievable. These are:

a) continuous flooding during initial ‘ tillage,’ puddling,
levelling and seeding or transplanting and water drained Just
prior to harvesting, | |

b) the initial tillage operations:arevperformed before flooding -
after which puddling, levellingb and‘seeding or transplanting are
done at varying water levels, and | N N

c) the ‘land is prepared and the seed sown under dry conditions
and then the field is flooded.v \ .

The most frequently employed is the‘first‘system. This type of
tillage leads to the formation of a condition favourable' for
transplanting and growth of seedlings beSides destroying weeds
and rice‘ _stubbles iand incorporating them into the soil.
Simultaneously, the porOSltY in the subSOil is reduced, thereby
forming a less permeable layer and considerably reducing
percolation losses. This condition also is said to aid in the
availability of nutrients particularly phosphorus due- to closer
contact between the soil and the rice root'hairs. The depth of
tillage varies from 10 - 20 cm. This provides sufficient loose

soil for the later formation of a satisfactory puddle. 1If the
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depth of of tillage iseless‘thansloécm,nweed,control,infthe later
stages will be -inadequate. Depths greater.thanrzor_cm‘can result
in decreased yields. This is due to the fact that organic matter
becomes buried too deeply for the root systems to reach:the plant

nutrients.

The flrst stage in the tlllage operatlon is freguently
the plasterlng of the inner surface of the bunds’ elther by hand
or by turnlng a 51ngle furrowugjust 1n51de‘ the fleld w1th a
plough. The top 5011 is made flner, stlrred and moved.‘ ThlS ls
accompllshed by a cutaway dlSC or’ turnlng plough whlch breaks
large furrows and 1ncorporate organlc matter.; Later thls j'iksv;
followed by a comb harrow ‘and frequently by a leyelllng board to
prepare‘ a smooth ‘even puddle to the requlred depth. When ‘a
tractor is used, the rotary cultlvator ls frequently the only
1mplement attached Thls is occa51onally followed by a harrow and
levelling board depending on the nature of the soil. The hardpan
layer is further compacted.by working men or.animals or by wheels
of a puddling'machine. In heavy clay soils this hardpan\layer may
not occur. . Such soils, however,.are not of a porous nature and
therefore a -hardpan layer is; not necessary for conservation of
water - and plant nutrients. In . soils which are poorly drained
throughout the whole year, a hardpan layer may not be desirable

and it may be necessary to break it up..

| Follow1ng prlmary tlllage,) at least two s£a555" of
puddllng are requlred for maximum productlon of rice. After”the
flrst puddllng operation, the water' is usually leftkon“theﬁfield
for seven to ten days and then dralned for flnal puddllng. In the'

puddling stages, several factors help to build a hardpan layer on
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the bottom of the puddle. Fine clay particles work down into the
porous parts  of any prev1ous - hardpan. The flooding period used
between < puddling stages® ‘"is. known: . to ' 'assist anaerobic
decomposition of. organic material in ‘the lower part of the mud
layer. The performance of the -successive operations through
primary tillage, first stage puddling and flooding and last stage
puddling gives more effective weed control. This procedure brings
fresh soil to the surface several times and therefore more weeds
can be expected to germinate and- be destroyed. Stout ' (1966)
reported that weeds. can be . killed and trash buried more
economically .in the puddling . operations than by inversion, since
soil inversion and weed killing in the primary tillage operation
requires large amounts of water and increases the time required
for final operatlon Results of Matsubayashl as reported by Stout

&

(1966) 1nd1cate that 5011 1nver310n 18 not necessary

Fagi and De Datta -(1983) demonstrated that the optimum
soil moisture content for ease of tillage:varied with soil types.
In silty clay soil, a wide range of moisture contents for ease of
tillage -was observed and  was not influenced by the cropping
system and crop residue management. Soil impedance was found to
increase‘asrvsoil moisture content increased, until the moisture
content reached 57% where ;the soil was very sticky. Further
increases in soil moisture content decreased soil impedance. This.
means that the time span for ploughing after the field becomes
moist is wide in silty clay soil. To puddle this type of soil,
the field should be ploughed.in that moisture range, or delayed

until the field impounds enough water for -the soil = to become

sticky..
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In sandy clay loam,"soil impedance dropped drastically
from about 4, 5 to l 75 kg/cm2 as SOll moxsture content 1ncreased
from about 25% to 32 5% It decreased sllghtly as SOll m01sture
content 1ncreased beyond 32 5%. The narrow range of soil moisture
content within the shrinkage-limit and plastic limit of the sandy
clay loam soil implies that the fields: should be ploughed as soon
as they become moist. The good drainage and lower moisture
retention capacity of this soil’ causes the fields to dry easily,
aggravating the -process of = hardening. Therefore;?puddling sandy
clay loams is too'risky under rainfed conditions. . Incorporation
of crop residues ' is recommended  for sandy clay loam soils to
improve soil moisture retention “"and ‘to reduce soil moisture

stress. -

P

- ) The tlllage operatlon varles from country to country
(FAO, 1956) A number of examples are glven. In Bangladesh, land
preparatlon is accompllshed by a bullock drawn beam country
plough whlch is light enough to be carrled on the shoulder. lts
action is more 1like a ‘one tined cultivator or chisel than a
plough and it shears the'soil 'without inversion.: About three to
seven ploughings”are necessary to break up “the soil completely.
To prepare an acre of land takes from nine to twenty-one days and
requires the chltiyator and bullock to cover more than 160 km.
After ploughing, the seedbed is usually left in large clods. A
ladder harrow made of bamboo with one or two men standing on it
is pulled'over the land by one 'or'two pairs of bullocks to break
the clods. A similar system is practlsed 1n Indla where the land
is ploughed six to elght tlmes. In the Republlc of Chlna, land

is ploughed several tlmes w1th Vthe ald of buffalo drawn ploughs
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although sometimes two ploughings are sufficient. Buffaloes are
being successfully replaced by small 3 hp motors. Each ploughing
lS 12 to 18 cm deep Harrow1ng is done lengthWise and breadthw1se

in the field, followed by levelling.

K L}

-In the Philippines, irrigation is applied a week prior
to the preparation:of land ' to facilitate ploughing. The depth of
water is just sufficient to soften the soil and prevent .the soil
from.sticking to the plough. After ploughing, more water is added
to expedite the decomposition of weeds and‘crop residue which are
ploughed under. To prevent .loss .of ‘'nitrogen' due = to
denitrification, - seven to . ten days ' after the first ploughing,
flooding is maintained until transplanting. The depth of standing
water may be lowered after this period, when the field may be
harrowed lengthwise and crosswise. Again after seven to ten days
there may be second 1engthw18e and crossw13e harrow1ng The last
harrow1ng is done a week after the second harrow1ng, or at least

a day before planting, to puddle and level the field thoroughly

In Sri Lanka, wooden ploughs have proved effective for
wet cultivation. After ploughing operations, the field is drained
overnight leaving about 7.5 cm of water. A tooth harrow, yoked to
a  pair of buffaloes or cattle, is then drawn over the field
returning over the same ‘strip in the opposite direction. This
operation is thenwrepeated in the crossw15e direction. Overall
the harrow islidraWn oyerhvthe entire field four times. It is

statedithat'l.lB‘to 1.62‘hectares can be prepared in a day.

In Burma,‘ cattle are usually employed for ploughing.
Rates of working for a pair of cattle per day of six hours are

0.135 ha for ploughing and half a hectare with a blade harrow.
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For puddllng a rotatlng blade puddllng 1mplement lS‘ in’common
use. ‘This is a drum type equlpment for whlch two draft anlmals
are requlred to pull a 180 cm w1de drum. Puddllng may also be
done by tractors with 5 to 6 cm of standlng water in the field.
The wet field is.ploughed repeatedly four to six tlmes at four or
five days. intervals, followed by planking for levelling. Soils
are of . tertiary sediment  and alluvium,  the soil texture being
fine.  Lately. Japanese power - tillers have proved acceptable
because they are. light in weight, compact, -easy to operate,
cheap, have great manoeuvrability in small fields and are able to
perform other kinds ' of work around the farm. The 2.5 hp machine
is considered suitable for light soil, 3.5 hp for heavy soil and
5 hp for farms.wishing to use ' them for ;other,jobsr requiring

greater power. -

”The‘ power tlller is popular ianapan;i The depth of
ploughlng is generally 10 to 15 cm whlch may go up to 20 cm or
more ln the case of four wheeled tractor drawn ploughs. The SOll
in the fleld may be ploughed w1th a moldboard plough and worked
down and puddled w1th a dlSC or comb harrow. The labour

requlrements for ploughlng and puddllng are 100 4 hr/ha and 67 8

hr/ha respectlvely.

In Korea, liveetock and farm 'machinery are :used for
ploughlng, harrow1ng and puddllng. Cows are found to be more

effectlve in hllly and sloplng lands whlle farm mechanlsatlon is

on the 1ncrease in broad flat land.

Rice production in the United States  of America is

characterised by a high degree of mechanisation and precise water
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control. The land is ploughed with large tractor drawn moldboard
or disc ploughs. When rice is seeded on clay or very fine loam
soil, the preparation of the seeded is undertaken by harrowing

twice with a spiked tooth harrow followed by levelling.

In Malaysia, disc ‘harrows -have been :foundv to\ be
successful“in wetland cultivation; Light dlsc harrows break'down
clods in dry or flooded fields but they are useless when the land
is merely wet. Another successful 1mplement de31gned locally is
the Kedah 1roller. It is constructed of steel having a width of
1.5 m and an overall diameter of 0.3 m and weighs 215 kg with two
rolls or 146'kg with the ‘rear‘roll removed. This double roller
has reoently been superseeded by a:25 cm diameter roller‘whloh is
saidrto be better in most cases.than the drumkroller devised for
deep andi very wet land. The drum roller con81sts of 200 litre
fuel drums mounted end to end onv a long shaft and fltted
longltudlnally Wlth wooden slats 7.5 cm hlgh. The whole is
mounted on a llght steel frame and dlrectly attached to the
hfdraulic power lift. The welght can be varled by fllllng w1th
water through screw-on caps. Lately these rollers have been
replaced by the 1mported Japanese rlce rollers as mechanlsatlon

progresses 1nten91vely in all operatlons (UMAS 1982)

Clearly from the above review, the most frequently
employed method in wetland rice' cultivation "is  continuous
flooding during initial tillage, puddling, levelling and
transplanting with water drained just prior to harvesting. This
method helps reduce weeds and reduces soil strength for root
growth. The time span for puddling silty clay .soil is wider than

for sandy clay loams since good drainage and the lower moisture
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retention capacity of the sandy clay loams causes the fields to
dry quickly.‘ The majority of the rice growing countries still
employed animals as the source of power to plough the land with
the tradltlonal plough. Disc harrows and rotatlng puddlers are
employed in the puddling »operatlon. The energy and tlme
requirements are high to churn the soil into the requlred
condition. Where power resources are not llmlted, fields are

prepared quickly with the use of rotary cultlvators.
2.3.3 Soil Factors Influencing the Efficiency'of Puddling

Throne vand Peterson (1950) defined puddllng as a
process in Wthh soil lost granular structure ‘and became
deflocculated. This state could he measured by wet sievingkand
determlnlng the mean welght diameter accordlng to the method
recommended by van Bavel (1950) According to Lyon et al.,
(1952), when a clayey s01l is worked, its pore spaces are much
reduced and 1t becomes practlcally 1mpervious. In such a puddled
state, the colloidal material »is a controlling factor. These
effects are measured by determining the spec1f1c welghts and
molsture contents of the puddled 50115. Bodman and Rubin (1948)
deflned puddling as the»reductlon in the apparent specific volume
(reciprocal otlbulk density) of a soil by' doing mechanical work
on it. Two kinds of soil deforming processes, namely compression
and shear were observed to cause puddling. They developed
equations to show how dthe change in volume per unit work was
related to ‘the,air filled pore space; They also suggested the
term 'puddlahility' todmean the change in apparent specific
volume of soil per unit of work expended in causing such a

change. Sharma and De Datta (1984) reported that compre831on is
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most effective below the ‘upper plastlc limit while shearing

effects domlnate above the upper plastlc llmlt

One of the critical factors controlling the degree of
puddling is moisture. The detailed studies of Mc George (1937),
Mc George and Breazeale (1938), Bodman and Rubin (1948), Beacher
and Strickling (1955) and Baver (1956) -demonstrated that a
maximum state of puddling was attained at a moisture content
closely approximating the moisture equivalent (pF 2.7) .beyond
which puddling decreases.. The only. mechanical effect noted on
working with an excess of water . was a dispersion or breakdown of
the crumb structure.: Field soil-that is prepared by dryland
tillage will always produce clods. For effective puddling after
this it is 1mportant that the max1mum energy applied be
transferred to the clods. Thls is p0381b1e ‘only when the clods do
not move easily over each other and along the : implement. At low
moisture content, cohesion between the  aggregates and clods is a
. makimum and movement of aggregates along each other and along the
implement is therefore restricted. According to Koenigs (1963),
cohesion between clods and the adhesion between the clods and the
implement surface are mainly caused by a water .film adhering to
both surfaces. When studying the mechanism .of soil adhesion,
Fountaine (1954) found that it depends on the soil water suction
at the interfaces of soil-soil or soil-metal and on the relative
area of contact. At high suctions the number of water bridges is
too small to cause suff1c1ent adhesxon. On the other hand, if the
SOll 1s saturated the suction is too low. Thus a maximum of
adhes;on is found at 1ntermed1ate suctlons where 1t lles near a
point elther called the m01sture equlvalent or field capac1ty

Hence 1t is to be expected that the maximum puddllng action will
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take place at suctlons very close to thlS water content because’a
max1mum of energy is transferred to the clods whlle the 1nternal
cohesion is con51derably lower than in an air dry clods so shear
planes may easily formed (Bodman and Rubin, 1948). In the field,
puddling at the sticky point ‘would be difficult to achieve since
operation would  be hampered by the stickiness of the soil and
water is ' always needed -to help scouring and hence. reduces the
draught requirement. According to Sharma and De Datta (1984),
soils with high cohesion - within aggregates caused hyistabilizing
agents need a ‘larger- energy: input for puddling. - High: clay
content favours puddling but kaolitie~clays'are‘more difficult to
puddle than montmorillonite clays.
2;3.4 Meaeurement of Degree‘of Puddling

hethods for measurlng the degree of puddllng haye:been
reported by a number of researchers. Tane]a and Patnaik (1962)
used a 31mple penetrometer to determine the effectlve depth of
puddle by applying a‘force ranging from "1 - 9 kg/25 cmz.”'Depths
penetrated by the penetrometer were measured. To determine the
degree of puddle based on the concept of the destruction of large
pores and apparent shrinkage in specific volume of soil, they
centrifuged samples of puddled soil- at 2000 rev/min and measured

the shrinkage depth as the degree of puddle.

Naphade andv Ghldyal (1971) studled the phy31cal
propertles of 5011 such as the aggregate dlstrlbutlon, apparent
spec1f1c volume and hydraullc conduct1v1ty and related these to
the degree of puddllng, u51ng a laboratory puddler and fleld

rotary tiller. The puddler COHSlsted of a varlable stirrer with
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four blades,fitteq to tpe"mqtor shaft which, while rotating,

puddled the soi;. the energy input expressed in watt-hours

required produce the desired degree of puddling was measured.

sinha (1963) developed an  index of puddling based on
soil'particlé dispersion calculated as the ratio of the volume of
puddled soil after and before settling for about 48 hours. A
higher value indicates a greater degree of puddling. Sharma and
De Datta (1984) on the other hand suggested that for‘applicatibns
in rice research, one should use a combinaﬁion of indices thét
characterise both softness (for ease of transplanting) and
permeability to 'water (for economy of water and nutrients). A
joint index of bulk density and percolation rate. has. been
sugggsted as the most effective._

Pandey and Ojha "(1971)"defined a puddiing index as
follows: o A | B

PI = (Vs - V&/VS) X 100  "..ee...(2.11)

where PI is the puddling index,~ Vs the‘volumevof soilisetﬁled in
the sample and Vc the volume of clear water. . This rel#tionshié
gives negative values of PI when the volume of soil settled in
the sample is less than the volume of clear water. An improved
expression was later determine@yaccof@ing to the equation given
BI = (VS/V) X 100 .v.ev..(2.12) .
where PI is the puddling index, Vs is the volume of settled soil
in the sample;and V the total volume of éample. This rélationship
holds good from zero(puddling. The major drawback, however, is
that the value of PI is dependent.on the depth of water standing

in the field.
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| Konaka (1974) studied the dynamic properties of puddled
soil -and measured them by reSistance to cone penetratlon and
falling cone depth. The cone 1ndex obtained by 1nsert1ng a cone
penetrometer is representative of the characteristics of puddled
3011 The main drawback of thlS test lS that 1t 1s difficult to
conduct and the result cannot be shown as one value. To represent
the dynamlc properties of puddled SOll, 1t was suggested that the
mean and standard dev1ation of water depth,‘ the pan depth and
penetration depth of a falling cone should be measured. This is
con31dered to be an excellent measure to predict the supporting

force of SOll for rice seedlings.'

In an effort to measure the quality of puddle, Awadhwal
(1985), examined the merits and demerits of shear strength
parameters like yield shear strength, secant modulus, energy of
deformatlon and rheologlcal characteristics such as degree of
plast1c1ty, VlSCOSltY and parameters of a Viscoelastic model
together w1th some other characteristics like relative den51ty
and} hydraulic conductiVlty of puddled soil | The yield shear
strength was found to ”bebkthe most suitable ’_basis for
quantification of the state of ‘puddle.: The term -ﬁdegree of
puddle" was defined as ‘ - : | |

‘ DP’= 1- Tp/Tup | ‘.......(2 13) | o

where DP 18 the degree of puddle, Tp the yield shear strength of

puddled s011 and Tup the yield shear strength of unpuddled 5011
2.3.5 Puddling Efficiency of Different Tillage Implements
Puddling implements vary'in'their performance and their
effic1enc1es are often determined by the number of operations and

hence the energy used. This is further determined by soil types
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and initial ‘water depth. 'A study of puddling (Have, 1972)
performed with an indigenous plough, "moldboard 'plough, :disc
harrow, rotary cultivator and tractor with'cage wheels shows that
the rotary cultivator is most ' efficient in terms of reduction in
percolation loss.. The rotary blade puddler, rotary cultivator and
power tillerkperform better in terms of energy requirement, crop
output and overallieconomy when compared with a cultivator, pedal
type puddler . and double cage - wheels. The performance.: of double
cage wheels as " puddling equipment. is poor ‘and their ' depth of
cultivation is comparatively low' (Singh, 1961).

hlchharlai and"Subhlah‘ blllai;(IQSEB conducted sone
enperiments w1th bullock power and mechanlcal power onk three
types of 5011. Us1ng bullock power,rlt usually requlred flve to
six ploughlngs w1th the standard plough conducted ln three sets
of operatlons w1th an 1nterval of about four days between each
set, ‘with 5 to 8 cm of water to produce an 1deal puddle for llght
loamy soils. Medlum s0115 requlred six to‘ eight ploughings, and
heavy 501ls elght to ten ploughlngs. The average area covered 1n
one hour (one ploughing) by a palr of bullocks was 0 06 to 0 86
acre. 'For the tractor experlments, a tractor with steel exten31on
wheels fltted to standard pneumatlc wheels and complete w1th a
paddy disc harrow was used to disturb the field lengthwise and
crosswise once, in 22 to. 30 cm of water.: After a lapse: of one
week, the tractor was again worked once or,'twice depending on
the state of the puddle obtained. For® loamy, medium and heavy
soils, the number ‘of “runs required was: two, - three and four
respectively. The average area covered per run was 1.25 to 1.50

acres. No quantitative measurements were made.
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"ﬁaVe‘/ (1965) | deééribeé Ehe' advantagéé ' éndrufﬁhé”
diéadvantaéeékof someﬁimpleméﬁ£s "which consist of closed rollers
with steel knives or iron strips attached to the circumference
(parallel to the axis), open rollers, disc harrows and boards or
beams. Closed rollers pqnsist;of_,th;ee units 50, cm  in diameter .
and {50 cm ig.lengtgi,agdﬁgn yhosekci;qumference’e;ght 13 cm wide:'
kpiveswweretﬁitted.\Thg degreg‘ofjcompgptignnang¥pudd;ingvdepepds_
on the weight, d;gm¢t¢r‘ 9ndwdr}ving speed as well as spaéing,:
bread;h,kand thickness  qfv:theJkn;Qésfngrg_st;ips.iShgrp.Lkniyesx
penetfate‘fur;ne; in;o’;he:sbil and are better at cutting up the
weedé; whereas strips bury them more effectively in the soil. In
consequence - of the large bearing surface, soil is hardly
loosened. Open rollers are - unfavourable in soft -soils, whereas
disc harrows can be regulated ‘as regards thé:depthiénd‘inténéit§5
of operations. Disc - harrows have a cutting action and = exert
little compacting force on the soil. Weed vegetation and straw
residues can be well incorporated.’ Boards and beams on the other
hand serve to level and smooth the seedbed and to cover the plant
remains with a layer of mud. ‘In principle they are only used for '
the final operation, whether or not in "conjunction with another
implement. The soil is compacted ' and levelled according to their

dimensions and weight. -~

Duttyzet al,r (i9863Awork§d Loﬁ #n aﬁi@aigdrgﬁn flbgﬁ
héfro&?f Thé diéé géthWaé hollbwv in the: farmtbf/‘a drum'<ath
,fibated over the soil. It gave a higher output than conventional
ploughs and disc harrows. The: float harrow was tested on a field
ploughed once by "a.moldboard plough. The harrow consists of two

hollow drums of 35 : cm diameter. Three disc blades :of 60 cm
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diameter were mounted on each drum, and between the two gangs of

disc, a cultivator tine was proyided.

Nichols (1976) demonstrated that C-shaped blades (speed
blade) of the rotary cultivator performed better than the
L-shaped 'blade (power blade)' in terms of tilth ‘quality ~and
shallowness of operation. The rotor speed‘required‘ however was
higher; Earlier exberiments'ou the effect of blade»shape by Khoo
and Beehy (1970) showed that the powerhblade consumed the most
power, but provided the biggest thrust. Tests were conducted in

a supersaturated soil with 50 mm of standing water.

Koenigs (1963) compared the performance of . puddling
implements and concluded that the longer and more intensive the
kneading action  the better the puddling will be in the case of
ploughing with rotary tillage. The . range of moisture contents
over which puddling may occur will be wider the more. the clods
are constrained (in the case of a wheel or roll compared with a
plough). During the passage of a wheel or roll, the direction of
the normal load changes continuously from forward to downward and
backward. Therefore, the direction of the shear planes will also
be changing continuously and , in this way, the weakest plane in
the clods is found. This also explains the severe puddling caused
by these implements at high moisture - contents and their

effectiveness in reducing the size of clods at lower moisture

contents.

Agarwal et al. (1978) assessed several implements
suitable for puddling by operating once or twice in 'sandy loam
soil. The duration of the operation in reducing the percolation

loss was noted. The implements used were a tractor with cage
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wheels and a disc'harrow, a tractor withlcage wheels.and a rotary
puddler, a Yanmar power tiller w1th cage wheels and  'a bullock
driven’ 1ndigenous plough followed by planking. The results
obtained show that the indigenous plough, followed by :the
planking treatment, was far superior 1n'reducing percolation loss
compared to other implements:when operated alone. A tractor with
cage wheels and a rotary puddler_was almost,similar in its effect¥
to a Yanmar power tiller while a tractornwith cage wheels and a
disc harrow was least effective in ”reducing'the percolation
losses in a single operation.:Percolationvlosses were‘markedly
reduced with ~a tractor with ‘cage wheels yand‘a‘harrow and with
Yanmar power tlller w1th cage wheels when operated tw1ce.x‘A
rotary puddler and 1ndigenous plough on the other hand, dld not‘
caused any marked reduction 1n percolation loss when operated
twice. Percentage _ Sllt plus 1Aclay dispersed by different‘
implements was in agreement w1th that of percolation 1losses
measured in the field. Considering the time required, and the
effectiveness of ‘implements for puddling, for smaller farm
holdings, an indigenous i'plough -and planking appears'- to be
suitable practice, whereas for larger holdings and mechanised
farming, a tractor with cage wheels and a harrow or . a rotary -
puddler are suggested. Earlier work by Sinha (1963) on the
performance of different implements concluded that modified
T-shaped rotary type blades were\the most efficient in»terms of
draught, output, depth'vand puddling index. Experiments were

conducted in 10 cm standing water.

Tiwari and Bachchan Singh (1985) conducted a field

study on the effect of blade angle, blade width and number of
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operations of tractor drawn rotary puddlers on puddling quality.
Puddling quality was Jjudged on the basis of puddling index,
percolation loss, bulk denSity and hydraulic conductLVity. On the
ba51s of the above criteria, a 30 blade angle and 75 mm blade

w1dth were found to be the best for puddling.

"Prihar et al. : (1976) .conducted a field . study  to
determine the effect ' of conventional: puddling, compaction . and
mechanical puddling on  the percolation rates, the total water
loss and the yield of paddy in a sandy loam soil. Whereas the
yield was unaffected, the percolation rates and the total water
loss differed considerably among the various treatments. From the
standpoint of percolation losses, puddling with a disc harrow,
angular puddler and rotovator was - either equal to or better than
that with a traditional plough.  Compaction did not show. much

promise as a substitute for puddling.:

Awadhwal (1980) presented a method for comparing the
performance of two puddling machines by accounting ‘for the
specific energy spent in puddling and measuring the shear
strength ratios of puddled soil. The term 'performance ratio' was
defined as the ratio of the efficiencies of the puddling
equipment. It was proved that performance ratio can be expressed

as:
E1/E2 = (32/31)x(1n(Trl)/1n(Tr2))  ee.c..(2.14)

where
E = efficiency of puddler
J = specific energy

Tr = ratio of vane shear strength of puddled soil to vane shear



- 66 -

strength of unpuddled soil. Subscripts: 1 and 2 indicate puddling

équipment-l'and 2. 0T T e

~_The above review indicates that puddling implements
vary in their performance in reducing percolation loss depending
on soil type, water depth,’number of operations‘ and power
availability. Where power resources are limited, puddling is done
with the help of animals. The animal drawn implements consist of
an indigenous plough, a moldboard plough and a comb harrow. The
traditional plough normally has a relatively wide cutting face
with a steep rake angle and a flat bottom. It cuts off weeds more
effectively and tends to form a better plough sole. Most
indigenous ploughs do not invert and so do not disturb field
levels by leaving high crowns and deep dead furrows as may be the
case with . moldboard plough. ‘The moldboard plough inverts the
soil but is heavier in draught and tends to disturb land levels.
The comb harrow, on the other hand, helps break clods, press the
organic matter downwards and churn the soil after a few passes.
Its draught is relatively heavy and difficult to operate at an
even depth. The use of rollers has also found increasing favour.
Metal strips and blades are welded to the roller and these strips
help cut and bury weeds. Rollers break clods and require less
draught to produce a satisfactory puddle.l All the implements
require two to four passes to produce a satisfactory puddle

depending on soil types and need standing water on the surface.

‘The puddling implements used with a four wheeled
tractor are tine tillers, rotating blade puddler, disc harrow and
rotary cultivator. Tine tillers need free water on the surface to

reduce trash clogging. They do not invert the soil and do not
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compact the soil as much as the plough. More passes are needed to
disperse soil particles. The rotating puddler, on the other hand,
is lighter but needs water in ‘the field. T-shaped blades have
been recommended for effective puddling. Disc harrows have a
cutting action and exert little compacting force on the soil.
Deep concavity increases the draught requirement and the amount
of soil inversion.,More ‘passes’are’required in heavy soils to
disperse‘soil particles,‘Thelrotary‘cultivator is‘fast becoming
popular as it tends to invert the soil and chops and buries trash
simultaneously. It }requires no ~drawbar pover,and ‘produces‘fine
degree ‘ofv,pulverisation,_ enabling  the necessaryv rapid and
intimate mixing of soil'and waterresultingin the favourahle mud
puddle for the growth of rice seedling. C-shaped blades perform
better in terms of tilth quality compared to L-shaped»blades.‘The
rotary ‘cultivator needs , only one or two; passes and ise most
effective when used with cagewheels{ Cagewheels increaserthe area
of soil subjected to shear and serve as a’puddling tool. However,
its performance is poor vhen ‘operated'alone ;and the depth of‘
pnddling is low. . Apart from using implements, animals are also
used to trample the field after primary»tillage once the‘fields
have been completely flooded. When theitrampling is completed,
the organic matter will be at the bottom and the water is mixed
with the soil forming a slurry of thick mud on the surface. If
an indigenous plough is‘ used;” it merely ‘'stirs the soil and
loosens the root systems and thelanimals trample them down to the
hardpan layer. For effective puddling either more animals or

more passes are required.
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2.3.6 Water and Energy Requirement in Tillage Operations

The -first operation that prevails in an irrigated
system cropping schedule is land preparation, and at this stage,
the demand: for irrigation water is at .its peak. According to
Wickham (1972), the amount of - water :'supplied during 1land
preparation.is often more than one third of the total supply in
growing a rice . crop. A similar finding was reported by De Datta
(1981). .IRRI data show that the water required for puddling the
wetland field was about 150 mm. Water use in non-puddled field
was only 50% of that used in the wetland field, despite the much
longer duration of the non-puddled planting (De Datta et. al,
1973). The average : daily rate of water use in. the puddled field
was 7.71 mm/day. For the non-puddled field, the  daily water use
was 3.37 mm/day. An average over the whole growing season for the
water use of the non-puddled field was 44% of that of the puddled
fleld. Earlier work by Kumar et al (1977) indicates .that the
water requlrement for land preparatlon on deep clay loam soils 1n
the absence of hlgh water table appears to vary from 13 6 to 30 5
mm. Below thls level, the con51stency of soil water system was
not satlsfactory for the puddllng operatlon. The soll was more
SthkY and water was 1nsuff1c1ent Above thls value also resulted

in 1nsuff1c1ent puddllng due to excess water.

‘Sarker et al. (1985) conducted a study on total water
requirements for . land preparation and land  soaking and reported

that:

a) Land soaking and land preparation required about 15%-20% of
the total water supply in growing transplanted rice, depending on

soil types and topography. Fields ploughed before irrigation were
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found to have ‘saved 50% of - the water needed for land soaking and.
land. preparation. This indicates that pre-irrigation tillage
practices are advantageous in terms of reduced water demand and
resource utilisation. Pre irrigation tillage also requires fewerL
post irrigation operations and utilises reSidual 5011 mOistureT
available after the wet season. : S A w
b) Higher yields ‘of rice were obtained on all the plots where:
pre- irrigation tillage was practised. | - |
c) Cost of land preparation was found'xto be lower where
pre irrigation tillage operations were limited to three and post
irrigation ploughing k operations ”‘to' one.'y Increa31ng ’the'
pre;irrigationloperations beyondvoptimumunumbers did not show any
significant variation in oost;for:'tillage operationsjfor'the two
practices. ( / B ' “ |
Painuli et al (1988) investigated the keffect of

reducing water and energy on puddling using different (type'ofu
puddling implements and machines  in' soils of low bearing
strength. Intensive field studies ~showed that effective puddling
(defined ' and measured  as the resulting decrease in the rice
season's ‘- total vertical ‘ percolation of * water) can ‘be achieved
with inputs both of land soaking water and of soil working energy
that are ‘less than those traditionally used. Results showed that
saving water by decreasing * the season's total ‘percolation from’
3000 to 120 mm could behachieved'WithOUt':any‘concurrent‘penalty
of grain yield. |

‘N The‘ amount of ;water use for land preparation andk

lnltlal flooding varies from country to country According to<

Kung and Atthayodhln (1968), 200 mm of water is commonly used for
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land preparation. Table 2.2 shows water use for land preparation

and initial flooding in various Asian countries.

VIn’ Malaysia,.estimates of the water requirement for
saturation and land preparation for a lowland puddled field are
505 mm for the wet season and 570 mn for the dry season. In
India, out ~of the total water supplied for rice production,kas
much’ as 7$%v.is lost due to poor soil and water management
practices through deep percolation during 1land submergence
(Vamadevan and Dastane, 1 1968; and Yadav,fl972).L!Excess water is
not only a waste but also creates trafficability problems. The
effect of water management on penetrating resistance of rice soil
has been well described by = Subbaiah et al. (1984). They
recommended that the soil strength “should not be 1less than

20N/cm? to enable a machine to be driven without sinking.

Energy requirements in rice cultivation have also been
of a major concern in recent years because of escalating costs of
fuel and other agricultural inputs. When rice is grown following
dry soil preparation, the major drawback is the high power
requirementlwhenmcompared with operations ’in'wet soils. On heavy
to medium textured soils, the power has been shown to be
substantially’greater underﬁdry conditionsythan when saturated.
The tillage labour requirements have"been/analysed ibyfseveral
authors namely Johnson (1963), Stout (1966), Sakan Komori (1974)
and Kuetherland buff'(1981).‘ Data‘compilediyby Johnson (1963)
indicates that when:lmechanical”methods are compared in terms of
rated horsepower-hour per hectare, the differences between man,
animal and machines are not so evident, owing to the high

variation between working depth, soils and the tests carried out
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(Table 2.3). Kuethéf‘ and buff (1981) 6n the other hénd analysed
the enérgy requiremehtsldf three prodﬁctibn systéms éoﬁsistingléf
traditional {eqtirelykhuman labour and animal power),'meéhanical
(tillage with power éiiier) and transitional (priméry" ﬁillage
with a tractor). The use 6f‘£factors‘in thé'traﬁsitional syétem
-increased ﬁhe totai {enefgy input by Si buﬁ -serQQd a useful
function in reducing 'considerably the time"required for land

preparation activities.

According to FAO report (1956), the average primary
tillage with man powered tools may require 80 hours or more per
acre. In Sri Lanka, ploughing with a country plough takes about
25 hours per acre while in Thailand and Japan, ploughing takes 20
and 16 hours respectively. The ..country plough may need cross
ploughing at : least ‘once, which would double the energy
requirements. Case studies of walking tractors from Japan and
India have shown that ploughing dry fields requires 4.4 to 7.4

hours per acre and harrowing dry fields takes 2 to 4.6 hours per

acre.

The ébove review suggeéfs'thét conéiderable bamoﬁht)bf
water cduld besgved if'pre-ifrigation‘tillagé iskpféctised whefé
only residual moisture content is used for land ploughing;
Pre—irrigation‘ tiiiége -also | réquires  féwér‘ post irrigation
operatiéns and hence reduces the energy requirement. Land
submergence is absent and hence overcome trafficability problem.
Where animals are the soﬁrce of power, longer period is required
to prepare the land. Timeliness of operation could be achieved

with implements that cover bigger area and prepare land quickly.
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In conclusion, despite the numerous work conducted on
soil puddling, no information is gvailable on optimum water level
and the most “efficient implemént that creates the required
condition. Implements tested were suited to specific requirements
for a specific soil type with very little work done to relate the
resulting condition to rice root requirement. Nevertheless,
puddling was aimed_at reducing pgrcolation»loss and this could be
reduéed by dispefsipg more ksqi; -particles by increasing the
ﬁumber of passes in case of draught implements or operating
powered implements at a greater kspged depending on water level
and soil type. _L;gﬁt‘soils rgqui;e shorter duration to disperse
while heavy soils require longerﬁduration due‘ to their cohesive
nature. Implements that could ‘disperse soil particles as quickly
as possible would be the ideal choice and apparently justify the
popularity of the rotary cultivator where power resources are not
limited. The rotgting puddler seems to be the  best choice where
animals are still the prime mover. The adaptability of the
rolling tillage implements is worthy of further investigation
since they tend. to;compac; ‘the subsoil,_chbp Yapd‘pressAvdown
organic matter and have re}atively“ 1qw: draugﬁt. Comparative
performance between implements has been_suggested baseq on shear
strength of puddled and uppuddled ;soi;s measured by a shear vane

and the specific energy input consumed by implements.
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CHAP‘T‘ER 3.0 RESEARCH METHODOLOGY” ,

In order  to obtain some understanding on the ‘behaviour of
gsoil at high moisture content and to explore the potential for
preparing paddy fields with reduced ‘amounts of water, three

laboratory experiments were conducted.

The‘first’study» mas on the rate of water uptake by clods of
different sizes and at’ different initial moisture ' contents. As
the aim of the project was to use less water by avoiding complete
submergence, wetting was done by capillarity. Clods were prepared
by remoulding wet soil’ 'and formed into cubes for ‘easy contact
with the wet surface of a water conducting material. In order to
arrive at different initial moisture contents, clods were exposed
to a constant flow of hot air at 25%c. Field clods were initially
proposed, however, the idea was' dropped for a number of reasons.
The prime reason was the 'great variability between field clods
and hence the large number of clods for testing 'that would have
been required. The other drawback of fleld clods is the
non- unlformlty of m01sture content The mOLSture gradlents w1th1n
a clod too vary from one clod to another and lt would take a
longer tlme to dry them to a constant m01sture content. Attempts
were made to cut square block of fleld sorl w1th a cheese w1re,
but it had to be abandoned 31nce the SOll crumbled apart ea511y
The alternatlve way was to destroy the structure and prepare

clods from remoulded samples.

. Two experimental treatments consisting of clod wetting and
clod drylng were tested.. For treatment on clod wettlng, three
sizes of clods were prepared from dlfferent 1n1t1al moisture

contents., Duration of wettlng was 7 days. A pllOt study taken for
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40 days showed that‘the change in moisture content beyond 7 days
was not significant. The treatment on clod drying involved only
one 1n1t1al m01sture content where the soxl was fully saturated.

[y

Three clod sizes were prepared and the duratlon of drying was‘

varied from 4 to 120 hours at 250 c .4For each clod size three

replicates were tested.

Prepared samples exposed to drylng and wettlng, were examined
by slicing every 5 mm thlckness from the base._ Results betweenw
clod s1zes were compared and the rate of water uptake or lossi
determlned. Thls would glve some 1nd1catlon of the effect of clod
size and its lnltlal molsture content on the rate of water-
absorption. This information :is v1ta1 for tlmellness of land
preparation in areas where water is scarce and tlme for land‘
preparatlon is short These results would also 1nd1cate whether

wet clods should be left undlsturbed as blg clods or broken into

smaller aggregates. o v .

During primary-tillage, clods are normally formed in various
sizes. The effect of wetting by capillarity would ' certainly be
different for subsurface and surface  clods. To explore this.
difference, experiments. were conducted under " two conditions,"
confined and unconfined. Confined clods representing those from
the subsurface layer which would be confined by the clods above,
were prepared by exerting loads hon sanples durino wettingl'The
effect of SOll layer, clod 812e and duratlon of wettlng on

moxsture content was determlned.

Results from the above experiments were tested ' against

infiltration models :based on 'linear flow of = heat into a solid
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(Carslaw and Jaeger, 1959) and that of Jarvis and lLeeds-Harrison
(1987) . The earlier model was aimed at predicting the saturation
state of each soil layer within a clod for different wetting
period whilst  the 1lateral. sorption model of = Jarvis ‘- and
Leeds-Harrison was used to - predict the height of water
infiltration into. soil cubes. Where - input parameters were

difficult to measure, empirical equations were used.

A second prOJect involved ‘the study of 5011 deformation at
high moisture contents. Experiments were conducted in the plastic
moisture range ‘using 51mp1e tines operating at various rake
angles and depths in a soil  tank. A laboratory study was adopted
because of the ease of controlling moisture content and the
absence of weather effect as would be experienced normally in the
field. The principal objective of ' the study was to utilise soil
implement mechanics knowledge to improve the. efficiency of soil
preparation for wetland crops. Aspects 1like the nature of
disturbance, extent _of disturbance and draught requirement were
investigated. It was anticipated ' that the results would reveal
the optimum range of moisture contents at which tillage should be
conducted to achieve the required disturbance and for a given

condition, the most efficient type of implement ' which should be

recommended.

Experiments were conducted with both single and multiple
tines. For the single tine experiments, plane relieved tines
ranging in widths from 25.4 mm to 152.4 mm were operated at three
depths from 50.8 to 152.4 mm and at three rake angles varying
from 450 to 1350. Tests were conducted in a cohesive soil at 42%,

56% and 70% moisture contents (dry basis). At 70% moisture
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content, tines ' greater than 50.8 mm width were set only ' at two
depths because of the 'limitation  in power supply from the motor.
At 42%'and;56% moisture contents, only narrow tines below 50.8 mm
were investigated A 3x2x3 factorial experiments were conducted
for the single tines w1th each treatment 1replicatedkthree\timesi
for the three moisture contents tested.A An additionalF 42223
factorial experiment was conducted athigd% moisture content to:
determine the effect of tine Wldth on s011 disturbance and tine
forces. A three-way analysis of variance was carried out on all

results uSLng an ANOVA package. ’

The performance of multiple tines, " each of 25.4 mm width and:
acting vertically, was assessed at 56% and 70% moisture contents. .
The test at 42% was not possible due to power limitation whilst:
the use of forward and - backward ‘inclined tines was restricted by
the space between the - carriage rails and the top of  the soil:
tank. Three tines were used with two leading tines operating at
50.8 and 101.6 mm depths. - The depth of = rear tine was fixed at:
101.6 mm while-the longitudinal distance between the leading and
the -trailing. tines was Kkept - at 203.2 mm apart. - Three tine
spacings were investigated and for each spacing, the experiment
was conducted three times. Results were subjected to one-way

analysis of ‘variance for the two moisture contents tested.

Prediction models based upon Mohr Coulomb so;l mechanicsf
theory were developed to predict the 1nteraction between SOll and
51mple implements' used in the study based on s011 disturbance
pattern. The tra]ectory of the‘ soil particles was monitored by.
soil movement detectors in the shape of coloured plastlc beads'

implanted in a regular grid in ‘the path of the tine. The
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movements were measured before and after the passage of each
t1ne. A glass 51ded tank experlment was also conducted to support

the bead tracer technlque in observing soil deformation.

- The third project was . an investigation into the effect of
water« quantity - on’ the ' degree - of - puddling using air dried
aggregates; The work was confined to a laboratory study since it
would be difficult to control water level in the field and would
require a. separate detailed - study altogether, which was beyond
the scope of the whole project in view of the limited time
available. The aim of the fundamental study was to determine the
property of a puddled soil in terms of its wet bulk density and
aggregate size distribution. These were then compared to the
optimum conditions for rice root growth as found in the
literature. Soil puddling was carried out using a rotary puddler
to simulate the rotary motion of the rotary cultivator normally |
used in the field. The puddler was driven by an electric motor
with a variable speed controller. The literature review indicated
that the rotary cultivator was found to‘be a good implement as it

. disperses soil particles quickly and requires negative draught

force.

Four water-soil ratios were selected varying from 0.8 to 1.4.
Measured guantities of water were added to 400 grams of air dry
aggregates (8.7% moisture content) to arrive at the required
water-soil ratio for puddling operations. Three stirring times of
5, 10 and 20 seconds were adopted to represent the the effect of
different puddling energy inputs achievable using different types
of puddling equipment. In ideal situations, a single pass would

take 1less than a second to churn the soil. However, in the
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laboratory“‘study, longer"durations. were adoptedi sinoe it was
difficult to obtain the results in one -second. All tests were
conducted at a steady motor speed of 2000 rev/min. Three
replicates ‘were used for }each water-soil  ratio tested. All
results were subjected to two—way analysis of variance using the
Anova package. Experimental treatments and the assessments made
for all the above studies‘hare summarised in Table 3.1 whilst

Table . 3.2 shows the detailed treatments for each experiment

conducted.
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CHAPTER ‘4.0 EXPERIMENTAL TECHNIQUES AND APPARATUS
4.1 Determination of Soil Physical and Meohanical Properties

The following soil properties were determined to quantify and
classify the 'soils and conditions - nsed in the different tests.
The soil properties measured were ‘soil : texture, plastic and
liquid - limits, moisture retention characteristics, soil shear
strength and soil-metal sheaii;% resistance.

‘Thevpartieie sire distribution‘ was determined by the pipette
method as described by Day (1965) w1th‘ organic matter destroyed
durlng the pretreatment procedure by. digesting with hydrogen

perox1de. Organic matter content was determined on separate

subsamples by dichromate ox1dation.

To determine the plastic limit, air dry soil was sprayed with
distilled water until it became plastic and kneaded to break down
any structure and to ensure - that the mass ' was all at the same
moisture content. Once the mass became homogeneous and plastic, a
portion of the soil was shaped into a ball and rolled. out on a
glass plate between the fingers until a ' wire . 3 mm diameter was
formed. This procedure was repeated " until the 3 mm diameter soil
wires broke into pieces about 6 - 12 mm in length. The moisture
content of some of the broken pieces was determined and expressed

as a percentage of the oven dry soil.

The liquid 1imit was determined by using the Casagrande
apparatus (Head, 1980) and a cone penetrometer. Moisture
retention characteristics were determined by the pressure

membrane technique as descrlbed by Richards (1947)



- 80 -

In this‘ study, the triaxial "test was chosen to measure the
soil shear strength because it is the most controlled method and
has been used by numerous authors in determining soil strength
parameters for use in the prediction of soil failure models. Soil
samples for the. triaxial  tests at 42% moisture content were
obtained using sampling tubes. At this moisture content, the soil
was not sticky and soil was easily prepared by compacting it into
the soil tank by tampering 1lumps of soil with a metal tamper.
Soil preparatlon for 5011 bin was done by mlxing a given amount
of water to a glven welght of a1r drled soil in several buckets.
The mlxture was passed through a pugmlll several tlmes for proper
mix1ng. 8011 comlng out of the chute was cut into small pieces
with a cheese wire. Sampllng tubes were lubricated with liquid
paraffin and pushed 1nto thlS‘ prepared soil mass by hittlng with
a hammer and a blockdof‘wood; Test‘samples were later obtained by
extruding the soilﬂusing a sampling'auger and a splitvformer.
. This procedure was not p0551b1e for soil at 56% and 70% moisture
contents (dry ba51s) because of the stlcky nature of the soil.
Though 5011 could be packed 1nto the Spllt former, transferring
it to the membrane stretcher would be an 1mp0551b1e task‘as the
soil stuck to the wall of the spllt former and was dlfflCUlt to
extrude. Samples that were successfully_ prepared would get
squashed once'the ‘O-rlng was released; ‘Many dayéiwere spent
trylng to find the best technlque.‘ Flnallf the chosen method was
to compress the SOll into a membrane stretcher with the rubber
membrane fully stretched and secured with the O-rings. Once the
required height was obtained in the stretcher, the O-rings were
released. The enclosed sample was later transferred to the

apparatus and subjected to four cell pressures up to 138 kN/mz.
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Osman (1964) used cell pressures up -to 55 kN/m2 for his clay
whilst Omer (1977) used BQ kN/mz. The confining stresses were
applied using a mercury/water constant pressure system and
measured using the manometer of the interconnected’ pore water
apparatus with the triaxial apparatus. Following the technique
used by Godwin (1974) as recommended by Lambe and Whitman (1969),
the shear strength parameters were calculated using the equation
of the Kf line from the linear regression model.

i
K}

The s01l-metal 1nterface parameters were measured uSLng a
sliding res1stance apparatus (Osman, 1964) s1nce the tor51onal
plate method was dlfficult to use in very wet 's0il due to 51nking
when loads were added. The sllding resistance apparatus con51sted
of a soil tray mounted on a trolley and driven along two rails by
engaging to a hookion‘a driving cable.: The cable pin‘turn, was
driven by an electric motor. In use, the tray was filledxwith
soil and levelled with a spatula. The metal slider_Was then
placed onto the .soil‘and ‘weights added. The slider was then
connected to a spring balance by a string which passed over a
small pulley. As the trolley' moved relative to the slider, the
steady reading of the spring balance was recorded. This reading
represented the tangential force necessary to overcome the
friction between the sllder and the soil The test was replicated
six times and the procedure repeated for different sets of normal
loads. Prior to each test, the slider was washed and w1ped clean

and the soil in the tray levelled with a spatula.
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4.2 Clod Wetting and Clod Drying Experiments
- 4.2.1 Sample Preparation

Clay soil from the field was dried, broken into smaller
aggregates and later passed through a grinding machine. To make
up to the required moisture content, a measured amount of water
was added to a given weight of soil and both were mixed in
several buckets. To transform the ' mixture into a workable state,
the clay was passed through a pugmill (Plate 4.1) at least three
times for proper mixing. The soil coming out of the chute was
cylindrical in shape and cheese wire was used to cut the sample
into smaller pieces. A measured amount of soil was packed into a
metal former of known volume with a steel rod and tamped in a
systematic manner to make a specimgn of known initial density.
Samples were later extruded by means of a hydraulic jack and
cubes representing clods of different sizes were prepared using a
cheese wire (Plates 4.2 and 4.3). Block of cubes were enclosed in
a plastic bag to avoid 1loss of moisture (Plate 4.4). Other

apparatus used aré'aévshown ih‘Plate 4.5,
4.2.2 Clod Drying Techniqﬁé'

. The purpose of drying was to bring the clods to
different starting moisture contents without cracking. The clay
clods prepared = earlier were coated on all except one side with

saran resin and dried slowly at725O

C on top of an oven (Plate
4.6) to the required weights  representing different initial
moisture contents. An iron grill was used as a base for the
prepared clods. Several drying techniques were experimented with

to determine the initial moisture contents before wetting such as
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air and oven drying -to avoid sample cracking. The use of
polyethelene glycol was also proposed but it was not possible to
reduce the moisture content of the clay soil to lower than 26%
the reason being that the concehtration of . polyethelene glycol
was related to 'the matric suction on ‘the water : retention
characteristics,  and the maximum suction - at 15 bars gave the
minimum moisture content of 26%. Further increases in suction had
no effect on moisture content reduction. Drying on top of the

Oc was found to be:the best in avoiding clod rupture

oven at 25
and achieving consistent weight changes with time. With the air
drying technique the changes were inconsistent with time due to
the effect of humidity, ~ whilst drying in the oven caused clod
rupture and severe cracking apart from non-uniform moisture
gradients within the clods. ~ On top of the oVen, the warm air
flow was ' one-directional since only the lower part of ‘the clod

was not coated. The weight of clay clod was monitored every two

or four hours depending upon requirements.
4.2.3 Clod Wetting Technique

The objective of wetting the clods was to  study the
rate of water uptake as well as to observe the moisture gradients
and wetting front within-a -clod. Clay.clods initially dried to
the required initial ' moisture contents were placed on smooth,
thin porous paper and later wetted by capillary action on a sand
table (Plate 4.7). Several techniques of wetting have - been
described in the literature notably by Emerson and Grundy (1954),
Cumbs and Warkentin (1976), Kemper and Koch (1976) and Alderfer
(1950) who wused capillarity, "whilst Rennie (1952) wetted their

soil aggregates by spraying with an atomiser. Gumbs and Warkentin
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(1976) and -“Kemper and Koch (1966) used immersion ' techniques
whilst Dettman (1958)"wetted soil aggregates under ‘a vacuum.‘ In
the paddy field situation, flooding or submergence is the typical
method used for wetting clods. In this study, however, an earlier
method of wetting clods,byvsubmergence vin waterzproved not to be
feasible since the cubes merely collapsed, presnmably due to the
destruction of soil structure as a result ‘of 'drying. = Earlier
work by Tsygonov (quoted by Russell,’ 1938),* Yoder ° (1936),
Alderfer (1950) and'NijhaWan'and‘Olmstead (1947)- indicated that
soil aggregates were more stable to immersion in water -at high
moisture contents than when allowed to'dry. Since the aim of this
study was to use a’ non-submergence technique, a capillary method
was adopted using a sand table. The samples wetted were separated
from the sand by(means‘of?~a porous material. According to Holmes
and Marshall' (1979), "a ~ suitable material *with”%bery ‘small
microaggregates that maintain a higher moisture content and hence
high hydraulic conductivity - over the range of matric suctions
should be used. For suctions less’ than 30 cm, blotting paper has
been recommended ~as it remains ' saturated at very = low suctions.
Prior to wetting, the saran reslnpcoatings{iwere slit open and
removed with a pen knife to avoid restriction to swelling. The
sand table suction was set at 10 cm since at lower suctions the
clods‘were severely ruptured at their baselﬂTo avoid evaporation
loss durlng wettlng, the sand table was covered w1th a polythene
sheet, secured w1th a rubber band. The mlddle part of the
polythene sheet was ralsed to enable any water whlch condensed on
the sheet to flow to the s1de rather than falllng back onto the
samples. ThlS prevented large wettlng errors. Each s1ze of clod

requlred 63 samples for three dlfferent 1n1t1al moisture contents
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and the wetting period was 1limited to 7 days. Everyday three
samples of each clod size were piCked up for analysis by sliding
a épatula underneath the clods. A total of 338 clods were

required for the two confining stress conditions tested.
4.2.4 Measurement of Clod Volume and Porosity

Clod volume was determined by a water .diSplécemeht
method as'describedﬂby“Blake‘(1965). Clods were first stripped‘df
the saran resin coating and weighed. Three coatings of molten wax
was then applied to their surface using a soft paint brush. Wax
gave’é better cdaﬁingtthAn saran resin since the latter iﬁéurfed
moisture loss due to veQéporation“évén after three coatings.
Coated clods were fifst'Weigﬁed‘in the air followed by weighing
in water. The difference in weight was taken as the total volume
of clod éﬁd wax. Knowing the density of wax, the volume of wax
was calculated and the clod volume was later determined by
. deducting the volﬁme; of wax from‘the‘tbtai :VOIUme.‘PorOSity was
calculated from the bulk density (Db) and an assumed value of

2.67 Mg/m3 for particle density (Dp) using the equation

+

n ‘-- (Dp —Db)/Dp R RER o.‘oo(4.1)
4.2.5 Determination of Clod Moigpure Profile

The moisture profiles of clods were determined by first
slicing the clod into several pieces 5 mm thick starting from the

Oc

base. Each slice was then weighed and dried in the oven at 105
for 48 hours. The moisture content of each layer was then
calculated. For wet samples, it was convenient to use a cheese

cutter. However, for dry clods, a .pen knife was required to
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scrape the soil for every 5 mm thickness.:The apparatus used are

as shown in Plate 4.8.
4,2.6 Measurement of Clod Strength

Clod 'strength‘was measured by means of a drop cone

o and weighing 80 grams

penetrometer with an apex angle of 30
based on thevmethod used by Hansbo, 1957 and Towner, 1973. Depth
of penetration forlyeach wet clod was recorded prlor to morsture
content determination by dropping the cone onto a wet clod and
the distance of the fall was measured. Theicentre'of clod was
taken as the ‘most’suitable p051tion to drOp the cone Without
cau51ng any rupture to the clod. Three replicates 'were used for

every ‘clod size tested and data was collected everyday for the

seven wetting days.

4‘2 7 Measurement Of Input Parameters Into Linear Heat |
Flow Model . - -
The::input}parameterswfapart‘from 'soil'dimensions are
soil water diffusivity ‘and volumetric moisture content at
saturation. ‘Diffusivity'is‘ defined as the ratio of capillary
conductiv1ty to SpelelC m01sture content The speCific moisture
'content is in turn deflned as the change in mOisture content in
the porous medium for a unit change in tension or suction head.
Volumetric moisture content at saturation was measured by wetting
several duplicates of 65 mm soil cubesfor four weeks and the

Oc for 48

moisture content was determined by oven-drying at 105
hours. The clod porosity (n) was calculated from the dry bulk

density value (Db) and an assumed value of 2.67 Mg/m3 for
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particle density (Dp), using equation (4.1). The density of water

was taken as 1 Mg/m3

Field and laboratory methods-to’ﬁdetermine:diffusivity
as a functlon of soil m01sture content and soil moisture tension
have been described by Klute (1972) The field methods are in
general laborious and demand a hlgh degree of 1nstrumentatlon
whereas many laboratory methods are time consumlng, requlre
spec1al equipment and often . do not represent the hydraullc
propertles of field 50115. Bruce and Klute (1956) earlier
developed a laboratory method of measuring diffusivity in
horizontal columns of soil for the infiltration process. Their
analysis required that water content be a function of a variable
dependent on distance and the square root of drying time. For the
same conditions, Gardner (1959) developed a slightly different
analysis and applled it to the process of evaporation. In both
studles, comparatlvely long columns of remoulded soxl ‘were used.
Recently Arya et al. (1975) proposed a new laboratory method for
obtaining d1f£u51v1ty by modlfylng Gardner s technlque uslng
short natural soil cores. The method 1s rapld and requlres no
special and compllcated 1nstrumentatlon. Arya et al (1975) used
the dlffuslv1ty equatlon _of Bruce and Klute (1956) with the

follow1ng initial and flnal boundary condltlons,

=0, x>0, t=0 .....(4.2)

8 =0, X=0¢t>0 cereo(4.3)

where Gi= the initial volumetric moisture content

Ogat™ volumetric moisture content at saturation

x = length of soil core
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t = time
Diffusivity values could then be calculated from
m01sture distance functions by the follow1ng equation, - 4

ex

.D(Qx) = 1/;t (nx/de)exjxdeV, ....(4:4‘)'
. . ‘ gi oL - X :
where D(6,) is the soil water diffusivity as a function of
moisture content. To transform »to an ordinary differential

"2 44 normally used.

equation, the Boltzmann variable,_ A = xt
Integration using the given boundary condltions yields the

following equation. |

e

8

where D and d) /de are both evaluated at moisture content 6'. The
moisture content versus position at - a series of fixed times or
the moisture content versus time at a series of fixed positions
can be used to construct a plot of A versus 6. If the flow is
described by the non-linear diffusion equation and the boundary
and initial moisture contents are constant, the transformed
moisture-content-distance-time data should give a unique A (6)
function. The derivative and integral of equation (4 5) can then
be evaluated from this plot either graphically, numerically or by
analytical means 1f an equation for the fitted curve is

available.

Since the Arya et al. (1975) technique is simple, low

cost, quick and less laborious, this technique was adopted to
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measure the soil water diffusivity value. Air dry aggregates were
groﬁhd and passed‘through a 2 mm Sieve, packed into columns 10 cm
long tube having a 3.25 cm diameter. To arrive at the required
moisture content before packing, a measured amount of water was
sprayed ~onto a given weight of soil. Soil cores were later
extruded and 'tranSfefred%totahother split tube. The tubes were
covered with tapes and secured with rubber bands. Three
replicates of soil cores at two different moisture contents were
placed in a 'beaker filled“With'water and wetted for four weeks .
Saturated samples' wereitheh sealed Vat’both ends and ‘ailowed to
equlllbrate for ' four weeks after whlch ‘one end of the core was
opened‘:and hot air was blown over the wet surface /w1th a
commerc1al palnt strlpper from a helght of 5 cm. Evaporatlon was
determlned by perlodlc welghlng of the soil core. The accuracy of
thlS technlque depends, on the followxng | condltlons belng
satiefied:t S o o '
a) That cumolative:evaoo:atiohwbe broportional to the sqoare
root of drying tlme.k | “v‘ku o A |
b) That evaporation be continued as long as_ the hottom ofythe

core remained unchanged.

Bothylconditions were established by a vnumber of preliminary
tests. The time during which 5evaporationvwas proportional to the
square root of drying time was strongly influenced by the initiai‘
wetness of the sample and the potential evaporation rate. At the
conclusion of each - test, the bottom seal of the core was peeled
off and the soil was sliced in 10 mm lengths. Their gravimetric
moisture contents were later determined by oven-drying at 1050C

for 48 hours. Initial moisture content of the core was determined
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from the cumulative water lost from all samples upon oven-drying

plus that lost in evaporation before slicing.’

4.2.8 Measuremeht 0f Input Parameters For Jarvis and Leeds-

Harrison's Lateral Sorption Model

The unknown input‘parameters in the lateral sorption
model are the fractional wetted depth, £, and the sorptivity term
assuming the fractional wetted ped surface area, a, as 1/6 since
it is fully saturated. If the height of the soil cube is
considered to be one layer, the value of k will be unity and the
layer thickness, Az, is equivalent to the height of soil cube. In
the above model, the total ped surface area per unit ‘volume of
soil, A,, was taken as 6/d where d is theriped width (Jarvis and
lLeeds-Harrison, 1987). The fractional wetted depth was assumed
to be . unity since the model was based on the’ equation of"
infiltration as proposed by Philips (1957a). Having substituted
all the above parameters into the above - model, the predicted

values were compared with the experimental data.

The other parameter reQuired in the above model is the
sorptivity term. This term was = introduced by Philip (1957a) in
his well known two term inflltration equation. As described by
Philip, sorpt1v1ty is a measure of water uptake by s01l w1thout
gravitational 4effects. Several ‘ methods for obtalnlng the
sorptivity value have been well described by Chong and Green
(1983). These methods( however, were all based on fieldr
measurements. Some involve rather complicated mathematical‘

calculations or require measurements of certain parameters that
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are both tedious and time consuming. Young (1981) on the other
hand, developed a simple relationship given as
0.5 0.25

S(8) = 6.3(8_, - 8;) Ksat veeeese(4.6)

where gsat volumetric moisture content at saturation

0. lnltlal volumetric mo:.sture content

1
Ksat

saturated hydraulic conductiVity

For thls study the above equation ‘'was used to calculate the
sorptiv1ty value. The saturated hydraulic conductivity value was
determined using a falling head permeameter. Volumetric moisture
content at saturation was determined by wetting soil clods for

0C for 48 hours. The

four veeks before being oven-dried at 105
clod porosity was calculated using equation (4.1) as described
earlier. These measured values were substituted into equation
(4.6) to calculate the sorptivity tern. The known sorptivity term
was later substituted into the lateral sorption eguation to

calculate the height of water infiltration.

4.3 Soil Tine Interaction Studies
4.3.1 Description of Soil Tank

Tests were conducted~ in a soil tankvl,S m long; 6.5 m
wide and 0.3 m deep containing an electrically driven carriage
which ran on rails'above the soilytanh (Lawrance, 1978). The
tool holder frame was’designed and fabricatedv(Plate 4,9.) and
the‘itank could be pulled out towards the operator for soil
packing. A plastic sheet was used in the base for easy miring and

remoulding of soil without the soil'sticking to the tank.
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4.3.2 Instrumentation
4.3.2.1 Force Measuring Dynamometer

The forces acting on the tines were measured by
means of an extended octagonal ring dynamometer designed by
Godwin (1974). This dynamometer was fabricated'from "EN 24 steel
heat treated to an ultimate -tensile strength of 1540 N/mz‘l’and
had an elastic modulus of 207 GN/m2;§The dynamometer consisted of
12 strain gauges grouped into three bridge circuits. Four strain
gauges were interconnected to-form a single bridge circuit. The

three bridge circuits were then connected to- a single conveying

cable.,. ~

~ 4.3.2.2 Signal Conditioning and Recording

Equipment

‘The output - from. "each -strain gauge bridge
circuit was amplified using a dc differential amplifier which
also supplied the’ wo:king potential for the‘bridge circuits.
Output sighéis“ffbm tﬁeée circuits were fed directly into a
multichannel ultraviolet ' oscillograph. The traces obtained from
the ultraviolet oscillograph were continuous recordingsV'of-thg
horizontal and vertical forces over the entire distance through
which the tines were winched. ' Mean area enclosed between the
traces was found by direct planimetering. Planimeter measurements
were taken ~over the most uniform 100 mm interval of  the force
traces.  The mean heights of ‘traces with respect to the zero
settings were determined and multiplied® by their respective

calibration constants to obtain the corresponding forces.
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4.3.2.3 Calibration of Dynemometer

The dynamometer was loaded horizontally and
vertically at different distances frdh its centr01d. Signals from
the Fx and Fz bridges were recorded for both loading ’andb
unloadihg conditiens.“ To measure the interaction of a verticalj
force on the horizontal force bridge, (Fx), the procedure wasﬂ
repeated with the horiiontal strain gauge bridge output voltage'
meaeured." Likewise, the output” voltage of the vertieal strain'
gauge bridge, (Fz), was measured to find the ihteraction of a’
horizontal force on 'the Vertical force bridge.' Thrdughout the
experimente, the geih eettings:were such that a displééement’of‘
the signal spdt of one cm from the reference zerb, represented:a
foree of 327 N for Fx and 226 N for Fz bridge circuite’
respectively.'The calibration data are shown inkTables.A5.35 and
A5.36 in the Appendix. A diagram showing typical forces acting on
. the dynamometer as well as strain gauge bridge circuits is shown
in Figure 4.1. | |

4.3.4 Soil Preparation

The experimental soil was excavated from a cultivated
field by digging two trenches to a depth of one meter. Wet clay
soil from the field was dried, broken into smaller aggregates and
later passed through a grinding machine. To prepare the soil to
the required moisture content, a measured amount of water was
added to a given weight of soil and both were mixed thoroughly in
several buckets. To transform the soil into a workable state,
the clay soil was passed through a pugmill three times. Further

mixing and remoulding - was carried in an auxiliary  soil tank. To
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obtain equilibrium, the soil was left for as long as ' one week

before it was transferred to the mainntank.J

In the main tank soil preparation was done by
pummelling and pressing each lump of wet soil using both hands
and barefeet. To achieve the required depth, the prepared soil
wae leveiled using a specially fabricated blade (Plate 4.10)
which was fixed to the carriage and could be moved along the tank
over several steps. Each cut of clay was about 150 mm long and
when complete, the surcharge was removed from the soil surface.
The surcharge was later ’lumped" to one side 'and the next
incremental run was made. This was repeated several times until
the required level was achieved. Rubber gloves were worn to avoid
soil sticking to the hands. The tool holder for single and

nultiple tine experiments is shown earlier in Plate 4.9.

The moisture content of the soil in the tank was
monitored daily .and when necessary water was added ' to -maintain
the moisture content to within one percentl Water was supplied
through a pressurised container and sprinkled via a fine nozzle.
The wet soil was then mixed byvsméaring‘and rubbing by hand and
left for about one week under a plastic cover to allow

equilibrium to be established and to avoid evaporation loss.

4.3.5 Tine Experiments -

After the soil was}prepared, plate sinkage tests were
carried out to determine the uniformity of soil preparation. A
tine was then fixed to the toolbholder and after'switching on the
signal amplifying and recording" equipment and allowing an

adequate interval for the ultraviolet osciilograph to reach
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stability, the reference zero, gain and attenuator settings were
checked for the two channels in use. This was achieved using
electrical calibrétion ‘shuntvresisténce‘ circuits t6 obtain'the
appro#iméte ‘signal levels. The dynémomeéer wég then balanced
under the zero load condition  and the ‘tine “was then pulled
through the soil. Horizontal and vertical forces were amplified
usihgta stréin“stéiliamplifief and recdrdedhoﬁ"thé’uitraviblét
oscillograph papef.yThe‘ mdtidn'of'thé tine ﬁhroﬁgh( the soil was
also recorded on a video film. S

After each run, the tine was dismantled and the tank
pulléd out. The héiéhﬁ and ektent of s0il heave were measured
using a profile meter with rods. spaced 10 mm apart.: Each.rod was
fitted with a plastic plug to avoid the rod from penetrating the
soft and wetvsoil, Each profile measured was later transferred
onto a.  transparent  paper.. Photographs .of  selected tine
performance. were also taken for,fcomparison,purposes. Prior to
évery run, each tine was washed and wiped clean with a piece of
cloth. Three soil samples were collected for bulk . density and
moisture content determination using K standard bulk density rings
of known volume. Each ring wasApressed«intq. the soil andlater
dug out with a spatula. Additional soil sticking to the ring was
wiped clean with a piece of cloth. After . weighing, the soil

0

samples were oven dried at 105°C for 48 hours. - Dry bulk density

and moisture contents were later computed.
4.3.6 Device For Measuring The Soil Profile
The profile of the cross .section of the disturbed area

was measured using a profile meter. This instrument was a simple

rectangular aluminium box«~consisting of a number of laterally
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spaced vertical rods or legs, capable of .sliding upwards or
downwards. When the meter was - superimposed across a section of
the disturbed zone, the legs were adjusted so that their bottom
edges formed points on the outline or profile of the contour of
the disturbed' cross section. The 1egs were then locked in
p051t10n by means of a clamplng screw ={e] that the meter could be
removed. The meter was then p051t10ned on a sheet of paper and an
outline of the cross ‘sectional proflle was obtalned by draw1ng a

line connectlng up the bottom edges of the legs.
4.3.7 Soil Disturbance Pattern

In tihe ‘interactioh'studies; the chservation of soils
under conditions. of failure often - provides the basis for the
development of important ' theories leading to.solutions  of the
forces and deformations at failure. Several techniques were used
in the past but the 'most successfully employed method has been
the glass sided tank to study deformation patterns and failure
boundaries. In 1948, Peynircioglu: presented an impressive
photographic study of failure boundaries in support of his work
on shallow foundations. In the same year,: Bekker (1948)
photographed the wedge formation beneath a . strip footing to
illustrate the correct angle at- which the slip planes - form. In
more recent years, some of the noteworthy efforts in use of this
technique include the photographing of soil’ deformation and
particle displacement beneath a rigid wheel by Wong (1966) and
the work of Hettiaratchi (1967) in his treatise on passive earth
pressure. A notable contribution  in recent years has been the
work of Witney (1968 and 1969) in that a considerable effort was

expended in determining the effect of side wall friction on
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failure patterns and the use of various lubricants between glass
and soil. Others include Harrison (1973), Godwin and Spoor (1977,

zhang and Shao (1984) and Salokhe and Gee Clough (1988).

Another technique worthy of mention is the use of X-ray
equipment to obtain photographs of soillduring‘deformatiou. This
techuique has ‘beeu developed at Cambridgevto’quite an advauced
stage (Roscoe, 1963). The X-ray test’apparatus Was used by May
(1968) in an impressive study ‘of dilatation along failure
boundaries..The radiograph,technique has also been usedvby Booyd
and Wlndlsch (1966) to record soil movements‘ beneath a rigid

wheel and tine studles by Ichlba et al. (1987).

Recently a bead tracer technique‘ has been used in
determining soil deformation (Spoor and Fry, 1983) and soil
compaction ‘(Seig, 1986). ' Coloured beads were - accurately
positioned in rows ' at various depths. Bead positions before and
after each test were recorded in the X, Y and 2z planes using'a
vernier X, Y, Z plotter. The method used to estimate relative net
compaction or loosening effects was -based on the assumption that
any beads. located initially at the same depth (2) and lateral
distance (Y) from the tine in the direction of tine travel (X)
will behave in a similar manner to the soil particle movement.
This assumption was considered,valid for homogeneous soils. The
technique gives the three dimensional nature of‘soil disturbance
generated by any simple tines or tyres. | - B |

7 In th1s study, two dlfferent methods descrlbed above
Qere employed namely a bead tracer technique and a talcum slurry
technique used in con]unctlon w1th a glass sided tank. The

purpose of the tests in the glass 51ded tank was to give evidence
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in support of the descrlptlon of the deformatlon pattern obtalned

by the use of the bead tracer technique.
4.3.7.1 Bead Tracer Technique

vAssessments of‘soii"dieturbance were made usind
two lndependent approaches, ‘the locatlon of the shape and extent
of soil heave and a determination of the trajectory and movement
of soil :partieleevwithih‘the entire disturbance area after the
passage of tine. The zone of detailed study was 101.6 mm above
the working depth fixed at  152.4 mm. Immediately - following the
' passage of an experimental tine, the shape and extent of heave
were measured using a profile meter and a surveying ruler. The
trajectory and relative movements of soil; particles during
disturbance was measured .by means of the bead tracer technique.
The extent of surface heave was determined for all tine widths at
three depths while the bead tracer technique was only used for
the 50.8 mm tine operating at 152.4 mm depth. Soil trajectory
studies were conducted at 70% moisture content (dry basis) using
plastic beads, each about 5 mm in diameter .and tied with a
flexible string for easy location (Plate 4.11). These beads were
large enough to be easily detectable yet not so large as to cause

a change in the soil failure pattern.

The beads were positioned as follows. After the
soil had been prepared and,,levelled,”two parallel lines 150 mm
apart and.perpendicular to the direction of tine travel were
drawn on the soillsurfaoe. Three poaitione, 50 mm’apart from the
tine center llne were marked " For eachvposition'marked on the

surface, one plaSth bead w1th a flex1b1e strlng was lmplanted
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into the soil to the required depth using an aluminium rod
throﬁgh a guiding frame; Each position on the surface had three
béads positionéd laterally and vertically forming three layers
from the sﬁrface. Beadsv positioned in the third 1layer were
implénted firstb followed by those positioned in the second and
firét layers respectively. Prior to each penetration, the
;iuminium fédﬂﬁés wiped’clean and oiled with 1liquid paraffin to
avoid soil'sticking to the rod and causing unnecessary movement

in the soil.

-When all the plastic beads were positioned with
the strings protruding from the top, the 50.8 mm tine was pulled
through the soil at a travelling speed of 0.1 m/s. This tine was
selected because it caused the greatest disturbance. Immediately
after the run, “the tine was dismantled and the tank pulled out.
Each bead' was then located by slicing the soil with a spatula
initially wiped with a wet cloth. The process was very time
consuming. Once located, the position of each bead was measured
in three directions from the tine centre line using a ruler. A
similar procedure was repeated for different rake angles. After
the experiments,  three samples were collected for moisture
content and bulk density determinations. To estimate the relative

net compression or dilation effects, the technique reported by

Spoor and Fry (1984) was adopted.
4.3.7.2 Talcum Slurry Technique

To observe the failure pattern in the vertical
plane containing the centre line of the tine, a glass sided tank
was used. Plane simple tines 12.5 mm wide at three rake angles

and operating at 101.6 mm depth, whilst firmly held against the
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sheet of glass were pulled through a mass of cohesive soil made
up of Kaolin clay and a mineral base oil. Shell Carnea 21 was
used since it has :less additimes than'other oils and hence a
lower health rish than other eils‘ of 51m11ar v1sc031ty (Omer,.
1977) The glass ‘was assumed to be the axis of symmetry of the
tine in the dlrectlon of travel (Godwin, 1974). The effective
tine w1dth was therefore twice the  actual tine width. The use of
an artificiai" soil in'the Stndy' was due to the difficulties in
maintaining relatlvely constant strength'properties with the
natural 5011 apart from av01d1ng the problem of stlcklness to the
glass. Hanomoto (1957) has llsted several benef1c1a1 propertles
of an art1f1c1al s011 namely- | |
a) The strength prdperties df the soil should not change with
time, temperature or humldlty - | o o
b) The so0il le should be capable of representlng a wide range of
soil types and soil conditions.:
c) The soil should have strength: properties such that when
disturbed it can return quickly to.its natural state repeatedly
without changing its strength;properties.
d) The artificial soil should: behave reasonably like a natural
soil. , _ e e

According to Korayem  (1966), the strength
properties of artificial mixtures were found to compare well with
values obtained from many naturalf-soils.,_:fHowever, using
artificial soil mixtures of clay-sand-oil/ethylene glycol, Reeves
(1966) found that both mixtures have drawbacks when the ideal
characteristics of Hanomoto (1957) were considered, especially
when the moistening agent concentration was varied. This means

considerable work is required to check the strength properties of
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the artificial soil.

AIn this study, a mixture of 550 ml/kg of soil
was used since it gave the equivalent strength of clay at 56%
m01sture content Greater quantltles of o0il, about 628 ml/kg,
gave the equlvalent strength of clay at 70% moisture content but
unfortunately, the :resulting mixture was too soft to "handle. A
lower concentration for an equivalent strength  of clay at 42%
mixture content was too stiff to’compact-in the soil tank. The
shear strength of the artificial' soil was determined using the
triaxial apparatus.  : Despite the same strength, the soil lacked
the smooth . feeling and the viscosity of a real wet clay soil. The
artificial. .soil was somewhat spongy and would not remain
homogeneous when mlxed. Boundaries between layers would still be

v1s1b1e when two lumps of soil were pressed into each other.

Once the art1f1c1al s011 was prepared the 5011
tank ;was laid on 1ts back, the glass front removed and 5011
packed 1nto the tank. The necessary amount of excess soli was
removed in thln layers to provxde the desired depth for soil
cntting; A 100 mm grld of talcum slurry was prepared and grids
were marked horizontally and vertically on the soil surface by
‘means of a plastic syringe‘ (Plate 4.12). After the talcum slurry
had dried ”for aboutylsiminntes,’ the front part of the tank mas
put“back and the plate;glass,; initialif wiped with 1iquid
paraffln, flxed The soil btank ‘was then tplaced in lts uprlght
pos1tlon and llfted onto the ralls by means of a hydraullc crane.,
The tine was bolted into its initial position, the rails and tine
carriage being assembled last. Once ' ready, the tine was slowly

moved and after a short distance, the tine carriage was stopped.
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The deformed grid of talcum ‘slurry was then traced onto a

transparent paper.
4.4 Soil Puddling Experiments ‘'
4.4.1 Design of a Laboratory Puddlerﬁ

‘The laboratory puddler ‘ consisted of ' a mechanical
stirrer in the form of ‘' a kitchen mixer to simulate the rotary -
cultivator currently popular in rice field preparation. Blades 2
nm thick were welded to a central rod 6 mm in diameter and made
from mild ‘steel. The length of “the puddler was 80 mm and the
effective diameter was 50 mm. The shape of the puddier is showﬁ

in Plate 4.13.
4.4.2 Instrumentation

The instrumentation required consisted of a 50 Watt
gléctricalbmotdr, a ‘' speed controller, a voltage regulator and a
watt-meter. The motor was used to drive the stirrer while the
'speed controller and vbltagei requlator were used for cdntrolling

the motor speed. The watt-meter measured the power input.
4,4.3 Soil Preparation

A clay soil from the field was air dried, broken into
smaller aggfegatéé and éiéved, aggregatesvin the size range ld'té
12 mm diameter being'éolleCted{'Each 400-gram weight was kept in

a'plaétic bag to conserve the moisture content prior to testing.
4.4.4 Calibration of Watt-meter
The energy . output for each motor speed was calibrated

with the help of a tachometer. .
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4.4.5 Aggregate Size Distribution Analysis‘:

Aggregate sizetdiet;ibution of the puddle soil Qas
determined by wet sieving using the apparatus (Plate 4.14)“£or
water stable aggregates analysis (van Bavei, 1952). After each
puddling experiment, the total content of each beaker wae poured
into a nest of sieves (Plate 4.15), immersed in a tub of water
and agitated vertically at a rate of 30 strokes a minute. The
agitation was carried out for 500 strokes to separate the fines
from the coarser aggregates. This method was adopted since the
particles would stick together if dried and render it difficult
to sieve the whole mass by dry sieving. Material retained on each

O¢

sieve was washed into a drying tin and dried in the oven at 105
for 48 hours and the percentage of aggregate retained calculated.
Percentage distribution of aggregates below 0.5 mm diameter
(mean-weight diameter) for different water soil ratios and
_ stirring times were analysed statistically at 95% confidence
level using the ANOVA package. The mean weight diameter is the
single value of the degree of aggregation. This was calculated

according to the method of Youker and Mc Guinness (1957) which

states that
Y=0.876X‘0.079 oooo-ac-(4o7)

where X is the sum of the products of aggregate size times weight

of aggregates within that size and Y is the mean weight

diameter.

4.4.6 Measurement of Soil Bulk Density

Wet bulk density values of the resultant puddle were

measured using a litre beaker of a known base area (Plate 4.16).
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The oven dried‘weight ‘of aggregétes was earlier determined by
drying a representatiye ~sample of the airkdry aggregates in the
oven at 105°C for 48 hours. Volume Qf puddled soil was determined
by multiplying the»height of puddled soil (without free water)

after 2 hours of settlement with the base area of the beaker.
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CHAPTER 5.0 RESULTS AND DISCUSSION
5.1 Soil Physical and Mechanical Properties

Figuresd 5. 1 and 5 2 ‘show the phys1cal and mechanical
properties of the WLcken series clay SOll which has a lower
plastic llmlt of 24% and an upper plastic llmlt of 90%. The water
retention characteristic w1th a flEId capaCity of 41 5% and a
permanent Wlltlng p01nt of 29.4% is shown 1n Figure 5. 3 The s011

shear strength values were 29 kN/mv; 16 kN/m and 6 kN/m at 42%,
56% and 70% moisturet_ contents respectively. The soil was
frictionless but had an angle of SOll metal shearing reSistance
of approx1mately 20 at all m01sture contents. The soil-metal
shearing res1stance values were 1 14 kN/mz, 0 9 kN/m | and 0. 25
kN/m at 76%, 56% and 42% m019ture contents respectively ‘The
relationships between s011 shear strength and SOLl-metal shearing
res1stance values w1th moisture content are 'presented in Figure

5. 4 A summary of SOll properties lS given in Table 5.1. Detailed

test results are presented 1n Tables AS 1 ”to A5.7 in the

Appendix
5.2 Clod Wetting and Drying Studies :

5. 2 1 Effect of Wetting On Clod volume, Dry Bulk Density and

Moisture Content Profile Under Two Stress COnditions.

Results -of volume, ' dry bulk density and moisture
content changes for three 5011 clods over a wetting period of 7
days under two stress condltlons are presented in Tables AS5.8 to
A5.19 in the Appendix. The 1nit1al volume, dry bulk density and
moisture content values are also given for comparison. At average

jnitial moisture contents of 12% and 22% (dry basis), all clods
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experienced Qolnme change when wetted under’sdction :as\shown in
Figures 5.5 and 5.6. The driest clods changed most, with little
volume change when clods were initially very wet atA about 36%
mOisture content (Figure 5.7). The volume of the driest clod
1ncreased rapldly initially, but the rate ofrincrease decreased
with wetting time, giVing a parabolic relationshio. For the
confined Wetting case, the percentage change in Qolnme was
greatest w1th the smallest clod followed by the medium clod. The
unconfined clodsv (small and medium 81ze) were initially larger
during preparation which had the effect of increasing their
initial volume prior to wetting Nevertheless,» the relationship
w1th wetting period shows a similar trend to that of the confined
clods. It would be expected that the clod volume should increase
with wetting time. However, this process was impeded in the
unconfined clods ‘by the formation of horizontal cracks separating
the swelling and non-swelling parts. " These cracks tended  to
restrict upwards water movement thereby reducing the' swelling
potential of the upper soil layer. The increase in volume was
therefore always greatest with the confined clods. At 38%
moisture content, the change in clod volume was very small
regardless - of the - confining conditions. The effect of stress
condition,  clod- size and wetting- period -on clod volume was
statistically significant at 95% confidence level at all moisture

contents. The results are summarised in Table 5.2.

The change in dry bulk _densityvfor_the three different
initial moisture contents (Figure 5.8 )) was greatest with the
smallest clod when under confined conditions and this

corresponded with the largest increase in clod volume. This
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might be explained by the delayed swelling effect experienced byl
the smaller - unconfined clod whereby the flow of water was
restricted by the existence of horizontal cracks near its base in
the unconfined situation. By contrast, the largest clod
experienced greater reductions in dry bulk density when stress
was not applied (unconfined ‘condition); At 22% moisture cdnﬁent,
under confined conditions, the smaller clods experiencéd the
largest reduction ih’dry bulk density followed by the medium and
large clods. Under unconfined conditions, the pattern was
irreqular. Statistically, thé efﬁect of stress condition, clod
size and vwéttiﬁg period on 'dry bulk‘density was significant at
95% cpnfidénce_ﬁievél.vA.éummary of the results is presentediin

Table 5.3. .

Results on the rate of water uptake within the first 10
mm layer of each clod (Tables A5.20 to A5.23 in the Appendix)
under both confined and unconfined conditions presented in Figure
5.9 show that the smallest clod had the highest percentage
moisture content (weight ’basis)*:compared to medium and large
clods. The relationship of percentage moisture content with time
was parabolic for both confined and unconfined conditions. At 12%
jnitial moisture content, a slight deviation was observed after 1
day wetting period whereby the increase in water uptake by the
largest clod was greatest compared to medium and smaller clods
when they were unconfined. This was in contrast to the results
obtained when the clods were confined where the smallest clod had
the highest water uptake over the entire wetting range. This
discrepancy could be due to the presence of cracks formed across
the smaller clods which~restricted the‘easy passage of water flow

upwards. Further movement would ohly be possible after the cracks
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had been filled completely with water. These cracks were not
noticeably present in the large clods. Both small and medium
clods showed a similar pattern at 22% moisture content. At 38%
initial moisture content,  the. water uptake was very small
regardless of stress conditions.. The effect of stress condition,
clod size and -wetting period on soil water uptake was
statistically significant at 95% confidence level. A summary of

the result is presented in Table 5.4.

’Detéiied meésﬁreﬁenié'“of the moiétﬁfe profiles within
clods éré éiven in the Appehdix' (Tablés A5.24‘to A5.29) for both
unconfinéd and'cohfined éondifibns. The moistﬁrenprofiles within
a mediumvcléd Qetééd under cénfinea and unconfined conditions aré
shown ihn ;igure 5.10'for very dry énd dr& iﬁitial‘ states.bThe
rateAéf increase in water uptake was greatest within the first
wetting day for the first 10 mm layer for both confined and
unconfined conditions with the = unconfined condition giving the
lower value. The slope of the moisture content-wetting time curve
for the confined case was lower ‘'‘compared to the slope of the
moisture content-wetting time curve for the unconfined case which
shows a hyperbolic relationship. = For wetting times greater than
one day, the rate of decrease in slope for the unconfined case
was lower and the profile was more uniform after 5 days than in
the confined case. Obviously water began to flow upwards after
the cracks were -filled with‘water.. The traﬁsition - point at the

10-20 mm boundary indicates the formation of cracks which impeded

water movement. (See Figure 5.10i).

The above results also show ’that the rate of water

uptake was greatest when the soil was initially very dry but the
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maximum moisture content reached_ wasjsomewhat less.tnan full
saturation since greater resistance was met due,to {reduced air
filled. porosity as a result of shrinkage during drying. The
greater rate of increase initially might be explained by the
formation of vertical cracks during drying which tended to reduce
surface contact area:with the wet sand incurring'a bigger rise in
water column for'a‘given water quantity at a given suction}‘At a
slightly higher moisture content, the rate of water ubtake was
much'lower but nevertheless, showed the same trend'as‘abQVe where
the maximum moisture content achieved‘ was léss "than the
saturation limit due to the oresence:of air in clod microspaces{
When the clods were initially‘very wet, veryklittleivwater was

transported upwards due to very small or almost’ zero air filled

porosity.

During wetting, the .lower part of each clod tended to
* swell horizontally ano,in the process someisoii slaked. Cracks
were much more extensive in the case ofﬁunconfined clods. This
phenomenon has been,described by Russell (1971) whereby dry clods
which swell on wetting tend to produce more cracks then initially
wet clods. This is due partly to uneven swelling of different
parts of the clod and partly due to the disruptive effect of the
adsorbed air which is displaced on wetting but is entrapped by
water films. Soil slaking resulting from the sudden wetting could
be due to the inability of the cohesive bonds within the clod to
withstand the swelling pressures. Dettmann (1958), on the other
hand, stated that slaking is always. associated with rapid
intercrystalline swelling of the @ clay. The readjustment‘.of the

internal geometry of ,the ciay is reported to produce some
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dislocation but no disruption. This structural distortion as a
result of unevenj strains within an aggregate caused by swelling,
reduces'its 1stability (Panabokke }and buirk,‘l956; and Marshall
and Holmes, 1979").‘ | B o

The results on water uptake for the unconfined case
differed from the findings of Emerson (1955) who noted a slower
water uptake with time for the subsoil core than for the surface
crumb. He attributed this as due to the absence of cavities into
which the clay crystals could expand. This difference could be
due to the different technique used by Emerson who wetted his
field clods by dripping water vertically onto a clod via a
syphon. Information on crack formation as well as the initial
mOisture content of samples was not available. It is expected
that SOll clod wetted by dripping would become saturated faster
Since downward flow of water is further aided by the force of
graVity and hence increase the chance of swelling uniformly.
Emerson used field samples where the internal cohesive bonds were
still stronger whereas the samples used for this experiment were
remoulded clay which ’cracked | when wetted under unconfined
condition as a result of greater swelling Yong and Warkentin
(1975) reported that unconfined swelling was greatest when the
SOll has been reworked and orientated This phenomenen was later
confirmed by Spoor et al. (1985b) Remoulded soil is frequently
more susceptible to unconfined swelling than undisturbed soil
s1nce remoulding causes the breakdown of many of the coheSive
bonds responSible for SOll aggregate stability. These bonds do
not reform immediately and may, depending on the’-degreel‘of
orientation, be of different » magnitude when reformed. The

magnitude of the strength components depends on packing method,



- 111 -

moisture states; swelling ;behaviour; dlay content and clay
mineraloéy ’(Spborl‘et' al., 1982). Crack develdpment\(due “to
aWelling wae'alsbr dbserved during irriéation of iﬁitially dry
soil by étengel“(IQBé); The influence 'of cracking"On water
moveﬁent"was ”also'discussed/ Cracks’ whlch appeared in ‘front of
the wet zone of the samples acted as preferentlal pathways due to
water capillary rise inside them. This phenomenon strongly
influenced water = uptake klnetics and,contributed to progressive

cracking of the whole sample volume.

From the . above studies, the rate of water uptake was
found to be greatest when clods were  initially very dry.
Continuity .of flow was better when the remoulded clods were
confined. . Imposing loads helped reduced swelling and .hence
reduced‘crack formation. The rate of,infiltrationv into the clod
decreased with increasing initial moisture content confirming
. earlier observation by Philip (1957b). At low moisture contents,
the soil water within the clods would be under tension. .On
wetting water would move into the clods under the action of the
potential -gradient, the moisture tension in the clods would
decrease and the clods would swell. This swelling process would
continue until. the potential gradient was reduced. Under confined
conditions,  further swelling would be restricted resulting«in‘the
building up of swelling pressures within the clod. This would
reduce the . moisture tension . and the - potential gradient.
Equilibrium .would be ~establishedj when . the potential gradient
becomes zero. Smaller clods tend to absorb water faster than
larger clods for a given initial moisture content under confined

states. When clods were unconfined, the rate of water uptake
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tended to he greater with larger clods compared to  the smaller
ones as time progressed due to the formation of horizontal cracks
in the smaller clods. These cracks were absent in the large
clods. Hence‘ the effect‘ of confining was ‘to ,improve water
1nfiltration when the 1n1tial conditions of clods were very dry.

Confining had no effect on water infiltration when the initial

conditions of clods were very wet.
' 5.2.2 Effect of Wetting On Cone Depth

hesnlts on cone‘penetration depth‘for-confinedpclods at
22% and 38%kpmoisturevcontents are shown in ’Figure 5.11 and
presented_din Table A5.3q, (in tne Appendix).:rAs wetting’vtine
increased, the depth of cone penetration increased up to a point
limited by the shape of the cone. The relationship was parabolic
at 22% moisture ‘content‘confirming thatysoilp{becomes;sotter.and
weaker as moisture content increases thereby inereasing‘the depth
of penetration. The smallest clod had the highest value since the
wetted - depth  was greater. At '38% moisture - content, - the
relationship was nearly lineariLhorizontally. The smallest clod
showed a s1milar trend in hav1ng the highest penetration depth.
The effect of clod 51ze and wetting period on ;cone penetration
depth was Statlstically 31gnificant at 95% confidence level
Theoretically for the same mOLSture content, the depth penetrated
should} be the same,{however, the largest clod had‘ the lowest
depthr‘This ceuld be%due to vthe presence of greater‘mass\of soil
surrounding the coneﬂtip andvrestricted the sidewaypsoil,mowement
as the cone:dropped into_thelpwetted‘soil layer. The smaller clod
had less confining stress and'Ahencevtended to movensideways much

more easily incurring a greater drop inxpenetration depth. Table
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5.5 summarises the results on the effect of clod size and wetting
period on depth ‘of cone mpenetration for twé’;ﬁiéiAi -moisture
contents. . S
The above. results show that depth. of:cone penetration
was greatest in the smallest clod. and corresponded with the
parabolic relationship between water uptake and wetting time when
the initial . condition was dry. The ‘effect of ' increasing water
uptake weakened the wetted layer ' and became soft, thus, enabling
the cone.to drop further. At higher initial moisture content, the
depth of cone for different wetting period was almost the same as
the initial depth before wetting, ' giving rise to almost a linear
relationship. The smallest ::clod experienced . the greatest
penetration depth' compared-to the largest clod. This difference
was due to the presence of greater mass of . soil surrounding the
tip of cone which restricted the sideway soil movement as cone

moved into the soil.

5. 2 3 Effect of Drylng on Clod Volume, Dry Bulk Den31ty and

Moisture Content Proflle.

- . Results. of . volume, dry bulk: density' and ' moisture
content changes for three soil clods over a period of 120 drying
hours are presented ln Tables A5.31 to A5.33 1n the Appendlx. The
1n1t1a1 volume, dry bulk dens1ty and m01sture content values are
also glven. Volume change occurred on all clods on drylng and
corresponded with an 1ncrease in dry bulk dens1ty values as shown
in Flgure 5. 12.’ The’ rate of change 1n dry bulk density was
greatest w1th the smallest clod followed by the medium and 1arge
clods conflrmlng earller flndlngs by Gumbs and Warkentln (1976)

The max1mum dry bulk density of the smallest clod was reached
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within about 24 hours after which there was very little change as
drying time t‘pi'bgrésse(i.k'I'he medium clod took about 48 hours to
approach its °péak<whilét the lafgést‘éldd'todk almost 96 hours
beyond which further increases wére ‘small{‘The’fate ofiredﬁction
in volume followed a similar trend. The greater rate of reduction
in volume in' the initial fsﬁagei‘suggestsfthét the clods were
undérgding‘ai normal shrinkage process (Keen, 1931) followed by
residual Shrinkagé (Haines, 1923) when the volume decreased less
rapidly than the water content as air entered the soil. The time
taken by the clods to reach their stabilizihg state could be
considered as the transition point between normal and residual
shrinkage. Results from the shrinkage curve as shown in Figure
5;13 'indicate ‘that the transition from normal' to residual
Shrinkage}oqcur;ed at about 16%‘imo}stu:§ ¢ontgntV(qryzbasis) for
the smalleét clod. This corresponded to about 96 hours of drying
at 25°C.' The transition pointé for the large and medium clods
" were not so distinct, p;esumablyi sti;l ‘undergoing normal
shrinkagerover!the range‘oﬁw¢ry§ng period tefted. qumes (1955)
found that the matric pbténtial» at whiqhk the transitioni frém
normal to residual shrinkage Qccurred in his remouldgq clay soils

was of the orde:‘ofy-104J/kg (-100 bar).

The‘experimental‘rééults givén in Figure 5;14'show that
the smallest clod driéd the 1fastest followed by the medium and
the largest clods. This trend towards a greater volume reduétioﬁ
as well as the largest dry‘ bulk dehSityvchange‘in “the smallest
clod might be explained by the large surface area/volume ratio
compared to a bigger clod which has a small surface area/volume

ratio. Hence, for a constant heat intensity, rate of water
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removal would be rapid in‘a smaller clod.r Further measurement
w1th1n the first 10 mm layer of each clod (Table ‘AS 34, in the
Appendlx) showed that the rate‘ of water loss w1th1n the smallest
clod ‘was the greatest w1th1n; 24 hours ‘of drying and had the’
1owest m01sture content over »the entire period. The moisture
gradients w1th1n each clod 1n1tially drled at both ends are shownw
in Figure 5 15 Each value 13, a mean of three replicates. Larger
clods required longer drying period to arrive at a uniform
m01sture proflle within as compared to smaller clods. Analysis of
variance at 95% confidence level showed that clod size‘and drying

time had 31gn1f1cant ’ effects both 1ndependently and in

interaction w1th each other on clod volume, dry bulk density and

moisture content. -
5.2.4 Input Parameters Into Soil Infiltration Models.
"5,2.4.1 Linear Heat Flow Model.

. The infiltration model was based on ‘ the:linear
flow of heat into a solid (Carslaw and Jaeger, ' 1959). Since the
dimensions of the clod are known, the only parameters requiring
measurement would - be volumetric moisture content - at saturation
and the water diffusivity value. The volumetric moisture content
at - saturation was 0.523 cm>/cm>  whilst the initial volumetric

moisture content was 0.35 cm3/cm3.‘“ The diffusivity coefficient

at  an initial - volumetric ' moisture content of 0.35 cm3/cmd
obtained by graphical method was ‘4.36 mmz/day;”A typical example
of the - relationship between evaporation  and the square root of
'drying. time is shown * in Figure '5.16. The required linearity

between cumulative evaporation and the square root of drying time

was achieved after 3 minutes for the higher bulk density core
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whilst the lower dry bulk density sample achieved linearity after
2 minutes. The length of time before linearity was reached might
be influenced by the hydraulic properties of the  soil whereby
soil packed at a higher dry bulk density tended to exert greater
resistance to flow. For a majority of soil cores, evaporation
could be safely continued for a period of 64 minutes before the
moisture content at'the sééléd‘end_dropped significantly below
its initial value. A typical example of moisture content
distribution through a sample.is shown in Figure 5.17 whilst
Figure 5.18 shows the relationship of volumetric moisture content

against,lu.EOther parameters required were as follow:

a) Thlckness of clod, a = 60 mm
b) Thickness of each s01l 1ayer, r = 10 mm
c) Duratlon of wettlng, t = 7 days

d) Summatlon llmlt, N = 100

These values plus  the diffusivity term were substituted into
equation (2.4) to determine the final saturation level of each 10
mm layer from the wetted surface for a period of 7 - days. The
calculation was done on a Vax computer. The calculated and the
experimental percentage saturation ,leveis of each soil layer
following a 7 .day wetting period for a 60 mm soil cube are
presented in Table 5.6. Values at and above 100% are considered
fully saturated. Deviation.from experimental results could be due
to the exclusion of the swelling effect and error in measurement.
The error in moisture content determination might have arisen due
to the presence  of wax which was difficult to separate from the
soil clod. The upper layers tended to lose water by evaporation

probably due to the change in humidity in the room. Results for 1
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‘and 7 day wetting periods shown in Figure 5.19 show close
agreement between the experimental and the predicted percentage
saturation levels. A  computer - programme to calculate the

percentage‘saturation”ilevel'within a clod is given in Appendix
B.
5.2r4.2'Lateral Sorption_ModelA

‘The saturated hydraulic conductivity measured was
0.233 mm/day. The volumetric moisture content at saturatlon was
0.523 cm3/cm3 whilst the initial volumetric molsture content was
0.35 cm3/cm3. These values were substituted into equation (4.6)
to calculate the sorpt1v1ty term which gave a value of 1.80
rhm/dayO 5. Data presented in Table 5.7 and in Figure 5.20 show
that the model underpredlcts the experimental results by about
50% on the small clod whlle the difference in value for the large
clod is only about 8% The results also show that the smallest
clod requlred the shortest tlme to achleve complete saturation
compared w1th medlum and large clods because of greater water
uptake. The lncrease‘ 1n helght of 1nf11tratlon for the smallest
clod was more rapld for wettlng perlods less than 5 days but
tended to slow down thereafter. The dlfference in helght of -
infiltration between clods could be explained by the fact that
smaller clods have smaller base area and hence for a given water
uptake, the height of "infiltration would be higher compared to a
bigger base area. Besides, the slow swelling process experienced
by the largest clod would. tend to ‘restrict upward soil water
movement,’ the water tending - to' move horizontally instead,
resulting in a lower height of infiltration. ' The sorption model

clearly shows that _the measured value of - infiltration using the
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numerical equation proposed by Young (1981) was appropriate dnly
for a larger clod as compared to the smaller clod. The under
prediction of results for the smaller clods might be explained by
the smaller sorptivity value. This' could be due to the lower
saturated hydraulic - conductivity value obtained since the soil
was structureless and compacted. The limitation of the numerical
equation is that it dieregards ‘the effect of clod size. The
actual values obtalned by regre581ng the experlmental data show
that the smallest clod had a value of 5.96mm/day * whilst the
medium and large - clods had a value .of 4.36mm/day°‘5 and 3.04

0.5

mm/day '~ respectively.

5.3 Soil Tine Interaction Studies
5.3.1 Calibration of Dynamometer

Dynamometer test results shown graphicelly in Figures
5.21 and 5.22 demonstrated a linearity of response, independence
of loading position -and low cross sensitivity when subjected to
different loading systems. For each of the results  obtained, a

single. regression line was fitted. Results for channel Fx as

shown in Figure 5.21a show that:

i) The output response was llnear for various loads with a
correlation coeff1c1ent of 0. 9999 and a channel sensitivity of
0.38 uV/N/V .

ii) The error between the output of the response ' curves for the
load positions X, =-100 and X, = 680 mm was 0.14% at 1001 N.

iii) The cross sensitivity resulting from force Fz (Table AS5.35

in the Appendix ) gives a maximum output of 150uV (equivalent to
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a load of 1.68 N) for a vertical load of 500 N. Using similar
arguments that the angle of the resultant force is 20° (Payne and
Tanner via Godwin, 1974) the'cqrresponding férce for a tine force
system is 1374 N.. Therefore the cross-sensitivity is0.12%. The

variation of output with loading position for different loads is

shown in Figure 5.21b.

"Results of the Fz channel as shown in Figure 5.22a show
that: -
i) The output response was linear for all loads with a
correlation coefficient of 0.9999 < and a channel sensitivity of
0.413 uV/N/V .
ii) The cross-sensitivity of resulting. force.Fx (Table A5.36b in
the ' Appendix) gives an output of 2.13 mV (equivalent 1load of

21.51 ' N) for a horizontal load of 1001 N. The corresponding

vertical force is 364.33 N giving a cross-sensitivity of 5.9%.

Results of the My channel are shown in Figure 5.22b.
The output shows linear response with a correlation coefficient

of  0.9999 for the range of loads  applied and a channel

sensitivity of 5.92’ﬂV/Nm/V.‘
5.3;2 Results of Single Tine Experiments
5.3.2.1 Nature of Soil Disturbance

The nature of soil disturbance was determined
on a basis of visual observation, the movements of subsurface

beads, soil heave and movements in a glass sided tank.
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-5.3.2.1.1 Visual Observation

From observations of the surface soil
motehentmrecorded on a cine-film during forward movement of the
tlnes, a 5011 wedge in the shape of a rounded bulb was observed
ahead of the tines. The size of this bulb was observed to be
dependent on’ the tine w1dth and rake angle and was continually
belng reformed by soil coming from depth as the tine travelled
forward.  The soil mass ahead of the forward inclined and
vertical tines moved forwards and upwards without a distinct
shear plane being developed similar to the failure observed by
Lawrance (1978):and  Stafford (1979) whilst the backward raked
tine had very : little upward movement. The uniform soil wedge or
bulb built on - the tine face was in accordance with earlier
findings of Payne (1956), Payne and Tanner (1959) O'Callaghan and
Farelly (1964) and- later Godwin (1974). Hettiaratchi and Reece
(1967) assumed the vertical wedge on the tine face displaced the

soil sideways and backwards into the trench created by the tine.

At 450 rake angle and at shallower
depths, a segment of SOll flowed plastically upwards as the tine
moved forward. It ‘then fell to one side after travelling some
dlstance Wlth the tine. The appearances of the soil in front of

he tlne could be descrlbed as " boiling " from the soil mass.
The s011 was observed to flow laterally around the tine. The
groove formed was rectangular, flat sided and smeared and its
width was almost.the same as tine width. Increasing working depth
increased the amount of soil being moved upwards and the lateral
extent of heave increased slightly. The side view of a 25.4 mm

tine operating -at 50.8 mm depth is shown in Plate 5.1 whilst
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plate 5.2 shows the wall of the slot cut by a 25.4 mm tine at
152.4:mm depth. For tines greater than 50.8 mm in width, very
little side heave was visible regardless of depth of operation.
Soil mévement was mainly forward and upwards with a rectanqular
gfoévé being left (Plate 5.3). At 42% moisture content, some
tearing aWéy‘bf soil was observed near the soil surface. No
cracks wéfe observed at all depths in the walls of the tine

groove unlike those noted by Lawrance (1978).

Disturbance at 90o

| rake angle, was
éimiiar to 45° rake angle with upward flow of soil and continuous
bulging as the tine moved forward as shown in Plate 5.4. No shear
planes were distinctly formed and soil tended to flow around the
tine. For the wider tines above 50.8 mm, very little side heave
occurred. Some tearing away of soil was also observed at 42%
moisture content (Plate 5.5). For backward raked tines, little
forward movement. of soil was observed. Instead, the soil moved
sideways with lateral heave being distinct particularly with
“ increasing tine width. Some soil was noted to flow along the tine
facé as it ;ravelledr forward (Plate 5.6). No distinct shear
planes weré;formed. Soil tended to flow around the tine and the
gréove formed was also rectangular. At greater depths, the soil

tended to move into the groove. In all tests, the 1350 rake angle

tine created the greatest extent of lateral heave.

The implication of this failure is
that there is little crescent soil failure which is required to
cause so0il lbdsening and the production of soil aggregates,
Results from surface observation showed that much more soil was

forced upwards and forwards by the 450 rake angle tine. The 900
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rake angle tine caused some forward and upward soil movement but
the sideway - movement was greater compared to the forward raked
tine. With the backward raked tine the sideway movement was
predominant. The type of failure was of flow type as observed by
Stafford (1979) and described by Hettiaratchi (1987). Profiles
of soil disturbance for three depths at three moisture contents
and at .three rake. angles were also determined. These are
presented in Figures 5.23 to 5.30. Soil moving ahead of the tine
was not collected and hence was not taken into account. Hence

the total area of disturbance does not match the area of surface

heave.

5.3.2.1.2 Soil Displacement Using Bead Tracer

Technique.

- Records of forward, upward and
sideways displacement of soil by a 50.8 mm tine at three depths
and mounted - at three rake angles were obtained using beads and
string implanted in the soil. For all rake angles, the
trajectories of the implanted beads within the soil mass had
fogward, upward;fand sideways movements over the entire working
depth as shown in Figures 5.31 to 5.33 although the forward
movement was less with the backward raked tine. However, no shear
plane was observed to rise to the soil surface. Bead movements
again indicate that soil movement was greatest near the tine side
and the  forward raked tine moved -the most soil wupward and
forward. The vertical tine caused some forward and upward
movemenf of soil but the sideway movement was much greater than
that of the forward raked tine. The backward raked tine had more:

sideways bead movement and almost no forward movement. . .- ..
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Soil displacement caused by the tine
at different depths resulted in the formation .of soil heave
beyond the tine sides. The lateral extent and height of the heave
depended upon tine reke4 angles. As soil was homogeneous and’
incompressible, no volume change within the soil mass was
expected to occur. 1In the dry and heterogeneous situation, a
reduction of soil volume would indicate soil compaction whilst an

increase in soil volume indicate soil loosening. -

Spoor and Fry (1984) studied the soil
disturbance gene:ated by 45° rake angle tihe in a uniform sandy
loam at 11% ‘moisture content and observed that the shallow tine
operating above,its‘ eritical‘depth caused minimal disturbance
bey»ond the major failure planes and the soil within the planes
‘was effectiQely ieosened. Working below critical depth,
considerable soil disturbance wes observed to occur beyond the
failure planes neer workihg depth with soil in that area being
subjécﬁed to some cempection. In contrast, operating the 45 rake
aegle tine. in a,homogeneous clay soil at 70% moisture content,
the soil at working depth of 152.4 mm experienced more upward and
forwardiaisplacement nearer the tine side. Spoor and Fry (1984)
furthef'repo:ted> thatkcompaction decreased as the soil surface
was approached with a transition from net compaction to
loosening. The transition depth moved closer to the soil surface
as soil density decreased. The results of tine operating at 45
rake':angle in a saturated clay show that soil compression
conceﬁtrated throughout the working depth beyond the tine side.
Since no beads wefe positioned nearer the soil surface, the

nature of failure near the soil surface could not be cdmpared.
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However, at 42% moisture content, some tearing effect was

observed near the soil surface.

"5.3.2.1.3 Soil Displacement Using A Glass
= Sided Tank.

As explained earlier the purpose of
the glass s1ded tank study u51ng the talcum slurry technique was
to supplement the results obtalned by the bead tracer technique
to indicate the nature:ot soil disturbance immediately ahead of
the tine; Artifieial sell was used since it was quite difficult
to av01d wet clay SOll stlcklng to the glass plate. A mixture of
kaolln clay and Shell Carnea 21 oil (mineral based) was mixed to
give the equlvalent strength properties of 56% moisture content
(dry basis) of the real clay soil used for the tine experiments.
A moisture content of 56% was selected because the mixture was
too - soft to handle at an equivalent strength of 70% moisture
- content and too stiff to prepare in the tank when the equivalent
strength was similar to 42% moisture content of wet clay. The
strength properties measured using the triaxial test apparatus is
presented in - Figure 5.34. Samples for the triaxial tests were

taken with a -corer from a bucket packed with an artificial soil

and then extruded and cut to length.

A preliminary run was conducted at a
very‘slon speed to observe the failure pattern caused by the 12.5
mm tlne at three raker angles at 101.6 mm depth. At 450 rake‘
angle, the s011 moved forward and upwards with soil continually
moving from the base.b Tne .formation of soil wedge was ‘not

distinct as soil was moving continually upwards. However, no

rupture plane was formed on the soil surface. Soil at the edge of
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the tine was obsefvéduto'undergo some tearing frequently found in
tensile failure. Cracks appeared along the side walls of the
trench created by the tine. This condition could be due to the
néture of the artificial soil which was less sticky, lacked the
viscosity -and felt spongy. It was also difficult to mix

homogeneously and the boundary between layers would still be

0 rake

visible when two lumps of soil were pressed together. At 90
angle, the soil experienced some upward and forward movement
without any rupture plane being formed. The 135o rake angle, on
the other hand, experienced little or no upward soil movement on

the soil surface. The movement of a large mass of soil ahead of

the tine was observed as it moved through the soil.

Following from the above observation,
the soil was again prepareé to the required depth and tine moved
through the soil, after a grid of talcum slurry was marked onto
the side soil surface. Once the bulge of soil was visible on the
soil surface, the carriage was stopped and the deformed grid was
traced onto a transparent paper. This was repeated for all rake
angles. The deformed grid patterns are presented in Figures 5.35
to 5.37. Results of the glass sided tank showed that soil was
moved forward - and upward with the forward raked tine. Wwith the
vertical tine, some . forward and upward movement was observed.
The formation of  soil’ wedge was not distinct as the soil seemed
to accumulate on the tine and moving continuously from the base.
The backward raked tine created no upward movement but forward
movement was greater. A large mass of soil was observed to form

ahead of the tine as it moved forward.
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5.3.2.1.4 Lateral Extent And Height of Soil

Heave,

0 0

All tines raked at 45° and 90" rake

angies ﬁfédﬁcéd heave ahead and to either side (lateral) whilst
éhé.béckward raked tines produced mainly lateral heave. Heave
gradhaliy‘deCfeased with distance away from the side of tine. For
all tiﬁek widﬁhs, the extent of lateral heave was greatest with
the backward rakéd‘ tines followed by the vertical and the least
by the forward raked tines. The effects of tine rake angle on the

magnitude of the extent of soil heave are shown in Figure 5.38.

At 42% moisture content, increasing
rake éﬁgle incfeésed the extent of heave for all tine widths at

all depths; The rate of increase in the magnitude of the lateral

0

extent is less between 45 and 90o degree rake angles than

0 and 1350. The relationship between the extent of

betveén 90
heave and rake angié follows the trend shown by the relationship

0 rake angle, soil

bétweeﬁ‘draught force and rake angle. At v45
mdQeﬁbﬁoré ﬁbWards éhd forward. At 900 rake angle, more soil was
éushé& éidewaysﬁ&ith some forward and upward movements whilst at
1356 ’rake‘anéle, sideways movement was predominant with very
litéle :uﬁward ‘éoil'movement from below the soil surface. A
similar trend was shown with soils at 56% and 70% moisture
contents. At 70% moisture content, the 101.6 and 152.4 mm tines

0

caused; little sideways - movement at 45  rake angle. The soil

flowed up and fell onto the surface after some travelling

distance caused by the tine. Increasing the rake angle to 90°

increased the magnitude of lateral movement slightly. At 135O

rake angle, the soil experienced greater lateral movement.
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Increasing depth increased the extent of lateral heave. At 450

rake angle, the tines tended to behave more 1like a wide tine
whereby soil movement was mainly pushed forward and upwards ahead
of the tine and the magnltude ef the extent of lateral heave was
\the” lowest At all rake angles, the 50.8 mm tine caused the
largest extent of s01l heave. However, the rate of increase in
lateral heave was gfeatest for the wider tines when operated

above 900 rake angles.

The effects of tine depth on the
extent of heave for all moisture contents "are given in Figure

5.39. At 45° and 90°

rake angles, increasing tine depth from 50.8
to 101.6 mm increased the extent of heave at an increasing rate
but beyond 101.6 mm depth, the rate of inerease was smaller. At
135° rage angle, the -increase was generally linear for both 25.4
and 50.8 mm tines tested. The smaller increase in the the extent
of heave above 101.6 mm depth was due to more soil being moved

0 0

forward and upwards with tines raked at 45 rake angles.

and 90
with the backward raked tine, a static wedge was formed ahead of
the tine which increased with the tine width. Soil ahead of this

static wedge moved sideways as the tine moved forward with little

or no upward soil movement.

The relationship between the extent of

0 and

lateral heave and tine width is shown in Figure 5.40. At 45
QOerake; angles lateral heave increases to a maximum when tine
width increases from 25.4 to 50.8 mm but decreases at 101.6 mm

and remains almost constant thereafter. At 135°

rake angle, the
heave did . not decrease markedly as tine width increased beyond

50.8 mm. Instead the heave remained almost constant at both
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depthsJ tested. The nature of soil failure was predominantly

lateral.

The extent of heave was found to be
greatest at 70%  moisture content for all rake angles (Figure
5.41). . The increase between 42% and 56% moisture contents is
generally greater than between 56% and 70% moisture contents for

o_rake angles . At 450 rake angle, the increase was

900 and 135
nearly. linear with increasing moisture content. The possible
reason for the largest extent of heave at'7d% moisture content
could be explained by the fluid mechanics of a thixotropic liquid
which beoins . to dominate the disturbance effect as the liquid
limit is approached (Massey, 1972). This disturbance must not be
confused with the disturbance of brittle soil material. 1It is
strlctly thlxotroplc deformatlon where the so0il attempts to
transmlt hydraullc pressure as a wave form but this is heavily
damped by the thlxotroplc effect as distance increases from the
tlne.v Therefore the surface disturbance develops characteristics
of a frozen wave. A summary of the results for two tine widths is
shown in Table 5 8 whllst Table 5.9 shows the side disturbance
between four tlne w1dths at two depths. Detailed measurements of

the extent of heave for the three moisture contents are presented

in Tables AS 37 to AS. 42 in the Appendix.

.-Heights of heave at 70% moisture
content for all rake angles, depths and tine widths are shown in

Figure 5.42. The results confirm that at 45° ana 90°

rake angles,
soil movement was greatest near the tine side and decreasing
rapidly with distance. There was more lifting of soil resulting

in more forward and upward movements than sideways for the
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forward incliped,tine. The vertical tine caused some forward and
upward movement but the sideways movement was slightly greater
than the forward iqclined tine. With the backward inclined tine,
. sideways movement ‘was predominant resulting in greater laterél
extent of heave but with a reduced height at a further distance
from the tine side. The greater extent of heave laterally could
be explained; by the fact that further movement sideways would
| deformfsoil further upwards since the soil was incompressible.
Further sideways movement would be restricted by the boundary
éonditions imposed by the walls of the soil tank. The effect of
Qidér tines was to cause dgreater sideways movement since a

greater mass of soil was pushed aside.

Based on the above results, it can be
summarised that failure of wet soil was more of a flow type
rather than brittle. No clearly defined slip plaqes were formed.
Soil movement was gréatest near the tine side decreasing rapidly
" with distance. Wedges were formed ahead of all tines. and these
forced soil ahead’ and sideways depending upon tine rake angles.
with forward inclined tine, there was more upward and forward
movement giving the lifting effect thereby reducing the sideways
movement( Some upward and forward mpvements were observed with
the vertical tine but sideways movement was much more in
evidence. The backward raked tine had the largest sideways
movement while'greater mass of soil was pushed forward ahead of
the tine. The height of lateral. heave for the forward raked tine
was greater and its lateral extent smaller compared to the
vertical tine. The lateral extent of heave for the backward raked

tine, however, was more extensive.
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5.3.2.2 Draught Force

The effect of tine rake angle on draught force
at different working depths and moisture céntents is shown in
Figure 5.43." Increasing-rake angle increased the draught force
curvilinearly on all widths of tine at all depths and all

0

moisture contents. The increase in draught force between 45° and

90o rake angles for narrow tines was small but considerable
beyond, the .increase being more evident at greater working

depths. With wider tines, the increase in draught force was

greater. @

The characteristic shape of the draught force
versus rake -angle curve was similar to that observed by Osman
(1964), Payne and Tanner (1959), Tanner (1960), O'Callaghan and
Farelly (1964) and  Hettiaratchi and Reece (1967) in dry brittle
soils. The increase in draught for the narrower £ines was however
less rapid betweent'-450 and -900 rake angles compared to their
results.  The -results differed from the observations of Stafford
(1984), Omer . (1977) and Lawrance (1978) in that their draught
forces decreased -with increasing rake angle. All used plane
non-relieved tines, Stafford working in both a clay soil and in a
plasticine mixture whilst Omer and Lawrance used a kaolin/oil
mixture. The inverse relation between draught and rake angle
could be due "to the edge effects.with non-relieved tines. With
these tines at lower ‘rake angles, the force generated by adhesion
on the tine sides is considerably larger in a cohesive soil due

to the bigger surface area in contact, than with a vertical tine.

The artificial clay of Omer and Lawrance could be another factor
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contributing to the discrepancy as it lacked the natural flow and
smoothness of 'a real soil. 1In fact, the kaolin mixture gave a
spongy feeling and did not mix homogeneously when separate lumps
were pressed into each other. When failed, it always gave the
impression of a tensile failure. A summary of its properties is

presented earlier in Figure 5.34.

0 and 900

.The change in draught force between 45
rake angles. for -the narrower tines was not significant.  The
lower draught force exerted by the forward raked tine can be
explained by the fact that more soil was being lifted upwards amd
moved forwardu than pushed sideways. The vertical tine, on the
other hand caused more sideways disturbance with some forward and
upward soil movement. With lateral failure being more dominant,
the pressure on the tine face is greater and hence increased the
draught : force. ' With the backward raked tines, bigger static
wedges were formed and soil ahead was pushed mainly sideways. In
a cohesive soil,:the sliding resistance on the wedge sides
contributed an additional force causing the total force acting on
the backward . tines to increase significantly. This force

increased as tine width increased. The 135o rake angle tine also

disturbed a much greater volume of soil.

. The effect of tine depth on draught force for
‘different rake angles -at three moisture contents is shown in
Figure 5.44. Increasing depth increased the draught force at all
rake angles, the'increase being greater with the wider tines.
The curvilinear relationship between draught force and tine depth

was similar to the results of Zelenin (1950) working with tines
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more than loikmm’wide:in loam soil. Similar results in cohesive
soils were also reported by O'Callaghan and Farelly (1964) and

W1smer and Luth (1972)

| The relatlonshlp between draught force and tlne
w1dth 1s shown rn Flgure 5.45. Increa31ng tine width increased
the draught force at all depths and at all rake angles. At 450
rake angle,w the rate of ‘increase was slightly greater with the

0 and 1350

narrower tlnes g1v1ng a parabollc relationship. At 90
rake angles, the relatlonshlp of draught force with tine width
was llnear.r The parabollc ‘increase in draught force with tine

0

w1dth at 45" rake angle was in accordance with laboratory

observatlons 1n cohe51ve sorls (Payne, 1956) and with the

0 and 1350 rake angles, the

flndlngs of Zelenln (1950) At 90
relatlonshlp was almost llnear with width in accordance with the
results observed by Payne and Tanner (1959). This correlates well
w1th the observatlon that the lateral extent of heave increased
w1th w1dth partlcularly at 1350 rake angle. As tine width
ncreased a greater volume of soil was moved and generating a
blgger re51stance. IncreaSLng moisture content from 42% kto 70%
and hence decreas1ng shear strength (Figure 5.4) decreased the
draught force of all tlnes w1th a hyperbolic relatlonshlp at all
rake angles. The hyperbollc relationship was more ev1dent‘ at
greater depths as shown in Flgures 5.46 to 5.48, Statlstlcally,
all factors (rake angle, tine w1dth and worklng depth) had a
51gn1flcant effect (at 95% confidence level) on draught force

‘individually and in 1nteractlon with each other at all moisture

contents.
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. 5,3.2.3 Vertical Force

.. The relationship between vertical force and
tlne rake angle for.each tine width is shown in Figure 5.49 for
the three m01sture contents. The vertical force increased
curv111nearly upwards with increasing rake angle at all depths.
for a glwen tihe‘width and working depth, the greatest force was
developed by the backward raked tine. The vertical force

0 0

component was zero at approximately 65  to 70  acting upwards at

greater rake angles and downwards at lower. This is consistent

0 to 25o

with an angle of soil metal friction of 20 . The results
are consiatent»with those of Omer (1977), Lawrance (1978), Wismer
and Luth (1972),4Godwin (1974), Osman (1964), Payne (1956) and
Payne and Tanner (1959), The effect of tine depth upon the
vertlcal force component for each tine width and rake angle is
shown in Flgure 5. 50. There is a linear relationship between the
dmagnltude of the vertlcal force component and tine depth for 900
and 135o rake angles. At 450, the relationship is slightly
curv111near 'at greater depths. For tines of given width, the
force 1ncreased w1th depth, the rate of increase being greatest
w1th the backward raked tlne. The greater increase in vertical
force with depth as experienced by the backward raked tine could
be . due to the increased soil mass being moved outwards and
slightly upwards as the tine moved forward. The boundary effect
within the soil 'tank may have contributed to some degree to . the

greater. increase in vertical force component compared to forward

raked and vertical tines.

The vertlcal force-tine width relatlonships

illostrated 1n Flgure 5.51, shows that the vertical force
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0

component for the 45 and 90o rake angles increases in magnitude

with. width but at a decreasing rate resulting in a parabolic
relationship. Atu21359,rake§tangle, the ‘increasg is ‘linear. The
parabolic, relationship is due to changes in the size of the
deformed mass of soil with change in width. The greater increase

0

in vertical force with width at 45 ° rake angle could be due to

the large mass of soil that moved vertically over the tine
surface as the tine moved forward compared to tines raked at 900.
The adhesive component could have contributed additional force.

0 rake angle might be

The linear ir}cre&a»sekfwith’i width at 135
explained by ‘the large mass of soil beingkdeformed beneath the
tihe surface,and‘boundgdkby the',static wedge formed ahead of the
tine¥.and inc:gasigg,\proportiqnally ‘with width. This movement
could éfise,as,a result of the boundary effect caused by the base
and the: walls of the soil tank. The base would restrict soil
movement downwards causing it to flow outwards. As tine width
. increases, more soil would be pushed against the walls and in
return additional pressure would be exerted by the walls onto the

soil mass. As soil was incompressible, further sideways movement

would cause the soil to move upwards.

‘LReSﬁlts on the relationship between vertical
fdréé ahd ‘moisture content for each rake angle, tine width and
depth are shown in Figure 5.52. The vertical force decreased
parabolicéily with moisture content at 45° rake angle and
nyperbolically at 90° and 135° rake angles. The reduction in the
. magnitude of the vertical force component is in accordance with
.thé 'reduction' in soil’ strength as soil moisture content
increases; An analisis of variance at 95% confidence level showed

-that rake 'éngle,:tine  width and tine depth have a signifiéaht
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effect on ‘vertical force component individually and in
lnteractlon w1th each other. Forces for all tines, depths, rake
angles and m01sture contents are summarised in Tables 5.10 to
5. 17. Detalled results are presented in Tables A5.43 to A5.48 in

the Appendlx.k

- 5.3.2.4 Magnitude and Direction of the Resultant

- Force.

xIncreases in the draught and vertical force

components at all rake angles were not proportional to tine
depth increases ' and hence the direction of the resultant force
changes as the aSpect ratio (depth/w1dth) changes. The direction
of the resultant force’ calculated from the mean values of the
force components is presented in Table 5.18 and shown graphically
for all tests in. Figure 5.53. The relationship is generally
hyperbolic with a ¢ reduction in the angle of the resultant force
as the aspect ratio increases apart from slight scatter at lower
aspect ratios. The experimentally determined direction of the
resultant force for. tines with aspect ratios less than 6 are in
accordance with those reported by Omer (1977),‘ Payne and Tanner
(1959) and Godwin .(1974). The reduction in the angle of the
‘resultant force with increasing aspect ratio could be due to a
larger crescent-shaped = zone being deformed by tines with small
aspect ratio resulting in the angle of the resultant approaching
the ‘angle of soil metal ~friction. As the aspect ratio increases,
the magnitude - of the draught force increases at a greater rate
than that of - the vertical force component because of the effect
of the purely lateral soil’failure component. In the case of the

packward raked tine, the vertical force component was much higher
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than the draught force component at greater depths. Since a
statlc wedge was formed ahead ofkeach tine and this increased
with width, a greater mass of soil would be moved downwards and
outwards  increasing. the vertical force component. This would be
further compounded by the boundary effect. Increasing the aspect
ratio would .reduce the direction of the resultant force since
outward . flow of soil .  from beneath the tine would be less

restricted thereby reducing the magnitude of the vertical force

component..
\i5;3:3 Results;of\Multiple Tine Studies
'5.3.3.1 Profile of Soil Disturbance

The ‘soil’ dlsturbance created by the three tlnes
at two m01sture contents are presented in Figures 5.54 and 5.55.
At the narrowest (101 6 mm) tine spac1ng, three slots were formed
1n1t1ally, but as the rear tine moved forward, the two outer
slots were almost closed by the moving mass of soil belng pushed
by the rear tlne. At 152. 4 mm spac1ng, the two outer slots were
not completely closed and at the w1dest spaclng of 203.2 mm, the
three tlnes were operatlng independently the slot width belng
51mllar to tlne w1dth. ‘The proflle of heave was more unlform at
closer SpaCLngs than at wide. The uniform profile at the closer
spac1ng was due to the meetlng of the disturbance zones. At w1der
spac1ngs, dlstlnct " formation of individual heaves was observed
There was 'llttle difference in surface disturbance between the
leadlng tlnes actlng shallower and at the same depth as the rear
tlne. At 56% m01sture content, surface heave was less than at 70%

m015ture content The proflles of disturbance caused by vertlcal
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1nteract1ng tlnes at 152. 4 mm‘ spac1ng with leadlng tines

operatlng at two depths are shown in Plates 5.7 and 5.8.

~ The height of soil heave was also affected by
tine spacind;’As the spacing’between lnteracting tines increased,
the height of the heave of the disturbed soil in between the
tines decreased. The maximum height of soil heave measured for
the homogeneous SOll condltlon was less than half the working
depth of the tlnes when the leadlng tines were operated at the
closest spac1ng (all tlnes at the same depth) Willatt and
W1111s (1965) as reported by Soomro (1976) obtained a higher soil
heave in the fleld. The reason for this could be due to the
heteroceneous s01l condltlon where soil breakdown is normally
determlned by 1n1t1a1 5011 state and soil density which vary
between surface and subsurface layers. In the drier condition,
brlttle fallure would be prevalent. In a very wet condition where
compre551ve fallure is more dominant, the helght and extent of
heave formed would be restrlcted by the thixotropic properties of
the soil Whlch behaved more like a fluid as the saturation level
1ncreased towards 100%. In the context of soil puddling, SOll
water 1nteraction would be better achieved by positioning the
1nteract1ng tines at closer spacings since any water trapped in
the slot 1n1t1a11y created hy the leading tines would be
compressed into the SOll mass. The magnltude of the draught force
component would also be less at closer spacings. At wider
spac1ngs, SOll water 1nteractlon to achieve the desired degree of
puddle would be less effectlve since tines would only create
vertlcal ‘slots of the same width as the tine. Water trapped in
the slot would not be squeezed completely since sxdeways movement

of soil deformed by the adjacent tines would be llmlted by their
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. v

“distance apart. Therefore, Tnore passes would be required

incurring hlgher energy usage.

5 3. 3 2 Magnltude of the Total Draught and Vertical

Force Components.

The changes in draught and vertical force

_componentsAfor‘different tine spacings at both moisture contents
are‘illnstrated in~Fi§urek 5.56. Both the draught‘ and vertical
forces increased iinearly‘with increasing tine spacing for both
tine arrangements. Slmllarly both forces increased significantly

when the leadlng tines were operated at the same depth as the

rear tlne. The small 1ncrease in the magnitude of the draught and

vertlcal forces w1th increasing spacing indicates they are

relatlvely insensitive to tine spacing. The increases

corresponded to the extent of soil being deformed. Narrow spaced

interacting tines tend to cause soil interaction closer to the

tines with the rear tine moving into an already disturbed zone
caused -hy the ieading tines. At wider spacings, tines were
operating independently and movement of soil sideways (lateral
failure) would be less restricted. Regardless of further
spacings,  the "extent of lateral failure zone would remain
relatively the same below the critical depth, if any, with a tine
raked at 900. Consequently, the magnitude of the draught}force
would theoretioally" remain the same or increase slightly.
Comparison of forces betmeen a single tine and multiple tines
operating at the same depth shows a very significant difference

in draught force indicating that there was little or no benefit

when vertical interacting tines were used in very wet cohesive
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soil. - Detailed measurements are presented in Tables A5.49 to

A5.50 in the Appendix.

- | JThe total force exerted by the multiple tines
presentea‘in Table 5.19 for a given spacing was slightly lower
, tnaﬁl threertinés working separately at the same depth. Some
diffiéuitf wés faéed when working at 56% moisture content when
ﬁhe gfééfer Mresisténce from the soil tended to bend the tines.
fhié changéd the rake angle to above 900 when working at greater
depths resulting in much greater force. The spacing and depth of
shallow.leading tines are presented in Table 5.20. Based on the
results, clearly there would be less benefit using multiple tines
in a very wet and homogeneous condition apart from helping soil
water ‘interaction when positioned at closer spacings. Tables 5.21

and 5.22 give a comparison between single and multiple tines

operated at two moisture contents.
5.4 Soil Puddling Experiments

-5.4.1 Calibration of Wattmeter

The results on the calibration of wattmeter are

pfesented in Figﬁre 5.57. The relationship of the power output
against speed was highly linear with a correlation coefficient of
0.9999. The motor used for the experiment required a 20 Watt of
starting power before beginning to rotate.

5.4.2 Aggregate Size Distribution of Puddled Soil

Results on the percentage of aggregate breakdown are
shown{graphically in Figqure 5.58. For a stirring time of five

seconds, agg;egates larger than 2.0 mm diameter constituted the
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largest percentage of total soil at 0.8 water-soil ratio but
thelr number decreased sharply as the ratio was increased from
0.8 to 1. O.k The decline in larger aggregates with increasing
water s0il ratio 1corresponded with an increase in percentage of
soii»in'agdregates of all other sizes. Beyond a water-soil ratio
of 1. 0, there was llttle further change. Table A5.51 in the
Appendlx show detalled results on the percentage of aggregate

breakdown at dlfferent stlrrlng times.

. With a stirring time of 10 seconds the response to
increasing water-soil ratio was similar to that of 5 seconds. The
only exception in this case was that the percentage of soil in
aggregates below 0. 125 mm diameter was greater than that at 5
second stlrrlng tlme. Increa81ng the stirring time to 20 seconds
had llttle effect on aggregates in the size ranges from 0.125 to
2.0 mm over the dlfferent water-soil ratios. Aggregates below
0. 125 mm contlnued to 1ncrease as those above 2.0 mm declined. An
| analy51s of varlance at 95% confidence level on the - effect of
stlrrlng time and water -soil ratio on the percentage of soil
aggregates below 0.5 mm diameter showed that both factors were
51gn1f1cant 1nd1v1dua11y and in interaction with each other. The
results for 5011 aggregates_ below 0.5 mm diameter are shown

graphlcally in Flgure 5 59 and summarised in Table 5.23.
5.4.3 Bulk Density of Puddled Soil

The wet bulk denSLty values of the puddled soil are
shown in Fiqure 5. 60 Wet bulk density values decreased steadlly
as the water-soil ratio was increased from 0.8 to 1.2 reaching an
equilibrium state = above 1.2. The response to increasing

water-soil ratio with 10 second stirring time showed a similar
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ﬁrend.‘ ‘Hooever, in thie‘caSe;'the density was slightly'lower
than thet at the 5'second‘.etirring time and the difference was
s1gn1f1cant at watef;eoii'ratios above 0.8. Increasing the
stlrrlng time to 20 seconds had llttle effect on density beyond a
water- 5011 ratlo of 1.2, At va given water-soil ratio, increasing
the‘ stlrrlng ‘time decreased ‘the wet bulk density values. An
analysxs of variance at 95% confidence level on the effect of
stlrrlng ‘time and water—801l ratio on soil wet bulk density
showed that both factors were significant individually and in
intefaofioﬁ with eech'other; Detailed results are summarised in

Table 5.24.

. The results of the experiment conducted show that for a
given energy input, aggregate breakdown could be increased and
soil wet bulk density decreased by increasing the amount of water
to a foertain limit, beyond which there would be 1little further
change.. Water quantities above this limit would be wasted from a
puddling point of view. For a given water-soil ratio, increasing
the energy input,would; increase the aggregate breakdown and
reduced .the soil wet bulk density values. The reduction in soil
wet bulk density with .stirring time was due to the slower
settling rate of the fine particles remaining in suspension. This
increased the height of puddled soil and hence its volume at the
time of :measurement. The initial water level and the level of

soil after puddling are shown in Table 5.25. These aggregates

would have settled with time increasing the wet bulk density.

'In the field situation, the amount of water required
would depend on the initial state of the soil and the ‘tYpe of

soiliueed.a When a dry soil is suddenly and thoroughiy flooded,
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its aggregates become saturated with water. The air in the soil
pores is ?compressgd by the advancing water until small air
explosions occur causing the breakdown of larger aggregates or
clods into smaller ones (Yoder, 1936; Henin and Santamaria, 1975;
Russell, 1938; Robinson and Page, 1950; Mazurak, 1950; and
Emerson and Grundy, 1954). The cohesion within soil aggregates
decreases with increasing soil moisture contents. The individual
aggregates become soft and may or may not disintegrate depending
upon their stabilities. The stability of soil aggregates
generally decreases with flooding because of swelling and
increased solubility of some cementing agents (Sanchez, 1976;
Marshall and Holmes, 1979; and Panabokke and Quirk, 1956). The
magnitude of this phenomenon varies greatly with soil properties
and water quality, ranging from 1little to almost complete
aggregate breakdown. A series of studies conducted by Kawaguchi
et al, (1956), Kawaguchi and Kita (1957) and Ahmad (1973) as
cited by Sanchez confirmed that flooding gradually decreases
aggregate stability because of organic matter decomposition and
the reduction of iron and manganese oxide coats to soluble forms.
Considerable amounts of water would be needed to overcome
percolation and evaporation losses. The energy input,however,
would depend on the degree of puddling required to create the
necessary environment for rice root support and growth. Where
energy is limited but water readily available, increasing the
supply of water would be beneficial, but there would be little
gain from using an excess. On the other hand, where enerqgy is in
abundance, the use of water could be reduced. Hence in soil
puddling, there ought to be a balance between energy requirement

and minimum water use. Further work is required to determine the
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efficiency " of implements in varying soil conditions and water

levels in the field before a conclusive recommendation could be

made.
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CHAPTER 6.0 FORCE PREDICTION MODELS
6.1 Introduction

In the past, -there have been many attempts to model the
behaviour of -soil mathematically so that the soil forces
generated by tine movement may be predicted. A review of
mathemat1ca1 solutlons for calculating forces has already been
descrlbed in Chapter 2 0. Some researchers notably Osman (1964),
Siemens and Weber (1964) and Hettiaratchi et. al (1966) worked on
wide tines (or blades). Payne (1956), O'Callaghan and Farelly
(1964) and Hettlaratchl and Reece (1967) on the other hand worked
on narrow tlnes whllst Zelenin (1950), Kostritsyn (1956) and
Godw1n and Spoor (1977) studled the mechanism of soil failure by
very narrow tlnes. The soil failure patterns modelled in the
earller tlne theorles 1nclude the actual observed failure surface
boundarles and 51mp11f1ed patterns involving both vertical and
horlzontal deformatlons. The experimental verification of the
above theories has been limited to tests largely on soils at hard
and frlable con51stenc1es or at the lower end of the plastic
range where malnly brlttle failure occurred. The exceptions to
'thls are the works of W1smer and Luth (1972) who used dimensional
analys1s and Stafford (1979) who developed a mathematical model
1nvolv1ng the operatlon of a rigid tine 1in a cohesive soil at
varlous m01sture _contents and operatlng speeds. Stafford used
hlS experlmental results to derive some of the constants used in
his model to calculate the forces. A fruitful approach to gn
understandlng of the performance of agricultural tines appears to
be the one that examines the action of such tines against the

wldely accepted theorles of classical so0il mechanics. This
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chapter describes an attempt to relate the findings of the study
to a model or models based on Mohr-Coulomb soil mechanics
parameters to describe the forces acting upon narrow and wide
tines. The validity of the models was tested égainst the

experiment&l results based on the mechanism of soil failure

observed using the techniques described in Chapter 5.
6;2 Single Tine EXperiments
6.2.1 Soil Failure Mechanism

" From the experimental evidence based on observations
during the passage of tines, three failure mechanisms were

0 rake

identified with tines of different rake angles.” The 45
angle tine displaced the soil forward and upwards at all moisture
contents with some soil movement sideways at higher aspect ratio
(depfh/width). At lbwer'éspect ratio, the type of failure was
- ﬁurely' two dimensional. At 42% moisture content some tearing
effect on the soil surface was observed whilst at 56% and 70%,
the tines were merely cutting slots as wide as the tine widths.
No distinct“shear planes were formed on the soil surface,
Tensile cracks were also absent from the walls of the slot. In
fact the;slot walls were totally smeared. The vertical tine
puShed soil upwards, forward and sideways similar to a three
dimenSibhal “type of failure. However, no rupture plane was
observed. With the backward raked tine, little upward soil
movement was observed. Instead, the soil was pushed forward and
sideways with a static wedge being formed on the face of the
tine. A schematic diagram of tine inclination angles in the

direction of travel is shown in Figure 6.1.
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Eeeed’ on the above observations, the following
mechanics of soil failure appear to be possible:

a) For the forward and vertical rake angles, the tine acted
as a° retaining wall when it was wide with the result that when
soil failure occurred the movement of the so0il was in the
vertical plane (upwards and forward). When the tine was narrow,
the movement of the soil was in a horizontal plane with a soil
wedge moving slowly upwards in a column along the face of the
tine. The nature of soil failure was predominantly lateral. The
second mechanism of soil failure was dependent upon the critical
aspect ratio.

b) A backward raked tine, acted 1like a footing with a
lateral type - of failure more predominant for the range of tine
widths and depths tested. The formation of an elliptical wedge
(statie soil zone) was apparent though not as distinct as that
observed by Salokhe and Gee Clough (1988) with their 1lug studies
in wet cohesive soil. The implanted beads not only moved sideways
but also upwards from the base of the tine.

6. 2 2 Development of the Force Prediction Models

The use of a general equation to represent all three
rake angles was not possible due to the different soil failure
patterns and this required a separate approach in developing the
prediction models. These models were based upon the assumption
that the soil worked by the tines obeys the Mohr-Coulomb failure
criterion. It was assumed that the soil was homogeneous and
isotropic and that inertia forces could be neglected. The assumed

0 and 90o rake angle tines are as shown in

failure patterns for 45
'Figure 6.2 whilst Figure 6.11 shows the idealized failure pattern

and the forces on a backward raked tine.
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. 6.2.2.1 Soil Failure by Wide Tines (aspect ratio<l).

0 0

At 45 and 90 rake angles, the failure
mechanism observed was purely two dimensional where soil nearer
to the tine moved mainly upwards and forward. Based on this
observation, use of a two dimensional soil failure model
developed by Hettiaratchi and Reece (1974) was adopted. This
pfediction ﬁédel, however, has the limitation in that the forées
generated by the moving soil =zone sliding élong the slot walls
are neglected. In cohesive soils, these sliding forces are
significant as shown earlier by 2zhang and Shao (1984) in their
~ work on the dynamic performance of a single lug in wet clay soil.

In predicting. the total draught force, therefore, this sliding

force component was added to the two dimensional model.

6.2.2.1.1 Failure Immediately Ahead of Tine.

Hettiaratchi and Reece (1974) have
shown that the magnitude of the resisting force component per

unit width of interface, P, can be computed from

2 | - 2 8

P = vz%K. + czK__ + qzKq - (yz Kse°

Y ca ) 600000(6.1)

whete
y = soil dry bulk density
z = depth

c = soil shear strength

q soil surchafge

s = soil effect
Z'K , Kcé" Kq, KS = soil resistance coefficients (dimensionless
Y R ,
number obtainable from charts).

Assuming Mzefo.surcharge and negligible soil effect, the above
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equation reduceslto
P = vz%K_+ czK__ (6.2)
Y ca ® 0 & 0 0 0 0 L]

The actual valﬁe of tangential adhesion, A', per unit width,

between soil and tfie tine interface is given by
A'=cazcoseca cesseses(6.3)

where

c, = soil-metal shearing resistance

z depth

o rake angle

The horizontal component, D¢, (or draught force) for the soil
blade system is given by
2 e d .
and the yertical component, Vf, (or vertical force) is given by
V= -(yzXKy + czK_,) cqs«»+d) + ¢,z N -
where negative'sign ~indicates the force generated by a vertical
tine.

‘ 6.2.2.1.2 Failure at the Side of Tine.

The sliding resistance resulting from
the forces generated by the soil zones against the furrow walls
was determined by assuming that soil failure plane was inclined
at (45~¢/2)° to the surface and was linear from the base of the
tine. The inclination of the surface of failure to the major

‘principal stress depends only upon the soil's  frictional
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properties and has the value (45-¢/2)0 (Terzaghi, 1942). 1In a

saturated condition where ¢ is zero, the slip plane was assumed

O with the horizontal. The idealized failure

to be inclined at 45
zone and the_,forces'acting at failure for two rake angles are
shown in Figure 6.3. The total sliding area for the two sides can

be expressed as

* 2 Area ABC = 2zmz20.5 = mz>  ....(6.6)

The sliding'resistance = cmz? cesede(6.7)

where
J'c =--wso'i‘l- sﬁéér strength
-z = depth
m = rupture distance ratio.

Assumingkthex resultant of the sliding resistance component acts
at angle § to the normal to the tine, the horizontal and vertical
cdmponents of the force can be represented by the following

expressions:

H = mzzcos(a—65J= m22 sin (o + §.) csee(6.8)
2 e e o 2
VS= mz“sin(a-4§) = - mz2" cos (a +8) «00e(6.9)

where Hs and Vs are the horizontal and vertical components of the
resultant of the sliding resistance respectively. Combining
equation (6.8) with equation (6.4), the general equation for

total draught force,lDT, is given by

2, e 2,
K.+ccha + mcz”]sin(a+8) + cazcota cees(6.,10)

Dp =[¥2 Ry

similarly the general equation for total vertical force, VT' can
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be expressed by - :

R S R A :
Vp = -[vyz KY + czK_, + mcz”] cos(a+d) + c 2z ..(6.11)

0

For the 45 rake gngle, the horizontal component of the resultant

of the sliding resistance acting at an angle § to the tine

interface can be expressed as

2 2

mcz“ cos(45-8)= mcz” sin (45 + §) vesses(6.12)

and the vertical component of the resultant of the sliding

resistance is given by

mez? sin (45-8)= mcz® cos (45 +8) .......(6.13)
Combining equation (6.12) with equation (6.4), the total draught
force,~DT, for the 450 rake angle is given by

2 2

pT’= [yz‘Kyy+ écha\+ @g{ ] gln (45+6) + c zcot 45 ..(6.14)
similarly the total - vertical force,'VT, can be expressed by

combining equation.(6.13) with equation (6.5) to give

S ) P P e LT 2 ' : ~
VT = [y2 KY + ccha + mcz” ] cos(45+8) + Ca2 ++.(6.15)

For thé}QOOArake angle, the horizontal component of the resultant
of ~ the sliding ' resistance acting at an angle § ‘to the tine
interface can be expressed as

mcz2 cos & = mcz2 sin (90 + 8)) cesess(6.16)

and the ve;tigal component of the resultant of the sliding
resistance is givén by -‘ |

mcz2 gin § = - mcz2 €cos (90 + §) seeesss(6.17)
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Comblnlng equatlon (6 16) w1th equatlon (6.4), the total draught
force, DT’ for the 900 rake angle is glven by
2

Dy = [Tz KY + echa + mcz ) sin (90+§) + c,Zcot 90 +vve¢es(6.18)

Similarly the total vertical force, V,, can be expressed by

= —[yz2 ‘mcz? Y
Vo, = -[YZ Ky+'CZKca'+ mcz®] cos(90+¢) + C,Z eesee(6.19)

T

The caiculeted results iueing the above models for the wide tine
underpreeicted the‘measured values for 45° and 90° rake angles by
about 46% .and 55% respeetively. To improve this, the crescent
effect was incorporated. This ‘was thought reasonable because
although distinct crescent failure planes were not observed, the
crescent effect was manifest in the form of a heave around the
tine. -Godwin and Spoor (1977) had earlier described and modelled
‘the railure boundary of’ the crescent in their narrow tine

failure. In that model, it was assumed for simplicity that the

crescent had a constant radius, r, given by
pt= f'=mZ  .....(6.20)

where. f'= forward distance

m = rupture distance ratio

z debth of operation.

A more appropriate expression for the crescent boundary was later
presented (Godwin et al., 1985) which gave better predictions.
This was based on the work of Payne and Tanner (1959). which
showed that for a range of tine rake angles and widths, under

conditions where crescent failure is dominant, the magnitude of
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the lateral udisturbance, s', 1is approximately equal to tﬁe
working depth, 2, of the tine. The crescent geometry and the
crescent boundaries are shown in Figure 6.4. The radius of the

crescent was expressed as.

r'= f'- (£'-s8') sinz/o
- 2im-(n-1 sin®0)]  .....(6.21)

where s'= side disturbance -
‘v/o = angle subtending the arc between forward distance and

- gside disturbance.

Replac1ng the above equation in the horizontal component of their

0 and

earller force model and integrating between the limits f>= 0
/9- 90 ' the draught and vertical force components can be

expressed as

2 .
Dp = {(v2 KY +.czK_, ) [w+z(m=1/3(m=1))}sin(q+ g + c zcotot +

mcz?sin (a + §) +eee..(6.22)

Vo =.f;{(yzzKY + ccha)[w+z(m-1/3(m-1))] + mczz}cos(a+6) +

caz' '.(6.:\23)

where ' the sign  is negative for a vertical tine. The improved
model gave better prediction of the draught force values for the
wide tine} as presented in Tables A6.3. The vertical force

results, however, were only close at 45% rake angle. At 90° rake
angle, the model overpredicts the measured values as tine width

increases beyond 59.8 mm.
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6.2.2.2 Soil Failure by Narrow Tines(aspect ratio>1.0)

" 'With narrow tines having an aspect ratio
greater than 1.0, the soil can be considered to fail in a twe
dimensional manner in a horizontal plane. The idealized failure
geometry for the narrow tines is as shown in Figure 6.5. The tine
on passing through the soil forms a slot whose sides OF, O'F'
form the free surfaces. For incompressible soil, it follows that
the vertical soil wedge (assumed triangular with ¥=45+¢/2) would
be reqnired tevdisplace the soil sideways and backwards into the
slot.‘The failure geometry compatible with these requirements is
1nd1cated by the curve ABEF where ABE is part of a logarithmic
spiral centered at O and OEF is a plane shear zone necessitated
by the free surface OF which is a principal plane. In reality the
eoii wedge .meved‘npwards and the shape of the failure geometry
wonld te more indicated by the curve ABE. Assuming rake angle
hee,ne‘eignificent effect on the direction of soil flow ahead of
the soii wedge, thie type of failure is similar to that of a deep
nerrew;footing as described by Meyerhof (1951) and later adopted
by Godwin and Spoor (1977) as a basis for their lateral failure
theory for very narrow tine. The characteristic feature geometry
for the lateral fallure at higher aspect ratios is based upon the
model expounded by Godwin and Spoor (1977) as shown in Figure
6.6. The resultant stress on the tine can be obtained from the

Meyerhof (1951) solution given as
q,= ch':+-pONq'+ YBNY'/Z cees(6.24)

maximum vertical stress

where qo

Pg K,YZ (magnitude of the geostatic stress from Godwin

and Spoor, 1977).
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Ko =,(1-sinb)(ratio of the horizontal to vertical stress
as given by Lambe and Whitman, 1945)
c = é&iiAéheéfing resiétance
'y = soil dry bulk density

‘B = footing width
Nc', Nq'= bearing capacity factors depending on the properties
of §.(Figure 6.7). |
Siﬁce NY' is zeroy for ¢4=0 the total force Q on the tine face is

therefore reduced to

Q= ch'z‘+:0.5Kdqu'zg eesss(6.25)
Aééuﬁinéﬂthe'iﬁterfACe as rough because of the cohesive nature of
the "soil, the ' resultant force is inclined at angle § to the
normal qf the tige»interface(Figures 6.8 and 6.9). The horizontal
cgmpénéﬂt éf theA’forée, is given by Q sin (oat+§) whilst the
vertical component. of the force can be expressed as Q cos (g +
§). In addition to the force generated by the soil ahead of the
| wedge, the side forces resulting from the rising soil wedge have
to be considered. The total force resulting from the rising wedge
can be expressed as wzc/éos45 where w is the width, z is the
depth of tine and c is soil cohesion assuming the wedge is
triangular with Y=45+¢/2 and soil does not stick to the tine
face. Resolving the. resulting force acting on the wedge. into

horizontal and vertical components gives
H;= B{cés o ...;..(6;26)

V|= B'Sin o .-oooc(6¢27)
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where B'= wzé/cos45.

All the above equations can be reduced to one general sblution

for both rake angles and this is expressed as
Qh = w(cNc'z + OoSKOYNq'zz) sin (a+§) + B COSqai +....(6.28)

and the total vertical force is given by

where the sign is negative for vertical tine and positive for 450

0

rake angle tiné, The total draught force caused by the 45° rake

angle tine therefore can be expressed as

Qh = w(cNc'z + O.SKOYNq'zz) sin (45+§) + B cos 45 ....(6.30

and the total vertical force is given by

Qu = w(cNc'z + 0.5K_YNQ'z®) cos (45+§) + B sin 45 .....(6.31)
Similarly the total draught force caused by the vertical tine can
be expressed as

Qh = w(cNc'z + O.SKOYNq'zz) sin (90+68) + B cos 90 .....(6.32)
and the total vertical force is given by

Ov = - w(cNc'z + 0,5KOYNq'22) cos (90+6) + B sin 90 ...(6.33)

The horizontal component of the force resulting from rising soil

wedge is zero whilst the vertical component is given by wzc/cos

45.



- = 156 -

. 6.2.2.3 Estimation of the Critical Aspect Ratio.

'vThel .use of the above two nmodels has
demonstrated that with a knowledge of the critical aspect ratio
for a particular tine in a given so0il <condition, useful
predlctlons can be made of the horizontal and vertical force
component actlng on, tlnes of any width. With the limited
experlmental data, the tranSLtlon point from lateral failure to
upward fallure flis dlfflCUIt to determine unless further
experlments are carried out. However,if it is assumed that the
SOll ahead of the tine will fail along the path of least
re51stance 1n such a way that the horizontal force will be a

mlnlmum, then a numerlcal procedure can be used to determine the

crltlcal aspect ratlo either by

(1) an 1terat1ve method where the magnitude of the horizontal
force is determlned for dlfferent assumed values of the critical
aspect ratio or |

(2) dlfferentlatlon of the horlzontal force function with respect

o the aspect ratlo and equating to zero.

'The'3general5»equation for very narrow tine failure as
proposed‘by-Godwin and Spoor (1977) can be adapted to accommodate
the asoect_ratiovterm by converting the critical depth function.
The fact that this model consists of two separate failure
mechanisns is ‘analogous to the two suggested failure mechanisms
whereby the transition point is determined by the critical aspect
ratio term . Converting the general equation presented in Godwin
and Spoor i(1977) for the horizontal force component and

incorporating the crescent effect and the sliding resistance
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component, ' the resulting general equation in terms of aspect
ratidléanaﬁe:ekpressed as

where =
L= Yw’K,A %sin(o+ §
3.3

M=,YAO‘W KY[mf1/§(m—1)]sin(a+5)

N=icw%g¢asin(a+§)Ao

0='¢w2anA02[m—1/3(m-1)]sin(@+5)
_ 2

U= caw AocotaAmu o

Q= Aozwzmsin(d+6) )

G= wlcNe! (“AQAA)si;in(oi"er‘)

W= cwz(A-Ao)cQsa/cos45
T= 0.5 K_yw> (A-A %)Ng'sin( o+ §
similarly the vertical force component can be written as

V= U'H/- (L' 4 M FN'UHON T QG W) ... (6.35)

where
L'=~fw3K AOZCOS(d+3)“
M'= yA;3w3K§[m-1/3(m-1)]cos(a+5)
N5=‘cw2Kcaéo§(d+h)A6‘
0‘=zészcaAoz[m-1/3(m-1)]cos(a+5)
Uvé'caw2A6 ﬂ |
Q'=‘A52w2mcds(d+6)

2

Giéyw ch'(A;A;)coékd+6)
wv=icw2(A¥Ab)sina/éOS45

o= 0.5K6Yw3(A—A62)Nq'cos(a+6)

and the sign is negative for a vertical tine. Differentiating
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equation (6 34) with respect to critical aspect ratio and

equatlng to zero ylelds the follow1ng equation:

3. . 2, o 3

3Yw K A, [m-1/3(m-1)151n(a+5) + {2yw KYSln(G+5) + 2mw281n(a+5) +
2w2cKca[m-1/3(m—1)]s1n(a+5)}A +c wzcota - wchc'-cwzcosa/cos45
K Yw3Nq 81n(a+5) ceieees(6.36)

The above resulting function is in the form of a quadratic where

the critical aspect ratio’' is 'in the positive root of the

equation -

. B 00001-00(6037)
co.2at oo ‘
where a = 3yw3K [m-1/3(m-1)]sin(a+5)
b - w251n(a+6){2YwN + 2cKca[m-1/3(m-1)] + 2m}
c'-‘w [c cota - ch' - ccosa/cos45 - wK qu sin( ¢t§) ]

To estimate = the forces: acting on tines using equation (6.34),
information: on tine geometry, soil parameters and the rupture
distance ratio 'is required. In the absence of rupture distance
ratio for cohesive soil, data provided by Godwin and Spoor (1977)
as shown in Fiqure 6.10 was assumed to give reasonable estimates
to be used in the force prediction model. The main steps in the
force calculation procedure can be summarised as follows

1. Determine .the: rupture distance ratio for the particular rake
angle from chart.(Figure 6.10) |

2. Determine ny, L for the appropriate values of oo, ¢ and §
from charts: given ' by Hettiaratchi and Reece (1974) or
Hettiaratchi et al (1966). In the latter reference these are

given as N values.
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3. Determine Nc' and Nq' for the appropriate value of ¢ as shown
in Fiqure 6.7.

4. Determine the sliding resistance component.

5.: Determine the critical aspect ratio. If Ao > A, then wide
blade theory with crescent effect considered is applicable. When
Ao < A, the soil is considered to uﬁdergo lateral failure.

6. Substitute all parameters into equations (6.34) and (6.35) for
~the -horizontal and  vertical force components respectively. A

computer programme to calculate both forces is given in Appendix

C.

6.2.2.4 Backward Raked Tine.

'Béséd upoh the nature of soil failure observed
during the péééagé of tines, the glass sided tank studies, the
iﬁplénted beads and soil heave movements, a wedge of soil formed
' ahead of ‘the tine moving forward and sideways. The movement of
ybeéds'pOSitioned~ beyond the tine side and wedge was sideways,
féfWArds' and slightly upwards. No distinct shear plane was
ébidéht;v’ééséa upon the elliptical shape of the mass of soil
‘formed on ﬁhe’tine face, somewhat similar to that observed by
Salokhe and Gee Clough (1988) and zhang and Shao (1984), it is
assumed that a model as shown in Figure 6.11 would be realistic
for the soil failure pattern generated by the backward raked
tine. This consists of an elliptical static soil 2zone with
lateral failure ahead and beneath it separated by arc BC which is
alsbéaésumed'to' exert a lateral failure force on the soil. The
lateral failure is considered to behave in a purely two

dimensional manner similar to a narrow footing. The arc BC has
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its limits at point B and C. Ahead of the tine the failure is

0 to the

assumed: similar to a narrow footing orientated at 90
normally accepted direction of application (vertical plane). This
soil failure mechanism is assumed to be similar to the lateral
s01l fallure model as proposed by Godw1n and Spoor (1977)1
sectlon AB 1sk‘con51dered llnear and positioned at half the tine
depth for simplicity. In the real case this may be either
underestimated or koverestlmated, 'depending on whether tine
inclination is Dbelow or. above 1350 As very little soil moved
upwards, the downward sliding force caused by the wedge is
neglected. | | o
The failure mechanism below the static soil
Zone is also conSLdered to be slmllar to a narrow footing type of
fallure (horlzontal plane) In saturated soil, the effect of 5011
weight . is negligible  because NYkis, zero. Soil surcharge was
con51dered negllglble }since the stress caused by the surcharge
was already considered in the lateral failure model generated by
section AB and BC. Section CD was considered straight and its
length equal to haifvthe depth of tine as section AB. All forces

were considered to act perpendicular to the pseudo-interface

represented by the boundaries of the soil zone.

‘ 6.2.2{4.1 Lateral Force in the Vertical Plane

(ahead of tine).

~Since the failure mechanism ahead of
section AB was assumed to be similar to the bearlng capacity type
of fallure but orlentated at 90° to the normally accepted

dlrectlon ofrapplication, the lateral failure model of Godwin and
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Spoor (1977) - was adopted and this can be expressed as force Q1

given as .
Ql = CNC'Z/Z + 0.5K0Y22Nq'/4 + YBN‘Y./zoo-onoo-(6o38)

where the.second term represents the geostatic stress. The third

term reduces-to zero since NY' is zero for ¢=0.

6.2.2.4.2 Lateral Force, Q2, Below the Static

Soil 2Zone,

The force Q2 resulting from lateral

failure beneath the static zone was considered to be

S

cNc'I + 0.5KoyI2Ng' + YBIN, '/2

Q2 =

| = cNc'z/2 + 0.5KoYz’Ng'/4+YBZN_'/4 ( since I= 2z/2 ) ..(6.39)
Since N.' is zero for ¢ =0, equation (6.39) therefore reduces to
QZ = CNC'Z/z +_ O.SKOYZZNq'/4 oooooooo(6u40)

'6.2.2.4.3 Lateral Force, Q3, of Arc BC.

Lateral force, Q3, causéd by section
BC can be obtained by integrating lateral force dq from 01 to 02.

The force dg necessary to cause failure in sector d0 is given by

dq = cNc'ds + 0.5Koy(dS)2Nq'...(6.41)

(dS1 + ds2)/2, the effective length.

wheré ds =
o dSi = Riao[‘the length of arc BC
dSZ é'R2dO;'the length of arc B'C'

R1 ‘Radius of'arc BC
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. R2 = Radius of arc B'C'
RL = %2 + y% = 0.52/5 .....(6.42)
where x = 2z and y = 0.52
The difference between R2 and Rl (R2-Rl) can be expressed as
(w/2)tan45_»assuming;_the wedge formed ahead of arc BC is
triangular as showﬁ in Figure 6.12. In saturated condition, angle

MNO isﬁ450.'Therefore radius R2 can be expressed as

R2 = 0.52./5 + 0.5w "
0.5 (2/5 + W)  .eu...(6.43)

Integratingkforcé dq between angles 01 and O2 gives
Q3 = cNe'S_+ 0.5vKo(S_2)Ng'. ... (6.44)

where S; is the effective length. Assuming force Q3 acts normal

to the arc, the horizontal and vertical components of the force

can be expressed as

Oh'= Q3 cos 45 .....(6.45)

QV'= Q3 Sin 45 .»....l(6.46)

- 6.2.2.4.4 sliding Resistance Components on Both
Sides and Beneath the Static Soil

Zone.

A further component termed as the
sliding resistance caused by the static zone was considered in
the total force prediction model. This was considered necessary
since the static soil zone was constrained to travel only in the

forward direction and the force generated by the soil =zone is
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ééhéidefedavsiénifiéén£ éincé thé éoil\ was very' coﬁeéivé; This
sliding force _is dependent upon the total area created by the
static _soil zone. and soil shear strength. For simplicity the
static soil-  zone was:-:assumed to be triangular and the sliding

area, SR, can be expressed as:.

22"+sz' o

'SR = 0.52

sliding resistance caused by both walls of static soil
. -gone and the sliding resistance beneath the static zone.
The-tbtal‘SIiding resistancé,‘SF, will be

SF. = czz“+.wzc

cz(z+w) S eeeee(6.47)

where
c = soil shear strength
.2z = depth of tine .
w = widfhrof'tine o

The total horizontal and vertical force components for the
backward raked tine resulting from equations (6.38), (6.40),

(6.44) and (6.47) can be expressed as follows
H = wcNe'z/2 + 0.5Kowvzqu'/4 + [chc'So + 0.5wyKoSoqu']cos45+
cz(z+w){....(6}48)'

2

V = wcNc'z/2 +. [wcNc'S ) + 0.5w‘YKoS° Ng'] sin 45 .... (6.49).

where H and V are the horizontal and vertical force éombéhehté

réspéctively.



- 164 -

6.3. Comparison Between the Predicted and Experimental Results.

The parameters used in the model evaluation are given in
Table 6.1. The'calculated and measured values of the draught and
vertical forces for three moisture conditions are presented in
Table A6.1 to A6.6 whilst the statistics of comparisons is shown
in Table A6.7. A linear regression model was used to determine
the association of the predicted force values with the
experimental ones. Experimental and predicted force values were
considered as x and y data points respectively. If there was 1:1
correspondence between x and y values, the regression coefficient

and the intercept of regression line on y-axis would have the

following values

where'b = 1.0 (regression coefficient)

~a = 0.0 (intercept) |
' The letter r, in Table A6.7 is the correlation coefficient which
when it approaches 1.0 gives an indication of close assoeiation

between two data points.

in@ the (stetistics associated with Table A6.7, predicted
' Qaiues are' eembared with mean experimental force. From eighteen
comparlsons made, the regression coefficients of almost half of
them were 81gn1f1cantly different froﬁ 1.0, and eleven intercepts
were siénificehtly different from 0.0. In most cases, the values
v of the regression coefficient was greater than unity with an
1ntercept less than zero, indicating that the model overpredicts
.

the magnltude' of the expected forces and in some cases

underpredlcts the magnltude of the expected forces.
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Table - A6.7 shows that generally the association between
experimental and predicted values is very close for the draught
force components at all rake angles for the range of moisture
conditions tested. The vertical force component, however, is

0

underpredicted at 45 and 135° rake angles but overpredicted at

900 rake . angle and there appears to be significant difference
between experimental and predicted values at 95% confidence
limits for most of the comparisons except for 45% rake angle at

42% and 56% m01sture contents. At 450

rake angle, the draught
force values at 42% and 56% moisture contents were underestimated
and for 70% moisture content, overestimated. This discrepancy
ceuld be dhe to‘ changes in the soil parameters which have
eonsiderable effect in predictions. It appears that the model
underptedieted:the vertical force values at 70% moisture content.
Theﬂ absehce.‘iof surcharge effect could contribute to the
disereéahcy resulting in a lower values than the measured ones.
At 900 rake angle, both draught and vertical forces are
overestihated and the difference between experimental and
predlcted values is significant at 95% confidence 1imits. The
overestlmatlon of the vertical force component occurs with tines
with aspect ratlo less than 1.0. This is the range of transition
between wide tine failure and lateral failure where errors
associated with the accurate prediction of critical aspect ratio
as presented‘in Tables 6.2 to 6.4 could arise. The assumstion of
depth hav1ng the same magnitude as the lateral distance from the
tine s1de may have contrlbuted to the overprediction. In reallty,
the measured lateral distance from the tine side based on three
random measg;ements along the path of tine was much smaller.‘The

actual rupture distance ratio, m, could not be determined since
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no meaeufement was made on the distance of forward heave. The
model for the backward rake angle tine predicts the draught force
well at 70% moisture content but underestimates at 42% and 56%
m01sture contents. The vertical force values predicted are lower
than the experlmental ones. The association, between predicted

and measured values, however, was close.

The goodness of fit between experimental and predicted values
for selected rake angles and moisture contents are shown in
Figures 6.13 to 6.15. The overall relationship between measured
and predicted values for draught and vertical forces at different
tine widths, rake angles, depths and moisture contents are
illustrated in Figures 6.16 to 6.20. For comparison purposes
between moisture contents, the 50.8 mm tine was selected since it
represents the conventional narrow tine size used for soil
cultivation. Wider tines were tested only at 70% moisture
content. In general the shape and order ‘of magnitude of the
predicted draught curves show close agreement with the

experimental data. With the exception of 90°

rake angle for
tines above 50.8 mm, the predicted vertical force components are

in close aggreement with the experimental results.

6.4 Conclusion

Mathematical models have been developed to predict the forces
acting on' simple tines for application in the wet plastic
conditions. The models take into account interface geometry and
soil parameters. Validation of the models has been achieved using
data from soil tank force measurements. Accuracy of predictions

very with tine rake angles and soil moisture conditions. In
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general the shape and order of magnitude of the predicted draught
curves show close agreement with the experimental data. With the

0 rake angle for tines above 50.8 mm, the

exqeption of 90
predicted vertical force components are reasonably close

with the experimental values.
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CHAPTER 7.0 GENERAL DISCUSSION
7.1‘Introduction

!rverieue fo:ms of soil manipulation are required in different
tield situations to change and improve soil conditions for the
tice_croé. These forms necessitate operations that will transform
theuseil into a level, uniform slurried condition with organic
hattef' mixed in, a base of low permeability and of a high
strength to minimise seepage and provide support and traction.
Achlev1ng thls may involve breaking any clods present, increasing
m01sture content to reduce clod strength and form the puddle,
m1x1ng the organlc material and s01l smearing and compactlng at
depth. These conditions may have to be achieved under
circﬁmstanCee where either water or power resources are limited
or- in conditions where both factors may be restricted. The
findings of the fundamental studies conducted are discussed below

in the context of the above requirements.

7.2'éaté of'water Uptake and the Reduction in Clod Strength.

Wet clods are weak in strength and require less energy to
break. - Hence, the more rapidly high moisture ’contents can be
achieved, -the more efficient the soil breakdown and further
mixing with soil organic matter. For timely operation, therefore,
it is vital to have clods that can absorb water in the shortest
possible time. This need is important especially in areas where

water is scarce or the time to prepare land is short.

Results from the experimental studies have' shown that small

clods absorb water faster that larger ones indicating that they
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are 'noredenerg?kfefficient in so0il puddling than larger clods
since‘the':process of wetting and the weakening in strength is
more .rapid. Small clods, . -however, also tend to dry faster
necessitating the shortest possible preparing time as compared to
preparing the puddle from:.larger clods if water requirements . are
to be kept ' to a minimum. Greater weakening resulting in further
breakdown through weathering is. likely to happen where clods
undergo rapid moisture changes if they are not sufficiently weak.,
SOil that are already wet and weak require very little additional
water for clod breakdown, but may need some additional water to
help scouring. Whatever, the cost, delays.in puddling should be
avoided when :preparing from small clods since it will set back

the whole cropping schedule due to rapid water loss.

A‘hfhe studies have also shown that rapid water uptake is more_
evxdent w1th dry clods than the wet ones. At lower ‘initial
: mo;sture content, clods are much more stronger and would benefit
from wetting if energy is limited. With a shallow depth of water
on clays, however, differentlal swelling effects during capillary
rise are 11kely to decelerate water uptake on surface clods. on
the other hand, when clods are more densely packed (confined
state), water uptake is more rapid. Based on these findings,
consolidation of surface clods could ensure rapid kwettingyand
weakenlng of ‘clods in conditions of wetting by capillarity.’ln
the fieid situation, consolidation can be achieved by‘ usiné
1mp1ements that exert downward force. If tined 1mplements are
used, the backward raked tines would be the 1deal ch01ce though

the draught force requirement would be high.
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7.3 Initial Loosening.

| In’31tuatlons where the soil needs loosening before puddllng,
brlttle fallure 1s requlred These studies showed that this is
almost 1mp0551ble to‘achleve with tines of whatever shape when
the soxl ‘is in‘ a" blastic condition. Any such operation,
therefore, needs to be conducted at lower m01sture contents and

any clods formed should be reduced in size to enable rapid water

uptake on wettlng
7.4 Soil Water Mixing.

The process of m1x1ng s01l with water is normally achleved by
dlsper51ng soxl and breaklng any clods further to enable rapid
water uptake. Based on the studies, forward inclined tines help
bring soil upwards but are not efficient tools at breaking clods

nd tendtyto;move trash to the soil surface, though their unit
draught force ls low. Backward raked tines are good clod breakers
but requlre hlgher draught force. The increase in draught force
between_45 | and‘90 rake angle tines was small compared to the

0 0

increase between 90~ and 135  rake angles. This indicates that

0 rake angle tines as

there ex1st a p0331b111ty of using the 90
the optlmum shape to churn soil in order to improve soil puddllng
wlthout 1ncurr1ng greater loss in draught force. This finding
aiéé‘ justlfles the popular use of verticai tines in‘ the
tradltlonal comb harrow commonly used in many rice 1growing
countrles. The concept of tines with adjustable ﬁinclination
angles would appear to be a beneficial proposition especially for

resource poor farmers. Tine inclination would be adjusted durlng

the varlous stages of puddling.
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In terms of energy usagé, soil mixing with a single tine is
not a viable proposition since it would require numerous pas;es.
Multiple tine systems with <closer spaced staggered tines would
bring more soil to the surface as compared to wider spacings and
are hence more efficient. However, unlike these combinations on
dry;soil,'the leading tines do not reduce the draught on the rear
tine. With backward raked tines, more soil would be moved
siéeﬁa§$, §éhefating greater soil water mixing as water trapped
in the slots is further squeezed by the trailing tines. A system
combining 1leading but forward raked tines with trailing but
backward raked tines, staggered and closely spaced would increase

the efficiency of soil mixing with reduced number of passes.
7.5 Buryin§ df Organic Matter, Smearing and Panning at Depth;

The principal aim of this operation is to give a compact, low
permeability layer at 1its base that minimizes percolation and
supports field = traffic. This necessitates implements that could
readily penetrate the puddled layer, carry the organic material
downwards and compact and smear at depth. Results of the
experiments have shown that the backward raked tines are the best
choice. However, they require large forces. Forward inclined
tines increase the risk of excessive penetration and incorporate
organic matter poorly. With multiple tine systems, closer spacing
of backward raked tines would help further mixing, smearing and

burying of the organic material beneath the puddled layer.
7.6 Smoothening and Levelling.

The levelness of the final surface condition depends on the

uniformity of soil disturbance. This can be achieved using a
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wider backward raked blade. With multiple tine systems, the
levelness of surface disturbance can be controlled by adjusting
the tine spacing. Where complete disturbance is required, it is
beneficial tokuse}a_mu{tiple tine system at closer spacing. This
would ‘reduce? the ;‘number of tine passes to complete the

operation.
7.7 Soil*Preparation With Powered Tools.

Inplement.forceskhand‘powerk requirements relate Vdirectiy to
1n1t1a1 soxl _ condltlons, deformation resistance, impienent
geometry, worklng depth and speed. The use of.a powered tool in
soil puddllng has p01nted to the fact that there ought ‘to be‘a
balance between energy 1nput and water quantity used. Experlments
on the effect of energy lnput and water consumptlon on sorl
puddllng has shown that there is llttle beneflt in increasing the
amount of water beyond a certaln llmlt for a glven energy 1nput.
In cases{ where water 1s llmlted, the puddllng process could be

1mproved by 1ncrea31ng the 1nput of mechanlcal energy. Addltlonal

water is needed only to overcome the scouring problem, if any.
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CHAPTER 8.0 CONCLUSIONS.

8.1 Clod wetting and drying studies:

8.1.1 The amount of clod swelling on wetting increased with
decrsésing initial clod moisture content and clod size.

8.1.2 . .Clod water uptake on wetting by capillarity was
significantly influenced by the surface confining stress on clod.
At low confining stress, differential swelling caused horizontal
cracks to develop near the base of the clod which disrupted
capillary continuity and reduced water uptake. Surface loading of
clods and hence increased confining stress, maintained continuity
and caused faster wetting rate.

.8.1.3 Larger clods required longer drying periods to achieve
a uniform moisture profile within as compared to smaller clods.
This was due to smaller surface area/unit volume.

8.1.4 . The infiltration model based on linear heat flow into
a solid (Carslaw and Jaeger, 1959), gave close predictions to the
measured values for water movement into clods. Initial soil
moisture content was found to dominate the rate of water uptake
through its influence on hydraulic conductivity, diffusivity and

-

sorptivity.
8.2 Puddling studies:

8.2.1 ' Within certain moisture limits, greater dispersion of
soil particles could be obtained by increasing the energy input
of a rotary puddler at a given soil moisture content. Similarly
at ' a given energy input, increasing the soil moisture content
increased the soil breakdown.

8.2.2 Beyond a certain moisture limit, increases in moisture
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content!andf’or‘energy input, ceased to have any effect on soil
breakdown. - This limiting moisture content in these tests was

-significantly above .(30%) the liquid limit.
8.3 Single tine studies:

- -.8.3.1 Tines were not able to develop a brittle type of
disturbance in wet clays at moisture contents within the central
third - (approximately) of 'the plastic range. If loosening  is
required  before puddling, - the operation needs to be conducted
near or below the lowéf plastic limit.

8.3.2 < Three types - of so0il disturbance were 'obsérved
depending upon tine rake angle and aspect ratio. These were-as  °
follows:

oo+ 8.3.2.1 Wwith wider 450 and 90o rake angle tines having

an aspect ratio of ‘less than 1.0, the movement of soil  was
largely upwards and forward. |

- '8.,3,2.2 At -greater aspect ratios when the tines were

narrower and ;nclingdyat 45% and  90° rake angles, the soil moved

féfward éﬁd'sideﬁays with some soil moving upwards along the tine

face. The sideways soil movement increased with increasing rake

angle..
8.3.2.3 With backward inclined tines (1350‘ rake
angle), a static soil zone was formed on the face of the tine in
the form of an elliptical wedge which pushed the soil ahead
sideways and slightly upwards.
8.3.3 The extent of lateral heave increased with increasing
moisture content in the upper part of the plastic range and with

increasing rake angle.

' 8.3.4 Increasing tine rake angle increased the draught force
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cﬁrvilinearly upwards on all tines at all depth and moisture
contents. The increase in draught between 45° and 900,was small,
but considerable beyond 90°..

'8.3.5  The vertical soil force acting on the tine changed
curvilinearly with changing tine rake angle. The vertical force

component was zero at 650-700,

acting upwards at higher rake
angles but downwards below.
8.3.6 The relationship between the magnitude of the vertical

0

force component and tine depth was 1linear with 90 and 135° rake

angle tines but at 450, was slightly curVilinear.

0 0

8 3. 7 The vertical force component for the 45 and 90 rake

angles increased in magnitude with tine width but at a decreasing

0

rate resulting in a parabolic relationship. At 135 rake angle,

the increase was linear.
8.4.3 In the case of multiple tine systems, the draught and
vertical forces increased linearly With increaSing tine spaCing.

The rate of 1ncrease, however, was small.
8.4 Multiple tine studies:

8 4 1 No significant interaction in terms of soil
disturbance occurred in multiple tine systems positioned at the
same and different depths regardless‘of tine spacing. Each tine
tended to create a slot. |

8 4 2 The profile of soil heave formed &as more uniform at
closer tine spac1ngs with the extent of heave decreaSing slightly

as the m01sture content decreased in the mid plastic range. A

8.4.3 The draught and vertical forces increased linearly With

increaSLng tine spaCing. The rate of 1increase, however, was

small.
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8.5 Mathematical modelling:

8.5.1 Soil mechanics models were developed based on the
observed so0il failure patterns which depended upon tine rake
angle and aspect - ratio on the assumption that the soil ahead of
the tine would fail along the path of least resistance in such a
way that the horizontal force would be a minimum. The models were

as follows: -

O and 90° rake angle and wide tines

8.5. 1.1 For the 45
with‘aspect tratios less than 1.0, the existing two dimensional
wideptlnelfailure theorYﬁwas 'adopted and modified to include the
sliding resistance componentk at the side of the tine and the
crescent effect as ev1denced by the formatlon of SOll heave nhear
the tlne 51des.w\ | |

O and 90° rake angle and narrow tines

_ 8 5 1 2 For the 45
w1th aspect ratlos greater than 1.0, the lateral soil fallure
theory was adopted and modlfled to include the rising soil wedge
along the t1ne 1nterface. |
8 5 1. 3 For backward 1nc11ned tlnes (135O rake anglej,
the lateral failure theory was modlfled to include the statlc
so0il wedge elliptical‘ iﬁ shape, together with the sliding
reSLStance components at the sides and beneath the‘wedge. -

' 8.5.2 The ' predlctlon models ‘developed on a basls ’of
Mohr-Coulomb 5011 mechanlcs showed good agreement w1th the

.0

experimental results. At 90 rake angle, the vertlcal force

values were underpredlcted for tines greater than 50 mm w1de.
The assoc1at10n between the predicted and measured values was

closest at 70% m01sture content.
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8.6 Practical applications:

. -From the viewpoint of soil puddling under circumstances where
either. water or power resources are limiting, the following
conclusions could - be drawn, based upon the fundamental studies
conducted.

8.6.1 Small clods are more energy efficient when being
broken down since the process of wetting and weakening' in
strength is more rapid.

8.6.2 Forward inclined tines would help bring soil upwards
but are not efficient tools at breaking clods and tend to move
trash to the soil surface. Their advantage is low unit draught.

8.6.3 Backward raked tines would be more efficient at mixing,
clod breaking and smearing the puddled layer though a greater
draught force is needed at any working depth and the large
implement weights required to maintain a constant working depth.

8.6.4 The optimum rake angle range required to improve soil
puddling with minimum draught force is near 90°. For resource
poor farmers, the concept of tines with adjustable inclination
angle should be introduced where tine inclination could be
adjusted during the various stages of soil puddling.

8.6.5 A multiple tine system combining leading forward
inclined tines with trailing backward raked tines, staggered and
closely spaced, would increase the efficiency of soil mixing,
smearing and burying of organic material beneath the puddled
layer with a reduced number of passes. Any water trapped in the
slots initially created by the leading tines would be compressed
into the soil‘mass.

8.6.6 In puddling with powered tools, there would be little

gain in increasing the amount of water present much beyond the
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liquid limit for a given energy input. In cases Where water is

limiting, the puddling effect could be improved at a lower

moisture content by increasing the mechanical energy input.
1;8.6;7 Field leveliing could be better achieved with wide

backward raked tines.



- 176 -

REFERENCES

;

Adair, C.R.; Miller, M.D. and Beachell, H.M. (1962)
Rice Improvement and Culture in the United States. Advances in
Agronomy, Vol. 14, 61-108._

Agarwal M C., Slngh, R.; Batra, M.L and Agrawal, R.P. (1978)
Evaluation of Different Implements for Puddling of Rice Soils.
RISO, Vol 27 (4), 301 305. S D

Alderfer, R B. (1950) : : o L :
Influence of Seasonal and Cultural Condltlons on Aggregation of
Hagerstown 8011. 8011 Sc1. 69: 193-203.

Arya, L. M., Farrell D.A. and Blake, G.R. (1975)

A Field :Study of 3011 Water Depletlon Patterns in Presence of
Growing Soybean = Roots. 1. Determination of Hydraulic Properties
of the 8011. Soxl 801. Soc. Am. Proc., 39: 424-430.

Awadhwal, N K. (1980) :
Investigation of Dynamic Behav1our of Puddled Soxl Ph D The51s
(Unpub ), Punjab Agricultural University, Ludhlana, India.

Awadhwal, N. K. and Singh, C.P. (1985) ' RN -
Characterization of Puddled Soil. J.Agric. Engng. ISAE, Vol. 22
(1) 9-14." . : : ,

Bates, W.N. (1957) : '
Mechanlsatlon of Troplcal 80119. Temple Press, London.

Baver, L.D. (1964)
Soil : Physics. . John Wiley and Sons, 1Inc., New York. Ed. 3,
148 149. : T CE ol

Beacher, B.F. and Strickling, E. (1955)
Effect - of Puddling on Water Stability and Bulk Density of
Aggregates of Certain Maryland Soils. Soil Sci. 80, 363-373.

Bekker, M. G. (1948) .
Photographic - Method of Determining the Soil Action Beneath
Footings. Proc. 2nd Int. Conf. on Soil Mechanics and Foundations
Engineering, Rotterdam. :

Blake, G.R. (1965)
Bulk Density. In C.A. Black (Ed.), Methods of Soil Analysis, part
1. Agronomy 9. Am, Soc. of Agron., Madison, Wis. 374-390,.

Bodman, G.B. and Rubin, J. (1948)
Soil Puddling. Proc. Soil Sci. Soc. Amer. 13:27-36.

Boyd, C w. and W1ndlsch, S.J. (1966) :
A Technique  for Measuring Deformations w1th1n a Sand under
Conprolled Wheel poads. Proc. 2nd Int. Conf. of the International
Society for Terrain-Vehicle Systems, Quebec.



- 177 -

Brady, N.C. (1978) .
80115 and Rlce. IRRI, Phlllpplnes.

Bruce, R R and Klute, A. (1956)
The Measurement of Soil Water lefu51v1ty 8011 Sci. Soc. Amer.
Proc., 20 458 462.‘, . . b :

Carslaw, H.S and Jaeger, J,C (1959)
Conduction of Heat in Solids.
Oxford‘at the Clarendon Press.

Chisholm, T.S.; Porterfield, J.G. and Batchelder, D.G. (1970)

A Soil Bin . Study of Three Dimensional Interference Between Flat
Plate .. Tlllage Tools Operating in Artificial SOll Paper - No.
70-122, 'ASAE, - St. Joseph, Michigan, USA. I

Chong, S.K. and Green, R.E. (1983)

Sorptivity- Measurement and Its Application. In ‘"Advances in
Infiltration. American Society of Agricultural Engineers, St.
Joseph, Mlchlgan, USA. 82-91

Dav1dson, J M., Nlelsen, D. R. and Blggar, J. w.a(1963) : o
The Measurement and Description of Water Flow through Columbla
Sllt Loam and Hesperla Sandy Loam. Hilgardia 34:601-617.

Partlcle Fractionation and Partlcle Size Analysis.« In C.A Black

(Ed.), Methods of Soil Analysis, part 1. Agronomy 9. Am. Soc. of
Agron., Madlson, Wis. 545-567.

De Datta, S K.;Krupp, H.K.; Alvarez, E.I. and Modgal, S.C. (1973)
Water Management Practices in Flooded Tropical Rice. :: IRRI,
Philippines. 1-18.

De Datta, S.K.; Morris, R.A. and Backer, R, (1978)
Land Preparation and Crop Establishment for Rainfed Lowland Rice.
IRRI Res. Pap. Ser. 22 .

De Datta, S.K., Bolton, F.R. and Lin, W.L. (1979)
Prospects for Using Minimum and Zero Tillage in Tropical Lowland
Riceo Weed ReSI 19’ 9-150

De :Datta, ‘S.K. (1981)
Principles and Practices of Rice Production. John wlley and Sons,
New York. -

Dettman, M.G. (1958)
Water . Uptake by Pure Clays and Soil Crumks. J. Soil ‘'Science
Vol.9, 306-314.

Dinglinger, E. (1920)
The Resistance to Digging. Fordertechnik, Vol. 22.

pransfield, P.; Willatt, S.T.; and Willis, A.H. (1964)
Soil to Implement Reaction with Simple Tines at Varlous Angles of
Attack._ J. agric. Engng. Res. 9 (3) 220- 224. ,



- 178 -

Dutt, P., Panda, B.C. and Choudhury, A.K. (1986)
Float Harrow and Its Performance. Agricultural Mechanisation in
Asia, -Africa and Latin America, Vol. 17 (1) 37-38.

Ede, ‘A.N.: (1956)
Concrete as a Material for the Mechanical Installation of Land
Drains. MSc. Thesis (Unpub.), University of Cambridge.

Elijah, D.L. and Weber, J.A. (1971)
Soil Failure and Pressure Patterns in Front of Model Tillage
Tools. Trans. ASAE 14 (4) 781-785.

Emerson, W.W. and Grundy, G.M.F. (1954)
The Effect of Rate of Wetting on Water Uptake and Cohesion of
Soil Crumbs. Journal of Agric. Science 44 (3) 249-253.

Emerson, W.W. (1955)
The Rate of Water Uptake of Soil crumbs at Low Suctions. Journal
of SOll Sc1ence, Vol. 6, No. 1, 147-159.

Evans, 'D.E.; Johnson, C.E. and Schafer, R. L. (1984)
Tillage Tools:How Arrangement Affects Draft. Agric. Eng. 65 (10)
18-20. '

Fagi, A.M. and De Datta, S.K. (1983)

Physxcal Properties of Rainfed Wetland Rice Soils as Affected by
Cropping System and Crop Residue Management. Field Crops Research
6, 189- -204.

FAO (1956) .
Report of the Meeting of the Adhoc Working Group on the Problems
of Mechanlsatlon of Rice Production Under Wet Paddy Conditions.

Rome, Italy

Ferguson, W. (1970) '
Some Draught Measurement of Scarifier Shares. J. agric. Engng.
Res., 15 (2) 194-199.

Fountalne, E. R.-(1954) ‘

Investigation into the Mechanism of Soil Adhesion. J. Soil Sci.
5, 251-263.

Gardner, W.R. (1959)

Solution of the Flow Equation for the Drying of Soils and Other
Porous Media. Proc. Soil Sci. Soc. Am., 23, 183-187.

Ghlldyal, B P. (1969) :
Soil Compaction-A New System of Rice Cultivation. Indian Farmlng,
Vol.X1X, NO. 1, 19-24.

Ghlldyal, B P, (1978)

Effects of Compaction and Puddllng on Soil Physlcal Properties
and Rlce Growth. Soils and Rice. 317-336.

G111 w R. and Vanden Berg, G.E. (1968)
Soil Dynamics in Tillage and Traction. ARS Handbook No. 316
USDA.



- 179 -

Godwin, R.J. (1974)
An‘Investlgation.Into the Mechanics of Narrow Tines . in Frictional
Soils., PhD. Thesis (Unpub.), University of Reading, UK.

Godwin, R.J. (1975)
An Extended Octagonal Ring Transducer for Use in Tillage Studies.
J. agric. Engng. Res. 20 (4), 347-352.

Godwin, R.J. and Spoor, G. (1977)
Soil Failure w1th Narrow Tines. J. agric. Engng. Res., 22 (3),
213-228.

Godwin, R.J.; Spoor, G. and Soomro, M.S. (1985)
The Effect of Tine Arrangement on Soil Forces and Disturbance.
J. agric. Engng. Res. 30, 47-56.

Grist, D.H. (1953) .
Rice. Longmans, London.

Gumbs, F.A. and Warkentin, B.P. (1972) - |
The Effect of Bulk Density and Initial Water Content on
Infiltration in Clay Soil Samples. Soil Sci. Soc. Amer. Proc.,
36 720 724.

Gumbs, F. A. and Warkentln, B.P. (1976)
Bulk Density, Saturation, Water Content and Rate of Wettlng of
SOll Aggregates. Soil Sci. Soc. Amer. Proc., Vol. 40 (1) 28-33.

Gupta, R P. and Staple, w J. (1964)
Infiltration into Vertical Columns of Soil under a Small Positive
Head. So;l Sc;. Soc. Amer. Proc. 28: 729-732,

Haines, W. B (1923)
The Volume Changes Associated with Variation of Water Content in
5011 J. Agrlc. Sc1. 13, 296-310.

Hanamoto, s. (1957)
Artificial Soils for Laboratory Studies in Land Locomotion. Land
Locomotlon Research Branch, OTAC, 20.

Hanks, R. J. and Bowers, S.A. (1962) ;
Numerical Solution of the Moisture Flow Equation For Inflltratlon
Into Layered SOllS. Soil Sci. Soc, Amer. Proc., 26:530-535,

Hansbo, (1957) )

A New Approach to the Determination of the Shear Strength of Clay
by the Fallcone Test. Royal Swedish Geotechnical Institute Proc.
14, Stockholm.

Harris, R..F; Chesters, G. and Allen, O.N. (1966)'

Dynamics of Soil Aggregation. Adv. in Agronomy, 18, 107-169.
Harrison, W.L. (1973) N o
i?léo Fallure under Inclined Loads. J. Terramechanics, 10 (1),



- 180 -

Have, H. ten (1967)
Research and Breeding for Mechanical Culture of Rice in Surinam.
Centre for Agrlcultural Publications and Documentation, Surinam.

Have, H. ten (1972)
Cultural Practices for High Ylelds from Transplanted Rice.
Indian Farming, 22 (4), -9-13., ‘ S e

Head, K.H. (1980)
Manual of Soil Laboratory Testing. Vol.l Soil Classxflcatlon and
Compactlon Tests. Pentech Press Limited, London.

Heard H. C. (1960)
Transition from Brittle to Ductile Flow in Solenhofen Limestone
as a Function of Temperature, Confining Pressure and Interstitial
Fluid Pressure. = Rock Deformation: Geolog1cal Soc1ety of Amerlca
Memoir 79, 193-226.

Henin, S. and Santamaria, R. (1975)

Observation Comparee sur le comportment des fragments de terre
soumis a l'action de 1l'eau de differentes solutions et de
ltalcohol. Science du Sol. 171-182. : L

Hettiaratchi, D.R.P.; Witney, B.D. and Reece, A.R. (1966)
The Calculation .of Passive Pressure in Two Dimensional Soil
Failure. J. agric. Engng. Res., 11 (2) 89-107. ' .

Hettiaratchi,: D.R.P. and Reece, A.R. (1967)
Symmetrical Three DlmenSLOnal Soil Failure. J. Terramechanics. 4
(3) 45-67.. ~ -

Hettiaratchi, D.R.P. (1969)
The Calculation of Passive Earth Pressure. PhD. TheSlS (Unpub ),
Unlver81ty of Newcastle -Upon-Tyne.

Hettlaratchl, D.R.P. and Reece, A.R. (1974)
The Calculation of Passive Soil Resistance. Geotechnique, 24(3),
289-310."

Hettiaratchi, D.R.P. and;Reece, A.R. (1975)
Boundary Wedges in Two Dimensional Passive Soil Failure,
Ceotechnique, 25, 197-220.

Hettiaratchi, D.R.P. (1987)
A Critical State Soil Mechanics Model for Agricultural Soils. -
Soil Use and Management, Vol. 3, No. 3, 94-105.

Holmes, J.W. (1955)
Water Sorptlon and Swelling of Clay Blocks. J. Soil Sci. &6,
200 -208.

Ichlba, S.; Hyodo, K. and Ooishi, Y. (1987) : .
Vlsgallzatlon of the Cutting Mechanism of SOllS by the X-ray
Rad}ography. Proc. 9 th Int. Conf. of Int. Society for Terrain
Vehicle Systems, Barcelona, Spain, Vol.2, 793-800.



- 181 -

Izumi, S (1966)

Plowing, Puddling and Transplanting. In Matsubayashi et al.(eds),
Theory and Practice of Rice Culture, second edition, Ministry of
Agriculture, Japan. 379-396.

Jaky, J. (1948) 4
On the Bearing Capa01ty of Piles. Proc. 2% Int. Conf. on Soil
Mechanics and Foundation Engng.

Jamil, M.B. (1966) .

Review of World Rice Industry. Proc. of Conference on
Mechanisation and the World's Rice.

FAO, Rome, Italy.

Jarvis, N.J. and Leeds-Harrison. (1987)

Modelling Water Movement in Drained Clay Soil, 1. Description of
the Model, Sample Output and Sensitivity Analysis. Journal of
Soil Science 38, 487-498.

Jayasekara, E.H.W. (1966) :
Proc. of a Symposium on Research and Production of Rice Varieties
and Cultural Practices in Ceylon. The Colvmbo Apothecaries Ltd.
Ceylon.

.Johnson, L. (1963)
Power Requirement in Rice Production. Paper Presented at a
Conference on Agricultural Engineering Aspect of Rice Production,
IRRI, Philippines.

Johnson, G.C. (1977)
A Study of Abrasive Wear on Tines. MSc. Thesis (Unpub.), NCAE.

Kar,S., Varade, S.B., Subramanyam, T.K. and Ghildyal, B.P (1976)
8011 Physical Conditions Affecting Rice Root Growth: Bulk density
~and Submerged Soil Temperature Regime Effects. Agronomy Journal.
Vol. 68, Jan-Feb. 23-26.

Kawaguchi, K. and Kyuma, K. (1977)
Paddy Soils in Tropical Asia : Their Material Nature and
Fertility. The Univ. Press, Honolulu, Hawaii. S a

The Physical Properties of the Soil. Longmans, Green and Co.,
London.

Kemper, W.D. and Koch, E.J. (1966)
Aggregate Stability of Soils From Western United States and
Canada. US Dept. Agr. Tech. Bull. No 1355. ‘

Khan, A.U. (1975)

Mechanization Technology for Tropical Agriculture. Agricultural.
Mechanization in Asia, Africa and Latin America, Vol. 6 (1),
30-35.

King, D.W. (1969)
Soils of the Luton and Bedford District-A Reconnaisance Survey.
Soil Survey of England and Wales, Harpenden.



- 182 -

Klute, A. (1972)
The Determination of the Hydraullc Conductivity and Diffusivity
of Unsaturated Soils. Soil Science Vol. 113, No. 4, 264-276.

Koenigs, F.F.R. (1961)
-The Mechanical Stability" of Clay Soils as Influenced by the
Moisture Conditions and Some Other Factors. PhD Thesis (Unpub.)
Wageningen, Netherland

Koenlgs, F.F.R. (1963) ’
The Puddling of Clay Soils. Netherland J. of Agrlc. Sc1ence.
Vol.ll, No.2 Spec;al Issue, 145-157. o

Komori, S. (1974)
AnaIYSlS of Labour for Mechanised Working on Paddy Field. Jap
Agric. Res. Quarterly Vol. 8(3) 150 152. , ;

Konaka, T. (1974)
Similitude Studies on Soil Dynamics Properties in Puddling Field.
Japan agric. Research Quarterly, Vol.8 part 1, 37-39.

Korayem, A.Y. (1966)

Frictional Properties of Artificial .Soils. Trans. of the ASAE.
145-146, 150. o e ‘

Kostrltsyn, A K. (1956)

Cutting of a Cohesive Soil Medium with Knives and Cones. (NIAE
Translation No. 58). . .

Kuether, D.O. and Duff, B. (1981) :
Energy Requirement for Alternative Rice Production Systems in the
Tropics. S.A.E paper, No. 790837, 1-11..

Rumar, A.; Patil, V.S and Krishnamurthy, K. (1977)
Water Requlrements for Land Preparatlon. J. Current Research
Vol.6 Part 12, 212-213.

Kung, P. and Attayodhin, C. (1968) a )
Water Requirements in Rice Production. Proceeding Paper, 4 th
Seminar on Economics and Social Studies, Los Banos, Philippines.
94-112.

Lambe, T.W. and Whitman, R.V. (1969)
Soil Mechanics. John Wiley and Sons; Inc., New York.

Lauritzen, C.W. and Stewart, A.J. (1941) | |
Soil-Volume Changes and  Accompanying Moisture and Pore Space
Relationships. Soil Sci. Soc. Am. Proc. 6, 113-116.

Laurltzen, C W. (1948) o '
Apparent Specific Volume and Shrlnkage Characteristics of Soil
Materials. Soil Sci. 65, 155-179.

Lawrance, S. (1978) ‘ 4 ’ ‘
Failure, Displacement and Compaction of Cohesive, Plastic Soil
About Tines of Different Geometries. MSc. Thesis (Unpub.), NCAE



- 183 -

Lyon, T.L., Buckman, H.O., and Brady, N.C. (1952)
The Nature and Properties of Soils. 5 th Edition, Macmillan and
Co., New York.

Marshall, T.J. and Holmes, S.W. (1979)
Soil Physics. Cambridge University Press.

Massey, B.S. (1972)
Mechanics of Fluids. Van Nostrand Reinhold Company Ltd., London.

Matsubayashi, M. (1968)
Theory and Practice of Growing Rice. Fuji Publishing Co. Ltd.,
Tokyo, Japan.

May, J. (1968) o 2 .
Soil Mechanics and Dynamics Applied to Earth Moving. MEXE
Technical Note No. 14, 167. :

Mazurak, A.P. (1950) ; , : -
Effect of Gaseous Phase on Water Stable Synthetic Aggregates.
Soil Sci. 69: 135-148.

Mc Intyre, D.S. and Loveday, J. (1968) .
Problems of Determination of Soil Bulk Dens1ty and MOLSture
Properties From Natural Clods. Soil Sci. 105: 232-236.

'Mc George, W.T. (1937) -
Studies on Soil Structure; Some physical Characterlstlcs of
pPuddled Soils. Arizona Univ. Agr. Expt. Sta., Tech. Bull. No.67,
127-177. ,

Mc George, W.T. and Breazeale, J.F. (1938)

studies on Soil Structure: Effect of Puddled Soils on Plant
Growth. Univ. of Arizona College of Agriculture Agric. Exp.
Station Technical Bulletin No.~72.ﬁ_ - s : e :

Mc Kyes, E. and All, 0. S. (1977)
The Cutting of Soil by Narrow Blades. Journal of Terramachanlcs,
14, 43-58. : ‘

Meyerhof, G.C. (1951)
The Ultimate Bearing Capacity of. Foundatlons. Geotechnlque, No.2
(4), 310-332.

Miller, P.C.H. (1971)
Soil Failure and the Nature of the Force System with Very Narrow
Tines.- B.Sc Dissertation (Unpub.), NCAE. ,

Miller, E.E. and Gardner, W.H. (1962)
Water Infiltration into Stratified Soil. Soil Sci. Soc. Amer.
Proc. 26 : 115-119. ‘ -

Millington, R.J. and Quirk, J.P. (1959)
Permeability of Porous Media. Nature, Lond. 183, 387-388.



- 184 -

Moomaw, J.F. and Curfs, H.P. (1971)

Some General and Particular Aspects of Rice 8011 Tillage. FAO
Meeting of Experts on the Mechanisation of Rice Production and
Processing. Rome, Italy.

Naphade, J.D. and Ghildyal, B.P. (1971)
Effect of Puddling on Physical Properties of ‘Rice Soil. Ind.
Journal of Agricultural Science 41 (12) 1065-1067.

Navasero, N.C. (1969). : , ,

A Row Seeder for Lowland Rice Soils. Saturday Seminar, Agric.
Eng. Dept. ’ ' . ‘

IRRI, Philippines.

Nichols, G. (1976) ~
Comparative Performance of the Howard, Dondi and 1Iseki Rotary
Tillers. Muda Agrlc..Development Authorlty. :

Nichols, M. L. and Reaves; C.A. (1958)
Soil Reaction to Subsoiling Equlpment Agric. Engng. St. Joseph,
Michigan. V 39 No.6, 340-343.

Nljhawan, S.D. and Olmstead, L.B. (1947)
The Effect of Sample Pretreatment upon Soil Aggregatlon in Wet
Sieve Analysis. Soil Sci. Soc. Amer. Proc. 12 : 50-53. :

O'Callaghaﬁ,-d.ﬁ;"and Mc Culleh, P.J. (1965)
Cleavage of Soil by Inclined and Wedge Shaped Tines. J. agric.
Engng. Res., No. 10»(3), 248-254.

o'Callaghan, J.R. and Farelly, K.M. (1964) .
Cleavage of Soil by Tined Implements. J. agric. Engng ~Res., 9
(3) 259- 270.: ' '

Ojeniyi, S.0. and Dexter, A.R. (1979)
Soil Factors Affecting the Macrostructures Produced by Tillage.
Trans. of the ASAE.V 22 No.2, 339-343.

Olsen, H.W. (1960) .
Hydraulic Flow anough Saturated Clays. Clay Mineralogy. 9:
131-161. v ; P S

Olson, D.J. and Weber, J.A. (1965)
Effect of Speed on Soil Failure Pattern in Front of Model Tillage
Tools. SAE.Milwaukee Meeting. Paper No. 650691.

Omer, A.B. (1977) .
Narrow Tines Fallure of Cohesive Soils. MSc. Thesis (Unpub.),
NCAE. .

Osman, M.S. (1964)
The Mechanics of Soil. Cuttlng Blades.lJ. agrlc. Engng Res., 9
(4) 313-328. ‘ ,

Owen, G.T. (1988)
Soil Disturbance Associated With Deep Subsoiling in Compact
Soils. Can. Agric. Engng. V 30 No.l, 33-37,



- 185 -

Painuli, D.K.; Woodhead, T. and Pagliai, M. (1988)
Effective Use of Energy -and Water - in Rice-Soil Puddling. Soil
Tlllage Res., 12:149-161. , : : : T

Panabokke, C.R. and Quirk, J.P. (1957)
Effect of Initial Water Content on Stablllty of Soil Aggregates
in wWater. Soil Sci. 83, 185-195. :

Pandey, K.P. and Ojha, T.P. (1970) -
Optimum - Shape  of Rigid - Traction Wheels for Puddled Soil
Condition. J. agric. Engng. IIT, Kharagpur, 7 (1)

Pandya, A.C. (1962)
Irrigation of Rice. Indian Institute of Technology, Kharagpur. .

Payne, P.C.J. (1956)

The Relationship  Between the Mechanical Properties of the Soil
and the Performance of Simple Cultivation Implements. J. agric.
Engng. Res., 1(1l) 23 50. : , X

payne, P.C.J. and Tanner, D.W. (1959)
The Relationship Between Rake Angle and the Performance of Simple
Cultivation Implements. J. agric. Engng. Res., 4(4), 312-325.

Perumpral, J.V.; Grisso, R.D. and Desai, C.S. (1983)
A Soil' Tool Model: Based on-:Limit Equilibrium Analysis. Trans.
ASAE, 26: 991-995.

Peyn1rc1oglu, H. (1948) - .

Test on Bearing Capac1ty of Shallow Foundatlons on Horizontal Top
surfaces . of Sandfills and  the Behaviour of Soils Under Such
Foundations. Proc. 2nd Int. Conf. on Soil Mechanics and
Foundations. Englneerlng, Rotterdam.

Phlllp, J.R. (1957a)
The Theory of Infllttation‘ The Infiltration Equation and Its

Philip, J.R. (1957b)
Numerical Solution of Equations of the Diffusion Type With
lefu51v1ty Concentratlon Dependent Aust. J. Phys.rlo 129-42,

Philip, J.R.. (1968)
Kinematics of Sorption and Volume Change in Clay Colloid Paste,
Aust J.;Soil Res., 6, 249- 267.;

Prandtl, L. (1920) :
The Hardness of Plastic Bodles. Nachr. kgl. Ges. Wiss.,
Gottingen, Math. Phys. Klesse.:-

Prihar, S.S., Khera, K.L, Gajri, P.R. (1976)

Effect of puddling with Different Implements on the Yield of
Paddy and Water Expense. Journal of Research, Volume xiii, No.3,
249-254. , : : L



- 186 -

Rajaram, G. (1987)

Force-Time Behaviour of Tine Implements. Master of Engineering
Thesis (unpub.) Asian Institute of Technology, Bangkok,
Thailand. : g

Rath]e, J. (1932)
The Cutting of sand. Englneerlng 134, 116 118.

Rawllns, S. L and Gardner, W.H. (1963)
A Test of the Validity of the Diffusion Equation for Unsaturated
Flow of Water. Soil Sci. Soc. Amer. Proc. 27 : 507-510.

Reaves, C. A. (1966) . - S L
Similitude of Plane Chlsels 1n Artlficlal SOllS. Trans. of the
ASAE Vol. 9 No.2, 147-150.

Reece, A.R. (1965) S
The Fundamental Equation of Earthmov1ng Mechanlcs. Proc. Symp.
Earthmov1ng Machinery, Instn. Mech. Engrs. Pt.3E.

Rlchards, L A. (1947) Pt S NS I L
Pressure - Membrane Apparatus. Construction and Use. Agr.. Eng.
28:451-454, 460, )

Richharia, R.H. and Subbiah Pillai, S.M. (1962)
Mechanising the Puddllng of Rice Lands. Proc. of ‘the IAE, Vol 18,
23-24. : SR , ,

Richharia, R.H. and Pradhan, S.N. (1966)
Mechanised  Puddling of Rice :Lands, Proc. Conference on
Mechanisation and the World Rlce.,Warwickshlre. : -

Robinson, D.O. and Page, J. B. (1950) .
Soil Aggregate Stability. Soil Sc1. Soc. Amer. Proc., 25 29.

Robinson, L.H. (1959)

Effect of Pore and Confining Pressure on the Failure Process in
Sedimentary Rocks. Colorado School of Mines. Quarterly 54,
177-199.

Rogowskl, A S.,. Moldenhauer, W. C. and Khirkham, D. (1968) ,
Rupture Parameters of Soil Aggregates. Am. Soc. Soil Sci. Proc.,
Vol. 32 (5) 720-724.

Roscoe, K H., Arthur, J.R.F. and James, R.G. (1963) i ,
The Determination of Strains by An X-Ray Method. Civ. Eng. Pub.
Works Rev. 58, 873-876, 1009-1012.

Rowe, ‘R.J. and Barnes, K.K. (1961) - . o~ —
Influence of Speed on Elements of Draft of a Tillage Tool.
Trans. of the ASAE, 4 (1) 55-57. ' :

Russell, E.W. (1938) o
Soil Structure. Imp. Bur. Soil Sci. Tech. Commun. 37.

Russell, E.W. (1971) 4 | |
Soil Structure: Its Maintenance and Environment. J. Soil Science
vVol.22 (2) 137-151.



- 187 -

Russell, M.B. (1985) ' o o .
Rlce 5011 PhYSlCS and Agrohydrology. IRRI, Philippines.

Salih, R.O. and Maulood, A.O. (1988)
Influence of Temperature and Cycles of Wetting and Drying on
Modulus of Rupture. Soil’ and Tlllage Research, 11,' 73-80.

Salokhe, V.M. and Gee-Clough, D. (1988) :
Modes of Wet ‘Clay Soil Behaviour under a Single Cage. Wheel Lug.
Journal of Terramechanlcs, Vol 25, No. 4, 273 285. :

Sanchez, P.A. (1973a) : - o
Puddling Tropical Rice Soils: Effect of Water Losses. Soil Sci.
115 (2), 303—308.

Sanchez, P.A. (1973b)* ' ‘ o
Puddling Tropical Rice "Soils: Growth ~and Nutritlonal Aspects.
Soil Sci. 115 (2), 149-158.

Sanchez, P.A;(1976):« : Lo :

Soil Management in Rice Cultivation Systems. In Properties and
Management of Soils in,the Tropics. John Wiley and Sons, New
York. ' ' S

Sarker, R.I.(1985)

Effect of Tillage on Water Use. Department ‘of Irrlgatlon “and
Water Management, Bangladesh Agricultural University, Mymensingh,
IwM-11. v

Sarker, R.I., Hussain, D. and Dutta, S.C.  (1985)

Determination of Plough Pan and Estimation of Water Requirements
for Land Soaking and Land Preparation for Four Selected
Irrigation Schemes. Dept.  of Irrigation and Water management,
Bangladesh Agricultural University, Mymensingh.®

Scarlett, A.J. (1988)
An Investigation 1Into Impact Fracture of 8011 Aggregates. PhD.
Thesis (Unpub.), Silsoe College.

Seliqg, E.T. and Nelson, R.D. (1964) _
Observations of Soil Cutting with  Blades. Journal of
Terramechanics, Vol.l1l, No. 3, 32 53. ’ o ’

Sharma, P.K. and De Datta, S.K. (1985)
Puddling Influence on Soil Rice Development and Yield 8011 Sc1.
Soc. Am. J. Vol. 491,1451'1457°

Sinha, M.P. (1964) _ ‘

A Study of the -Measurement of Puddling and Comparative
Performance of Different 'Implements for Puddling in Rice
Cultivation. Paper No. IRC/AE-64/17, Food and Agriculture
Organization of the United Nations International Rice Commission
Third Meeting, Manila, Philippines.

Siemens, J.C. (1963) ST o » '
Mechanics of Soil under the Influence of Model Tillage Tools.
Phd. Thesis ( Unpub.), University of Illinois, Urbana, Ill.



- 188 -

Siemen, J.C.; Weber,.J.A. and Thornburn, T.H. (1965)
Mechanics of Soil'as Influenced by Model Tillage Tools. Trans.
of the ASAE.Vo0l.8, No.l, 1-7.

Singh, J. (1961)
Note on Measurement of Puddling Paper Presented at Agricultural
Implement Seminar. ICAR, New Delhi.z ‘ . S

Smith, D.L.O.; Godw1n, R.J. and Spoor, G. (1988)

Modelling Soil Disturbance due to Tillage and Traffic. Paper
presented at NATO Advanced Research Workshop on Mechanics and
Related Processes in Structured Agricultural Soils, Minnesota,
USA.

Soane, W. (1956)‘ B E . . S
Some Basic Considerations: of Soil. Mechanics -as  Applied..to
Agrlcultural Engineering. NIAE Translation No. 53.

Sokolovski, V v. (1965)
Statics of Soil Media..Pergamon Press.-

Spoor, G. (1969) " ' : Ll
Des1gn of Soil: Engaging Implements. Farm Machine Design.

Spoor, G. (1975)

Shatter Matters (Sub50111ng W1th W1nged Tines) Power farming. 54
(9) 1l4- ls.jt.ﬂ JON LT
Spoor, G. (1976) '
More Shatter Matters. Power Farming. 55 (l) 34-35.

Spoor, G.  and Godwin, R J.o (1978) N Co
An Experimental Investigation into the Deep Loosening of Soil by
ngld Tines.»J agric.‘Engng Res., 23 (3), 243 258,

Spoor, G. and Godw1n, R J. (1979)

Soil Deformation and Shear Strength Characteristics of Some Clay
Soils at Different M01sture Contents. Journal of soil Science,
30, 483 498.- . o ST oL -

Spoor, G. and Godwin, R J. (1979) L
Effect of Tine Position on the Performance of Multitined
Implements. :Proc. 8th Conf Intl. Soil and Tillage Res. Org.

Spoor, G., Leeds-Harrison, P.B. and Godw1n, R.J. (1982)'
Some Fundamental Aspects of the Formation, Stability and Failure
of Mole Drainage Channels. Journal of 8011 Sc1ence 33, 411 425.

Spoor, G. and Fry, R K. (1983)
Field Performance of Trenchless Drainage Tines and Implications
for Drainage - System - Efficiency. J. agric. Engng. Res., 28,

Spoor, G. and Fry, R.K. (1984)
Soil Disturbance Generated by Deep Working Low Rake Angle Narrow
Tines. J. agric.vEngng. Res., 28 (3) 217 234. ’ »



-.189 -

Spoor, G.; Cohran, B.J. and Chakkaphak, C. (1985a)
Implement Design for Lowland Rice Based Cropping Systems. Soil
Physics and Rice. 309-322.

Spoor, G.; Miller, S.M. and Godwin, R.J. (1985b)

Mole Channel Stability. Report to Agriculture and Food Research
Council. Reference No: AG 63/165, . Department of Agricultural
Engineering, Silsoe College, Bedford.

Stafford, J.V. (1979)
The Performance ' of a Rigid Tine in Relation to Soil Properties
and Speed J. agric. Engng Res., 24, 41-56.

Stafford J.v. (1981)
An Appllcatlon of Critical State 8011 Mechanlcs. The Performance
of Rigid Tlnes. J. agric. Engng. Res., Vol. 26, No. 5, 387-401.

Stafford, J.V. and Tanner, D.W. (1983a) -
Effect of Rate on Soil = Shear Strength and 3011 Metal Friction:
Shear Strength. Soil Tillage Res., 3 (3), 245-260.

Stafford, J.V. and Tanner, D.W. (1983b)
Effect of < Rate on Soil - Shear Strength and Soil Metal Frlctlon'
8011 Metal Frictlon. Soil Tlllage Res. 3 (4) 321 330. .-

Stafford, J.V. (1984)
Force Prediction Models for Brittle and Flow Failure of Soil by
Draught Tillage Tools. J. agric. Engng. Res., 29 (1), 51-60.

Staple, W.J. and Gupta, R.P. (1966)
Infiltration into Homogeneous and Layered Columns of Aggregated
Loam, Silt Loam and Clay Soil. Can.  J. Soil Sci. 46 : 293-305. :.

Steel, R.G.D. and\Torrie, J.H. (1960) .
Principles - and Procedures of Statistics. Mc Graw Hill Book
Company, Inc. New York. TR S S

Stengel, P.(1988)

Cracks ° Formation During Swelling:Effects on Soil Structure
Regeneration After Compaction. Proc. 1Int. Soil Tillage Research.
11th Int. Conference, Edinburg, Scotland, 147-152.

Stirk, G.B. (1954)
Some Aspects of Soil Shrlnkage and the Effect of Cracking upon
Water Entry into the Soil. Aust. J. Agric. Res. 5, 279-290.

Stout, B.A. (1966)
Equipment for Rice Productlon FAO agric. Dev. Paper 84, 169.

Subbaiah S.V.,Singh, R.P., Pillai, K.G., Dhandapani, K.R. (1984)
Effect of Water Management Practices on Penetration. Resistance
of Paddy soil. Agricultural Mechanization in Asia, Africa and
Latin America, Volume 15 (4) 35-37.

Swick, W.C. and Perumpral J. V.,(1985) : ,

A Model for Predictlng Dynamic Soil Tool Interaction. Proc. Int.
Conf. Soil Dynamics. Auburn University, Auburn, Alabama.
384-399.



- 190 -

Taneja, M.L. and Patnaik, S. (1962)
Technique and - Determining the Degree and Depth of Soil Puddle.
Rice Newsletter, 10 (1), 27-28.

Tanner, D.W. (1960)
Furtherwork on the Relationship - Between Rake " Angle and the
Performance of . Simple Cultivation Implements. J. agric. Engng.
Res., 5 (3) 307-315.

Terzaghl, K (1942) ’ ’ '

Theoretlcal 8011 Mechanlcs. Wlley, New York.

Throne, D.W. and Peterson, H B. (1950)

Irrigated Soils: Their Fertlllty and Management. Blakistan Co.,
Philidelphia.fr ; . : R

Tiwari, G. and Singh, B. (1985) - : ;

Effect of Blade Angle and Width of Tractor Operated Rotary
Puddler on Puddllng Quality. J. agric. Engng. ISAE, Vol. 22 (2)
1- 8. -

Towner, G D.>(1973) P o o o

An Examination of the Fall Cone Method for the Determlnatlon of
Some @ Strength - ‘Properties of ' Remoulded Agrlcultural Soils.
Journal of 8011 Sc1ence, Vol. 24 No 4, 470 479, ° . PR

Towner, G. D. (1987a)
The Mechanlcs of Cracklng of Drylng Clay J agrlc. Engng Res.,
36, 115 124 ‘ :

Towner, G.D. (1987b)
The Tensile Stress Generated in Clay Through Drying J. agric.
Engng Res.,. 37, 279 289 ; o , ) :

UMAS. (1982)
Report . on - Farmers . Mechanisation Centre. Universiti Pertanian
Malaysia, Serdang, Selangor. Malay31a.' LT Lol

U.N. (1970)
The Mechanisation . of Rice Cultlvatlon. Economic Conmmission for
Europe. AGRI/MECH/44.‘ o : o S

Ura, T. and Tamamoto, Y. (1978)
Stablllty of Dragged Anchors Institute of Industrial Science,
Unlver91ty of Tokyo, Japan. 27 (4), Ser1a1 No 174, 1-19. . -~

Utomo, W.H. and Dexter, A. R. (1981)
8011 Frlablllty. J..8011 Sc1ence. 32 203-213.

Valera, A. (1977) T T R ST S
Field Studies on Water Use and Duration for Land Preparation for
Lowland Rice. M S. Thesis (Unpub )., UPLB, Los Banos, Laguna.

Vamadevan, V. K. and Dastane, N.G. (1968) :
Suitability of 80119 for Irrigated Rice. Riso, 17, 243 250.



-191 -

van Bavel, C.H.M. (1952) k : : -
Compact Wet ‘'Sieving Apparatus for Soil Aggregate Analysis.
Agron. J. 44, 97-98.

vVan de Goor, G.A.W. (1950) : ’ '
Research on Rice Irrigation. Contr. Gen. Agr. Res. Sta. Bogor
(Indonesia), No. 112, 34 pages. .

van Dijk, A.D. (1971): , ) , ’ < '
Tillage Practices and Tillage Equipment as used for Rice
Production on Large Estates in Surinam. FAO Meeting of Experts on
the Mechanisation of Rice Production and Processing, Paramaribo,
Surinam.

Waldron, L.J. and Manbeian, T. (1969)
Soil Moisture Characteristics by Osmosis with Polythelene Glycol.
A Simple System with Osmotic Pressure Data and Some Results,
Soil Science. Vol. 110, No. 6 401-404.

Wickham, T. (1972)
Water Management in the Humid Tropics-A Farm Level Analysis.
PhD. Dissertation, Cornell University, Ithaca, New York.

willatt, S.T. and willis, A.H. (1965)
A Study of the Trough Formed by the Passage of Tines Through the
Soil. J. agric. Engng. Res., 10 (1), 1-14.

Wismer, R.D. and Luth, -H.J. (1972)
Performance of Plane 'Soil Cutting Blades in Clay. Trans. of the
ASAE 15 (2), 211-216.

Witney, B.D. (1968)
The Determination of Soil Particle Movement in Two Dimensional
Failure. Journal of Terramechanics 5 (1), 39-52.

Wong, J.Y. and Reece, A.R. (1966) :
Soil Failure Beneath Rigid wWheels. Proc. 2nd Int. Conf. of the
International Society of Terrain-Vehicle Systems, Quebec.

Yadav, J.S.P. (1972)
Water Management and Irrigation Scheduling in Relation to Rice
Production. Oryza 9 (2) 77-96.

Yoder, R.E. (1936)

A Direct Method of Aggregate Analysis of Soils and a Study of the
Physical Nature of Erosion Losses. J. Am. Soc. Agron. 28,
337-351.

Yong, R.N. and Warkentin, B.P. (1975)
Soil Properties and Behaviour. Elsevier, Amsterdam.

Youker, R.E. and Mc. Guinness, J.L. (1957)
A Short Method of Obtaining Mean Weight Diameter Value of
Aggregate Analysis of Soil. Soil Science, 83: 291-294.

Youngs, E.G. (1981)
Use of Similar Media Theory in Infiltration and Runoff
Relationships. In Pre-symposium Proceedings of the International



- 192 -

Symposium on Rainfall-Runoff Modelling, Mississippi State
University, Mississippi State, MS 109-110.

Zelenin, A.N. (1950)
Basic Physics of the Theory of 8011 Cuttlng (NIAE Translation,

not numbered)

2hang, T.L. and Shao, Y J..(1984) .
The Analysis. of. the Dynamic-Performance of a- Single Lug. Proc. 8
th Int. Conf. ISTVS, Cambridge, UK. 575 591.,



- 193 -

Table 2.1 "Effect of method of wetting on the percentage of
aggregates stable in water (Kemper and Koch, 1966).

Wetting technique

Soils by immersion under suction under vacuum

Soils  ©° S T »

of western | 41 . 74 70

USA = i IEEET

Soils of : ~

southeastern 83 . o 98 99

Usa EESRER “

Table 2.2 Water use for land preparation in various Asian

countries (After Kung and Atthayodhin, 1968).

Country Days of preparation Depth of water Soil
mm

China - 200-400 Heavy

Japan - 120 Light

Korea - 122 -

Taiwan - 180 -

India 15 298 -

Bangladesh . 5-10 180 -

Thailand - 300-400 -

Malaysia - 180 -

Philippine 30 220-290 Clay
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Table 2.3 Average labour and power requirements in secondary
tillage for producing rice ( Adapted from Johnson,

1973)
Source of Power Manual - Animal Engine
' ' (h:/ha) (h /ha) (hp-h /ha)
(a) Hand hoe and rake. 100—250 - -
(b) Comb harrow drawn by -
4-5 men., . 250-500 - -
(c) Buffalo and comb harrow. v - .
multiple passes. 164 -100 64-100 -
(d) Animal drawn wetland : ,
puddler, rotary type. ~ 8-33 ' 16-66 -
(e) Power tiller . .. .. . . e e
(i) Traction type, 4-6
. hp with puddling
. wheels and comb . L : o
~ harrow. . 16-24 - 80-150
(11) Rotary tlller, 5-10 P . .
hp. 10-20 - 100-160
(£) Rotary tiller and 35-60 ‘ .
hp tractor with cagewheels L Co
on wet soil. , 4-32 - - 140-300




- 195 -

Table 3.1 A summary of the experimental treatments and the assess
ments made in wetland soil-implement mechanics study.

Experimental Treatments

Assessments

1. Clod wetting.
(3 clod sizes and 3
initial moisture
contents).
"a) unconfined and"
b) confined states

1.
2.
3.
4.
5.°

Moisture profile.
Volume change (Blake,
Dry bulk density.
Clod strength (Hansbo, 1957).
Verification of infiltration
models.

1965).

2. Clod drying.
(3 clod sizes and
1 moisture content).

1.

: 2 .
3.

Moisture profile. '
Volume change (Blake,

1965).
Dry bulk density. oo

3. Single tine experiments.
(1 speed, 3 rake angles,
3 depths, 2 widths and
3 moisture contents

Further experiments at 70%
moisture content (1 speed,
3 rake angles, 2 depths and
4 widths).

1.

2.
3.

4.
5.

6.

8.

Draught force.
Vertical force.
Magnitude and direction of

- resultant force.

Profile of disturbance.
Extent of lateral heave.
Disturbance pattern

a) Soil particle trajectory
" (Spoor and Fry,1983).

- b) Glass sided tank study.
- Soil physical and mechanical

properties.
Development and verlflcation
of soil failure models based

‘on lateral failure theory and

Hettiaratchi and Reece two
dimensional failure (1974)

_for forward and vertical

inclined tines.

Development and verification
of static wedge theory for
the draught and vertical
force of the backward raked
tine
4. Multiple tines experiments.| 1. Draught force.
(3 spacings, 2 depths, 2. Vertical force.
2 moisture c8ntents, 1 - 3. Profile of disturbance.
speed and 90  rake angle) R ‘ : ’
5. Soil puddling. ‘1. Wet bulk density.
(4 water-soil ratios, 2. Percentage aggregate size dis

1 speed and 1 puddler)

tribution (van Bavel, 1952)
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Table 3.2 Detailed treatments of each experiment conducted.

Experiments -

. Detailed Treatments -

1. Clo@ wettingi

" clod sizes: 25, 45 and 65 mm

cubes
initial moisture contents: =
13%, 22% and 38% (dry basis)

2. Clod drying

clod sizes: 25, 45 and 65 mm
cubes

initial moisture content:

38% (dry basis)

3. Single tine

moisture contents:

© - 42% and 56% (dry basis)

speed: 0.1 m/s 6 0 0
rake angles: 45, 90  and 135~ =
depths: 50.8, 101.6 and 152.4 mm

- -tine widths: 25.4, 50.8 mm:

moisture content:

- 70% (dry. basis)

_speed: 0.1 m/s , 0 0
- rake angles: 45, 90~ and 135
depths: 50.8 mm (all widths),
~.101.6 mm (all widths) and at
152.4 mm(25.4 mm and 50.8 mm

'~ tines only) -

4. Multiple tines

moisture contents:

56% and 70% (dry basis)

tine spacings: 101.6 mm, 152.4 mm
and 203.2 mm
- speed: 0.1 m/s

depth of leading tines: 50.8 and
.>101.6 mm

~ depth of trailing tane: 101.6 mm
- ‘tine rake angle: 90

5. Soil puddling

water-soil ratios:

0.8, 1.0, 1.2 and 1.4

1 puddler

rotational speed: 2000 rev/min
power input: 30 watts

stirring time: 5, 10 and 20
seconds
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=

Table 5.1a Physical properties of experimental soil.

Sand

Silt

“Ciay

" L.P.L

U.P.L

P.Index

2.52%

32.68%

 64.80%

. 24%

90%

66%

‘Table 5.1b Mechanical properties of experimental soil.

.. ,_,g"_
moisture c (kN/m?) d;‘(kN/mz) 'M¢‘(9) P vy (kg/m3j
content (%) O S e
42 29 0.20 1 18 | 1250
56 . 16 - 0.90" 0 | 22 | 1000
70 6 1.14 0 20 940

= soil shear strength,h‘f

a = soil-metal shearing resistance

-angle of soil shear strength ¢ ‘

soil dry bulk'density,;‘ﬂlh;m_

angle of soil-metal shearing resistance
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Table 5.2 A summary of results on the effect of clod size,
confining state and wetting period on clod volume
for digferent initial moisture contents. Units are

in (cm™). -
Size Wetting Initial moisture contents (%)
period 13 22 38
(days) o] N o U C U
0 9.89 | 12.49 | 110.31 | 14.07 | 14.12 | 18.33
1 ‘14,08 | '14.63 | 13.13 | 15.04 | 13.57 | 18.21
Small 3 114.58 16.58 | 13.32 | 15.36 | 13.90 | 18.04
5 '14.04 | 17.19 | '13.32 | 15.60 | 14.15 | 18.69
7 '14.71 | 17.16 | 13.45 | 15.62 | 14.01 | 18.24
0 58.58 | 72.90 | 66.91 | 78.59 | 82.66 | 85.35
1 77.74 | :78.39 | 75.27 | 82.32 | 81.21 | 86.54
Medium 3 80.90 | 88.83 | 80.08 | 86.18 | 81.33 | 87.73
5 79.68 | 96.54 | 81.32 | 83.82 | 81.41 | 87.69
7 82.57 |102.31 | 81.24 | 88.11 | 81.60 | 85.86
0 199.87 |207.47 |221.69 |230.14 [275.22 |[291.38
1 237.64 |233.14 | 228.38 |242.33 |274.19 [285.05|
Large 3 273.74 |270.58 | 242.53 |246.18 {278.68 [295.73
5 278.05 |273.48 | 257.23 |251.04 |280.02 [290.73
7 279.40 |282.37 |281.20 |259.42 [281.02 (288.91
LSD (0.05) 7.06 6.12 4.86

C = confined case, U = unconfined case.

LSD = Least significant difference.
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Table 5.3 A summary of results on the effect of clod size,
confining state and wetting period on clod dry bulk
density for gifferent initial moisture contents. Units
are in (Mg/m~).

Size Wetting ~ Initial moisture contents (%)
period 13 22 38
(days) | ¢ | v _{ ¢ | ©u ¢ U
0 | 1.81 ] 1.93 1.69 | 1.61 |1.29 1.29
1 "1.28 | 1.63 1.38 ‘|'1.57 - | 1.30 | 1.30
Small 3 1.26 ‘1.46 | 1.37 1.58 + | 1.32 | 1.32
5 “1.27 |-1.41 | 1.35 | 1.47 |1.30 | 1.28
7 {129 | 1.36 | '1.32 | 1.45 1.30 | 1.30
o | 1.83 |} 1.92 |[°1.60 |'1.54 [1.29 | 1.29
1 '1.36 | 1.73 | 1.41 | 1.s0 1.32 1.28
Medium 3 1.30 ‘]71.52 | 1.32 | 1,49 | 1.32 1.27
5 | 1.33 | 1.47 | 1.32 |'1.46 |1.31 | 1.28
7 | 1.29 | 1.37 | 1.31 | 1.42 [1.32 | 1.28
0 1.79 1.93 1.62 |°'1.66 |1.29 | 1.29
1 1.52 1.62 | 1.58 |'1.56 |1.29 .| 1.27
Large 3 1.32 |1.39 1.48 | 1.53 .]1.28 ' | 1.28
5 1.30 . | 1.39 1.40 | 1.48 |[1.27 |'1.28
7 “1.29 1.38 | 1.27 | 1.47 |1.29 | 1.28
LSD (0.05) ~0.09 |  o0.08 - 0.04

C = confined case, U = unconfined case.

LSD = Least significant difference.



- 200 -

Table 5.4 A summary of results on the effect of clod size,
confining state and wetting period on the rate of
water uptake by 0-10 mm layer for different initial
moisture contents.

Size Wetting| Initial moisture contents (%)
period 13 22 38
(days}. c. R ¢ IR N o Y c u
0 10.09 '12.46 20.09 20.79 37.28 38.24

1 [37.14 | 31.95 |33.71 | 27.02 | 38.18 | 39.26

small | 3 |40.04 | 31.49 |38.30 |27.19 | 38.29 | 41.91]
s |39.22 | 32.96 |39.76 |30.88 | 38.83 | 42.26
7 [39i19 | 32.75° | 40.97 | 32.02 | 39.58 | 42.77

"""""""" o [10.47 | 12.43 | 19.08 | 19.44 | 37.90 | 38.77
1 [36.87 | 30.73 [32.14 |26.98 | 38.34 | 41.52

Medium | 3  |38.99 | 30.60 |36.62 |27.75 | 38.81 | 41.68
(s [38.33 | 32.88 | 39.21 | 30.11 | 38.31 | 43.0]
7 |a1.52 | 35.36 |40.05 | 32.56 | 38.64 | 42.79

T o0 10,02 [ 9.40- | 18022 | 18.03 | 37.48 | 39.06 |
1 [32.26 | 28.60 |28.84 |26.92 | 40.13 | 40.53

Large | . 3 |38.63 | 35.67 |34.99 |33.46 | 39.45 | 41.64|
s [a1.90 | 38.80 |36.38 |35.24 | 40.58 | 42.63
7 J40.30 | 38.24 | 40.0¢ |41.02 | 40.49 | 43.71

LSD (0.05) 1.78 4,96 0.98

C = confined case, U = unconfined case.

LSD = Least significant difference.
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Table 5.5 A summary of results on the effect of clod size and
wetting perlod on depth of cone penetratlon for two
initial moisture contents. o

a) Initial moisture content at

21 3 % dry ba81s. -

Clod size Wetting period (days)

) 0 1‘ -2 3 '4 . .5 - -6 : Ty
Medium 0.8.| 2.6 2.6 2.6 2.7 2.7 2.7 2.6
Large 0.7 2.1 2.3 2.3 2.4 2.5 2.6 2.6
LeéstASighifitant:differeﬁCé =’0.2§v'

b) Initial moisture content = 37;6,§'dry basis
Clod size Wetting period (days) -

oo |1 2. 3 s 5 6 | 7
Small 2.7 2.7 2.8 2.8 2.7 3.0 3.0.J 3.0
Medium 2.7 2.8 2.8 2.9 2.8 2.9 2.9 2.8
Large 2.7 2'7 2.7 2.8 2.7 2.8 2‘8 2.8

Not sighificaht at 95% confidence level.
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Table 5.6 Predicted and experimental saturation values for 60 mm
" cube. Units are in percentage. o -

~ S0il layer, mm (from wetted end)

0-10 10-20 20-30" 30-40 | 40-50| 50-60

initial 76.26 86.09 88.50 90.03 90.56 | 87.07
state .
Day 1
calculated | 100.52 96.54 92,54 88.50 | 84.53 | 80.35
experimentall 104.35 90.86 86.75 85.13 84,56 | 81.53
Day 2
calculated | 100.52 96.54 92.54 88.50 | 84.53 | 80.35
experimental] 109.50 94.52 86.44 83.66 | 81.64 78.09
Day 3 : :
calculated | 100.52 | 96.54 92,54 88.50 84,53 80.35
experimentall 116.21 | 100.50 88.69 79.78 77.02 | 76.82
Day 4
calculated | 100.52, 96.54 | 92.54 88.50 | 84.53 | 80.35
experimentall 114.07 | 109.65 | 99.63 82.36 78.55 | 79.21
Day 5 i

1 calculated | 100.52: 96.54 . 92,54 88.50. | 84.53 | 80.35
experimental 103.47 95.66 90.96 89.16 88.61 | 86.69
Day 6 )
calculated | 100.52 | 96.54 | 92.54 88.50 | 84.53 | 80.35
experimental] 106.80 104.16 103,97 89.98 83.85 80.68
Day 7
calculated | 100.52: 96.54 92.54 88.50 84.53 | 80.35
experimental] 101.51 97.63 97.21 93.03 94,04 | 90.60
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Table,5;7,Predi¢ted and expérimental_héight;df infiltration(mm).

~a)small cube

4 ‘ . - | Experimental value Predicted value-
Number of days _

Day - 4.74 0 . "71.80

Day Ce.a7 | 2.ss
Day 7.2 |32
Day | . 3.600

o > w N =
(o]
]

Day 6 __ 4

pay 1~ | "3.86 1.80
Day 2

Day 3 | ,
Day 4 7.73

ﬁay 5 ’

Day 6

Day 7 | o.64 | a.16

b

'c) Large cube

Day 1 = 1.96 .~ | . 1.80
bay 2 : |
Day

Day

o > w [\8]

o .

[,

()]

w

L d

[«

o

Day
Day 6 5.99 4.41

Day 17 5.99 4.76
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Table 5.8 A summary of the average side disturbance from tine
side for three moisture contents (dry basis). Units are in mm.

Depth | | Rake angle| ‘Moisture contents(%)
(mm) (degrees) 42 56 70"
| 25.4 | s0.8 ) 25.4 |s0.8 |25.4|s0.8
45 32.60 34.60 35.60 44.60 37.30] 52.30
50.8 90 33.97 41.27 42,30 47.90 50.60| 54.60
135 40.63 | 46.30 52.30 59.60 57.30} 66.30
Cee 45 38.90 46.30 48.90 61.30 50.60| 67.90
101.6 : 90 42.30 49.60 52.30 | 64.60 63.90( 77.90
135 52.30 61.27 68.90 84.60 75.70| 93.60
S 45 40.30 50.30 56.60 64.60 60.60{ 77.30
152.4 . 90 47.30 54.60 55.30 69.60 69.60{ 91.30
135 . |61.60 | _79.40 | 81.10 {109.60 88.901121.30
LSD 4,08 6.72 6.82
LSD = Least significant difference

Table 5.9 A summary of the average side disturbance (mm) from
tine side for three depths and four tine widths at 70% moisture

content. | ‘

Depth“, Rake angle width of tine (mm).

(mm) (degrees) " 25.4 "50.8 " }""101.6 | 152.4
45 37.30 52.30 | 25.90 | 23.80

50.8 90 50.60 . ‘54.60 - 30.90 32.10
135 57.30 A‘§6.30 67.50 72.10
45 50.60 . 67.90 35.90 35.50

101.6 90 63.90 77.90 50.90 40.50

o 135 75.60 | 93.60 85.90 | 90.50

Least signifioant difference = 4.80




Table 5.10 A summary of mean draught force (N) over three blocks
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for three depths at 42% moisture content (dry basis).

‘Width of tine (mm)

Depth Rake angle
(mm) ~(degrees) 25.4 50.8
T 45 “142.25 - | = 214.50
50.8 90 214.50 . 286.34
‘ 135 316.10 512,14
I 45 "327.79 480.50
101.6 90 376.05 679.98
) 135 637.81 1144.25
45 500,36 772.15
152.4 90 555.09 -~ 879.96
135 1303 11 0 1913.04

y o

Least signifiéant difference = 69.67 N

Table 5. 11 A summary of mean draught ‘force (N) over three blocks

for three depths at-56% m01sture content (dry basis)..

Depth .Rake angle . Width of tine (mm)
(mm) | (degrees) . -25.4 50.8
. 45 78.48 ~118,35-
50.8 90 94.12 , 183.56
- 135 -~ ©174.40 282,56
- 45 . 180.85 258.52 -
101.6 90 1 212.55 ;. 352.40
. 135 oo "351.89 "~ 565.12°
45 278.77 408.30
152.4 90 306.87 454 .84
135 1145.82

753.70

Least significant difference = 45.62 N




Table 5.12 A summary of mean draught force (N) over three blocks "
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for three depths at 70% moisture content (dry basis)

Depth Rake angle " Width of tines(mm)
(mm) (degrees) ... ... . 25.4. . 50.8
‘ 45 29.43 - 44,38
50.8 90 40.22 - 64.46
.135 65.40 105.96
a 45 67.82 101.47
101.6 90 81.75 -~ 138.95-
135 164.66 252,07 .
. 45 118.24 - 150.94 -
152.4 190 123.64 - - 220.88
135 298.42 429,20 . . . ... .

Least significant difference = 20.93 N

Table 5 13 A summary of mean draught force (N) over three. blocks .
.for two depths at 70% mOLSture content (dry ba51s) : ,

-

Width of tines(mm)

Depth Rake angle

(mm) | (degrees) 25.4 | 50.8 101, - |152.4
‘45 29.43- | - 44.38 62.34| 85.89

50.8 . 90. . 40.22 64.46 126.41(189.71 .
135 65.40 105,96 222.421292,12

: 45 67.82 ~101.47 142.39(191.93

101.6 .90 81.75. | 138.95 | 188.50(395.16 .
135 164.66 252.07 - 403.64(577.80

LeastAsignificént difference = 16.11 N




Table 5.14 A summary of mean vertical force (N) over three blocks
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for three depths at 42% moisture content (dry basis).

Depth Rake angle Width of tine (mm)

(mm) (degrees) 25.4 50.8
45 -51.58 .=151.55

50.8 90 45.03 130.03
"135 208.44 .416.88
: 45 -88.27 -202.76
101.6 90 54.22 146,99
.. 135 398.75 797.50
45 -107.46 -326.26
152.4 90 63.25 ..158.30
135 606.10 .1212.20

~ indicates downward direction

Least significant difference = 39.79 N

Table 5.15 A summary of mean vertical force (N) over three blocks

for. three depths at 56% m01sture content (dry ba31s)

Depth Rake angle o Wldth of tine (mm)

(mm) (degrees) 25.4 50.8
- 45 -27.78 -68.40
50.8 - 90 29,80, . - 53.16
‘ 135 115.00. 236.00
45 -45,93 -119.75

101.6 .90 32.39 ~ 65.46 .
135 229.99 465.00
45 - =-47.93 -183.61
152.4 90 36,27 87.46
135 346.15 692.28

- indicates downward direction

Least significant difference = 16.57 N
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Table 5.16 A summary of mean vertical force (N) over three blocks
for three depths at 70% moisture content (dry basis).

Depth | Rake angle A » Width of tine(mm)
(mm) (degrees) 25.4 50.8

45 . ~15.53 ) =32.40
50.8 90 e 9.81 - - | - 14.95
o135 - | a3.13 | 90.00
, 45 - —=30.66 . =53.82
101.6 90 - 17.77 . 33.28
135 o 86.25 | 172.50
T 45 - —%2.08 | =121.93
152.4 90 : 18.54 S 56.16
13 '135.44 .|  258.75

- indicates downward direction-

Least:signifieaﬁt_difference,= 17.36 N

Table 5 17 A summary of mean- vertlcal force (N) over three blocks
for two depths at 70% m01sture content (dry ba31s)

Depth | Rake angle ; Width of tlne(mm)
1 (mm) (degrees) - ‘ 25.4 | 50.8 101 6 152.4
: 45 ' -15.53 -32.40 -55 54 -66.40
50.8 - - 90 9.81 14.95 50.32 | 67.59
: - 135 i 43.13 90.00 180.00 | 270.00 -
101.6 90 - "17.77 | 33.28 63.381102.70
135 | 86.25 172.50 345.00 | 517.50

- indicates downward direction

Least significant difference = 14;45 N
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Table 5.18 Magnitude and direction of the resultant force.

acting downwards

Treatment Moisture content (% dry basis)
42 : 56 . ; 70.
- ~ 0 : 0 | 0.
wxzxrake angle | R (N) 0n R(N) Or CRAN) 07
, 25.4x50.8x458 151.31 19,.93%* 83.25 19,49~ 33.28 27.82+*
125.4x%50.8x%90 0 219,18 11.86 98.72 - 17.57 41.39 13.70:
25.4x50.8x1350 378.65 33.40 208.90 33.40 78.29 33.40
25.4x101.6x45o 339.47 15.07* 186.59 14.25%* 74.43 24.33*
125.4x101.6x90 0 379.94 8.20 215.00 = 8.66 83.66 12.26
25.4x101.6x133 752,20 32,01 420.39 33.17 185.88 27.65:
25.4x152.4x450, 511,77 . 12.12*| 282.86 9.76*% | 133,55 27.70%*
25.4x152.4x90 0 558.68 6.50 309.01 6.74 127.00 8.39
25.4x152.4x185 1437.17 . 24.94 829.39 24.67 327.72 24.41
50.8x50.8x45, 262.61. . 35.24*| 146,53 36.13* | 54,95 36.13*
50.8x50.8x90" 314.48 . 24.42 191.10 16.15. | . 66.17 13.06;
50.8x50.8x135, 660.36 39.15 368.15 39.87 | 139.02 40.34:
50.8x101.6x450., 521.53. .22.88*| 284.91 24.85* | 114.86 27.94~*
50.8x101.6x90 0 695.69 12.20 358.44 .10.36 142.88 13.47
50.8x101.6x136 1394.75 34.88 640.87 39.45 305.44 34.39
50.8x152.4x45, 838.25  22.91*| 447.68 24,21* | 194,04 38.93*
50.8x152.4x90" 894.09 10.20 463.17 10.88 | 227.91 14.27.
50.8x152.4x133" 2264.76 32,36 1338.71 31.14 [501.16 31.08°
101.6x50.8x45o - - - 83.49 41.69*
101.6x50.8x90.0 - - - -. . 93.00 .21.70
101.6x50.8x135O - - - - 286.14 38.98
101.6x101.6x450 - - - - 174,32 35.24*
{101.6x101.6x90 "o - - - - 198.87 .17.68
101.6x101.6x185 -. - - 530.99 40.52
152.4x50.8x45, - - - 108.56 37.71+*
152.4x50.8x90" - - 116,48 . 19.61
152.4x50.8x135o - - - - 397.79 42.75.
152.4x101.6x450 - - - - 234.83 35.18+*
152,4x101.6x90 ol ~ - - - 268.23 17.96
152.4x101.6x135 - - - - 775.67 41.84:
w .= tine width (mm) . .
z = operating depth (mm) ‘
R . = the resultant force (Newton) e L
Op = direction of the resultant force to the horizontal (degree)
* = , :
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Table 5.19 Experimental results compared with total force of = =
tines when operated independently.

a) Draught force at 56% moisture content

Treatment - . .experimental calculated (total of inde
(N o pendent operations) (N)
'3 T™A _ 349.82 . 400.79
3 TB ¢ ... 631.91 . . ¢ 637.65
3TC . |.. 368.98 . 400.79
3 7TD -642.27 - ENE © 637.65
3TE .| . .396.23 . . 400.79
3 TF f -661.10 fo . 637.65

b) Draught force at 70% moisture content .

Treatment | ' _  experimental | . . calculated (total of inde
(N) : pendent operations) (N)
3 TA 137.24 162.19
3 TB 226.32 245,25
3 TC 146.67 162.19
3 TD 230.04 245,25
3 TE 153.92 162.19
3 TF 235.43 245.25

c) Vertical force at 56% moisture content

Treatment experimental calculated (total of indepen
(N) dent operations) (N)
3 TA 64.67 91.99
3 TB 71.91 97.17
3 TC 76.75 91.99
3 1D 76.30 97.17
3 TE 79.99 91.99
3 TF 80.50 ' 97.17

d) Vertical force at 70% moisture content

Treatment experimental calculated (total of inde
(N) pendent operations) (N)
3 TA 45,54 48.83
3 TB 67.39 53.31
3 TC 50.07 48.83
3 TD 76.27 53.31
3 TE 57.93 48.83
3 TF 76.26 53.31
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Table 5.20 Multitine spacings and working depth for two moisture

contents.

Treatment - Shallow leading tines - - | Rear tine- -
- spacing(mm) depth(mm) depth(mm) . - . =
3 TA — \101;6b“ ‘, ( 50.8“ ‘161.6 ——
3 TB : 101.6 i» “1101.6 — 161;6 ‘
7T 524 | 508 ! ToT. 6
3 fD — 152.4’-M,77  ’101.6 — : 161;6
3 TE ; 265;2 — f‘ ‘  50.8 ’ 161.6
3 TF 203.2 «~i6i.6 — 101.6‘
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Table 5.21 A summary of multitine results at 56% moisture
content (dry basis) compared with a single tine .
at the same depth as the rear tine. Units are in

Newtons

Treatment ! Mean Draught Mean Vertical Force
1T 212.55 32.39

T | 3a9.82 | 64.67

amm | 631,01 | 711

e | zes.es | 115

S 642.27 | . 76.30

s | ses.2z | T 79.99

T es1.10 | “g0.56 |

LSD (0.05) ' 51.00 14.33

LSD = Least significant difference.

'Téble,5.22 A éumhafy of multitidé results atv70%fmdiétdré
content (dry basis) compared with a 81ngle tine
at the same depth as the rear tlne Units are in’

'Newtons.

Treatment - Mean Draught . Mean Vertical Force

1T 81.75 17.97
Tt | wsn2e [T s5.54
N 226,32 . | . 61.33
Tare | weer | 50.07
T 230,06 | 76.27
e T sae2 | 79.99
B 222,10 | 76.22 |
LSD (0.05) 33.57 12.09
LSD = Least sigﬁificant difference.
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Table 5,23 Percentage aggregate size (< 0.5 mm diameter)*

Stirring Water-soil ratio

time -

(seconds) 0.8 1.0 1.2 1.4

0 24.53 (2.91) |25.18 (3.09) |24.67 (3.00)}25.60 (0.89)
5 40.26 (2.99) |53.34 (2.86)62.23 (7.10)|51.23 (1.22)
10 49.10 (1.19) |57.54 (3.69)[59.09 (1.38)|57.15 (3.89)
20 52.24 (1.10) | 66.45 (1.06)|62.29 (1.36)|66.17 (2.51)
* mean of three replicates. Least significant difference= 4.94

Flgures in brackets are standard dev1at10n values.

Table 5.24 Wet bulk density values (Mg/m3)*

Stirring " Water-soil ratio

time

(seconds) 0.8 . . ~1a0- o 1.2 - 1.4

5 1.49 (0.02) 1 42 (0.02) 1.27 (0.01) 1.29 (0.01)
10 1.48 (0.01) 1 35 (0.01) 1.24 (0.01) 1.26 (0.02)
20 1.48 (0.01) (1.35 (0.01) 1.23 (0.01) 1.23 (0.03)

* mean of three replicates. Least significant: difference- 0.02

Figures in brackets are standard deviatlon values.A

Table 5.25

4

- Initial water level and ievel of buddled soil after

stirring at different. times. Units are in millimeters.

S;irring wWater-soil ratio

time

(seconds) 0.8 1.0 1.2 1.4
Mean* sd Mean* sd | Mean* sd | Mean* sd

: Hwater [44.3 0.58 59.7 0.58| 66.0 1.00 | 73.3 0.58

° Hpuddle [42.3 0.59 | 46.3 1.53 | 52.7 0.57 | 52.0 0.20

""""" Hvater [45.0 1.00 | 59.7 1.50| 66.0 0.30 | 73.3 0.60

+0 | Bpuddie |44.0 1.00 | 54.7 1.52| 57.7 0.30 | 60.0 1.00

"""""" Hwater |45.0 1.00 | 59.7 0.59 | 66.0 1.00 | 72.7 0.60

20 Hpuddle |44.0 1.00 | 54.7 0.60 | 61.0 1.00 | 66.7 0.73

* means of three replicates. Base area of beaker = 11.33 cm2

Hwater
Hpuddle
sd standard deviation.

height of water level.
= height of puddled soil.
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Table 6.1 Parameters used in force predlctlon model.

(a) Dlmen510nless numbers

Parameter Rake angle (degrees)
45 90 135
Nca 0.80 2.00 -

. 0.70 0.50 -
SS-« 1.00 1.00 1.00
Nc' 5.14 5.14 5.14
m 2.00 1.50 -

,(b) Mechaniéai properties of experimental eoil at different
. moisture contents. :

moisture c (kN/mZ) C, (kN/mz) ¢ () ) (0) Y (kg/m3)
content (%)

42 29 0.20- | "1 18 .| 1250 =
56 16 “0.90 | o ~22 | 1000
70 6 1.14 0 20 940

c:

Ca,f

 On ©
] it

<
i

soii shear sﬁrength

soil-metal shearing resistance

anglefof‘soil shear strength

s011 dry ‘bulk denSLty :

angle of soml—metal shearing resistance
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Table 6.2 Comparison between tine aspect ratio and the critical
aspect ratio at 42% moisture content (dry basis).

Treatment Tine aspect ratio Critical aspect ratio
WXZX Q o : _
25.4x50.8x45 j 2.00 2.23
50.8x50.8x45 4 1.00 2.17
25.4x101.6x45 ‘ 4.00 ' 2,23
50.8x101.6x45 2.00 2.17
25.4x152.4x%45 6.00 2.23
50.8x152.4x45 : 3.00 2.17
25.4x50.8x%90 _ 2.00 0.96
50.8x50.8x90 : 1.00 0.96
25.4x101.6x90 4.00 0.96
50.8x101.6x%90 2.00 0.96
25.4x152.4%90 6.00 0.96
50.8x%152.4x%90 3.00 0.96
25.4x50.8x135 - T~
50.8x50.8x135 - -
25.4x101.6x135 - -
50.8x101.6x135 - -
25.4x152.4x135 - -
50.8x152.4x135 - -

Table 6.3 Comparison between tine aspect ratio and the critical .
aspect ratio at 56% moisture content (dry basis).. \

Treatment .Tine aspect ratio Critical aspect ratig
WX 2 X o :
'125.4x50.8x45 . : 2.00 : 2.18
50.8x50.8x45 . 1.00 : 2.09
25.4x101.6x45 ‘ 4,00 ‘ 2.18
50.8x101.6x45 2.00 2.09
25.4x152.4x45 6.00 : 2.18
50.8x152.4x45 - 3.00 - 3509 -
25.,4x50.8x90 2.00 0.96
50.8x%x50.8x90 1.00 0.95
25.4x101.6x%90 4.00 0.96
50.8x101.6x90 2.00 0.95
25.4x152.4x90 6.00 0.96
50.8%152.4x90 3.00 0.95
25.4x%x50.8x135 - -
50.8x50.8x135 - -
25.4x101.6x135 - -
50.8x101.6x135 - -
25.4x%152,.4x135 - -
50.8x152.4x135 - -




- 216 -

Table 6.4 Comparison between tine aspect ratio and the critical
aspect ratio at 70% moisture content (dry basis)

Treatment Tine aspect ratio Critical aspect ratio
WX ZXa o '
25.4x50.8x45 2.00 2.01
50.8%x50.8x45 . 1.00 1.86
101.6x50.8x45 0.50 1.65
152.4x50.8x45 0.33 1.50
25.4x101.6x45 4,00 2.01
50.8x101.6x45 2.00 1.86
101.6x%x101.6x45 1.00 1.65
152.4x101.6x45 0.67 1.50
25.4x152.4x%45 6.00 2.01
50.8x152.4x45 3.00 1.86
25.4%x50.8x90 2.00 0.95
50.8x50.8x90 1.00 0.94
101.6x50.8x90 0.50 0.92
152.4x50.8x90 0.33 0.90
25.4%x101.6%90 4.00 0.95
50.8x101.6x90 2.00. 0.94
101.6x101.6x90 1.00 - 0.92
152.4x101.6x90 0.67 0.90
25.4x152.4x%90 6.00 0.95
50.8x152.4x90 3.00 0.94
25.4x%x50.8x135 - -
50.8x%x50.8x135 - -
101.6x50.8x135 - -
152.4x50.8x135 - -
25.4x101.6x135 -

101.6x101.6x135 - -
152.4x101.6x135 -
25.4x%x152,.4x135 - -

50.8x152.4x135




Percentage of total amount

water taken un

- 217 -

+ Grassland srface crumb
© Barnfield 2N surface crumd
z Bornfield sub-sol core

Time (days) ,

."‘igure 2.1 Rate of water uotake with time of crumbs dried
: to wilting noint (Emerson, 1955).
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Figure 2.2 The degree of saturation of remoulded clay blocks
which change their volume during wetting and drying.
The change of matric notential with water content is
also shown (Holmes, 1955).
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=B 25,4 mm tine in an artificial soil (Qmer, 1977)
36% moisture content

—~— 50 mm tine (Tanner, 1960)

e 75 mm (Wismer and Luth, 1972)
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Relationship between draught force and tine rake angle.
Data for 50.8 mm depth .
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Figure 2.4 Relationship between draught force and tine speed.
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Figure 2.5 Relationshin between draught force and tine width (data for
50.8 mm denth)
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- Figure 2.6 Soil measurement and force relation with depth of
a vertical cutter in a cohesive soil (after
Kostritsyn, 1956) ’

- a) Soil movement caused by a thin vertical cutter.

; b) Relationshiv of cutting force to depth of oneration
for a vertical cutter,
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—O— 25.4 m tine (Qrer, 1977) -
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§
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Figure 2.7 Relationshib(')between draught force and tine depth
(Data for 90" rake angle tines).
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Rake angle (<)

width (w) \| ‘

Figure 2.8 . Simple implement geometry (Smith et. al, 1988)

AN

Z—

¢ Very rarvow the

Figure 2.9 Implement classification and soil dish;bame

(Smith et. al, 1988)

«— Crescent wing

= Crescent front

Figure 2.10 Soil failure crescents assumed by Payne (1956)
(Smith et. al, 1988)
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-

Narrow retaining wall
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<]

Weightless bearing
capacity failure
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L

Figure 2.11 Failure patterns assumed by O’Callaghan and
; Farrelly (1964) and O’Callaghan and McCullen (1965)
(Smith et. al, 1988)
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Narrow retaining wall
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with
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Figure 2.12 Failure patterns assumed by Hettiaratchi and Reece (1967)

(Smith et. al, 1988)
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Depth = 165mm

Force (N)

Depth = 115mm

Width (mm)
Figure 2.13. Comparison of O’'Callaghan and Farrelly (1964) model
and Hettiaratchi and Reece (1967) model :
data for 90° rake angle tines. (Smith et. al, 1988)

N
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' /r /‘ failure
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depth / \

==

-l N
N maximum
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Figure 2.14 Failure patterns assumed by Godwin and Spoor (1977)
(Smith et. al, 1988)
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Figure 4.1 TForces acting on the dynamameter with cultivation
tine attached and strain gauge bridge circuits (after
Godwin, 1975).
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Figure 5.1 Soil shear strength.
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Figure 5.2 Soil-metal shearing resistance
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Figure 5.5 Volume change of clods on wetting (Initial moisture
content = 12% dry basis).
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Figure 5.6 Volume change of clods on wetting (Initial moisture

content = 22% drv basis).
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Figure 5.7 Volume changé of clods on wetting (Initial moisture

content = 38% dry basis).
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Figﬁre 5.15 (continued).
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‘Direction of travel o L
CONO / Soil surface
50 1350 -

Working depth

Figure 6,1 Tine inclination angle in the direction of travel.
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(a) Wide tine

-—;———"Direction of Travel

Forward failure

:////fg;ward failure

&~

(90° rake anqgle)

So0il heave

Side failures

Figure 6.2 Assumed soil failure patterns for 45° ana
90° rake angle tines.
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(b) Narrow tine

Depth angle)
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Depth P . :
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Figure 6.2 (continued )."
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Fiocure 6.3 FOSCes acténg on ’a wide tine with
45~ and 90~ rake angles.
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a) Crescent geametry

Direction of trovel

]\-" a-43° —— experjmental data
$ ores = f'=
O T L Y r =f'- (f—s')sin,o
I ,. b
’l
_lr__.__. RS ] B Pl
Tine ——s% -3} Tine be—s? 2—{

b) Crescent boundaries

Figure 6.4 Crescent geanetry and crescent bounda.ry estimation
(after Codwin et. al, 1985).

(Plan view)l

Figure 6.5 Idealized failure geametry for a narrow tine in wet sbil.

(Tine rake ar1g1e=900 )1
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Figure 6.7 Dimensionless N factors for

Figure 6.6 lateral soil failure mechanism (after Codwin and
: , lateral soil failure (after
Godwin and Spoor, 1977).
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Figure 6.8 Forces on a narrow tine with 45° rake angle

90 L e

Figure 6.9 Forces on a narrow tine with 90° rake angle . .
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Pigure 6.14 Coodness of fit between vredicted and measured forces (tine

rake angle = 90°, moisture content = 70% dry basis).



2000

1600

1200

Predicted

800

1000
800

600

Predicted

400

200

- 304 -

* a) Draught force (N)

o Qegression b=1,0
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~ b) Vertical force (N) . . e

Fitted regression
B b =0.76
" ‘RBegression b = 1,0
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Figure 6.15 Coodness of fit between nredicted and measured forces (tine

rake anele = 1359, moisture content = 42% dry basis).
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a) Draught force
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Fiqure 6,16 Celationshin betueen nredicted and measured forces with tire width
- (Tine rake anele = 45°, moisture content = 70~ dry basis).
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a) Draught force
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Figure 6.17 Relationshin between nredicted and measured forces with tine width
) (Tine rake ansle = 90°, moisture content = 70% dry basis),
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a) Draught force

+
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Vlgure 6.18 Relationshio between predicted and measured forces with tine width,

~(Tine rake angle = 135°, moisture content = 70% dry basis).
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Plate 4.3 Prepared clods (medium size).

Plate 4.4 Drotection of clods acgainst moisture loss.
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Plate 4.5 Equipment used in clod preparation.

Il

Plate 4.6 Drying of clods on top of an oven.
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plate 4.7 Wetting of clods on a sand-table.

—

— o

raam A" ny'wa.

plate 4.8 Fouinment used for measurine clod strength and for slicine clods.
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plate 4.11 Plastic beads with string.

plate 4.12 Talcum grid on soil surface.
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plate 4.13 A laboratorv nuddler with instrumentation.

nlate 4.14 A wet sievineg anénaratus.



Plate 4.15 A set of sieves.

plate 4.16 TPlastic beakers containing puddled soil.
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Plate 5.1 Side view of 25.4 mm tine at 45 degree rake angle
(depth = 50.8 mm, moisture content = 70% dry basis).

Plate 5.2 Wall of slot cut bv a 25.4 mm tine at 152.4 mm depth
(moisture content = 70% dry basis).
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Plate 5.3 Profile of disturbance by 152.4 mm tine at 45 degree
rake angle (depth = 101.6 mm, moisture content = 70%
dry basis).

plate 5.4 Soil movement ahead of a vertical tine (width = 25.4 mm,
moisture content = 56% drv basis).
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nlate 5.5 Profile of disturbance by a 50.8 mm tine at 42” moisturc content
(denth = 50.8 mm, rake ancle = 90 degrees).

Plate 5.6 Soil movement ahead of a backward raked tine at }5?4 mm depth
(width = 50.8 mm, moisture content = 567 dry basis).
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Plate 5.7 Profile of disturbance by multiple tines (spacing = 152.4 mm,
depth of leading tines = 50.8 mm, moisture content = 56% dry basis).

|

. 1 i
pN) ‘ % a
LA 1N

plate 5.8 DProfile of disturbance bv multiple tines (spacing

= 152.4 mm,
depth of leading tines = 101.6 mm, moisture content =

2.4
56% drvy basis).
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Appendix A.

Detailed Results on Clod, Tine and Soil Puddling Studies.
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Table A5.1 Water retention characteristics.

eplicate| Pressure (bars)

L 0 1 2 4 8 15
1 41.65 39.57 37.60 34.68 31.29 28.61
> 42.24 40.64 38.90  36.85  34.99 33.08 |
3 43.31 40.20 38.15  35.20  31.87 28.86 |
A 45.49  40.16 37.38 34,19 30.71 28.00 |
s | 44.93  39.43  37.03 . 34.34  32.12  29.93 |
s | 41:78. - 34.99 33.55  32.64  20.99  28.11 |
pean - [43.23 3917 370 aees  a1e3 29043
;a ....... 1.65 2.09 1.86 1.38 1.73 --Itgg --------
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Table A5.2 Triaxial test results to

getermine the values of ¢
~and ¢ for a-soil-density of 1250 kg/m~ at 42% mosture content.

Sample @, ., Max.load strain arga &, -& .3 q p

weetg) (kNIm2) (N) oo mm? (kB/mB) (kNIm2) (kNIm2) (oh/m?
109.34 6.90 71.95 14,00 1326 54.26 61.16 27.10 34.03
111.07 77.11 10.00 1267 60.86 67.76 30.43 37,33
110.04- - --- 66.95 -~ 10.00 1267 52.84 59.74 26.42 33,32
Mean - 55.99 62.89 27.99 34.89
108.94 34.50 80.78 14.00 1326 60.92 95.42 30.46 64.96
110.12 86.39 '15.00 1334 64.76 99.26 32.38 66.88
106.74 - 624027 -0 12,00 1288 48.35 82.85 24.18 58,68
- Mean 58.01 92.51 29.00 63.51
107.76 69.00 89.59 13.00 1303 68.76 137.76 34.38 103,38
105.79 66.15 12,00 1288 51.36 120.36 25.68 94,68
104.77-- -~ -70.21 13.00 1303 53.88 122.88 26.94 95,94
wmoeee oo Mean 58.00 127.00 29.00 98.00
106.89 103.50 85.49 14,00 1319 64.82 167.82 32.41 135.41
109.41 83.41 14.00 1319 63.24 166.24 31.62 134,62
110.99 ~ - - 69.26 15.00 1334 51.92 154.92 25.96 128,96
‘Mean 59.99 162.99 29.99 133.00

Mean sample weightr= 108.49 grams
Soil shear strength = 29 kN/m2
Angle'df soil shear strength = 19

Soil dry bulk density = 1250 kg/m3
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Table AS5.3 Triaxial test results to3determine the values of ¢
and ¢ for a soil density of 1000kg/m™ at 56% moisture content.

Sample &, , Max.load - strain areg a,-&. x q P
( 7n?) % 2 (hn7a2) (kh/n?) (ith/m?) (ha/m?

wt.(g) (kN (N) mm
87.10 6.9  40.00  11.50 1281 31.30. 38.20 15.65 22.55
86.90 42.60 12.50 1295 32.92 39.82 16.46 23.36
86.20 - 43.90 12.00 1288 34.08 40.98 17.04 23.94
Tean 32.76 39.67 16.35 23.25
89.20 34.50 49.00 12.00 1288 32.00 66.50 16.00 50.50
86.10 49.06 11.50 1281 30.30 64.80 15.15 49.65
87.20 45.36 10.00 1260 36.00 70.50 18.00 52.50
Mean 32.77 67.30 16.38 50.80
84.90 69.00 41.35 9.50 1253 33.00 102.00 16.50 85.50
85.26 40.95 10.00 1260 32.50 101.50 16.25 85.25
87.80 38.52 7.00 1219 31.60 100.60 15.80 84.80
~Mean 33.37 101.37 16.18 B85.18
85.15 103.50 39.62 9.00 1246 31.80 134.80 15.90 118.90
86.19 41.43 8.00 1233 33.60 136.60 16.80 119.80
86.50 . 43.57 11.00 1274 34.20 137.20 17.10 120.10

. Mean 33.20 136.20 16.60 119.60

Mean sample weight = 86.54 grams
Soil shear strength = 16 KN/m? |
Angle of soil shear strength = 0?

Soil dry bulk density = 1000 kg/m>
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Table A5.4 “Tfiaklal'te%t‘reéults to3determ1he the values of ¢
and ¢ for a soil dens1ty of 940 kg/m at 70% moisture content.

‘Sample . Max load straln are
wE.(g) (kN?m ) (N) 2 9 (k&/mg?(kn}mz)(ku}mz)(kN/mz
94.72 6.9 14.18 4.8 1202 11.80 18.70 5.90 12.80
93.6 14.59 4.0 1196  12.20 19.10 6.10 13.00
95.10 13.20 3.2 1176  11.22 18.12 5.61 12.51
Mean — 11.74 18.64 5.87 12.77
93.90- 34.5  14.41 - 2.0 - 1162 ~ 12.40 46.9 6.20 40.70
94.80 14.09 2.8 1174  12.00 46.50 6.00 40.50
96.20 13.91 3.2 1179  11.80 46.30 5.90 40.40
Mean 12.07 46.60 6.03 40.50
93.00 69.00 14.18 2.0 1162  12.20 81.20 6.10 75.10
94.81 13. 52 2.8 1174  11.52 80.50 5.76 74.76
95.80 14.26 4,0 1196  11.92 80.92 5.96 74.96
Mean 11.88 80.87 5.94 74,94
94.70 103.50 13.55 2.4 1168  11.60 115.10 5.80 109.30
93.60 - - 14.62 - --3.2 1179  12.40 115.90 6.20 109.70
95.20 14.93 3.6 1185  12.60 116.10 6.30 109.80
Mean 12.60 115.70 6.10 109.60

Mean sample weight = 94.59 grams.
fSoil shear strength = 6 kN/m2 .
0

Angle of soil shear strength = 0

Soil dry bulk density = 940 kg/m> .




Table A5.5_Slider test results to3determine the values of c¢
s for a soil density of. 1250 kg/m™ at 42% moisture content.
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and

Added weight
(grams)

Block

Normal sEress
(kN/m™)

Tangentia} stress
(kN/m™)

0.10

0.30
0.50
0.45
0.35
0.55
0.25

mean

0.40

250

O W

0.26

0.60
0.80
0.95
0.50
0.65
0.40

mean

0.65

500

AW

0.60
1.10
1.05
1.00
0.80
0.85

mean

0.90

750

O W=

1.45
1.10
0.90
1.25
1.00
1.20

mean

1.15

1000

A=W =

0.74

1.25
1.30
1.50
1.40
1.20
1.45

mean

1.35
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1250 .

AU W

1.40
1.65
1.85
1.90
1.30
1.50

mean

1.60

165.36 grams
2

weight of plate

yarga of plate 155 cm

jsoil-metal shearing resistance = 0,20 kN/m2

Iangle of soil-metal shearing resistance = 18°

.




- 329 -

Table A5.6 _ Slider test results to dgtermine the values of c_
‘and § for a soil density of 1000 kg/m~ at 56% moisture content.

A&déd weight Block Normal sgress Tangentia} stress
(grams) : (kN/m™) (kN/m™)

0.10 1.30
1.05

.95

1.25

1.15

0.90

OB WN

- smean . : 1.10

0.26 1.20
’ 1.30

1.70

1.60

1.25

1.35

250 .~y nn s

AL EWN R

mean 1.40

0.42 1.60
1.65
1.95
1.80
1.90 .
1,55

500

UL W

mean 1.75

0.58 1.82
750 |

O Ut o W N
[ \M]
o
0]

mean 3.00

0.74 2.20
2.55
2.45
2.60
2,30
2.10

1000

AU W

mean 3.40
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0.90 - 2.64

1
1250 2 2.80
0 2 2.80
4- 2.45
5 2.90
6 2.75

mean v 2.70

©165.36 grams
2.0. SR

:WeightAof plate

;area'bf’plate“ = 155 cm

;soil—metal sheariné resistance = 0.9 kN/m2

?angle of soil-metal shearing resistance = 229
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Table A5 7 Slider test results to determlne3the values of c¢ and
7§ for a soil’ den51ty of 940 kg/m~ at 70% m01stur3 /
content. L i

Added weight Bléck Normal sEress Tangentla} stress
(grams) = (kN/m*®) (kN/m<)

- 0.10 ‘ -~ 1.50
1.40
1.20
1.55
1.26
1.30

mean A 1.37

1.45
1.55
1.62
1.76
1.36

250

AUV W

mean 1.56

0.42 1.37
2.15
2.00
1.98
1.74
1.80

500

Y W

mean 1.84

0.58 2.00
2.10
2.50
1.90
2.30
2.40

750

DWW

mean 2.20

0.74 2.30

: 2.80
2.40

2.60

2.20

2.70

1000

U W =

mean 2.50
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0.90
1250

OB WM

2.52

2.95
3.05
2.64
2.74
3.14

se . e - .. mean - - -

2.84

ﬁéight of plate:=f165.36 grams
. oo )

area of plate-~f 155 cm

soil-metal shea:iﬂd‘resistance = 1.14 kN/m?

éhgle of soil-metalhéhéaring resistance = 20°
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Table A5.§ Volume of unconfined clods after different wetting
times (cm™). Initial moisture content = 12.74% (dry basis).

ia)'small clod

Wetting period | Sample 1 -| Sample 2 - Sample 3 Mean
|(pays) Cehs P

0 12.38 12.86 12.22 12.49
1 [ 1ast | 1s.0s | 1431 | 1463
3 1699 | 16.25 | 16,49 | 16.58 |
s | 1e.1 | 16.47 | 18.20 | 17.19
2T 172 | 17200 | 17001 | 17416
14 [T17.98 | 18.87 | 16.05 | 17.63 |
21 [T1e.as | T17sa | 17232 | 17.10
28 |T1s.32 | 16.78 17,89 | 17.66
s | 17.e8 | 18.01 | 18.89 | 18.20 |
22 | 18.60 | 18.52 | 18.15 | 18.42 |
b) Medium clod

Wetting period | Sample 1 Sample 2 Sample 3 Mean
(Days)

0 72.26 75.06 71,32 72.90
N 77,75 | 80.69 | 76.68 | 78.39 |
3T T e | 87.06 | 88.35 | 88.83 |
= | 89.35 | 92.50 | 107.83 | 96.54 |
7 103.03 | 102.55 | 101.42 | 102.31 |
14 |i0.81 | 10s.80 | 89.99 | 98.85 |
21| 88.70 | 100.39 | 101.20 | 96.76 |
26 |102.81 | 100.40 | 9417 | es.11 |
s [ 103.51 '103.68 | 108.74 | 105.29
iz |100.40 10,37 | 92.58 | 99.43 |
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P

c) Large clod . . . . ... .

Wetting perlod
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Volume of unconfined clods after different wetting

times (cm”) Initial moisture content = 21.76% (dry basis).

'a) small clod

Wetting period| Sample 1 ~ Sample 2 Sample 3 Mean
(Days) S

o | T1s23 | 1393 | 14.08 | 14.07
1 isaae | 1s.12 | 1458 | 1s.08
3 Tisi2r | 1s.er | 1s.20 | 1s.36
s | is.es | 1s.94 | 15.17 | 1s.60 |
77T Tisis0 | 1620 | 1515 | 1s.62
1 Twrese | 1148 | 1697 | 17.3¢ |
21 [ irer | 17.23 | 16.83 | 17.22 |
2% T 1700 | 17070 | 17.8s | 17,81
s T 1e0e | 1899 | 16022 | 17.75 |
a2 | 1e0sa | 1751 | 17.80 | 17.78 |
b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(Days)

0 79.60 77.70 78.40 78.59
' 84.89 | 82.81 79.31 | 62.32 |
s [ es.e2 | 815 | 85.18 | 86.18 |
s | 89.92 | 80.09 | 81.39 | 63.82 |
A e7.68 | 91.75 | 8s.16 | 88.11
1 | etes | s0.e0 | 88.07 | 90.21
T 90.2¢ | 89.32 | 89.65 | 89.74
26 | etas | 89.93 | 90.08 | 90.38
A 86.87 | 9l.97 | 17.09 | 85.31
2| 92.16 | 90.95 | 96.03 | 93.03




-—

3&5-

€) Large'clod

Wettingjpériod ‘Sample 1 | Sample 2 Sample 3 Mean
(Days) . . . e ,

0o 232.76 |  227.85 229.65 230.14
L 249.10 | 243.62 | 231.43 | 242.33 |
s 244,74 | 250.19 | 243.62 | 246.18 |
s | 267.37 | 241.06 | 244,58 | 251.04 |
" 257.43 | 269.05 | 251.61 | 259.42 |
T 263.78 | 261.83 | 254,48 | 260.03 |
T 270.84 | 264.99 | 258.84 | 264.84 |
s | 267.36 | 265.83 | 265.02 | 266.02 |
;;f—---—-——_‘--——-_;;;?;I--d 283.91 242.49 ---—535:5;'-
2| 263.83 | 269.92 | 271,95 | 267.89 |
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Table A5.10 Volume of unconfined clods after different wetting

times'(cm”) Initial moisture content

a) Small clod

38.81% (dry basis).

wéttiﬁg_pe;iod" _ Sample 1 Sample 2 Sample 3 Mean
(Days)

0 18.66 18.39 18.44 18.33
1] T1see2 | 18.27 | 18.33 | 1s.21
s ] 1ee2 | 17090 [ 1761 | 18.08 |
s ] [ 18.20 | 19.43 | 18.47 | 18.69 |
7 - ] is.es | 1s.1a | 1793 | 1s.24 |
1 | .36 | 1861 | 18.68 | 18.55
21 | 1. | 1s.42 | 18.47 | 18.36
28 - | ‘1875 | 18.38 | 18.20 | 18.44 |
35 | 109 | 1751 | 1s.6s | 18.42 |
a2 - 17.89 | 1s.46 | 18.36 | 18.24 |
b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days)

0 84.37 85.69 85.98 85.35
' 85.43 | 86.89 | 87.2¢ | 86.54 |
s 1 er2e | 86.88 | es.11 | 87.73 |
s | 85.99 | 92.76 | 86.48 | 87.69 |
. | Tesizo | esza | 84.06 | 85.86 |
VE 86.07 | 87.52 | 87.92 | 87.17 |
a1 | 85.02 | 86.35 | 86.64 | 86.00 |
s | 89.15 | 87.20 | 86.10 | 87.43 |
35 | eoes | s1.90 | gs.21 | 86.94
2 | 85.00 | 88.35 | 87.76 | 87.06 |




c)‘Large~¢iodb
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Wetting period Sample 1 Sample 2 Sample 3 Mean
(Days) — - o |

0 288.68 292.33 293.13 291.38

r (282.08 | 285.99 | 286.93 | 285.05 |
S 305.24 | 203.43 | 288.68 | 295.73 ]
s | 283.11 | 302.24 | 287.28 | 290.73 |
" 205.56 | 287.33 | 283.99 | 288.91 |
| 201.48 | 295.41 | 296.52 | 294.46 |
" 286.89 | 290.53 | 201.31 | 289.58 |
28| 204.45 | 288.71 | 285.88 | 289.65 |
s | 294.89 | 270.48 | 288.09 | 284.54 |
PO 285.48 | 204.58 | 202.98 | 201.07 |




Table A5.11 Dry bulk gens

different times

339 -

ity of unéonfined clods wetted for

(Mg/m~). Initial moisture content = 12.74%
(dry basis). = -

a) Small clod ' |

Wetting period |~ Sample 1 Sample 2 Sample 3 Mean
(days) ' '

o 1.95 1.87 1.96 1.93
1T  1es | 1se | 166 | 1.63
s T s sy e i
s | 151 | 147 |12 | 1.1
;T 133 | 138 137 | 1.36
e TTias. | 123 [ 1ae | 13|
T 138 | 132 | 1.4 | 1.3
28 128 | 1.38 | 1.36 | 1.3¢ |
s [ Tiae | i [aes T150 7]
e Tt | iee 13 |10 |
b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(Days)

0 1.94 1.86 1.95 1.92
LT s | 1es 1.76 | 1.73 |
s T it | wess | 147 | 1.s2 |
s | 17 | 13 | 11 | 1.7 |
P T 138 | 1.37 |
T e | s | | 13
1 T T e | 1 |1
e[ Tree [T T [T 1 | 1.3
s | 1ss | 1s | 128 | 1.34 |
e | wwm | 128 | 138 | 1.3 |
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c) Large clod

s

Wetting period Sample 1 Sample 2 Sample 3 Mean
(Days)

0 - s 1498 1.87 1.96 1,93
L T lee | 1.s7 | 1.es | 1.6z |
A T P 113e
s | 1 | 145 | 134 |13
2 1 | 13s | 141 |1.38
P RV EETPPE 1.30 | 1.33
21 i | 12e ] 10 |11
26 | 12 | 12e [ 12 1.0 |
s T T e T a0 |
ez [ Tizr ] 130 ] 130 | 1.29 ]
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Table A5.12 . Dry bulk §ensity of unconfined clods wetted for
‘(Mg/m~). Initial moisture content= 21.,76% (dry

different times
basis).

a) Small clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) - -~ -~ . .

0 - . 1.54 1.69 1.60 l1.61
1 T s | 1se | 1eer | 1.s7 |
3. - |- 1s2 | 1se | 162 | 188 |
s . T T T Tise 1
;T e e | 1 s
1| rar e v iz
U ‘134 | 141 | 139 | 1.3
2. | 1.40 | 1.38 | 1.36 | 1.38 |
3 | 133 | 130 | 139 | 1.3a |
2 | 1se [ 1as | 12 | 1
b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days)

0 1.47 1.62 1.53 1.54

r T s | raae ] Tse 1m0
s | 1z [ iso | iz | 1.as |
s | 137 | 1as | 1.55 | 1.4 |
TV T P P
1« | 138 | 136 | 138 | 1.38 |
21 | 13s | 139 | 138 | 1.31
2 | 137 | 137 | 13 | 1.3
s | 1.34 | 1.31 | 1.0 | 1.35
iz | 1.3 | 1.33 | 1.30 | 1.32
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c) Large clod S

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) ; :

1o . 1.59 1.74 1.65 1.66

T s | 1ess | 1. | 1.se

I R T Y ot

IE O P R I

17T ae T e [ s | 1
1.1 10 | ras [T1as | e
21 i T e a2 T A
28 | 1.3 | 138 | 138 | 1.0
s S 122 | 128 | 1.8 | 1.33
2. 130 | 1.3 | 14| 132




Table A5.13 Dry

basis).
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bulk gensity of unconfined clods wetted for
different times (Mg/m”). .Initial moisture content= 38.81% (dry

" a) small clod =

Wwetting period Sample 1 Sample 2 Sample 3 Mean
(days) L

0 1.29 1.30 1.28 1.29
T T 128 | 130 | 11 [T130 ]
A e R T T
s | 122 | 125 | 1.33 | 1.28 |
;T s | 12 | 1as | 130
1w | 12 | 10 | 130 | 128
2 | s | 12s [ ras |1
;;—__-—-‘—--—-—_---I?;;-— 1.30 1.31 -;:;5 -----
s | 1.28 | 132 | 1.1 | 1.30
2 1715 T T s T
b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days)

0 1.29 1.30 1.28 1.29
A T T 1.20 | 1.2
s | 12e | 126 | 12 | 121
s | 127 | 12s | 133 | 128 |
2 T12e | 12s | 133 | 128
1 12 | 12e | 12e | 130
21 | 1 i | nar | 12|
26| 128 | 1.33 | 1.33 | 1.3z
s | 129 | 1as |1z | 1]
sz | 1ass |12 | 1ss | 12|




c) Largé-élodx‘ o
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Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) _

0 LS S 128 b

If -------- R P 1.25 1.26 - 1.29 o -—-—-I?;;-_-
s T s | ee | 1e2e | 128
5 - |- 1.27 | 1.5 | 1.33 |  1.28 |
P 1.25 | 1.20 | 1.31 | 1.28 |
VRN R 1.26 | 1.26 | 1.27 |
a1 T e | 1.227 | 1.27 | 1.z8 |
28 .. | 126 | 130 | 130 | 1.29 |
35 129 | 133 | 1.32 1.30
a2 [0 | 12s [ 13 | 11
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TébiebAS.i4 Volume of.confined clods after different wetting

‘a) small clod.

..times (cm”). Initial moisture content = 11.19%
(dry basis).

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) B e ,

0 9.92 9.97 9.79 9.89
T T e ] 14 | 1311 | 14008 |
2T aes . | 13es | 13amn | 13.et |
P 1 1aer | 1430 | 1483 | 14.s8
e T T Tassz | 1ean [ 1478 | 14.14 |
s T Tizs | 1a.e7 | 14.20 | 14.08 |
o | T1aas | 1321 | 14000 | 13.93 |
. 1 1aes | 1s.00 | 14.47 | 14071 |
b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days)

0 57.90 58.27 59.56 58.58
A 75.60 | 78.35 | 19.27 | 77.74
> 85.47 | 83.13 | 82.28 | 83.63
A 81.32 | 80.35 | 81.03 | 80.90 |
PO 75.85 | 81.60 | 81.58 | 79.68
s | 79.40 | 79.91 | 19.73 | 79.68 |
s | 82.30 | 82.26 | 81.77 | 82.11 |
;T 1 e2.3s | 83.49 | 81.83 | 82.57 |




c) Large clod
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Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) - -

0. 200.56 200.72 198.33 199.87
' 238.46 | 238.65 | 235.81 | 237.64 |
. T 252.51 | 252,71 | 249.70 | 251.64 |
s 274.69 | 274.90 | 2711.64 | 273.74 |
PO 274.21 | 274.43 | 271.17 | 273.27 |
s | 279.01 | 279.23 | 275.91 | 278.05 |
s | 281.97 | 282.19 | 278.84 | 281.00 |
" 280.36 | 280.58 | 277,25 | 279.40 |
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Table A5.15 Volume of.confined clods after different wetting
times (cm”). Initial moisture content = 21.31%
77 (dry basis).

‘a) Small clod

Wetting period | Sample 1 ‘Sample 2 Sample 3 Mean
(days) ‘ '

0 10.31 10.73 10.89 L 10,31
1 i [ 13ar | 1m2r | 133
> | T13iae | 13a36 | 13.sa | 13.45
s T s s | 1310 | 13.3z )
.| iz | 13ia0 | 138 | 13.35
s | 132¢ | 13.46 | 13.25 | 13.32 |
o [ T1z.s1 | 13.20 | 13.46 | 13.44
7T Tiaes 13.20 | 13.49 | 13.45 |

b) Medium clod

Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) :

0 67.58 66.47 66.69 66.91
T 73.8¢ | 76.44 | 75.54 | 75.27]
A 79.85 | 78.66 | 75.20 |  77.93 ]
s 80.18 | 79.70 | 80.37 | 80.08 |
s ez | ese2 | 80.37 |  8l1.50
s | 81.76 | 81.72 | 80.49 | 81.32 |
s | 79.51 | [ 0.s0 | g0.98 | 80.43 |
;T 80.45 | e1.87 | 81.30 | 81.24 |




c) Large cled .
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Wetting period-| Sample 1 Sample 2 Sample 3 Mean
(days). . ‘

0o . $220.52 223.27 221.28 221.69
1 T 230.02 | 227.93 | 228.38 |
2 | 237.08 | 234.37 | 240.32 | 237.24 |
s | 2a12e | 244.27 | 242.05 | 242.53 |
s | 250076 | 253.89 | 251.58 | 252.08 |
s | 255.89 | 259.08 | 256.73 | 257.23 |
s R 269.46 | 212.82 | 270.34 | 270.87 |
" 280.36 | 281.97 | 281.28 | 281.20 |
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Table A5.16 Volume of confined clods after different wetting

times (cm™). Initial moisture content = 37.57%

 f“”'“”ff(drY'baSiS)f"_W
é) Small clodu | o
Wetting period |' Sample 1 Sample 2 Sample 3 Mean
(days) - - TE o
0 '14.18 14.17 14.02 14.12
T s [13ss 132 | 13.s7 ]
T e
5---t7_----------15:;2 13.94 14.0;-—------_15?;5 -----
s T 13er | 13.8s | 13.86 | 13.85 |
s . [ 1398 | 14.20 | 14.26 | 14.15 |
s -~ - - | 1a.22 - | 13.80 | 14.06 | 14.03 |
N P TR T IEVIPT R Y
b) Medium clod
Wetting period Sample 1 Sample 2 Sample 3 Mean
(days)
0 82.99 82.47 82.52 82,66
LT e | staas | 81.36 | 81.21 |
N 81.37 | 81.43 | s80.33 | 81.06 |
s [ so.o2 | s1.18 | sil.es | 81.33 |
P s0.48 | 8l.24 | sl.zz | 80.98 |
s | 8l.60 | 81.93 | 80.70 | 81.41 |
s | 82.25 | 83.07 | 81.o1 | 82.41 |
S 81.70 | 81.74 | 81.36 | 81.60 |




c) Large.clod
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Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) : . :

0 . e -273.50- 275.95 276.22 275.22
T 272.47 | 274,91 | 275.18 | 274.19 |
2 27350 | 275.95 | 276.22 | 275.22 |
s [ 276006 | 279.42 | 279.69 | 278.68
P 276.05 | 278.52 | 278.80 | 277.79 |
s T Tzer | 280.76 | 281.04 |  280.02 |
s | 278.32 | 280.81 | 281.00 | 280.07 |
S 278.27 | 280.76 | 281.04 |  280.02 |




Table A5.17 bfy bulk density of
“wetting times (Mg/m7).
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3confined clods after different
Initial moisture content

“““M"71L.19% (dry pasis).
a) small clod
Wetting period| "Sample 1 Sample 2 Sample 3 Mean
(days) B ’ o
0 1.73 1.86 1.83 1.81
1| 1i2s | 126 | 132 | 1.2
2 12 | 1es | 12s | 121
A O T N T T T R
P 1 127 | 10 | 126 | 128
s T e T 1es | Thze | 11 ]
s | 127 132 | 1.33 | 1.31 ]
. T 77150 | 1 | 126 | 129
b) Medium clod
Wetting period | Sample 1 Sample 2 Sample 3 Mean
(days)
0 1.73 1.92 1.82 1.83
1T e | s | 1a | 13
2T e ] 12 | 130 | 1ize
s 130 | 131 | 120 | 1.30
T T
; ------------------ 1.;;—-_------~Ij34 1;34-- 1?;;---
s | 1.28 | 129 | 1.30 | 1.20 |
;T 128 | 121 | 1.z | 1.29 ]




c) Large cled

Wetting period | “Sample 1 Sample 2 Sample 3 Mean
(days)

0 1.76 1.79 1.81 1.79
P Y O O
R R TP 1.43 1.a4 | 1.43
T a0 | nas | ise | 13z
e T aize T 12 | T1ss | 1.3t
ST e | 12 | 1ss | 130
6 - T [TTi2e | 128 | 131 | 1.20
T 2 12s | 12 | 1.2
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Table A5 18 Dry bulk den51ty of3conf1ned clods after different

"wetting times (Mg/m7).

-21.31% (dry basis).

fa)'Srnall‘clod"'\‘~

Initial moisture content =

Wetting period - sample 1 Sample 2 Sample 3 Mean
(days) - \
0 1.77 1.67 1.64 1.69
1 T ] s | 1se | 1as
2 T sy [ 1se | 1h3s ] 1.34 ]
s T s | 1ase | 1e3e | 131
s T s | 13s | 1.8 | 1.3 |
5 - oot 1.37 | 1.33 | 1.34 | 1.35
s [ i | 1 | 131 | 1.3
2T s | 1 | 13 | 12
b) Medium clod

|Wwetting period Sample 1 Sample 2 Sample 3 Mean
(days)
0 1.63 1.57 1.61 1.60
LT s e | e |t
2 ] T1ss | 136 | 12 | 1.38
P e T Ve TP
s ] 1es [ 12r | 12 | 129
s | 120 | 133 | 13 | 1.32 |
s | 130 | 138 | 1.31 1.32 |
;T e [ 130 | 12 | 1




¢) Large clod:,
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Wetting period | Sample 1 Sample 2 Sample 3 Mean
(days)

0 1.60 1.64 1.63 1.62
1 ise | 10 | 1.ss | 1.s |
a T T sz - | aes3 | 1.a | 1.s1
s T s - 1s0 | 1.4 | 1.4 |
s e rae | 1.ae | e
s - -~ 138 | 142 | 1.1 | 1.0 |
P T 1.36 | 1.34
T s [ 120 | 128 | 127
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Table A5.19 Dry bulk denSLty of conflned clods after different

-~ wetting times (Mg/m7).

Initial moisture content

37.57% (dry basis). B
'a) Small clod
Wetting period Sample 1 Sample 2 Sample 3 Mean
(days) .
0 1.27 1.31 1.29 1.29
1 T s sz [ s e
2 T 12s | 129 | 132 ] 130
P e e e T T
S T SO T A Y
5 | 1.28 1.29 1.32 1.30
s | 1.25 132 | 1.27 | 1.8 |
;T T e 1.29 | 1.28 | 1.30 |
b) Medium clod
Wetting period { Sample 1 Sample 2 Sample 3 Mean
(days)
0 1.27 1.31 1.30 1.29
1T T e | 1 | 1 |1z
2 12e | 1se | 12 |12
A T T T R PPt
s 130 | 13 | 11 [152 7]
s |12 | 13 [ 132 |1 ]
6 fre [ ves a2 vae
; ---------- 1.30 1.52 ..... 1.33 l.;; -----




c) Large clod
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Wetting period | Sample 1 Sample 2 Sample 3 Mean
(dayg) | S e s |

1 1.28" 1.31 1.29 1.29°

2 20 | 130 | 133 | 1.30 )
s 0 i | 12e ] 128 | 128
s ra2s | 12s | 11 [ 12 )
s | 126 o | 1.2 127 | 1.2 ]
s |11 | 1.2 | 1.28 | 1.28 ]
;T s rse | 12 | 1e2e |
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Table A5.20 Moisture content of 0-10 mm layer of unconfined soil
clods at different wetting times (percentage dry basis) Initial
‘moisture content = 12.74% (dry basis)

. e Wetting time (days)

Clod sizel Block| 0 1 3 5 7
. 1 112,94 31.85 31.69 32.71 31.28
Small 2 12,33 30.07 28.99 34.21 32.69
3 12.10 33.93 33.79 31.96 34.26
mean 12.46 31.95 31.49 32.96 32.75
e 1 12,10 | 29.58 29.68 31.99 35.61
Medium 2 12.85 30.49 31,43 32.95 36.59
3 12,34 32,13 30.68 32,70 36.88
mean 12.43 30.73 30.60 32.88 35.36
o 1 9.36 28.23 34,41 38.62 40.89
Large 2 9.51 29.65 36.07 37.50 36.65
. ...3 L 9.32 27.94 36.07 40.29 37.18
mean 9.40 | 28.60 35.67 38.80 38.24

14 21 28 35 42
1 33.01 36.88 35,66 37.33 38.93
Small 2 34.87 36.74 35.83 36.16 38.52
] .3 35,17 37.16 37.20 36.22 36.83
mean 34,35 36.93 36.23 36.57 38.09
o 1 37.16 38.16 36.80 38,77 37.45
Medium 2 37.56 38.40 37.36 41.35 35.76
.3 35.98 35.82 44,58 | 40.64 43,41
| mean 36.90 37.13 39.58 | 40.25 38.87
------ 1 36.97 | 37.10 36.07 | 37.58 37.93
Large 2 37.13 37.82 38,61 38.70 41.07
3. 37.74 40.44 42,20 41,49 42,02
mean 37.28 | 38.45 38.96 39.26 40,34
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Table A5.21 Moisture content of 0-10 mm layer of unconfined soil
clods at different wetting times (percentage dry basis). Initial
moisture content = 21.76% (dry basis)

-Wetting time (days)

Clod size Block -0 1 3 5 7
1 20.73 26.00 28.85 31.90 30.32
Small 2 21.52 26.32 25.67 31.37 35.50
3 20.12 28.74 27.04 29.37 30.23
mean 20.79 27.02 27.19 30.88 32.02
1 19.99 27.96 27.10 28.97 33.68
Medium 2 19.48 26.16 27.94 31.54 30.92
3 18.84 26.83 28.21 29.82 33.07
mean 19.44 26.98 27.75 J 30.11 32.56
T 1 17.96 27.31 33.40 33.67 39.16
Large 2 18.26 27.63 32.62 35.63 40.36
3 17.88 25.81 34.37 36.42 43.54
mean 18.03 26.92 33.46 35.24 41.02

14 21 28 35 42
1 30.57 34.12 36.26 36.93 37.04
Small 2 34.51 37.06 36.66 38.28 37.10
3 32.15 36.32 36.08 36.02 36.89
mean 32.41 35.83 36.33 37.08 37.01
) 1 35.63 32.98 38.39 36.77 38.02
Medium 2 36.87 34.35 38.85 36.12 39.15
3 36.28 34.91 37.49 34.82 37.70
mean 36.26 34.08 38.24 35.90 38.29
T 1 39.07 40.00 38.90 41.26 42.26
Large 2 43.28 41.05 42.76 42.70 43.71
3 40.70 42.59 42.20 43.27 43.50
mean 41.02 41.24 41.29 42.41 43.16
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Table A5.22 Moisture content of 0-10 mm layer of unconfined soil
clods at different wetting times (percentage dry basis). Initial
38.81% (dry basis).

moisture content

Wetting time (days)

Clod size 0 1 3 5 7
small .| -2 --]37.72 | 40.12 | 43.55 42.63 42.23
3: 38.91 38.59 41.70 42.79 42.25
mean 38.24 39.26 41.91 42.26 42.77
-1 38.80 41.74 40.93 41.82 43.34:.
Medium v 2 38.85 41.56 41.47 43.27 $2.12 -
3 . "38.66 41.26 42.65 44,07 42.92
mean 38.77 41.52 41.68 43.05 42.79
T -1 38.91 40.27 41.57 42.30 43.15.
Large 2 39.55 40.94 41.92 42,72 44.49
3. 38.73 40.38 41.43 42.87 43.49
mean : 39.06 40.53 41.64 42.63 43.71
‘14 21 28 35 42
1 44,21 44.66 42.51 44,78 44.48
Small 2 42.54 42.66 44.16 44.76 43.07
Y S 44.61 43.30 44,30 44 .52 42.36
mean 43.79 43.54 43.66 44.69 43.30
T ) 42.10 42.56 43.61 45.52 47 .46
Medium 2 44.77 45.31 45.87 48.33 48.25
" . 3 45.74 45.49 46.93 46.99 46.45
mean- - 44.20 44 .45 45.47 46.95 47.39
________________________ R RSS! [PV SO NN
: 10 43.16 41.24 44.34 44.13 44.67
Large 20 44.14 42.11 43.05 43.97 44.79
-3 44.08 42 .54 46.05 46.10 44,62
mean - 43.79 41.96 44.48 44.73 44 .69
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Table A5 23 Moisture content of 0-10 mm layer of confined clods
* -at different. wettlng times  (percentage dry basis).

a) Initial moisture content- =

{

11.19%

| Wetting time (days)

éibd éize Block]. 0:: 1 2. 3 4 5 6 7
©1}19.84| 36.88| 38.81| 39.70{ 38.95(38.97138.88|39.26
Small oo 21 9.44) 37,13 38.40| 40.41| 37.55/39.27138.74|39.37
Ceeeeme oo --3 110,98 37.40| 37.65) 40,01} 40.39/39.42{37.96(38.93
mean {10.09 37.14| 38.29| 40.04] 38.96|/39.22|38.53{39.19
o i 1111.23] . 36.75| 40.18] 41.12] 39.41|37.46(39.82{40.89
Medium - 2110.77| 37.46] 39.86| 38.05/38.53|38.95{40.60{42,31
. --319.42|-36.39| 38.05| 37.80/ 38.24{38.58|39.53{41.37
mean |10.47] 36.87] 39.36| 38.99] 38.73|38.33/39.98/41.52
B 1 1]10.53| 33.04| 37.78] 39.78| 39.23|42.79|{41.35|41.07
Large =~ 21 9.43}).32.05| 36.67f 37.95/39.00/41.87{140.19{40.45
e ~--3110.,10| 31.69| 36.24| 38.15/37.63/41.04|39.66/39.39
mean {10.02| 32.26| 36.89| 38.63| 38.62{41.90}40.40/40.30

b) Initial moisture content = 21.31% (dry basis)
Wetting time (days)

Clod size BlocH O 1 2 3 4 5 6 7
1 20.85[33.45 | 34.92 {38.33|38.23{40.20{40.12 |41.30
Small 2 19.12]34.41 | 34.80 | 38.10{39.00(39.17(40.29 |40.30
: 3 20.29(33.27 | 35.32 | 38.48}39.71(39.92(39.80 [41.32
mean 20.09{33.71 {35.01 | 38.30{38.98|39.76(40.07 |40.97
1 18.47{31.47 |36.53 | 36.41|38.39(39.19(38.87 |40.01
Medium 2 19.15132.16 | 35.93 | 37.2038.62139.24|38.44 [40.00
3 19.61132.80 | 33.90 { 36.25{36.89139.20|38.55 [40.15
mean 19.08132.14 | 35.45 | 36.62|37.97|39.21|38.62 [40.05
1 17.39125.86 | 31.33 133.39/34.75|34.72|36.26 {41.07
Large 2 17.95{30.06 | 31.06 | 34.47{35.87{35.84(37.43 |39.39
3 19.33/30.59 |{31.29 |{37.11}/38,63{38.59|40.31 |39.66
mean 18.22|28.84 | 31.23 | 34.99|36.42|36.38(38.00 {40.04
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c). Initial moisture content = 37.57% (dry basis)

Wetting time (days)

Clod size Block 0 1 2 3 4 5 6 7
iy 1 [37.05| 38.55 | 38.39 [39.12 |38.86[38.78(39.61|38.63
Small- 2. [36.93( 38.07 | 38.38 | 39.59 |37.74[39.04|39.79| 40.48
3 [37.89)37.92 | 38.03 | 39.17 |39.11[38.67|39.82|39.64
mean- - [37.28] 38.18 | 38.27 |39.29 |38.57|38.83(39.74|39.58
. 1. [|38.21|38.48 | 38.41 |{39.14 |38.48|38.8140.22{38.97
Medium | 2 . [37.65|38.13 |37.32 |39.26 |38.42|38.23|39.53|38.19
3 .3 . [37.86|38.40 [37.73 |38.04 |38.86(37.89(39.32|38.76
mean [37.90| 38.34 |37.82 |38.81 |38.59(38.31(39.71|38.64
o 1.:.[37.28[39.91 [39.37 |39.24 [39.43(40.36(38.95|40.27
Large. .- 2 [37.70{40.36 |39.81 |39.68 |39.8740.81/39.3940.73
: 3 . B7.47/40.11 |39.57 |39.44 {39.6340.57(39.15|40.48
mean . [7.48[40.13 |39.58 |39.45 [39.64[40.58(39.16/40.49
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Table A5.24 Moisture distribution within unconfined clods wetted

for different times (mean of three replicates). Initial moisture

.contentrwasA12.74%.(dry basis) and suction was at.10 cm.

?65»éﬁéli clod

Wet;ingj Soil layer, mm

?gg;g?'; 0-5 5-10 10-15 15-20 20-25 mean

0 10.60 - 12.69 14,19 12,98 11.30 12,35
1| sa.as o 31.75 13.20 10.99  10.81  20.86
3 | 32.93, -30.05  17.65  1s.24  14.32 21.99
s | 33.06-- 32.86  25.34  24.59  23.99  27.94
2. | 33.26 . 33.24  32.71  31.77 . 30.65 32.12
e | 34.57 . 34.12  33.48  33.04  32.20 33.48
21| 39.17.. 34.68 32,98  31.57  31.13  33.91
28 | 36.54 . 35.91  35.24 34,18  33.80 35.25
35 | 37.07.  36.06  35.46  35.25  34.48  35.66
a2 | 38.61  37.57  36.83  36.37  35.74  37.02
b) Medium clod

Wetping Soil layer, mm

?gg;g? 0-10 10-20 20-30 30-40 40-50 mean

0 11.03 14.17 14.58 12,43 10.99 12.82

I_--O---__--55?55-----15.75 i 12.32 11.35 12,97 13?35—
3| s0.60  17.03  14.99  14.57  13.95 18.69
s | 32.88  23.1s  22.66  19.43  1s.81 23.55
7| 3s.96 34,13 33.92  30.23  29.41 33.15
w | 40.25  38.25  32.86  26.38  25.35 33,37
21 | 3.87  35.58  33.91  31.66  30.63 34.51
28 | 39.58  36.21  34.53  32.27  31.22 35.15
35 | 36.74  36.49  34.30  32.85  32.11 34.54
22 | 37.13  35.44  33.28  31.51  30.74  32.94
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c) Large clod . .

S

wetting| = ' Soil layer, mm
period T
|(aays) .| 0-10  10-20  20-30  30-40  40-50  50-65 mean
0. - - 9.40 13.12 14.58 15.11 14.35 11.80 13.06
1| 26.60  17.03  16.59  15.95  15.47  13.87 17,92
13 [3s.67°  19.47 . 16.75 . 15.65  14.85  13.47 19.15
s |38.80  33.17  23.46  22.00  21.38  20.40 26.54
7 |38.24  32.99  32.81  32.74  32.15  27.32 32.71
11a  [37.28  36.31  36.064 _ 35.68  35.21  34.89 35.90
21 |38.45  37.17 = 36.53  36.07  35.82  34.61 36.44
28 |38.96. 37.65  37.01  36.54  36.30  35.07 36.92
35 |39.26.  37.94:. 37.29  36.83  36.57 35.34 37.54
2 | 40.34  38.99  38.32  37.84  37.58  36.31 38.90
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Table A5.25 Moisture distribution within unconfined clods wetted
for different times (mean three replicates). Initial moisture

content was 21.76% (dry basis) and suction was at 10 cm.

a) small clod |

wetting| =~ . B - Soil layer, mm

period — .

(days) .| 0-5 5-10 - 10-15 15-20 20-25 mean
0. | 19.05 22.53 23.86 22.03 21.37 21.77
1 [28.22 26.84  23.75 22.84  21.70 24.67 |
3 2735 27008 26.59 26.20  25.00 26.46 |
s | 32.08 .. 2877 28.02 28.20  26.43 28.88 |
7 s101 s0.e0.  30.40  30.21  29.20 30.32 |
11 | 32.69_ 32.12  31.58 30.75  20.97 31.42 |
21 | 36.54  34.64 _ 34.15  32.29  31.15 33.75 |
26 | 37.42  35.32  33.85  33.80  33.53 34.82 |
35 | 37.20 __ 36.95  36.46  36.24  35.03 36.37
12 | 37.28  36.78  36.75 35.74 3491 36.29
b) Medium clod

Wetting Soil layer,mm

?ggig? 0-10 10-20 20-30 30-40 40-50 mean
0 19.43 23.67 24.19 21.97 18.95 21.53
] 26.98  24.94  23.57 22.17 20.52  23.98]
3 27.75  26.46 26.27 25.39 23.68  26.15
s |30.11  27.96 25.85 2422 23.04  26.58
7 |32.56  20.14  27.81  26.26  24.11 28.40
14 |36.26  32.60  30.47  28.69  26.52 31.39]
21| 34.08  33.88  33.48 32.24  31.20  33.17
28 |38.24  34.81 32,07 30.65 29.48  33.45)
35 |35.91  35.69  34.3¢  33.41  32.43  34.57]
a2 |38.20  36.41 3384 .69 29.87  34.48|
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c) Large clod

Wetting| R Soil layer,mm

period

(days) | 0-10 . 10-20 _ 20-30 = 30-40  40-50 50-65 mean

0 18.03 22.34 24,32 24.77 22.85 19.77 22.01
| 26.92  26.02  24.41  23.38  21.88 18.77 23.57
s [33.46  27.79  26.90  26.19  22.90 20.05 26.22
s |35.24  31.16 = 28.85  27.74  25.79  23.97 28.79 |
7| 41.02  36.39  30.50  28.36  25.77  23.96 30.99 |
1| 41.00  38:11  35.27  28.16  27.43  24.72 32.45
21 |a1.24  39.64  33.76  29.29  27.35 25.45 32.78
28| 41.29  38.82  32.79  30.95  28.89  26.51 33.24
35 |42.41  40.15  36.78  30.80  29.79  26.23 34.36
2 | 42.75  40.66  38.19  31.22 - 30.24  28.14 35.20
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.26 Moisture distribution within unconfined clods wetted

- for different times (mean of three replicates). Initial moisture
. content wa5ﬁ§8.81%1(d;yAbasis) and suction was at 10 cm.

a) small clod

Wetting Soil layer, mm

period :

(days) ‘0-5 5-10 10-15 15-20 20-25 mean

0 38.04 38.43 38.72 38.47 37.98 38.33
1 |T39.39 3912 39.53  38.72  38.08  38.96
37 | a2:53  41.28  40.82  40.76  40.09  41.25 |
s | 43.09  4l.41  41.13  40.92  40.12  41.33 |
| 43.17  42.36  41.94  41.49  41.34  42.06
1w | 43.96  43.61  42.87  42.53  41.35  42.86 |
21 | $3.78  43.29  42.77  42.39  41.60  42.77 |
28 | 43.85  43.40  43.15 42,91  42.30  43.13
35 | 44.88 44.49  43.97  43.78  43.69  44.16
2| 43.64  42.96  42.58  42.43  41.83  42.69 |
:5)‘Meaiﬁmhciod‘“5"i‘

Wetting Soil léyer, mm

period

(days) 0-5 5-10 10-15 15-20 20-25

0 38.35 39.19 39.48 39.03 38.62

| 32.65  40.39  39.31  39.06 .49
e 41.97  41.39  41.24  40.90 0.5 ]
s | 43.69 42.41  41.31  4l.27  40.69
] 14.03 © 41.55  40.08  40.21  39.88 |
14 |4s.11  43.29  az.63  4l.21  40.93
21 | 15.20 43.70  4l.e2  4l.14  40.28 |
28 | 45.84 ~45.10  45.00  44.32 43.33
35 | 47.98  45.92  44.94  43.56  a3.12 |
12 | 48.43  46.34  45.35  43.96 3.2
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25-30 30-35 35-40 40-45 mean
0 38.51°°~ 38.93 39.22 38.48 38.83
1| ss.38  38.28  38.18  38.12  39.20 |
3| 3s.81  39.46  39.02  38.98 s0.32 |
s | 10.33°  40.06  39.65  39.31 s0.96
7 [ T3e.21  3s.05  38.90  38.55 s0.16
| 40.82  40.38  40.30  40.95 s1.40 |
21| 40.15  40.05  40.03  39.69 a3
28 | 42.69  42.02  41.88  41.32 1432
35| 42.90  42.26  41.47  40.38 3.62
iz | 43.30  42.64  41.86  40.75 sa.02 |
fé)mﬁargé'¢l¢d,‘
Wetting Soil layer, mm
period
(days) | 0-10 10-20  20-30 30-40  40-50  50-65 mean
o  |39.06 39.20 39.30  39.32 39.57 39.24 39.28
1 40.53  40.30  40.21 39.49  39.19  39.13 39.81 |
s | 41.64  40.85  39.65 39.36  39.15  39.06 40.74 |
;7 ------ ‘Zgjggf—-ZItgg--—-§9.59 39.48 35:97---—55:5;-_25:I§f-
7| 43.71  42.11  41.10 40.80  40.73  39.73 41.36 |
14 |43.79 42.33  40.51 39.93  39.84  39.58 40.99 |
21| 41.96  41.16  40.78  40.42  40.35  39.78 39.95 |
28 | 4448 42.99  41.14  40.56  40.46  40.20 41.63 |
35| 44.73 43.24  41.37  40.79  40.69  40.43 41.87 |
42 |44.69 43.20  41.34  40.75  40.65  40.40 41.83 |
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.27 Moisture distribution within confined clods wetted

“for different times (mean of three replicates). Initial moisture
~content was 11.19% (dry basis) and suction was at 10 cm. .

a) small clod "

wetting v "Soil layer, mm

Period :

(days) 0-5 ~ 5-10 10-15 15-20 20-25 mean

0 9.71 10.45 11.75 12.21 12,10 11.24

1 " [3s:18 - 36.08 33.69  32.82  31.53  34.46
2 [3s.e6 - 3771 37.31  36.65  36.14  37.33
s 40.96  39.12 ° 37.61  37.52  37.19  38.48
s |39.94  37.98  37.43  37.31  37.06  37.94
5 - |39.85 38.59  38.22  37.81  37.30  38.35]
s |3s.73 38.31  37.89 3772 37.31  37.99
7| 43.44  42.38  40.40  37.67  36.87  40.15
b) Medium clod

Wetting Soil layer, mm

?ggig? 0-10 10-20 20-30 30-40 40-45 mean

0 10.47 12.10 12.44 13.15 - 11.88
1 |36.87 34.37 3120 27.64 - 31.81]
2 |39.36 36.96  35.34  34.98 - 36.66
3 |38.99 36.67  36.60  34.73 - 36.08
s |38.73 37.22  36.27  3s.12 - 36.84
s |38.33 37.64  36.15  35.20 - 36.83
s |39.98 38.23 37.01  36.55 - 37.94 |
;] s1.52  37.23  36.20 35.37 - 37.60
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Wetting .'Soil layer, mm

period

(days) 0-10 10-20 20-30 30-40 40-50 50-60 mean
(VI 10.02 11.83 12.31 12.52 13.35 - 12.01
1 [32.26  30.31  29.29 - 22.17  18.33  16.16 24.75
2~ [36:90 34.67  34.36 26.76  24.11  18.25 29.18
3-~ |38.63  36.08° - 35.60  35.08  36.07  22.42 31.31
| 38.62 36.59  36.63  35.57  36.58  34.34 36.39
s |41.90 39.48 - 37.75 = 36.22  37.99  34.72 38.01 |
6 - |40.40 37.98  36.44  36.27  37.53  35.12 37.28
7] 40.30 - 38.07  37.05  36.67  37.60  35.77 37.58
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Table AS5.28 Moisture distribution within confined clods wetted
for different times (mean of three replicates). Initial moisture
content was 21.31% (dry basis)and suction was at 10 cm.

‘a) Smalllqloq‘

Wetting Soil layer, mm

period

(days) - 0-5- 5-10 10-15 15-20 20-25 mean

0 19.85 20.48 20.84 22.18 - 20.83

1 " [33.98  33.44  32.75  31.30  30.28  32.35 |
2 [3s.15  34.87  33.74  33.07  30.60  33.49 |
3 " [3s.16  37.45  35.80  34.86  33.99  36.25 |
s " [39.07 3889  38.26 37.35  35.87  37.89 |
s | 40.18  39.34  38.71  37.95  37.54  38.74 |
s |40.77 - 39.36  38.76  38.60  37.74  39.04 |
7 s1.29  40.66  40.35  39.78  38.85  40.10 |
b) Medium clod

Wet;ing Soil layer, mm

?32;2? 0-10 10-20 20-30 30-40 40-45 mean

0 19.61 22.40 23.50 24.28 - 22.45
1 [Ts2.14  30.88 30,02  28.49 -  30.38
2 | 3s.45  34.38 3319 30.41 - 33.36
3 | 36.62  36.42  36.46 3453 - 36.00 |
s |[37.97 3817 3819 3712 - 37.80 |
s | 39.21  38.32  38.36  37.83 -  38.47
s | 3s.e2  38.58  38.48  38.45 - 38.49 |
7| 40.06  39.44  39.11  38.79 - 39.24
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C)?Largef91°¢»;u;u.;

Wetting- Soil layer, mm

period

(days) .. | 0-10 _ _10-20 _ 20-30 30-40 40-50 50-60 . _mean
Off;:‘ 18.22 20.57 21.15 21.50 21.63 20.85 20.65
1 |'28.84 _24.71  23.38  22.78  22.28 21.40 23.90
> | 30.99  26.74  24.46  23.68  23.11 22.11 25.1
3 | 3ais0 30.26  26.70  24.01  23.18 23.02 27.03
s | 36.42  36.48  32.46  26.28  25.44  25.69 30.46
s | 36.38 _35.48  35.40  30.63  28.55 27.36 32.30
6 | 38.00 36.55  36.38  34.80  35.19  32.45 35.56
| 40.04 3913  38.25  36.84  36.77  36.26 37.88
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Table ‘A5.29 Moisture distribution within confined clods wetted
for different times (mean of three replicates). Initial moistur

;content»yas~37.57% (dry basis) and suction was at 10 cm.

'é).Sﬁalljclod

Wetting Soil layer, mm

period-

(days) 0-5 5-10. 10-15 15-20 20-25 mean

0 37.16 = 37.28 37.08 37.23 36.04 36.96
1 [3s.41 37.95  38.03  37.15  37.10 37.73
2 [38.50 - 38.03 . 38.07  37.67  37.44 37.94 |
3 |3s.s0 38.91  38.88  38.10  37.91 38.70 |
Y 38.47  38.66  38.21  38.36 37.43  38.23 |
s |39.08 38.58  38.06  37.98  37.79  38.30 |
6 |[39.92 39.55  38.96  38.82  38.64 39.18 |
7 39.80  39.36  38.97  38.50  38.20 38.96 |
b) Medium clod

WetFing Soil layer, mm

%gg;g? 0-10 10-20 20-30 30-40 40-45 mean

0 37.87 37.84 38.10 37.87 37.09 37.84
1 3834 37.92  37.20 37.12  37.31  37.60 |
2 [38.11  37.65  37.28  36.98  37.00  37.47 |
3 |3s.81  37.84  37.08  37.15  37.04  37.65 |
s | 38.59  37.82  37.53  37.3%  36.64  37.69
5 | 38.31  37.86  37.77  37.29  36.66  37.68 |
6  |39.71 38.86  38.20 37.85  37.26  38.50
7 [38.64  38.10  37.61  37.43  37.01  37.84 |
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c) Large.clod . -i .-

wetting| ... ... Soil layer, mm -
period

(days) -| - 0-10..10-20..20-30 30-40 40-50 50-60 60-65 mean.
9__‘-_-q_lef? 37.80  38.06 38.07 38.25 37.94 37.90 37.93
1 40.13 39.33 38.99 38.55 39.25 38.68 37.68 38.94
2 |39.58 38.76 38.58 38.54 38.52 38.26 37.25 38.50
5 |39.45 38.20 38.12 37.46  37.53  36.82 36.59 37.74
4 39.64. 39.22. 38.82 38.35 38.74 38.12 37.29 38.60
5 |40.58 39.93 39.62 39.39  39.41 30.92 37.64 39.35
6 |39.16 38.79 38.53 38.21 39.27 38.10 38.03 38.59
7 40.49 39.19 38.73 39.71 38.27 38.45 37.83 38.95
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Table A5.30 Depth of cone penetration for different wetting

Units are in mm.

~_times.

‘a) Initial moisture content = 21.31% (dry basis).
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Table A5.31 Volume of clods after different drying times (cm3).

_Drying time (hours)

Clod size  Block o 4 8 12 16 20

Small

1 |100.64 96.53 94.93 88.42 79.49 85.50

Medium 2 1108.72 104.28 99.87 87.51 87.69 85.03
3 106.75 102.39 92.69 90.22 90.12 86.31

n 105.35 101.05 96.28 88.74 85.79 85.64

— - ——— e ——— —— " ——— ——— - — - . D S M WD W G G . . . - - ]

1 278.35 273.96 263.68 265.07 243.36 253,75
Large 2 . 1300.76 295,95 283.13 262,37 268.46 252,35
3 295.20 290.58 262.60 270.49 275.89 256.15
mean 291.38 286.77 272.95 266.04 262.64 254.15
________________ b r et - — e — ———————
24 48 72 96 120
1 13.20 12.81 12.37 12.46 12.35
Small 2 12.65 12.35 12.11 12.58 12.24
3 12.57 12.87 12.96 12.97 11.82
mean 12.81 12.68 12.48 12.67 12.14
————————————————————————————————————————————————————————————————— -
1 87.47 74.92 72.60 73.13 71.02
Medium 2 83.83 72,22 71.08 73.84 70.39
mean 84.89 74.16 73.25 74.37 69.81

- ————— e S D . S W W Em > G T TP S S D LS B D N T G G D s D WD R SR D G S D A A A G G - . ]

238.98 234.52 231.40 218.02 200.77

D
Large L2 240.49 225.05 216.22 211.47 207.91
V 3
n 243.54 231.06 222.83 212.98 206.21

Least significant difference = 8.92
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Table AS5.32 Dry gulk'density of clods dried for different times

(Mg/m™).
Drying time (hours)
Clod size Block | O -4 -8 12 16 20
= 1 1.28 -1.41 1.61 1.64 2.03 1.82
Small .2 1.27 1.40 1.46 1,62 1.85 1.85
. « -3 - 11,30~ 1.44 1.60 1.62 1.67 1.86
mean 1.29 . 1.42 1.56 1.63 1.85 l1.84
, 1 1.28 1.35 1.47 1.52 1.68 1.53
Medium 2 1.27 1.34 1.33 1.50 1.50 1.56
‘3 . 11.30 1.38 1.46 1.50 1.41 1.57
mean- - |1.29 1.36 1.42 1.51 1.53 1.55
1 1.28 1.33 1.43 1.42 1.57 1.45
Large 2 .11.27 1.32 1.30 1.40 1.43 1.48
_ - -3 1.30 1.36 1.43 1.40 1.29 1.49
mean 1.29 1.34 1.39 1.41 1.43 1.47
24 48 72 96 120
: 1 -1]1.78 1.87 1.88 1.99 1,94
Small -2 1.93 1.97 1.96 1.88 1.85
. 3 ' 1.97 1079 1.90 1-83 1095
mean- 1.89 1.88 1.91 1.90 1,90
. 1 - |1.47 1.78 1.81 1.96 1.91
Medium 2 -.]1.59 1.88 1.89 1.85 1.86
e - 3 1.63 1.70 1.83 1.80 2.00
mean 1.56 1.79 1.84 1.87 1.91
o 1 1.44 1.62 1.68 1.83 1.84
3 1.59 1.55 1.70 1.76 1.92
mean 1.53 1.63 1.71 1.79 1.84

Least significant difference = 0.19



Table A5.33 Mo
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0

isture distribution within clods dried at 25°C

(mean of three replicates). Moisture content units

fa)tSma;lfcubeE

e 'in percentage dry basis.

Soil layer, mm

Drying'timel”

(hours) 0-5 5-10 10-15 15-20 20-25 mean

0 39.04 39.43 39.72 39.47 38.98  39.33

LT 26.16 29.17  30.27  30.71  27.83  28.83 ]
N 20.43  23.37  25.31  24.49  23.59  23.44]
12| 1s.44  20.94  21.76  20.38  19.93  20.30
16 | 11.41 13.95  15.90  13.91  11.87  13.41
20 | 9.70  11.86  13.22  11.99  10.54  11.46 |
2¢ | 7.1 s.0s  10.52  9.51  8.54  8.95]
s | 5.37  5.96  6.57  6.12  5.47 5,90
T 4.76  5.13  5.43  4.90  4.20  4.88 ]
96 | 3.42  5.06  5.80  4.65  3.52  4.46 |
120 | 3.47  3.97  5.66  4.59  4.08  4.35
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b) Medium cube

B e - 8o0il layer, mm
Drying time
(hours)' =+ .~ -0-5 = 5=-10 10-15 15-20 20-25- --25-30
0 38.35 39.19 39.48 39.03 38.62 38.51
PRRIRRN . e 29.38 - 32.62  34.21  34.94 35.56  35.24 |
PEUEBEN . 26.60 - 29.12  30.65  31.63 31.99  31.37
12— " |"23.90 24.93  26.57  27.42 28.18  27.78 |
16 [“18.83  22.06  24.66  26.12  26.67 . 26.37
20— |17.15 - 19.72  21.35  22.60 22.34  21.44
24 <1267 14.73  16.20 16.79 17.11  16.79 |
48 - - | "e.22 11.43  13.15  13.92 13.91  13.99 |
72 o |Te.02  s.82  9.20  10.02 10.28  9.27 |
56 |- 6.99  7.86  8.99  9.08  9.71  9.26 |
120 | e.08 6.75  7.41  7.58  7.99  8.08
- - 30-35 35-40 40-45 mean - - - oo~
0 38.93 39.22 38.48 38.87
s sasr szaas 3128 334
s | 30.19  28.08 24.31  29.33 |
O 26.40 25.34 23.24  25.97 ‘
P 26.36 24.65 22.51  24.25 ‘
20 | 10.64  17.3¢  15.46  19.79
2¢ | 1s.84 1459 13.86  15.90
s | 12.42  11.68  10.23  12.22
2| eas 8.35 7.93 8.8 |
s | s.84 8.39. 7.53 8.52 |
120 | .46 7,20 6.67  7.25
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c) Large cube -

Soil layer, mm

Drying tim

(hours) 0-10 10-20 20-30 30-40 40-50 50-65 Mean
0 39.06 39.20 39.30 39.32 39.57 39.24 39.28
A T3.52 36.52  36.44  36.77 36.04  34.75 35.67
s 29.89  33.86  34.83 35.75 34.82 32.98 33.68
2 26.60  31.06  33.54 33.26 33.38  32.43 31.71
T 25.87  31.61  33.16 33.64 32.60 26.91 30.63
20 23.46  29.25  31.67 32.19 30.21 25.75 28.76
e 21.74  26.38  28.68 29.47 27.94 24.11 26.39
s J17.s2 | 21.79 2373 24.13 22.16 19.18 21.42
;;_—-------I;t;;--_-ie.os 21.28 20.50 i 17.69 14.24- I;?;I
% | 9.40  13.12  14.58 15.11 14.35 11.80 13.06
120 [10.96  13.55  14.38  14.08  12.56 10.47 12.67
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Table A5.34 Moisture content of 0-10 mm layer of soil clods at
different drying time (percentage dry basis).

B ﬁUWDf&ihg time (hdﬁré) -

Clod size Block| - 0 4 8 12 16 20
C 1 39.19 25.61 .21.00 19.27 10.08 9.30
Small 2 39.10. 28.87 22.45 19.72 12.65  .11.33
o 3 39.43 29.22 21.36 20.30 12.04 10.63
mean 39.24 . 27.90 21.60 19.76 11.59 . 10.42
o 1 38.80. 30.23 26.50 - 23.34 21.51  17.88
Medium 2 38.66 31.93 28.92 24.55 20.10 18.97
3 38.85.-30.85 28.16 25.36 19.73 18.48
mean 38.77 31.00 27.86 24.42 20.45 18.44
------ 1 38.91 33.39 29.77 26.49 25.77 23.37
Large 2 39.55 -33.94 30.26 26.93 26.19 . 23.75
3 38.73 33.24 29.63 26.37 25.65 23.26
mean 39.06 - 33.52 29.89 26.60 25.87 23.46
------- ] 24 48 72 96 120
------ 1 7.64 5.59 5.89 4.77 4.18
Small 2 7.32 5.20 5.45 4.84 3.87
3 9.11 6.02 5.48 5.14 4.89
mean 8.02 5.60 5.61 4.92 4.31
------ 1 13.54 10.05 7.35 7.21 6.33
Medium 2 13.72 10.68 7.04 7.61 6.48
3 13.85 10.25 7.87 7.47 6.44
mean 13.70 10.33 7.42 7.43 6.42
T 1 21.65 17.45 13,22 10.92 9.36
Large 2 22.01  17.74 13.44 11.10 9,51
3 21.55 17.37 13.16 10.87 9,32
mean 21.74 17.52 13.27 10.96 9,40

ieést?significant difference = 1.09
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Table A5.35 Bridge Outputs (Dynamometer Loaded Vertically)

Load (N) Channel output(mV)

" Fx Fz My
49.05 0.00 4,88 6.00
10791 | o.2s | 9.90 | ‘12,00
156.96 | 0.78 | 14.88 1e.00 ]
T S T [ *
255.06 | 0.13 | 26,48 | 30.00 ]
304.11 - | o.as | 20.43 | 36.00 |
e R T T T
02.21 | 015 | 39.18 | .00 ]
ZEITEE --------- 0.15 s4.20 | QZTBB --------------
T o s wosTees T “

Table'AS;BG”Bridge Outputs (Dynamometer Loaded Horizontally)

a) Fx Bridge Oﬁtput (mv)

Load (N) Loading Positions From Centroid (mm)

R 100 350 680

127.53 11.15 11.98 11.73

255.06 | 23.05 | 23.28 | 23.33 |
372.78 |  33.93 |  34.35 |  33.88
s00.31 | .33 | 43.95 | s6.55 |
627.84 | s6.15 | 57.85 | 57.58 |
745.56 | 67.40 | 67.83 | 67.75 |
873.09 | 79.45 | 79.70 | 79.38 |
001 | 90.28 | 90.35 |  90.40 |
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b) Fz and My Bridge Outputs (mV)

Moment ' (Nm) Channel
Fz My

12.75 0.20 3.00

2551 | 0.43 | 7.08 ]
37.28 I 0.70 |  10.63 ]
50.03 17T enes T T TTaes T
62.78 « T s T s T
76.56 | 1.4s | 22.00 ]
s7.31 . | 1.5 1T 26.70 ]
e T TR oy T
132.5 0.70 " sses |
175.00 | 0.5 I s2.70 1
219.74 |  1as | es.es
260.74 | 145 | 79.08
0.5 | 1.5 | 1o0.70 ]
3s0.00 | 2.13 | 108.30
426.93 | 1as | 12a.ss 7]
s06.98 |  1.45 |  1ss.as ]
s93.70 |  1.15 |  187.80 |
S R S B T S —
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Table AS5.37 Average side disturbance from tine side at 42%

moisture content (dry basis). Units are in mm.

Depth Rake angle | Block Width of tine(mm)
(mm) (degrees) 25.4 , 50.8
‘ 1 32.30 34.60
45 2 32.30 34.60
: 3 32.30 34.60
mean 32,60 : 34.60
1 32.30 39.60
50.8 90 2 37.30 "39.60
3 32.30 44.60
mean 33.97 41,27
1 37.30 44.60
135 2 42.30 44,60
3 42.30 ' 49.60
mean 40.63 . 46.30
1 37.30 49.60
45 2 37.30 44.60
3 42.30 _ 44,60
‘mean 38.90 , 46.30
1 42.30 49,60
101.6 90 2 42.30 49.60
3 42.30 49,60
mean ' 42.30 ’ 49,60
1l 52.30 59.60
135 2 52.30 59,60
3 52.30 64.60
mean 52.30 61.27
1 39.30 , 51.60
45 2 39.30 49.60
3 42.30 49,60
mean 40.30 1 50.30
1 47.30 54,60
152.4 90 2 47.30 54,60
3 47.30 54.60
mean 47.30 54.60
1 62.40 72.90
135 2 63.20 79.30
3 59.10 ' 85.90
mean 61.60 79.40
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Table A5.38 Average side disturbance (mm) from tine side at 56%
moisture. content :(dry basis).

Depth -Rake angle|: Block Width of tine (mm)
(mm) ‘{(degrees) ; . 25.4 50.8

1 37.30 44.60

45 2 37.30 44,60

3 32.30 44.60

mean - 35.60 44.60

1 42.30 49.60

50.8 90 2 42.30 49.60

3 42.30 44.60

mean 42.30 47.90

1 52.30 59.60

1135 -2 52.30 59.60

3 52.30 ' 59.60

mean 52.30 59.60

1 47.30 59.60

45 2 47,30 59.60

3 52,30 64.60

mean 48.90 61.30

1 52.30 64.60

101.6 ‘90 2 - 52.30 64.60

3 52.30 64.60

mean 52.30 64.60

1 67.30 84.60

2135 2 67.30 84.60

3 72.30 84.60

mean : 68.90 84.60

1 52.30 64.60

45 2 47 .30 64.60

3 52.30 64.60

mean 50.60 64.60

1 54,30 69.60

152.4 -90 2 54.30 69.60

3 57.30 69.60

mean 55.30 69.60

1 80.40 103.60

1135 2 81.30 112.60

3 81.70 112.60

mean 81.10 109.60




Table A5.39
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three ‘depths at .70% moisture content.

Average side disturbance (mm) from tine side: for

Width of tlne(mm)

Depth Rake angle Block

(mm) - | (degrees) 25.4 50.8 101.6 152.4
‘ ‘ .1 37.30 54.60 24.20 23.80

45 o2 37.30 49.60 24.20 23.80

3 37.30 49.60 29.20 23.80

~.mean - 37.30 52.30 25.90 23.80

f ) : 1 47.30 54.60 29.20 33.80
50.8 .- ..90 2. 52.30 59.60 34.20 28.80
Do : 3 52.30 49.60 29.20 33.80
~ mean 50.60 54.60 30.90 32.10

L 1 57.30 69.60 64.20 73.80

135 2 57.30 64.60 69.20 68.80

3 57.30 64.60 69.20 73.80

-~ mean 57.30 66.30 67.50 72.10
~ e -1 52.30 64.60 39.20 33.80
45 2 52.30 74.60 34,20 33.80

3 47,30 64.60 34,20 38.80
mean 50.60 67.90 35.90 35.50

------------- mindedadebadededes b X kg el il R R R R S R R i n

. ; : 1 67.30 79.60 49.20 38.80
101.6 . 90 2 62.30 74.60 49.20 43.80
‘ f 3 62.30 79.60 54,20 38.80
- “mean 63.90 77.90 50.90 40.50

‘ 1 77.30 93.60 84.20 88.80

135 2 72.30 93.60 84.20 88.80

: : 3 77.30 93.60 89.20 93.80

mean 75.60 93.60 85.90 90.50

, 1 62.30 67.30 - -

45 2 62.30 87.30 - -

? 3 57.30 77.30 - -

mean 60.60 77.30 - -

; 1 69.60 94.60 - -
152.4 - -90 2 69.60 94.60 - -
3 69.60 84.60 - -

mean 69.60 91.30 - F -

1 92,30 114.60 - -

135 2 87.30 124.60 - -

3 87.30 124.60 - -

mean 88.90 121.30 - -
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Table A5.40 Average height of -heave at different lateral distance
from:the side of tine for three depths and rake angles ( 42%: -
moisture content) - @

a)-25.4 mm tine - - —

Rake .angle lateral distance S Depth (mm) -
(degrees) (mm)
e e | s mamin 50.8 ....101.6 S ..182.4
- 20 6 6 4
45 40 0 0 0
90 20 2 5 6
o 40 2 3 5
60 0 0 0
20 11 13 15
135 40 0 10 8
60 0 0 3
80 0 0 0

b) 50.8 mm tine

Rake angle - | lateral distance ~ Depth (mm)

(degrees) . Lo (mm)

AT i 50.8 101!6 ) 152.4 =

- SURERRT TR 1 ) 8 14 C 12

45 40 0 4 9

. 60 0 0 0

i 20 4 4 0

90 - 40 0 2 3
60 0 0 0
20 12 12 14

135 40 0 8 12
60 0 2 ... 5
80 0 0 0
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Table A5.41 Average height of heave at different  lateral & -
distance from the side of tine for three depths and:rake angles
(56 -% moisture content)

a) 25.4 mm tine

Rake "angle | ~~ Lateral distance Depth  (mm)
(degrees)’ . coo(mm)
e . 50.8 101.6 152.4
20 1 4 8 ‘10
45 P o st e 40 ey e e e Y . 0 7 7
60 0 0 0
20 14 21 21 -
90 40 10 10 10
60 0 0 0°
) 20 17 20 20°
135 40 9 16 18
S g 60 0 2 ‘8
80 0 0 0
éb) 50.8 mm tin?_, f{/‘
Rake angle lateral distance Depth (mm)
(degrees) | - (mm)

e g et ST o etk WS 50.8 10106 152.4
= 20 7 15 12
45 40 1 9 10

60 0 2 4

80 0 0 Y

20 13 22 22

90 40 12 17 24
60 0 2 8"

80 0 0 0

20 28 39 21

40 18 29 26"

135 60 0 15 22
80 0 2. 14

100 0 0 5

ST 120 0 0 0
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Table A5.42 Average height of heave at different lateral distance
from the side of -tine for three depths and rake angles ( 70 %
moisture content). -

ga) 25.4 mm tine

i

Rake angle lateral distance Depth (mm)
(degrees) (mm)
- 50.8 101.6 152.4
- 20 10 22 26
45 40 0 7 19
60 0 0 0
20 18 21 23
90 40 6 12 14
f 60 0 4 6
80 0 0 0
- <20 12 10 14
40 6 5 6
135 60 0 2 4
. i~ 80 0 0 2
e 100 0 0 0
Rake angle lateral distance Depth (mm)
(degrees) (mm)
e "50.8 101.6 152.4
20 10 34 25
40 3 13 19
45 60 0 1 9
e 80 0 0 2
100 0 0 0
20 17 26 37
, 40 7 17 27
90 60 0 5 10
S -~ 80 - 0 0 2
100 0 0 0
20 29 24 20
40 22 19 16
135 60 5 8 10
80 0 3 5
100 0 0 3
120 0 0 0




c) 101.6 mm tine
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Rake angle lateral distance Depth (mm)
(degrees) - S(mm)
o : - 50.8 101.6 152,.4
' 10 12 25 -
45 20 5 18 -
30 0 0 -
10 15 22 -
20 -~ 9 19 -
90 30 0 11 -
--40 - -0 4 -
50 0 0 -
20 34 37 -
40 - 22 24 -
135 60 4 13 -
100 0 0 -
'd ) 152.4 mm tine
Rake angle | .lateral distance Depth (mm)
(degrees) B - (mm)
10 14 19 -
45 =20 - 5 10 -
. 30 0 4 -
40 0 0 -
o 10 13 20 -
90 20 11 13 -
- 30 0 6 -
40 0 0 -
20 25 217 -
135 40 15 25 -
60 7 14 -
- 80 0 4 -
100 0 0 -




Table A5.43 Mean draught force (N) over three blocks for three
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depths at 42% moisture content (dry basis).

Depth Rake angle|: Block Width of tine (mm)
(mm) (degrees) 25.4 50.8

1 131.14 198.58

45 2 140.96 216.40

3 154.64 228.51

mean - 142.25 - 214.50

S . 1 224,91 277.32

50.8 90 2 207.45 299,86

3. 211.14 281.84

mean 214.50 286,34

1 -340.03 520.25

135 2 302.22 489,06

3 306.06 527.11

mean - 316.10 512.14

1 325.72 444.84

45 2 301.59 484.717

;3 356.07 511.90

mean 327.79 480.50

-1 383.13 609,01

101.6 90 2 355.25 684,24

T 3 -389.76 711.31

mean 376.05 679.98

1 646,45 1162.38

135 2 613.24 1092.66

- 3 © 653.74 1177.70

mean 637.81 1144.25

1 460.00 716.45

45 2 540.00 810.00

: 3 501.08 790.00

mean 500.36 772.15

1 '535.00 839.00

152.4 90 2 580.00 890.14

3 550.27 910.74

mean 555.09 879.96

1 1159.33 1889.,12

135 2 '1400.00 1950.,00

3 1350.00 1900.00

mean 1303.11 1913.04
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Table AS5.44 Mean draught force (N) over three blocks for three
depths at 56% m01sture content (dry basis).

Depth- | -Rake angle | -Block Width of tine (mm)
(mm) © | (degrees) | 25.4 50.8

» A 1 76.01 112.13

.45 .. .2 82.18 119.10

3 77.25 123.81

mean 78.48 118.35

: 1 98.68 196.19

50.8 e 90 2 91.02 173.37

3 92.64 181.11

mean 94,12 183.56

l 1 160.78 286.11

135 . .| . .2 172.83 272.47

i “3 189.59 289.09

mean 174.40 282.56

I 1 168.95 241.70

45 2 182.53 270.93

3 191.07 262,93

mean 180.85 258.52

1 216.17 370.02

101.6 e 90 2 201.91 361.29

, 3 219.57 325.89

mean 212.55 - 352.40

1 . 350.54 554,20

1385 2 334.91 581.51

o 3 370.21 559.66

mean 351.89 565.12

- 1 250.31 425.90

45 . 2 271.76 380.00

3 314.24 419.00

mean 278.1717 408.30

1 290.00 384.00

152.4 e 290 2 - 310.00 425,52

3 320.61 455.00

mean 306.87 454.84

_ 1 750.55 1230.46

135 .. 2 790,00 1150.00

. ' 3 720.10 1057.12

mean 753.70 1145.82
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Table A5.45 Mean draught force (N) over three blocks for three
depths at 70% moisture content (dry basis)

bepth | Rake angle | Block Width of tine(mm)
(m) | (degrees) | 25.4 50.8 101.6 | 152.4
— 1 32.70 48.35 | 66.26] 85.89
45 2 26.20 40.40 | 60.52| 89.33
3 29.40 44.39 |  60.24| 82.45
mean 29.43 44.38 | 62.34| 85.89
0. — T 36.57 58,71 | 124.98201.02
50.8 90 2 40.20 | 65.61 | 128.44|161.06
3 43.89 69.07 | 125.78)207.07
mean 40.22 64.46 | 126.41]189.71
— 1 59.46 114,27 | 222.36]313.92
135 2 65.37 | 103.76 | 218.58[268.14
3 71.36 99.84 | 226.32/294.30
) " mean 65.40 105.96 | 222.42[292.12
1 67.82 98.26 | 149.12[193.03
45 2 71.58 | 106.10 | 134.91]200.60
3 64.06 100.04 | 143.13]182.15
mean 67.82 | 101.47 | 142.39]|191.93
1 81.60 135.39 | 182.30(406.08
101.6 90 2 88.65 142.51 | 186.02(399.53
3 75.00 138.95 | 197.18{379.87
mean 81.75 138.95 | 188.50(395.16
1 156.18 | 231.75 | 392.40[575.18
135 2 174.22 | 268.34 | 413.05(557.40
3 163.58 | 256.14 | 405.48/600.82
mean | 164.66 | 252.07 | 403.64[577.80
1 122,95 145,94 = =
45 2 127.99 151.18 - -
3 103.78 | 155.70 - -
mean | 118.24 150.94 - -
1 124,28 | 217.43 - =
152.4 90 2 130.57 | 223.65 -
3 116.06 | 221.56 - -
mean 123.64 220.88 - -
1 338.52 398,71 = =
135 2 271.04 | 465.37 - -
3 295.68 | 423.51 - -
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Table AS5.46 Mean vetticai force (N) over three blocks fdr thfee
depths at 42% moisture content (dry basis)

Width of tine (mm)

Deptﬁ Rake angle . Block
(mm) | (degrees) 25.4 50.8
- 1 -49.95 . =-153.91
45 L2 -54,01 -144.,67
3 -50.77 -155.93
mean -51.58 -151.585
S 1 46.10 133.07
50.8 90 2 44,31 128.25
3 44.69 128.77
mean 45.03 130.03
- 1 192.17 385.94
135 2 206.56 420.59
3 226.59 444,11
) mean 208.44 416.88
45 2 -89.09 -212.33
3 -93.26 -199.57
mean -88.27 -202.76
o 1 54.75 155.64
101.6 90 2 52.68 151.36
3 55.23 133.97
mean 54.22 146.99
i 1 397.23 794.46
135 2 379.50 759.01
3 419.52 839.03
mean 398.75 797.50
: 1 -100.72 -310.00
45 2 ~116.66 -328.00
3 -104.99 -340.78
mean -107.46 -326.26
: - 1 55.99 138.90
152.4 90 2 66.07 173.60
-3 72.16 162.40
mean 63.25 158.30
1 550.00 1236.00
135 2 600.00 1150.60
3 668.30 1250.00
mean 606.10 1212.20

- indicates downward direction




Table A5.47 Mean vertical force (N) over three blocks for three
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depths at 56% moisture content (dry basis)

Depth | Rake angle| - Block: - Width of~tineu(mm)';~ -
(mum) (degrees) 25.4. 50.8
1 -26.91 -70.02
45 -2 - =29.09 -63.78
. mean - =27.78 . -68.40 .
1 i 31.78 49.95
50.8 .90 22 28.46 54.24
-3 29.16 55.30
- mean 29.80 53.16
1 ~110.55 218.49
135 -2 - 115.53 238.10
- 3 - 118.91 251.41
- mean .- 115.00 236.00 -
R 1 - -41.80 -107.90
- 45 -2 - ~46.40 -121.43
" 3 -49.59 -129.92
mean . =45,93 -119.75
e 1 © 33.48 56.73 -
101.6 - 90 -2 29.22 64.45
. 3 '+ 34.48 75.28
. mean: 32.39 65.46
' 1 229.12 475.40
135 2 . 218.90 450.45
-3 241.97 469.15
mean . 229.99 465.00
1 -42.79 -200.00
. 45 -2 -51.00 -195.00
~ 3 —50-01 _160083 ’
mean -47.93 -183.61
1 38.81 92.14
152.4 90 2 30.33 82.93
3 27.99 87.31
~ mean 36.27 87.46
-1 338.45 715.00
. 135 2 352.00 685.00
3 348.00 676.84
mean 346.15 692.28
- indicates downward direction
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Table A5.48 Mean vertical force (N) over three’ blocks for three
depths at 70% m01sture content (dry basis). :

Depth Rake angle ;,Block width of tine(mm)
(mm) | (degrees) | 25.4 | 50.8 101.6 152.4
; 1 -14.29 -30.79" -60.40 -68.57
45 ¢ 2 -20.97 -34.21 -51.26 -64,00
3 -16.62 -32.18 ~-54,93 -66.62
mean -15.53 -32.40 -55.54 -66.40
S 1 9.97 17.37 56.90 69.80
50.8 90 2 10.50 12.77 52.84| 65.15
o : ’ 3 8.95 14.70 44 .49 67.81
mean 9.81 14.95 50.32 67.59
1 40.45 90.12 178.68 284.28
135 2 53.05 89.19 181.43 259,20
; 3 35.89 90.69 179.90 266.51
mean 43.13 90.00 180.00 270.00
‘ ‘ 1 -31.31 -56.00 -91.72 -118.38
45 2 -28.83 -54.10 -102.72} -132.12
; 3 -31.86 -51.34 -107.33}| -155.40
mean -30.66 -53.82 -100.58}| -135.30
: N 1 18.07 34.63 51.99 103.37
101.6 190 - 2 19.67 33.45 65.01 106.53
3 15.57 31.75. 73.14 98.20
mean 17.77 33.28 63.38 102.70
1 83.47 151.43 328.95 494.50
135 2 89.43 181.73 346.26 | 524.47
: 3 85.85 184.34 359,79 533.54
mean 86.25 172.50 345.00 517.50
o 1 -58.40 -111.12 - -
45 2 -60.36 -113.63 - -
‘ 3 -67.43 -141,02 - -
mean -62.08 -121.93 - -
152.4 90 2 19.90 50.38 - -
3 3 16.59 62.53 - -
mean 18.54 56.16 - -
‘ 1 136.18 270.78 - -
135 2 129.55 216.63 - -
i 3 140.65 288.83 - -
mean 135.44 258.75 - -

- indicates downward

direction.
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Table A5.49 Experimental results of multitines at three spacings
and two leading tine positions for 56% moisture
content (dry basis).

Treatment | Block - - Draught (N) Vertical force(N)
: 1 - — 389.60 56.99
3 TA R ; 333.20 | 69.44
3 ; 1 326.66 67.57
“Vean 349.82 64.67
1 - 1 648,30 78.21
3 TB 2 ~ 582.78 75.51
3 664.65 62.01
Mean - , 631.91 71.91
1 : , 388.60 73.19
3 TC 2 ‘ 355.90 66.53
3 ‘ 362.44 90.52
Mean , 368.98 - 76.75
1 659.25 68.99
3 TD 2 601.65 75.03
3 665.90 84.89
Mean 642.27 76.30
1 A . 395.14 85.63
3 TE 2 388.60 81.87
3 404.95 k72.48
Mean 396.23 79.99
1 650.20 | 86.93
3 TF 2 : 633.85 84.17
3 699.25 70.59
Mean - 661.10 80.50




- 397 -

Table AS 50 Experimental results of multitines at three spacings
Y and two leading tine p051tlons for 70% moisture

“”mwlw content (dry baSlS)

éréatmentl‘ - BlOCK o Draught(N) Vertical‘force(N)
3 PA P . 154.68 tt43.2é"
o 3 141,60 40.54
- Mean 137.24 15.54
— 1 332,40 ~70.40
3 TB 2 $1197.80 59.10
- 3  248.75 72.66
Mean 376.32 §7.39
—1 —147.76 56,88
3 1C R 141,22 45.54
o 3 . 151.03 47.80
Mean T 146.67 ~50.07
— 1 323.50 §7.80
3 TD 2  243.58 90.40
“ 3 ~ 223.04 70.60
Mean 230.04 . 76.27
_ T 130.84 61,70
3 TE 2 - 163.92 55.40
3 167.00 56.70
Mean 153.92 57.93
1 187.80 83.00
3 TF 2 240.88 71.70
3 237.61 73.96
- Mean 235.43 76.20
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Table A5.51 @ Aggregate breakdown (%)*
a) Stirring time =5 seconds

sieve;size e - - Water=-solil ratio

(mm) . = 0.8 " 1.0 _ 1.2 1.4

> 2.0 -49.54 (1.61) 22.68 (1.08)} 23.59 (1.92)| 25.33 (1.33)
1.0-2.0 | 5.34 (0.99) 11.30 (0.59)| 10.64 (0.52)| 10.98 (0.32)
0.5-1.0 | 4.86 (0.80) 12.68 (1.59) 10.70 (1.58)] 12.46 (0.87)
0.25-0.50 |  5.79 (0.04) 10.06 (1.25) 11.39 (1.69) 15.17 (1.27)
0.125-0.25|  2.92 (0.22) 7.29 (0.90) 9.68 (1.72)| 5.26 (0.25)
< 0.125 | 31.55 (3.31) 35.99 (2.49) 41.15 (2.48)] 30.80 (0.33)

b) Stirring time = 10 seconds

Sieve;gige Pl . Water-soil ratio

(mm) | 0.8] 1.0 1.2 1.4

> 2.0 --136.84 (1.23) 23.77 (2.11) |23.74 (0.63) (20.01 (2.46)
1.0-2.0 | 7.30 (1.08) |11.11 (1.61) | 9.12 (1.19) [11.41 (0.48 |
0.5-1.0 | 6.76 (0.93) | 8.09 (0.49) | 8.66 (0.46) [11.43 (1.06) |
0.25-0.50 | 5.33 (1.30) |13.94 (0.15) |10.75 (0.99) [11.38 (1.74)
0.125-0.25| 2.08 (0.53) | 5.58 (0.26) | 3.04 (0.96) | 5.02 (0.86) |
<0.125 |41.69 (1.04) [38.02 (1.45) |45.30 (1.92) |40.75 (3.05) |

¢) Stirring time = 20 seconds

Sieve size o Water-soil ratio
(mm) | 0.8 1.0 1.2 1.4
>fz.o$i‘71 27.95 (1.06) [19.17 (1.66) [20.14 (0.93) [16.43 (0.93)

- - —— - - Y . D A > - — — —— . —————— G D e VS AU - N - D S WES WS G ] . . - —— — - > o= -]

0.125-0.25 é2§37 (0.19) 7.30 (1.06) 2.32 (0.23) 2.73 (0.25)

< 0.125  [42,00 (1.04) [49.16 (0.74) |52.68 (1.35)(56.40 (3.43)

* mean of three replicates
Figures in brackets are standard deviation values
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”Tabie A6.1 Cohpafiéon between pfédicted andkﬁeasﬁfeaddrauéht
force at 42% moisture content (dry basis)

Treatment Me?sured Predicted values
values
w X Z X O (N) ()
25.4x50.8x45 -] - 142425 cee 724031
50.8x%x50.8x45 o 214.50 145.45
25.4x101.6x45 : 327.79 203.88
150.8%x101°. 6x45 ‘ 400.50 .292.91
25.4x152,.4x45 : 500.36 L " 343.70
50.8%152.4%x45 . 772.15 551.05
25.4x50.8x90 g 214.50 .156.84
50.8x50.8x90 : 286.34 ﬁ . 332.27
25.4x101.6x90 f 376.05 "305.32
50.8x101.6x90 : 679.98 629.24
25.4x152,4x90 : 555.09 4 454.57
50.8%x152.4x90 : 879.96 927.73
25,.4x50.8x135 ; 316.12 ’ .268.44
50.8x%x50.8x135 ; 512.14 L4B3 97
25.4x101.6x135 : 637.81 675.90
50.8x101.6x135 ; 1144.25 ‘ 1074.40
25.4x%x152.4x135 . 1303.11 : 1233.30
50.8x%x152.4x135 : 1913.04 ' 1815.05

Table A6 2 Comparlson between predlcted and measured draught
‘ force at 56% m01sture content (dry basis)

Treatment = . Measured . Predicted values
AU ' values ‘ ,
wWXzxoa o . (N) . (N
25.4x%x50.8x45 : 78.48 42 .47
50.8x50.8x45 | - 118.35 ' 85.62
25.4x%x101.6x45 180.85 118.77
50.8x101.6x45 N 258.52 : 172.91
25.4%152.4x45 278,77 198.92
50.8x152.4x45 408.30 326.57
25.4x50.8x90 94.12 84.47
50.8x50.8x90 183.56 179.08
25.4x%x101.6x90 212.55 164.62
50.8x101.6x90 352.40 339.37
25.4x152.,4x90 306.87 245.35
50.8x%x152.4x90 454,84 500.84
25.4x%x50.8x135 174.40 148.15
50.8x50.8x135 282.56 267.11
25.4x101.6x135 351.89 373.05
50.8x%x101.6x135 565.12 593.08
25.4x152.4x135 753.70 680.76
50.8x%x152.4x135 1145.82 . 1002.07
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Table A6. 3 Comparison between predicted and measured draught
force at 70% m01sture content (dry ba51s) ~

Treatment C Measured | Predicted values
values .
wW X ZXad ‘ (N) : (N)
25.4x50,.8x45 : .29 43 . 17.15
50.8x50.8x45 ; 44,38 : 34.93
101.6x50.8x45 ‘ 62,34 : 72.41*
152.4x50.8x45 j 85.89 } 112.45+*
25.4x101.6%x45 : 67.82 : 46.93
50.8x101.6x45 : 101.47 74.64
101.6x101.6x45 i 142.38 ' 147.90*
152.4x101.6x45 : 191.93 ; 229.50*
25.4x152.4x%45 : 118.24 77.35
50.8x152.4x45 § 150.94 : 135.47
25.4%x50.8x90 ; 40.22 , 32.32
50.8x50.8x90 ; 64.46 68.72
101.6x50.8x%x90 ! 126.41 139,97%*
152.4x50.8%x90 ; 189.71 212.23%*
25.4x101.6%x90 : - 81:75 ; 63.29
50.8x101.6x90 é 138.95 ; 130.66
101.6x101.6x90 : 188.50 - 279.21*
152.4x101.6x90 ; “395.16 427.87*
25.4x152.4x90 -~ | ... -125.64. . | . .. 94.83.
50.8x152.4x90 | . 220.88 193.74
25.4x50.8x135 © .. 65.40 - 55.62
50.8x50.8x135 - 105.96 ’ -+ 100.33
101.6x50.8%x135 -~ | - -~ 222.43 - : 203.44
152.4%x50.8x135 : 1292.12 - , 324.89
25.4x101.6x135 E “164.66 : 140.16
50.8x101.6x135 ‘ 252.07 222.97
101.6x101.6x135 - | - - 403.64 402,37
152.4x101.6xX135 577.80 , 600.21
25.4x152.4x135 ‘ 298.42 255.87
50.8x152.4%x135 ; 429.20 376.99

i¥¥Prédicted:Values using wide blade‘theory with crescent effect
" considered.
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Table A6.4 Comparison between predicted and measured vertical
force at 42% moisture content (dry basis)

Treatment ; Measured . Predicted values
é values . L : .

wxzXxa i (N) ’ z (N)
25. 4x50 8x45 51 58 : 36 97
50.8x50.8x45 ~~ |~ 151.51 " |7 74.36
25.4x101.6x45 : 88.27 ; 152.22
50.8x101.6x45 . 202.76 , 149.76
25.4x152.4x45 @ | 107.46 ; 277.87
50.8x152.4x45 : 326.26 o 372.21
25.4x50.8x%90 - ‘ 45.03 29.58
50.8x%50.8%x90 ! 130.03 104.87
25.4x101.6x90 - { 54.22 : 36.36
50.8x101.6x90 ; 146.99 ; 118.64
25.4x152.4%90 : 163.25 43.60
50.8x152.4x90 } 158.30 132.91
25.4x50.8x135 % 208.44 : 156.19
50.8x50.8x135 : " 416.88 5 334.29
25.4x101.6x135 ‘ 398.75 f 301,70
50.8x101.6x135 : 797.50 t 625.36
25.4x152.4x135 606.10 : 447.50
50.8x152.135>; : 1212.20 ; ;916.98

Table A6 5 Comparlson between predlcted and measured vertical
. force at 56% m01sture content (dry. ba31s)

Treatment StoLs Measured ! redlcted values
S “l_mnxxl= values f aa
wRE K G Y S L
25.4%50.8x45 - - 27.78 | -.18,70
50.8x50.8x45 - ' 68.40 / .37.68
25.4x101,6x45 - : 45.93 ; .. 77.28
50.8x101.6x45 ; 119.75 ‘ 76.07
25.4x152.4x45 ‘ 47.93 ' 7 140.02
50.8x152.4x45 . - ; 183.61 - . 193,51
25.4x50.8%x90 o 29.80 ‘ 23.51
50.8x50.8x90 53.16 72.58
25.4x101.6x90 32.39 34.42
50.8x101.6x90 65.56 94.41
25.4x%x152.4%x90 36.27 45.58
50.8x152.4x90 87.46 116.72
25.4x%50.8x135 115.00 86.21
50.8x50.8x135 236.00 184.53
25.4x101.6x135 230.00 166.60
50.8x101.6x135 465.00 - 345,34
25.4%X152.4x135 346.15 247.21
50.8x%x152.4x%135 692.28 - 506.59
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Table A6.6 CdﬁéériSdﬁ be1‘:""een"Predicted and'measured Veftfcal
force at 70% moisture content (dry basis)

Treatment st o~ Measured.--.. .| -Predicted values
?;values;; S C
WX zZXa .. (N) ] e (N
25.4x50.8%x45 -] .- . 15, 53»w,w<‘ .. -8.78
50.8x50.8x45 - ~ 32.40 17.86
101.6x50.8x45 - - e o 54,85 e e 36491%
152.4x50.8x45 ¢ ;- ..66.40 ©. 57.15%
25.4x101.6x45 - - - | - 30.66 - - - o 33.61
50.8x101.6x45 .. ''53.82 1.~ - 40.81.
101.6x101.6x45 | - 100.58 -~ o | - - 75.25%
152.4x101.6x45 ©..135.30° - ©.116.44*
25.4x152.4%45 - | - - - 62.08 - - - - 58.81 -
50.8x152.4x45 0 121.93 S 91.21
25.4x50.8%x90 - |- - - 9.81 - - | -~ 8,11
50.8x50.8x90 - | . 14.95 .. 0 6.126477
101.6x50.8x90----| -~ - - 50,32 - - - 56.83% :
152.4x50.8x90 3 w0 674859, ... 86.06* ,
25.4x101.6x90 - - 17.77-- - - 11.08 ...
50.8x101.6x90 - i 4 330280 S0 32.71 -
101.6x101.6%x90 — -} - - 63.38 .- | -106.,97% .
152.4x101.6x90 - 102.70 173.37+
25.4x152.4x90 18.54 14.26
50.8x152.4%x90 . 56.16 39.06
25.4x50.8x135 - | . 43.13 32.40
50.8x50.8x135 90.00 69.36
101.6x50.8x135- - -} - -180.00 - . .. ---156.99
152.4x50.8x135 ... 270.00 262.96
25.4x101.6x135 - - e 86428 - - - 62.74
50.8x101.6x135 . .172.50 130.06
101.6x101.6x135- |- - - -345.00 - - .278.50
152.4x101.6x135 ‘ 517.50 445.37
25.4x152.4x135 - | - - - 135.44 : 93.29
50.8x152.4x135.w~ : . 258.75 191.18

* Predlcted values u31ng w1de blade theory with crescent effect
COHSldGIEd.‘f“ |
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Téblé'A6.7'Rél§tionship between experimental and predicted
.. horizontal and vertical force components,

‘a) Rake angle = 450,

Statistics Horizontal .. Vertical

Moisture content . . Moisture content
42 .. 56. .70 42 56 . 70

r 0.993 0.983 0.850 0.36 0.35 0.95
b o] e | v ] oo | oo oaz
“95% ucL  0.77 | .0.87. | 1.24 | 1.26 1,09 | 0.86
Toss LcL  0.75 | 0.79 | 1.04 | o.s2 | 0.45 | 0.78
T2 26.50% |-25.40% |-18.80% | 39.00NS | 27.30Ng -1.30NS
T95% UCL -16.36  |-15.66 |-11.61 |104.88 | 59.15 | -1.69
“o5% LCL -36.64 |-35.14 | -25.90 |-26.90 | -4.55 | -4.30
b) Rake angle = 900.

- |statistics Horizontal Vertical
‘Moisture content Moisture conﬁent
42 56 70 42 56 70

T 0.939 0.932 0.913 0.99 0.97 0.88
o 1.oend  1.12¢ | 1.23%]  0.91 | 1.59%| 1.66%
“os% UCL  1.15 | 1.23 | 1.20 | 0.92 | 1.69 | 1.79
“95% LCL  0.96 | 1.01 | 1.06 | 0.89 | 1.48 | 1.53
P -59.84% | -46.18% | -13.60%| -12.60% | -16.10% |-16.80%
‘95% ucL  -7.05 |-14.97 | -0.32 | -11.26 | -10.42 |-10.12
(95% LCL -112.63 |-77.39 | -26.88 | -13.86 | -21.83 |-23.48
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c) Rake angle = 135°,
Statistics Horizontal Vertical
Moisture content Moisture content
42 56 70 42 56 70
r 0.995 0.979 0.971 0.997 0.998 0.980
b 0.95« | 0.86% | 1.0388| 0.76% | 0.73% | 0.88%
95y ucL  0.97 | 0.90 | 1.07 | 0.77 | o0.74 | 0.90 |
“9s% LCL  0.92 | 0.81 | 0.99 | 0.74 | 0.72 | o0.85
a 6.59Ns| 41.86% |-20.92NS| 3.60NS| 3.48NS| -12.10%]
“95% ucL 32.5¢ | 70.19 | 9.22 | 13.55 | 8.13 | -5.60 |
954 LCL -19.36 | 13.53 |-32.61 | -6.29 | -1.18 | -18.86 |
NS = Not significant at 95% confidence level from either a = 0.0
or b =1.0.
¥*=:§igﬁifi¢a;£ Atw55%tcdﬁfidencé;léVéiiffsh éither‘a =;O.6r6£:‘
b=1.0. o |

UCL = Upper confidence level.

LCL

Lower confidence level.
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Appendix B.

AﬁComputer Programvto:Calculate the Percentage Saturation Levels

- Within a Clod.
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INTEGER T,R
DIMENSION THETAT(10,10)

OPEN(1,FILE='OUT.DAT',STATUS="'NEW',FORM='FORMATTED')

D=4.36
A=60.00
PI=22/7
v=100.00
THETAT=76.26
WRITE(6,40)

- DO 30 R=10,60,10

Z=PI*R/A
DO 20 T=1,7
SUM=0.0
DO 10 N=1,100
X=-1*%D*T* (N*PI/A)**2
ANG=N*2
Y=SIN(ANG)*EXP(X)

U—V*COS(PI*N THETA)/N*SIN(N*Z)

- Q=U*2/PI
S=Y*2/A
.+ - SUM=SUM+Q+S.. o
THETAT(R T)=(V- THETA)*R/A+THETA+SUM
WRITE(6,50)R, T, THETAT(R,T)
CONTINUE
FORMAT(2X, 'R',3X,'T',1X, 'THETAT(R,T'/)
FORMAT(1X,I3,14,1X,F7.2) ‘
STOP
END

i,.‘ v
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| r;Appendix c.

A Computer Program to Calculate the Tine Forces and a Set of

Charts to Determine the Soil Resistance Coefficients.
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C - . REAL NY, NCA, NC1, NQ1, MO, MM, NC2, NQ2
PARAMETER (P=3.14156)
PARAMETER (CO1=0.0254)

OPEN(1,FILE='INPUT.DAT',STATUS='OLD', FORM="'FORMATTED" )
OPEN(3, FILE='OUTPUT.DAT', STATUS='NEW' , FORM=' FORMATTED " )
WRITE(6,*)'ENTER VALUES FOR:Y,CA,C,DEL'

READ(S, *)Y,CA,C,DEL

DD=DEL*P/180

C WRITE OUTPUTS

" C HEADINGS.

WRITE(3 400),

WRITE(3,401)

WRITE(3,402)

WRITE(3,403)
400 FORMAT(////IX’ '********************************l/)
401 FORMAT(3X, 'CALCULATION OF FORCES ACTING ON'/)
402 '  FORMAT(3X, 'TINES AT DIFFERENT RAKE ANGLES.'/)
403 FORMAT(3X, 'PARAMETERS ARE AS FOLLOWS:'/)

'Y=y59;61
DO 30 K=1,3 . .

READ(1,*) ALF, TB, FI
READ(l *) NY, NCA, NC1, NQ1, MO, NC2, NQ2

WRITE(3 410)
410 FORMAT(1X, '****SOIL PARAMETERS:**%%! /)
WRITE(3,411) ALF .- .~
WRITE(3,412) MO
WRITE(3,413) NY
WRITE(3,414) NCA
WRITE(3,415) NQ1 ..
WRITE(3,416) NC1 - e
WRITE(3,417) NQ2 f*;n/,
WRITE(3,418) NC2
411 FORMAT(1X, 'RAKE ANGLE, ALF= ',F8.3,' DEGREES'/)
412 FORMAT(1X, 'RUPTURE DISTANCE RATIO,MO= 'F6.3/)
413 FORMAT(1X, 'NY-FACTOR, NY= ',F6.3/)
414 FORMAT(1X, 'NCA-FACTOR,NCA= ',F6.3/)
415 FORMAT(1X, 'NQ-FACTOR1,NQl= ',F6.3/)
416 FORMAT(1X,  'NC-FACTOR1,NCl= ',F6.3/)
417 FORMAT(1X, 'NQ-FACTOR2,NQ2= ',F6.3/)
418 FORMAT(IX,&'NC -FACTOR2,NC2= ',F6.3/)

AA'ALF*P/IBO L
FF=FI*pP/180
P45=45.*P/180
THETA=36.87*P/180
AD=AA+DD .

DO 10 I=2, 6, 2
Z2=I*CO1
DO 20 J=1, 7, 2
W=(J-1.)*Col
" IF (W.EQ.0) W=1,*COl



- 409 -

C CHECK. FOR THE RAKE ANGLE IN OPERATION;

IF(ALF EQ 135, ) THEN
C CALCULATE 'THE FORCES ACTING ON TINES FOR 135 DEGREE RAKE ANGLE

BB= Y*NQl*(l.-SIN(FF))/Z.

CC=BB*NQ2 . - .
H2=W*C*NC1*2/2 -, . -

S=(SQRT(1. 25*Z**“)+W/2 )/2.

SR=C* (Z**2+W*Z)

BD=S*THETA - : ..
H1=H2+BB*Z**2*W/4 -
H3= (C*NC2*BD+CC*BD**2)*W

H= H1+SR+H3*COS(P45)

V=H1+H3*SIN(P45)..

ELSE
C CALCULATE THE FORCES ACTING ON TINES FOR 45 AND 90 DEGREE

RAKE ANGLES

A=Z/W
MM=MO- (MO-1. )/3,
W2=W**2 . ‘
W3=W**3 . ... .
PP=Y*W3*NY -
TT=W2*C
TT1=TT*NC1 ,
ss= (1.-SIN(FF))*Y*W3*NQ1
QQ=TT*NCA
RR=W2*CA

ADC=3. *PP*MM*SIN(AD)
BDC=2.*PP+2.*QQ*MM+2 . *W2*MO
CDC=RR*COS(AA)/SIN(AA)-TT1-TT*COS(AA)/COS(P45)~-SS*SIN(AD)
BET=SQRT (BDC**"-4, *ADC*CDC

ARC1=(-BDC+BET)/ (2*ADC)
ARC2=(-BDC-BET)/ (2*ADC)

IF(ARC1.LT.0.)ARC1=0.
IF(ARC2.LT.0.)ARC2=0.

ARC=AMAX1 (ARC1,ARC2)
IF(ARC.GT.A)B=A
IF(ARC.LT.A)B=ARC

B3=B**3

B2=B**2

PP1=PP*B2
PP2=PP*B*MM
QQ1=0Q*B

RR1=B*MM

RR2=B2*W2 ‘
Q02=0QQ*RR1
QQ3=TT*(A-B)
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~END IF
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QQ4=TT1*(A-B)

AB=A**2-B2
SS1=0.5*SS*AB
SUB=PP1+PP2+QQ1+QQ2+RR2*MO

- IF(ARC.GT.A) THEN

H=SUB*SIN(AD)+QQ5/TAN(AA)
V=QQ5+TB*SUB*COS (AD)

ELSE IF(ARC.LT.A) THEN

SUB1=SUB-QQ3+QQ4+SS1 '

' SUB2=SUB+QQ4+SS1

H= SUBl*SIN(AD)#QQS/TAN(AA) o
y= QQS+TB*QQB*SIN(AA)/COS(P45)+TB*SUB2*COS(AD)

END IF

\.Q'WRITE(3 419) Z, W
. WRITE(3,420) ARC
' WRITE(3,421) A"
~ WRITE(3,422)
WRITE(3,423) H
. WRITE(3,424) V :
 FORMAT(//1X,'DEPTH= ',F6.3,"' WIDTH=',F6.3/)
. *.FORMAT(1X, 'CRITICAL ASPECT RATIO= ',6F6.3)
' FORMAT(1X, 'ASPECT RATIO= ',F6.3/) -
- FORMAT(1X, 'CALCULATED FORCES:- ')
- FORMAT(1X, 'DRAUGHT= ',F8.2) o
“FORMAT(IX,'VERTICAL FORCE= ',F8.2//)

 CONTINUE =
'CONTINUE . .

f'fCONTINUE;

- STOP
END
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